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. .. ' \ABSTRACT ”
‘////~Bata formats, féé representlng spatlal information, are
surveyed and evaluated The empha51s is on the t1me and |
space complexity, ease. of encoding, dlsplaylng, browsing,

' scaling- and set- theoretlc operatlons.' -

A new data format - Octagonal Tree Data Structure
(OTDS) - is presented Ih thlS data structure, spatial
information is organlzed in the form of a tree so that

updates, addltlon‘énd deletion of a p01nt or 11ne can be
efficiently periormed,.Partlcularly, search for & point is

Yogarithmic in the number of points in thg/image.

'Implementation_details are also summarized for programs
to obtain:a rectangular portion ofutwo data banks, namely -~

Edmonton Map Data Bank and World Data Bank II.
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CHAPTER 1

INTRODUCTION

This thesis is'concerned with effective and efficient
wéys of representing spatial data. There has been wide
interest [Saﬁe83} Tamu82; Nagy79, Dutt78] in the efficient
design of spatial databases in recent'yeafs. This is due
primarily to the increased use of digital data in
applications such as medicine, geography, rémote sensing,
television, etc..In these applications, the two-dimensionél
nature of the data influences the organization of the data
and the design of the algorithms for brocessing the data. As
a result, the choice of a suitable format is a Qery
important feature of the data. Indeed, when the systems
being investigated are distributed, interactive and involve
large image files [Nagy79 and Davi82], the need is even more
urgent. . | - |

Effective distribution .of information in a distribut:d
system involves issues such as fhe need for a high speed
'communication link between devices. This can be iliustrated
by considering a typlcal guery in a,dlstrlbuted Geograph1ca1

Information Processing System (GLPS) [Nagy79 and Dutt78].

1 zﬁx\.
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Suppose a user in some location wants to display from the

]
4

database those regions having a pbpulation of more than 100
persons per square mile. The query‘originates at the wuser
site and since the data is probably distributed among
various sites, there is an increase in the data traffic in
the system.as large files are trénsfer:ed from one location
‘to another. The fact that the systém is interactive makes it
important that the information transfer be fast. This can be
assured nof only by having high speed communication but also
by an appfopriaté'format. Other important iSsues include:
ldata security, error deﬁection, correction and recovery.
These issues have not been dealt with in’any detail in this
thesis, which is not intended as a rfeflection on their
importance. The major‘emphasis of this thesis is to discuss
the data organization and retrieval techniques forv
representing two dimensional regions, point and cgfvilinear
data and to consider their relative merits. For more details
on the earlier results and reiated topics; the interested
reader may consult the surveys by Nagy and Wagle [Nagy79];
Bentley and Friedman [Bent79) and the technical répon£ by

Samet [Same80]. . ,
//

!
/

/
| 1.1 Fundamentals
Spatial information can be broadly classified into
three dgta-types: point, fine and Pegioh. Two regions that
share a commanboundary segment are called neighbors. Data

formats for representing spatial information have been

./



| called spatial data structures. In this thesis, the tgrms

data format, data representation and data organization\will
’also refer to spatial data structures. A good data ‘\
repfesentation scheme should: |

1. be compact for gfficient data storage, \

2. permit easy andrprecise encoding, .
3. iaéilitate effective data extraction for analysis,‘
manipulation and'display,
4. be suitable for éfficient;data transmission,
5. be flexible to accommodate future developments and
breakthroughs,
6. allow browéing.
In general, there is a trade off between tﬁe display time
(including access time) and the amount of memory reqhired to
store the information. Usually, if the data organization is
very compégt (i.e., requires less memorY) then tggre is an
increase in access time and processiﬁg overﬂéads for
encoding, manipulating and displaying the information
[Free82],.

A_d@ta organization scheme should be capable of /
performing operations such as: set-theoretic operatioﬁs
(e.g., intersection and/or union of regions), deletion,
addition and insertion of any of the data-types, rotation
" about a point or a line and neighborhood location. These
operations are henceforth referred to as basic operations.

There are two conventional method§ for sforing the

spatial information namely a cellular organization and a



linked organization [Nagy79]. In a celluler organization,
the extent under consideration is divided into a- matrix of.
cells of uniform size and computer storage is reserved for
each cell. In the reserved memory either the 1nformat10n
associated w1th each cell or a pointer to that 1nformat10n
is stored. On the other hand, in a linked organization, a
point is represented by a coordinate, a line by a sequence
- of p01nts and a region by a closed sequence of lines
[Nagy79] | )
Spatial data structures are usually obtained by either
encoding'the'information in terms of points, lines and
regions or scanning the image line by line and detectlng the
1nten51ty of each pixel value in each line. The resultant
spatial data is termed as vector and raster data
respectlvely Data formats for representlng vector (raster)
data are termed as vecton (raster) data fOPmats
Sometimes it is required to maintain the
ihter—relationéhip between two data-types to_fecilitatej\
inclusion/exclusion queries such as: 'Is the objeet (a
point) inside the polygon (a region)?', 'Does the road (a
line) cross %he forest (a region)?' ‘or 'Is the city (a
‘region) insiée the state (a regioh)?'.nFor this purpose
spatial date {s organized in a hierarchical or tree form.
In the tree, each node representlnq\? data-type is the
comblnatlon of the data- tyges corresponding to the 1mmed1ate

son-nodes. The root of the tree signifies the whole image

under consideration. These data organizations are termed

-



hi‘enarbhical data structures (HDS) .[Gibs82] or tree data
structures (TDS) [Dyer82]). In a tree data structure, a
regiqn is recursively subdivided into smaller regions. The
récursion_coﬁtinues till>regions with a pixel or equal
intensity pixels are obtained. Thésé regions, containing
equal intensiéy regions’?re called terminating regions (TR).
Sometimes, in case of vector data, the points aré
arranged in a tree format by recursively subdividing the
extent under consideration into sub-regions with an equal
number of points. The recursion continueé till régionsAwith
only one point are obtéined, which are called terminating
partitions in this thesis. The line-segments in the image
are maintained by defining a set for every point (P) in a
terminating partition. This set contains an array of points
indicating that each point of the array is connected by a
line-segment to the point (P). These data organizations have
been defined’as hybrid data structures (HDS) or hybrids.
Surprisingly, the time and space efficiency 6f all four
classificationgfis totally different. In general, raster
data structures offer time and memory performance of order
©(n*m), where n is the number of pixels in\the scan line and
m is the number of horizontal scans required. On the other
hand, vector data formats afe linear in terms of the number
i ,
of points and lines and tree-data organizations are
logarithmic in access time. In case of hybrid data
structures, points in the vector data are arranged as

leaf-nodes of a balanced tree and can be accessed
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logarithmically in the numberfof'poinés. The memory required
is-linear in terms of number of points and. lines.

1.2 Thesis organization ‘

In Chapter 2, there is a discussion\bf the essential
characteriétics-and data organizatibn°of tbe‘ex%sting data
formats.  The survey is intended to provide a coﬁplete
overview of current research in this area.

In the next chapter, a data structure has been proposed
and'algorithms aré.presented'for performing therbasic
operations. The memory required is boﬁnded by the number of
points and lines in thelimage and the search ;ime'for a
daté-type is logarithmic-&h the number of points.

In Chapter 4, all the data structures have been
analyzed by considering an image cbnsisting of a triangle
and an isolated point. The time and space complexity and
~ease of encoding and displaying the spatial information are
briefly compared and summarized.

Finally, in the concluding chapter, the resul€§ are
summarized and further areas of research have been |

identifi=d. :tanding problems and.areas that require

further c=te solutions are also indicated.



CHAPTER 2

SPATIAL DATA STRUCTURES: A SURVEY

In this chapter, a reviee of existing data formats-is
presented. The discussion of existing date formats has been
divided into following four sections:

1. POINTS,

2. LINES,

3. REGIONS, and

4. PICTURE (IMAGE). ~
The above classification groups together the available data.
formats for representlng point, 11ne,.reglon and raster
data. This is an attempt' to provide the necessery options
depending upon the nature of the spatial data. It should be
noted that the discussion of time and space. performance,

along with other factors effecting the choice of a suitable -

~data format will be briefly covered in Chapter four.

2.1 POINTS ' .
Point information is usually represented in absolute or
relative coordinates. A poine:in k-dimensions can be

uniquely defined by storing absolute coordinate of the peintA



in k dimensions. This results ih a data structure consisting
of an array of points in which every element of the array
has k entries. “
Sometimes a reference point is chosen and all the other
points are defined by specifying the difference in the
coordinate informati;h with respect to the reference point.
Again, an array of points resulfs such that the first entry
in that array specifies the coordinates of the reference
point and the following entries contain the différence in
the coordinate information of the other points with respect
to the reference point. In some cases, a point is specified
by storing thehgffference between the coordinates of the
point referred last and the point being specified. Both the
above techniques are basic to all the data strucéures_as
\will be shown in Sections 2.2 and 2.3.
2.2 LINES
A line can be defined as seqguence of vectors. These
vectors in turn can be stored by an array of consecutive
points such that every éonsecutivé'pair of p;ints are
‘connected. Thus, 'n' points would be needed to denote a line
with (n-1) 1ine4segments; This section describes the data
organizations which can be used to store the linear
information. The data structures belonging to this category

. G_* . . .
are: chain codes and its variations, run length coding and

strip trees.



'2.2.1 Chain Codes

When a rectangular grid is used to encode a picture,
each point or node on the rectangular grid is surrounded by
eight near neighbors or points [Free82; Free74]. 1f the
neighhoring eight points are numbered from 0 to 7 in a
counter-clockwise direction starting from the positive x
axis then a 11ne may be represented by a sequence of dptal
numbers, see Figure 2.1. This unigue representation is
"termed a Chain Code (CC). The digits 0 to 7 are called linke
and 'links' representing the structure are called a chafn
[Free74]. Several codes may be useé to specify the end of a
chain eﬁd repetitions of identical links to save memory.

| By utilizing the property that successive-elements in a
chain are hot statistically independent a more compact
vrepresentat;on is possgble. A change in direction would
nermally not exceed 45 degrees and rarely be 90 degrees.
This suggests a variable length code, i.e., bits, for
different ranges, e.g., 2 bits for 45 degrees. This scheme
is called Chain Difference Coding (CDC) and results in a
more compact date rebresentation. Again this representation
scheme is suitable for contour maps. '

A natural ... _ension of chain codes is a 3 dimensional
linear representation obtained by guantizing the eubic
lattice with 26 possible directions instead of 8 in 2
dimensions. Since there is no amblgu1ty in representing all
possible directions as llnks, this produces a unique and

2
useful scheme. Chain codes depend largely on the faithful

/
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Figure 2.1:

Chain Coding Scheme showing the concentric rectangles,

In this example, line segﬁents of 48 different lengths

are available [Case 3 of section 2.2.2].
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coding of the data and hence the considératioh of noise in

quantizing devices, noise filtering and related'problems

deserve attention.

2.2.2 Other variations of chain codes .

Depending upon the manner in which the sequgnﬁe of

nodes is encoded, the following five possibilities will

result [Free82]:

1.

‘considéred. As larger concentric ‘sq

Connecting lattice nodes with short straight line

segments: this results in the basic chain coding

scheme. Each line segment is of length T or 1.4 T,

where T is the grid spacing;and there ‘are 8
directions, as discussed earlier. |

Use of the longest possible straight line segments
between lattice nodes: The scheme ?s.ref;rred to_as
polygonal appﬁoximation [Free82]. The line segments
tend to be largér for straight lines,and smaller for
sharp curves. Rarely occﬁrring line segments must be‘

avoided in order to produce a compact scheme. This

3

'is shown in case 3 below.

The Generalized Chain Coding Scheme (CGGS) is a
compromise between case 1 and 2, where the scheme
érovides many but not all permissible line segment

lengths, If we visualize the present node being

r’\

‘surrounded by concentric sqguares of nodes then case

1 results when 6nly nodes in square h (0 to 7) are
ggzes are’
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’

permitted, line sedments of longer lengths are

available. Bettér angular resolutign results, which

facilitates more accurate representation of curves.

4. Curves may be utilized instead of line segments, and

sutcéésive nodes may be farther apaft when connected
by a curve than by a iine [Free82]. This resultsdin
fewer bit more complex approximations. |
5. For each nbde, a set of cbncentqic squares’ and a set
of'prédetefmined curves are_évailable‘to‘égnnect
present nodes to the nodes 6£itﬁé concentric
squares. The longest curve §egmén;’is‘always chosen
to advance from one node to another. This scheme “\is
a comé;omiSe b?tyeen case 3 and 4.and retains all
. the advantages-bﬁ GCCS with less processing and an
eﬁcoding complexity of case 4.
With GCCS, a 40% reduction in memory was obtained. By_taking
2 bytes to represent the link numberﬁ_éo that link numbers
greater than 255‘méy alSo be used, a“91% saQings was
achieved. for~the same data, the Chain Difference Coding
Scheme (CDCS) resulted in a reduction by a factor of 13 in-
storqge.»The coding used was link num@ers 0=127 in one byte,
127456383'19 two bY%? énd grgatéf than 16383 in 3 bytes
[Refer FreegZI. Itf;as thus confirmed that both.GQCS and '
CDCS result in a-substanfial savings in storage. At the same
time, only a little precisioh, pfoéessiﬁgaspeed, encoding
and'decodingnis sacrificed. Moreover thé batural sequential
format of the source dafa is preserved.

)

~
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2.2.3 Strip Trees

In this representation, a curve (C) is first
approximated by an open polygonal line given by an ordered —

list of discrete points P, P,[:.., P; for some resoluttion

(w;) [Ndrt82, Ball81]. The curve is.then enclosed by

¢ o

rectangular sStrips, each defined as a six tuple x,, Yir, X,

Yi» W«, w, where (x,, y,;) is the start (P,), (x,, y;) is the -

end (P,) and (w,, w,) denote the left .and right extent of

~the curve from the directed line segment (L) joining the

start (Po) and the end (P,) [BallB1]. The width (w) of the é
strip is defined as td | o
w=(nk+wn) [Figure 2.2a]. o

A Smallest recténgle, with sides parallgz\ts\kpe line.
segment (L), paésing through P, and P,, and covering all the

points in-that curve is obtained. This is defined as the

root of the tree. Now, a point P, is chosen which touches

‘one of the 51des of the rectangle that . fs parallel to L. Two

11ne segments,

.9
(Po' P],-u.-, P)and (Pn,-oo’ py);

where y > z > 1, are obtained. The process is repeated for

the two 11ne segments and termlnates when all strips have

width w < w; [Ball81]. Flgure 2.2b shows two levels of

,recur51on for the strip tree representatlon of a curve.

N

A Str1p tree is a convénlent data format to represent a

two dimensional curve. A curve may be represented at

.dlfferent resolutlon levels. Operatlons such as:

1. find the length»of a curve, °



Figure 2.2.a:

Strip-tree defined by six tuple «x y
» [ tr

Xirp Yo Wy, w,.

Figure 2.2.b:

-

containing five polnts has been

A curve (A-B-C-D-E),
coded into strip-tree data format.

s

A
\

4

-7

Figure 2.2:

two level of ¢

Strip'tree and
Figrure 2.2.a and 2.2.b.

ol
. -
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2. display a curve at different fesolutions;.

3. determine -whether the point is inside the curve,
can be pérformed efficiéntiy. If n is the number of points,
then the memory required to'represent the curve by strip
trees is roughly‘4n. Search for.a point can be of ©(log n)

for a balanced strip tree and is linear in the worst case.

2.3 REGIONS

A region may be representéd by a,set of consecutive
points defining a closed curve. This section deals with the
diséussion of data org?nizations which has been suggested

for representing 'region' information of an image. It should

be noted that these data organizations are capable of
defining a point or 5/;ine as a special case of a region.
Such representations are not efficient}and‘are therefore not
considered to be viable, e#cept in extreme cases. In

follo&ing sections, the discussion is mainly restricted to
N 3 ,

regions having area.

2.3.1 Tightly Closed Boundaries. ’
Tightly Closed Boundaries or TCB weéé suggested by
[Merr73] for representing basic pictorial,fea£ures of
contour maps, region coverage and line structures. For a
region whose resolution is defiged by a rectangular grid, a
tightly closed boundary must first satisfy the following
conditions: | L

1. The absolute distance between successive nodes on
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the grid is not greater than the diagonal distance
between n&des,

2. Sometimes, horizontal or vertical lines of the grid
intersect the boUndarf téngentiallyt The points of
intersection are called local maxima or minima.
Every such point is augmented so that the test line
always passes through an even .number Of.boundary

points at each extremum [Merr73].

3. Lastly, -closed boundaries should not loop back on

n

itself.
The data format is capable of defining an arbitrary rggiqn,
the resolution of which depends on.the_grid size used Qﬁilé
dfgitizing, Further, all the pointsiobtained after
digitization are sorted into ordered sets of points with the
same y coordinate. In these ordered Sets, the x value qf all

the points increases monotonically. The ordered sets are

defined as y-partitions of TCB. Now, TCB (T;) of region R;

can be defined as follows [Merr73]:

Ti = ¥Yjir Yxr S1, Sz2,e4., Sni
where y; and y, are the smallest and the largest y
coordinate respectiVeiy and the nﬁmber of partitions (n) has
the value n=(yij;+1).‘The Y—partitioné (S,) of the TCB are
denoted as follows: | | '

Sy = Iy, X1, X2,000, Xg.

- where r, is the number of x coordinates and. is always an

even number and x;, where 1 < 1 < z, denotes the x value of

the points with the y, coordinate of the image. Apart from
1 _
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storing the above points, the extreme x values, i.e., x; and
x, of the TCB, are determined while the above mentioned
preprocessing is being performed. These x values, the y; and
Y« values defineva rectangular area termed as the Geometric
Indexkpf the TCB. Also included is a header containing the
displacement of each y—par%ition set.stored. The header
contains pointers to the starting location of each of the
sefs. A'region wiih 'n' y-partitions will have n such
entries. Figure 2.2.c shows an m by n rectangular area
containing a closed curve. The points of intersection of the
curve'énéﬂgggp of the n horizontal scan résults in 'n’'
Y;partfzions. }n Ehis,caée, some of the‘Y-partitions
contains no point or 2 points of intersection.bln'eacﬁ
Y-partition, only x-coordinates of the poiﬁts of
intersection are stored. Minimumvand maximum value of the
x-coordinate is followed by remaining x—goordinafés of the
points of intersection in that scan. Asl;arliér explained,
all points of minima and maxima are considered twice. As |
shown in Figure 2.2.c, n, Y—partitions contain 4 points of
intersection.
It has been shown [Merr73] that this data structure is

sqitable fof handling queries like:

1. Is the point inside the polygon?

2. Compute the area enclosed by the polygqn.

‘3. Find maximﬁm distance of a point from the boundary.
The representation provides a rapid way of searching a large

file and is suitable for contour maps, line structure and



" Figqure 2.2.c: :

Shows the concept of TCB representation for,a

closed curve enclosed by a m by n rectangle.

18



region or area coveragé. The data structure also possesses
very useful algebraic and geometric properties which lead to
efficient.representation'of tﬂe relationship and attrjbute
values of pictorial features. It must be n&ted that this
representatlon is less eff1c1ent than CCS 1n terms of the
storage requirement, but is more convenlent to area oriented
problems. Thus, CCS would be preferred in applicatioqﬁ where
the shape of the line structure is of interest insteéd of
the area enclosed by it. A terrain Information Handllng

System has been implemented contalnlng contour maps, line’

and curves using -this data representation [Merr73].

2.3.2 Skeletons

This data format provides a compact representation of
" an image. The concept is based on the pPInCIpIe of max:mal
nelghbonhood [Rose67] Let Py(iy, J,) ané P, (12, j2) be two
p01nts and d(P,, P,)= [i,- iz| + |3+- j2|. It is easy to
verify-that following properties will hold true:

1 d(p,, P;) > 0 iff P, # P,,

Pzr

2 a(p,, P;) = 0 iff P,

_d(pz, P1), and

2 d4(p,, P3)
3 d(py, Py) s a(p,, P;) WA(P,, P,);
for all the points P,, P,, P, [Rose67].
If r is a non-negative integer then a point P, with
radius r as the diagonal distan;e of a squaré region would
contain a few other points of the image. Let this'set be

N
defined as S,. All the points P in this set satisfy the



Figure 2.3:

Neighbourhood of point P with radius 2,

[refer section 2.3.2].

20
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property that d(P,, P) < r [Figure 2.3]. Clearly then set So
’kis a set of points‘centered on the point P, encompassed by a
square with sides (r+1) units. If r = 0 then set S, is a |
null set and defines the point P, itself.
| Now, let R‘be a region, a subset of the imagé A. Then
the neighborhood of a point P, with radius r is defined as
set So. This concept of neighborhood is extended to define
the whole region occupied by the pictufe in two dimensions.
It is easy to see that some neighborhood of any point P in
the picture woﬁld always be contained in some R. Let Z, be
the set of neighborhoods of all the points in R. All these
neighborhoods are contained in R}'Now, the region R can be
bdefined in terms of union of the neighborhoods, i.e.,
; R = ugion i, where i € Z,.

-« Maximal neighborhood is defined as~a,neighborhood_in Z,
which 1is not.propefly contained in any other neighborhood.
For example, if Ny and N, are neighborhoods and all p01nts
in N1 are also present in N,. then N, is not a maximal
neighborhood. Now, let MZ;, denote the set of maximal
neighborhood for the region R, then by définition it follows
that R = union mr, where mr € MZ,,. |

A neighborhood may be defined*b&“ihe radius and the
center. Thus a region R'may be completely defined by its
centers and radii of maximal neighborhoods. This method of
-representation of an image hag'been defined as the Skeleton.
This is because set MZ, may be visualized as _,a skeleton of

region R. It has been shown that skeletons are'compéfable to



Figure 2.4¢: J

. Shows adjancency structure for the domains
A, B, C, D, E, F and G as shown in the top

figure.
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?

chain codes in terms of memory requirements [Rose67]. They

aré particularly suitable for certain region queries such as
those ascertaining if a given péint is inside the region or
not. Sét-phebretic opérations, like finding the intersection

and union of two regions, can also be performed easily.

2.3.3 Adjacency structures

This structure uses the idea of regular decompos1tlon
of the picture for the first time [East7Q]. In this data
structure, thg picture is subdivided into rectangular
domains, egch domain's South, north, west and east near
neighbors are also maintained. The decomposition continues
till the near neighbofs becéme‘nil or the smallest grid size
is obtained. Figure 2.4 shows two rectangular overlapping
regions and its adjacency representation.

It must be pointed but that.four search pointeré are
maintained, so there is an increase iﬁ the storage
reqﬁirement; Since an array is used to represent the
adjacency structure so the term variable array is sometimes
used. In comparison to a binary array thlS representatlon is

eff1c1ent

2.3.4 CIAD data format‘

The Communicatioﬁ and Display for Interécti?e Access to
Distributed Spatial Databases or CIAD project [Davi82],
being developed in University of Alberta, uses a linear data

format for representing points, lines and regions. The data
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representation is divided into four subsection as follows:
1. The header contains information about tﬂe creation
date, the maximum and minimum latitude and longitude
(defining an 'enclosing rectangle') and pointers to
the starting 10cation:0f the point, line and fegion
files [Davigz]. | -
2. The p01nt file consists of a set of unique p01nts in
latltude and longitude,
3. The line file consist of lines or curves defined by
a set of connected points.
4. The region file that_defihes closed polygons by
specifying the lines that define the polygon.
Because of the linear format inseftion, del;tion and search
for a point, line or polfgon is ©(N) where N is the nﬁmber

of points and lines. The storage required is dependent on

the number of points,.lines and polygons in the image.

2.3.5 Boundary Network

A élosed curve répresents a region and therefore a
region can be represented by a set of starting points, end
points and an ordered set of intermediate poiﬁts [Loom65].
The region enclosed by the closed curve can be defined as
its domain. Thus an image may be covered by a set of regions
which are disjoint except for the common bouhda:y points.
The inclusion property results in a tree data structure.
Each node represents a boundary set in the tree and points

to other boundary set(s) o. a null set. Thus the son nodes



are enclosed by the fgther nodes in the tree. Thisiailowé
.the following queries to be efficiently answered:‘

1. Does the straight line connecting any two“boinﬁs lie
inside a region? If not then what are the
1ntersect10n p01nts7 . ‘ ‘ CoOT

2. Is the point inside the region?

This data structure aliows easy insertions and deletions to
reflect the boundary changes. The representétion has been
used to numerically control a robot'.s arm or a machine tool
" by computer generated paths. It should bé observed thattan
open curve is approximated by extrapolation and may- result

. .
i1n erroneous results.

2.3.6 Binafy Searchable Polygonal Representation

In this case, a polyline is.said fb be a curve defined\
by a set of‘consecutive points joined by straight linesﬁ and
a polygon is considered to be a pélygonal line with\\

identical end points.[Burt77]. A section is defined as set

of consecutive sides and a particular section is defined as\\\\\

.,
~

@ set containing only a 51ngle side. Further, a simple
section is a set of consecutive points with monotonlc : ana
y values and a significant pofnt of a polygonal line is
defined as a local extreme in either x or| y coordinate
values or both These points are said to be partlgfonlng the
line into basic sections. The Binary Searchable Pol jonal
‘Representation or BSPR has the following properties:

1. Any section is.the union of two other sections which



-

‘p01nts of . the segment. The name RSE is the abbrev1at10n for

_these three planes. o o b

are'disjoint except for the end points. Only a
particular section do not obey the above property
[Burt77].
2. The location of the starting or end points of all
the section are known. |
3. The naximnm and minimnm of the‘x\and y coordinate of
a section a;e known. These four values define a
rectan'gle called section rectangle.
The use of binary search in this data format enables a'rapid
search for finding point(s) or reoion(s) of interest.

-

2.3.7 The RSE structure Q
o This scheme is the outcome of the problem‘of
representation and control.inbtne construction of visual
modes. Suggested by Hahson and Riseman [Shap79] it contains
minimum information that must be present in any symbol1c
representation of an 1mage.

The data format contains three layers namely the region
plane, the segment plane and the end-point plane. Thg region
plane con51sts of the nodes conta1n1ng region 1nformat10n
whlch are deflned by set of line segments. The segment plane

consists of l1ne segments form1ng the boundary of the

region. The end-point plane contalns nodes representlng end j

v

1
The relationship is represented by a directed path-and

. 14
facilitates rapid searching and also results in a compact
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data representation scheme.
s

2.3.8 Muiti—dimensiohal binary.seafch trees

Queries in§olving associative retrieval by a secondary
key are frequent in database appiications. To facilitate
rettieval by eHSecondary key, multi-dimensional trees (or
k-d trees) were introduced [Bent75]. Since then they have
been»fouhd useful in_mehy of the detabase applications
because of‘their efficiency in storage and time |
requifements. Above all, the data structure is capable of'
handllng many types of qQueries quite efficiently, for
exehple, ©(n) insertion, e(n**(k-1/k)) delet1on and 6(log n)

search is guaranteed.

S

A file consists of several records. Each record may be

~

represented as a set of tuples: .
Vo; Viseeor Vy;
where y = k-1, and v, denotes the key or the attributee‘ef
the records in the flle. In the k-d tree representation,
where k is the number of attributes of the records in the
file, each record is considered as a node. In addltlon to
the k keys comprising the record,ueach node contains two
pointers; which aré either null or bointing to another
ﬁrecqrd in’thebtree. A discriminatOr (i), stored.with'the
record, is an integer and has the value bewween 1 and (k-1).
For a node (P) the pointers tQ two sontrees are deflned by

,vlow son (P) and high-son (P) for the left and right subtree

respec.ively and V.(P) defines the value of the i-th
J . L

T
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31 Figure 2.5:

o

Shows the concept of k-d tree represen%ation.
5ﬁoints A, B, C,‘D}_E, F-and@iG’has been arranged

1in 2-d representation as shown in figure 2.6.

-~ lal
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Figure 2.6:

Shows the 2-d tree for the points in the cartesian

coordinates for the figure 2.5.
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{

W attr1bute of node P. Thus for any node P in the tree, if i
is the dlscrlmlnator of P then for any node Q in the
low-son(P) it is true that V,(Q) < V,(P) and all the nodes R
in the high-son(P) subtree satisfy V,(R) > V,(P). All the
node at any given level has the same discriminator. Further
discriminator i is mod(k) function, i.e., if the
discriminator of the present level has the value (k-1) then
the next leyel would have the discriminator value of zero.
If the two keys are equal then this case is resolved as
described in [Bent75].

Figure 2.6 illustrates the concept of 2-d tree and
corresponds to the Figure 2.5. The k-d data structure,
developed to store k- dlmen51onal data has been popular
because of their flexibility in allowlng 1nsert10ns and
deletlons. Some’ work has also been done in developing .
adaptable k-d data structures. They have gained popular1ty
in various applications 1nvolv1ng image databases,
geographical information processing systems and speechf

recognition.

'~ 2.3.9 Hierarchical array

Stanford Research Institute came up with an idea af.
decomposing a rectangular region into four equal and
d15301nt rectangles [East70]. The recursion was only three
levels down, i.e., a rectangular region was subdivided up to
maximum of 64 smaller rectangles. Homogeneous srectangular
regions were not subdivided. In eomparison to the string

\\

AN
N
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representation [Section 2.4.2], this representation is

efficient in storage requirement.

2.3.10 Quad-trees
.Partitioning a picture into four subareas with the same
shape and equal areas is called quadratization. This results

in a new way of representing a digital picture by subareas

~—

instead of individual pixels. The resulting tree is called a
quadrtree [Same83, Klingsb( Hunt79, Rose79], where the
leaves represent the regions of the picture. Each leaf is
labeled with the color of the picture which it represents.
Every node is assoc1ated with .a square region of the
picture. A root is associated w{fh the entire picture,
Quadrant partitioning establishes ‘a father-son [Figures
2.7 end 2.8] relationship among the'parent and the successor
quedrants: No parent node has the same color for all ite

descendents, because, if this is the case .then all four

“children may be removed and the parent colored with the

color of the children. This results in a more compact
representation scheme, since eech node in the tree can be
named by its relative geographical location. The
representation offers the following advantages:

1. It is easy to access small portions of a data base,.
2. Elimination of the picture areas of no interest
o guarantees that only the useful §ict6re segments are

present,

3. No time is wasted in processing the waste data. |
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Shows the quadratization of the contour in the left,
Capital (small) alphabets has been used to denote
reglons outside (1n51de) the contour. the quad-tree

has been shown in the figure 2.8.
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Figure 2.8: ’

Shows the quad-tree for the contour region in the.

the figure'2.7.
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4. Access time is less in reaching portions .of a
picture to beiprocessed.

The structure is particulariy suitable for applications
where fast access of informationtis necessary. Segmentation
stops when empty nodes are reached. In the worst case it
would mean that every 1 by 1 area is different from
one-another, this results in an increase in the storage
requirement. Because of the considerable storage
requirement, the scheme would also be difficult to extend to
representations colored maps. |

In another consideration, picture data generated
through raster scanning devices resulted in large sequential
files. One of the techniques of orgénizing the data for
faster access and less storage on magnetic' tapes.and diéks

employs conversion of the data to a quad-tree representation

[K1in79].

2.3.10.1 Oct-tree data structure

A natural extension ofﬁquad-tieeS'for 3-D data
representation is an Oct-tree. Here each node has 8
children representing disjoint cubes or subregions.
Because theisingle primitive shape is a cube, every
arbitrary object can be represented to thé precision of
the smallest‘cube.vMoreover, a set of algorithﬁs are
sufficient for manipulation of the stored data.

An oct-tree representation has the severe
disadvantage of requiring large amounts of storage. This

would be useful in those applications where memory is
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not the only constraint. Because thehalgorithms do not
'féquire floating point operations, multiplications or
divisions, they may be implemented in relatively low
cost hardware. Each"node generates up to'8 independent
sub-calculations which suggests that large numbers of |
processors may be used to perform the operations in

parallel, enhancing the speed in general.

2.3.11 Generalized Balanced Ternary representation

Hexagonallcells are used to define a region in the’
Generalized Ba;énced‘Ternary (GBT) scheme of data
representétion [Gibsa]. GBT is a tree data structure in
which pixels are stored and processed using a hexagonal
based tree data structure. At eé@h level, cells are
construcfed by aggregating'the cells of the previous lower
level. The covering results in a uniform adjacency prgperty,
i.e., each cell, sufrounded by six other cells, share
exactly one-sixth of its boundary with each neighbor. The
first level of aggregation is formed by taking a single
hexagon and six near neighbors [Figures‘2.9 and 2;10]. In
ggneral an aggregate at level n 1is obtaiﬁeavfz_EéEEE§>a cell
and it's six near neighbors. It has been shown that a planar
covering of uniform édjacency is possible at each level
[Gibsb] in the ternary tree. _

The GBT addressing scheme has a '0' for the cenﬁer ceil
and the six neighbors are defined to be '1' to '6'. The

whole aggregate is defined by a number '7'. Thus, a ternary
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Figure 2.9: Shows the first and the.
second level aggregate for

GBT representation.
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- Figure 2.10: -

Shows the GBT representation
1llustrating the

first, second and third
level of aggregate

Structure.
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tree with k-levels would be.addressed.with a k digit number
as follows:
dn,..:, d;, d:;

where 0 £ d;, <7, 1 <1 £ n and n=(k-1). Each digit d,
Corresponds to a digit in the i-th level. Figure 2.9b shows
the cell addressedvby the ‘address 536.

The data structuré was developed while performing
raster-to-vector conversion. This data format was intréduced
by Dean Lucas and John Gibson and has beenbused in COMRAC'

information processing systems.

2,3.12 Pyramids

This data format is resolution based. To explain it
more clearly let us assume A(0) defines a Sfﬁgle pixel and
A(n) to be a 2**nX2#**n image arrayitSame83, Shap79]5 Now, a
pyramid can be defined as an exponentially tapering sequence
such that A(i-1) is the representation of A(i) at half the
resolution. |

Pygamids are used for segmentation; feature detection
and extraction since the§ can be used tollimit the scope of
the search. First céarse-levels can be searched for an
approximate region and then exhaustive search can be
perfoqmed at lowér levels £o obtain finer det;ils.

Reduction of the resolution means that.at coarser
.levels the smallér objects are visually affected and the
edges may tend to get smeared and the region separation may

disappear. This seems to be a problem with pyramids.

-
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2.4 IMAGE

This section déals with data formats for raster data.
Some of the data structures belonging to this‘;ection have
already been discussed [Sections 2.3.9, 2.3.10, 2.3.11 and.
‘2.3.12]} The two data formats discussed in.this'section are

binary-array representation, run length encoding and string

representation.

2.4.1 Binary-array representation

The simplest type of rastef organization is the square
grid where individual raster cells or pixels are simpiy
stored in sequences of ze s or ones signifying the absence
or presence of an intersection of the grid and the contour
[Peug79, East70]. a binary array orAsequential ;ist may
store the individual cells. The address of a pixel is
implicit and can be determined by the location of the'cell
in the binary array or sequential list.

B;cause of the simple nature of the data
representation, calculation of the perimeter of a polygon or
area enclosed by\it'are simple counting problems in which
the number of pixels defining the boundary or inside the
region are to be determined.IWindOQing and the  clipping
algorithms involve the calculation of the 1oca£ions
corresponding to the diagonally bppésige corners (i.e., top‘
right and botfdm léft corners for a.leftito-;ight horizonfal

scan of the image) of the rectangular window in the binary

array and then selecting only the pixéls in between the. two-
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locations.

The nature of the data format is grid size dependént
and a larger grid size may leave out certain,detéils‘of'the
cﬁrve. Sincé both the éresenée and absence of the
intersection point i§‘to be stored, the data format requifes,

a lar_: memory or secondary storage.

2.4.2 Run length encoding

- While horizontally scanning an_ image, consecutive
pixels with/equal intensity values may bé obtained [Pav182].
For a horizontal scan of n pikels, let 'i' consecutive
pixels have.thé intensity 'd'. In this case, instead of

storing the intensity of every pixel, ;he value of 'i' and

-
-

'd' is stored to denote that a sub—pértion of the horizontal
scadlcontains 'i' pixels with intensity 'qd'. This-d@thniqﬁe
is calléd Run Length Coding.'In this representation, a
horizonte scan of n pixels may bg broken into seQuénce of -
vectofs: |
,...,Pi,d,,Pk,...{

where P, and Py denoté the coordinates of the two end points
for some portion Qf the horizontal scan Qith ﬁixels of
intensity 4d,. Alternatively, this information can élso be
Astoréd as: |

S IR T P N
In this cése'n;J d; represents a portion 6f the horizontal

~scan with n; consecutive pixels of intensity d,.
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In the case of binary images, it is sufi’-ient to
indicate the value of the-first pixel (0 or 1) and then the
number of'occurrencés of each value, since they must |
‘alternate: |

0, Ny, Nz, Nz, ...

2.4.3 String representation

As indicated above, binary arrays have a uniform grid

size and can be visualized as representing a set of uniform

domains [East70). It is possible to Qary the:grid'sizg while
traversing the image hbrizontally. This can be done as
follows: each object, say 0., may_havétsoméJdimension 'd;!
and can be represented as 0,d,. Thus a hbrizqntal scan can
be definéd.by a string 6f patterns which look like:

(0,d,, Ozdz, ..., 0,d,, cenr 0484 );
where open and close b;éckets signify the‘staft'and end. of
the scan and k is the;ﬁumber of objects whichiwere found!on'
that horizontal scan. There may'be a few ﬁorizontal scans
which willtnot have any objects resulting in a blank’scén.
 These blank scans may be skipped. In the string
~répreséntation, this is done by specifying the verfical 
dimension of the i~th scan, say v,,‘beforé'tﬁe open“brackét.

Thus a pattern of characters such as:
-ocvi( LI Ojdjr o'n) vk( oa“h}l
would result. In this'representation the address is not

implicit and therefore search for a'pqint is complicated.

‘The representation gives a compact encoding of the pictdtéi

gk

J
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[
with rectangular features, e.g., a floor plan of a building.

Because of the large search required to answer a query such

-as 'draw only object 0,', fhis reéresentation is highly -

application dependent [East70].

2.5 Summary
¢
Since early seventies, definite progress has been

made towards finding efficient data formats for.representing:'

\
13 s 3 ! . . .
“spatial data. Earlier, emphasis was more on representations

facilitatiné\bard copy output [Nagy79] and_dafa étructu:es
we;é simpler in nature [Sections 2.2.3, 2.3.9, 2.4.1, | ;’
2.4.2]."Since’£hen the emphasis has shifted towards data
formats proviﬁing better access time and faster basic
operations ISeqtion 1.1]. For this reason, preprocessing of
the spatial aata is invariably done [Sections 2.3.2,°2.3.2,
2.3.6,'2.3.8], | | |
Inféecént years, tree daté structures [Sections 2.3.10,

2.3.10.1, 2.3.11, 2.3.12, 2.3.13] and vector data
orgaﬁizations.[Sections 2.2.1, 2.2.2, 2.2f3, 2.3.7] hqye
gained popularify. Various data formats have been developed.
As time pasées, alternative representafiqns,will uﬁdoubtedly
be developedﬁ Recent work is towards developing hybrid data
structures, e.g., point quad¥trées and’edge §uad—trees

.. [SameB3]. One 'such data structure is su gested in the

folléwing chapter.

e



CHAPTER 3 (S

! ‘ A NEW DATA STRUCTURE

In this chapter, two fundamental properties of ¢
hierarchical and hybrid data structures have been .
highlighted. Later a new method of subdividing a region,
along witﬁ the description of the basic operations sucb_as;
deleting, insgrtingvand updéting a point or a line, are .
discussed. This data format is a tree data structure, which
can be obtained froﬁ the image files containing points and

gdqes, In other words, a vector organization can be used to

generate the new tree data structure.

3.1 Recursive partitioning of a region
As suggested in [Same83], a data structure based on the

*principle‘of regursivé decomposition, should satisfy the

-— "

izllowing properties:

1. The partition of a region should be infinitely

“ive, and,
2. - stition should be such:that the regions are
inf.nitely decomposable into increasingly finer

<

patterns.

- .
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It has been shown that only hexagénal}‘tyiangular and
rectangulaf tessellations satisfy the above mentiohed
property 1. Moréove;, on;y triangular and rectangular
subdivisions satisfy both'the properties. The triangular,
rectangular and hexagonal regions have been considered as
ﬁerminating partitions’[NortBé, Gibsé, Same83]. In the
following section, with the help of recténgular and
hexagonal terminating partitions, a new method of
subdividing an octagonal region has been described. The data
stfucture satisfies both of the above mentioned properties,
3.2 Octagonal Trge‘DatafSt:uctures (OTﬁSs)

A region R, consisting of a set (Nf of n points and a
set (L) of g lines, can b; covered by an octégon. The
octagonal r:gion can be recursively divided into octagons
with the help of rectangular and hexagonal regions [Figure
3.1]. The resulting data format is termgd as an'Oétagonal
Tree Data Structure (or OTbS). The rectangular and hexagonfl.
regions need not be divided recursively into set of four
éuadrants or regular hexagons respectively. Instead the
emphasis is to find the terminating nodes. This is done by
recursively subdiQiding the rectangular region in£o>t§6’”4"
rectangular partitiohé with equal points’until the
terminatiﬁg partitions are found [Section 3.4]. Hexagonal
regions are subdivided into two rectangular. regions and two
hexagonal regions such that no region contains points more

than half the points of that hexagonal region [Figures 3.3

.

AT,



45

/
LS

\
Figure 3.1:

Shows the basic sub-regions of an octagonal fegion
into four hexagons, four rectangles and one

octagon.
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‘Figure 3.2:

Shows case

1 and 2 of Section 3.4. For case 1, all
the sides and angles, of any octagon, are of same
e . 7 ' :

dimension. The side-lengths vary in case 2.
Whereas,

in case 3 (see Figure 3.7.a) the angles
‘may also be different.
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and 3.4]. The'rectangles, resulting from the recursive
hexagonal subdivision, are further subdivided as already
explained.

Let a subdivision of an octagonal region be euch'that‘Q
sub-regioﬁs are obtained:

1. Four redtangular regions, termed as Lateral Rectangular
Regions (LRRs),
2. Four hexagonal regions called as Lateral Hexagonal
- Regions (LHRs), and
3. One Vertical Octagonel Region (VOR).

Both LRR and LHR are further subdividea (as explained
above) till termlnatlng regions conta1n1ng at most one point
are obtained. A VOR terminates when only one point is’ left
after recursive subdivision. These terminating LRRs, LHRs
and VOR are termed as Minimum Region (MR) nodes or-
-terminating partitions in the tree. The line-segments,
corresponding ‘to the lines (g) in the line file (L), are
stored in a linked list (called line-list), as will be
explained‘in Section 3.5, | .

By definition it follows that any region consisting of
lines and/or points may be coded into octagonal tree data
structure [Section 3.4]. As inkfhe case of binary tree, the
height (H) of the tree would be at most rlog ny. This is_
because each terminating region (i.e., 5 hexagonal, a
- rectangular or an octagonal region) is obtained by dividing
any region into sub-regions such that each sub-region

contains .at most half the points.
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3.3 Basicgconfigurations of OTDSs

The subdivision of an octagon may result in following

three possibilities:

1.

Case 1: Symmetrianivision: Octagonal regins can be
such that all the sides and angles are edual [Figure
3.2]. In this case, a side length and a fefereﬁce
point can uniquely define an octagon.

Case 2: Symmetric Division with unequal sides: In
this case, all the angles of the octagon are equal
but not the side lengths. At most 7 side lengths and

a reference point-would beAneeded to define an

octagon [Figure 3.2].

Case 3: Asymmétric Division with unequal sides: All
the angles and the side lengthé of the octagon vary.
In this casé, 7 sides and angles along with a
reference point should be stored for defining an

octagon [Figure 3.8].

It should be noted that, for all the '3 cases above, an

octagon can be defined by specifying the coordinates of the

7 points of the octagon.

The rectangular region in the tree.can be défined by

specifying the coordinates of the two diagohally opposite‘

-points of the rectangle. For a hexagonal region, as shown .in

Figure 3.4, two point (M and N) would be needed to define

3
the subdivision of the hexagonal region.

[ :
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3.4 Conversion f:om vectér format
In this section, an algorithm is presented to obtain

octagonal data fbrmat‘from the vector representation. Let N

denote a seg of n points and L be a set of q‘lines in a fwo

dimensional plane. The following is the algorithmﬁ

1. Define an octagon around the whole image such that
all the given points are inclosed. | |

2. Sort the points in x and y direction. ‘

3. Select the pdbint P which is the center of all the
points.

4. Défine an 6ctagoh,(P)-such that 4 rectangles, 4
hexagons and 1 octagon are obtained such that none
of thé sub-regions has more than half the boints in
P. :

5. The other rectangular and hexagonal regions,
obtained with the help of the already defined -
ocfagons, can be reéursively divided into”
rectangular and hexagonal regions as follo&s:

a. Divide the po. ts in the'rectangular‘rééion into

two subsectiois with equal points. Recufsively o

continue till reSulting recténgular regions contain

only one point.

b: Divide a hexagonal region into two hexagonal and

two rectangular region [Figure 3.4] such that no

sub-region has more than half the points. Divide the

rectangular region as done in the above step.

Recursively subdivide the resulting hexagonal

k]
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regions till terminating nodes with only one point
result,

c. If a line from one terminating region to another
terminating region exists then add a pointer to the
linked-list of both the terminating regions. The
pointer points to an entry in the linked list for
the q lines (called line-list) [Section 3.5, Figures
3.6 and 3.7]. The liie—list also has two pointers,
pointing -back to the two terminating regions.

6. RecnrsiVely subdivide the octagonal reg{on (repeat
steps 4 and 5 above with half the points) till the
center point P is the only point included in the
octagon. |

7. stop.

The algoqithm terminates with at least n
btermlnatlng regions.: Each terminating node in the tree
contalns llnked list" p01nt1ng to the line- 115t entries
[Sectlon 3.7]. In the worst case, since n? pointers’and

_lines are to be stored,_hence memory required for

implementation of the data-structure would be.©(n?)
[Section 4.1.4]. |

3.5 Data organization for performing basic operations
It should be noted that the line and p01nt files of

i_.J CIAD llne data format dlrectly corresponds to the set N and

L and therefore/thls representatlon can be developed from
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the’CiAD data format'. A point may be attached to (n-1)

other points. This information can be maintained by keeping

doubly lipked list for every,péint in the terminating

partition. Each element of this link list may point to the
element(s) of another doubly lihked list, which is the list

of (g) lines in the line file (L).\Let this link list be

called as line-list [Figures 3;6-and 3.7]. Each elemenf(of

the line-list“has two pointers pointing to the terminating -
partitions in the octagonal tree, denoting the exispence of

a line between the points defined by those terminating node.

3.5.1 Neighbor finding technique
Often many apﬁlications require the examination of some

nodes whi;h are adjacent to the node being processed. In
“Mm%his representation, this reduces to a tree traversal first
to the immediate common ancestor for the common side and
~ than traversing the trée down to locate the neighboring %@i‘
region. For example, for the tree resulted by an octagonal e
subdivision of the region as shown in Figure 3.5, the near
neighbor along thefside CD (for node A) can be found by
traversing up the tree to node O through node 0, and-then

traverse down the tree to find the desired node B.

' The CIAD line ‘and point files can be obtained from World
Data Bank II and Edmonton MAP Data Bank [Appendix I and II].

-
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Figure 3.3:

Shows the two levels of an octagonal subdivision

of a:rggiony%ﬁd the corresponding tree structu:e.
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Figure 3.4:
Fragmenting the hexagonél region into two
rectangles and two hexagonals and the

corresponding tree (also refer Figure 3.3 and

, section 3.3),
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Figure 3.5:

Shows the neighbor finding technique (Section 3.5)
in the octagonal representation. Region A's near

o ;@gi&ﬁbor 'B' is found out'by traversing the common
RN, . ’

Vo .
ancestor and then going down to find region 'B'.
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Fiéure 3.6: f‘\\_

The -OTDS representatlon wlth\the termlnatlﬁé

partltlons as the leaf nodes. Th@ leaf nodes can
“I

be a. 11nk list wh1ch p01nts té ‘the line~list as

shownlln Figure 3.7, - '

27
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ﬁ«Q , termlnatlng partltuon has a llnmjllst p01nt1ng to

the entrles in the llne llSt 'whlch 1n turn p01nts

Py
3 1"\‘ :

to some other termlnatlng partltlon 1nd1cat1ng

that the two term1nat1nd'part1t10ns are connected

/

by a line- segment (tefer Sectlon 3. 5) ’ ; o

L .

)
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3.5.2 Search for a point or a line

Search for a point is a simple case of tree traversal.
) I

This at most would take ©(log n) time. A line search can be
X

performed by searching for‘the’tyo end points of the line.

Again it m&ﬂld he;done in ©(log n) time [Figure 3.6].

<o ' B
=

M345;3.Qplétion‘of a point or. -a line

' % po1nt (P) can be deleted by f1nd1ng the terminating

*

’part1t10n (say T,) correspondlng to the p01nt P. Let point P

A
be connected to a p01nt 1n some: term1nat1ng partltlon Th

One of the entry in the llnk llSt for T, would p01nt to the

some entry in the llne llSt. This entry in the l1ne list, in
v

‘turn points to an entry ‘in- the link l1st for the’ S

’termlnatlng partztlon T, [F1gure 3.7]. ThlS entry in the

P |
11nk llSt for T, polnts back to the same entry in the

@

_l1ne llSt " Now, a. 11ne segment between T, and T can be

deleted in llnear t1me_ ThlS 1s because deletlon of a -

-line- segment corresponds to deletlng an entry 1n the

g8 11ne list and link llStS fox sthe termznatlng partitions T,

“
(,,4' . . -

!
'
!

If the p01nt (P) was cofinected to k other points then k

11ne segmentsﬁwould have to be deleted% Hence, deletion of a

5 p01nt can be done in e(k + log n) t1me. The max1mum value of

k can be (n-1), correspondlng to a 1ntersect1on point.

Therefore,_ln the worst case, the p01nt can be deleted in

Nk

" e(n) t1me.;For ar isolated point the value of k is zero.

v oo
b : : =
-3 . <

" Hence, the p%gnt can be deleted in e(log n)'Q1me.' Cay

v . f



58

In case of deleting a line, terminating nodes for the
two end points is found i 6(log n) time and the respective
entries (in the line-1'st) can be deleted in 11near £§£é.
This fac111tates L 2letion in e(n) time. L
a«%*
3.5.4 Addition of a point or a line : ,

Addition of a point is a case of inserting one more
node in the tree. This can be done by first finding a a

leaf-node which can be used to define .the given point. The

leaf-node may eorrespond‘to'a terminating'partition (i.e., a

partltlonﬁflth one. point) or a reglon without a poxnt\(l e., {

a null region). In case of a region corresponding to a . '9
: . . 4
terminating partition, one more subdivision. of the

ferminating partition~is done 'and the tree height may, at
most increase by one. The time requ1red to perform the
additlon is ©(log,n). -*%~ 7

"ﬁddition of a lﬁne'corresponds tpdinsqbfibg two'nodes
corresponding to the two end points ®f. the l1ne (1f the-
vnodes are absent) or updating ‘the link llSt correspondlng to

the termlnatlng partltlons of both the end- p01nts (1f the

term1nat1ng partitions correspondlng to the two end-points

.already exist). In both the cases, the line-list has to be
. ,’ .
either‘updaﬂed or one more element is inserted in the

. /

line- llSt. Thls once aga1n can be performed in e(log n)

P

t1me. e

y



3.5.5 Uﬁdating a point or a line

Rl

59

Updating a point can be thought of as a deletion and a

addition. In this case there can occur following two cases:

1. All the lines connected to that point are to be

deleted. Once this is done, point can be inserted in

the tree as an 1solated p01nt. This can be done in

e(k + log n) time, where k is the number of liné€s

‘going .through that p01nt. Because a p01nt can be

"connected to all the other point, the- operatlon will -

‘

be of 6(n) time complex1ty in the worst case..,:

2. In the second case, it may be deslred that ail the

r"\a

llnes connected to that point are relnserted ThlS.m‘

can be performed in ©(n) time, in the worst case,
since (n-1) line edtries (}n.thé@fine—list) will
have to be updated to the pointeﬁﬁﬁblue of the
.terminating partition.containing the,new node. ;
Updating a line may involve some more work. Since both the
end—pdints-may be%connected_to at most all the other (n-2)
points. At most ( ZSKn—f)'+ 1) entries.ih'the line-list
would be modified. Two points, correspondlng to the
end-points of the new 11ne, can added to the tree in e(log
n) time and the new line is added to the line-list in

constant tlme. Thus, the operatlon ‘can be performed in

linear time in the worst case. o -

s
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3.5.6 Rotation : \\

In this éase rotation cancbe performed by rotating the
lines of the desired sub-region (R) of,the image with
reference to a point or a line. Suppose rotetion of x°.is to
be obtained, then the desired region can be found out.and
all the points and lines inside~that region can then be
rotated about the glvé$F501nt or line to obtaln the de51red
results. The time complexity depends on the number of p01nts
and lines in the image;:At most, n ano g lines will have to
" be investigated corresponding to the entire image.

3.5.7 Set—ope;ations /

Set theoretical operations can be performed by simply -
" fijiding the regions R, and R; from the tree. Now, overlaying
can be done by finding the intersection of lines and
checklng points and lines for overlapplng in both the
regions.

Union of two\regions_would meen that all the. common
points and lines are not to included twice:in that region.
The union of region R, and R; would encompass all tge
ttrmlnatlng reglons belonglng to the nodes in the tree for

s

“both therxeglons only once. Similarly intersection of the
tw% reglonsfzili corresponds to all the common nodes of the

s
termlnatlng nodes belonglng to both ‘the redions.

. L!-
A
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3.5.8 Space efficiency of OTDS ‘i

A

The height (H) of the resulting octagonal tree is
rlpg pq (where, p is the number of points in the image). An
octagon can be defined by 8 points [Section 3.3]. Let n bit
be required to represent one of the coordinates of a point
ih two dimensional plane. Thus, 2n bits are needed to
represent a point and an octagonal noae (or a VOR) in the
tree can be specified by 16*n (i.e., 8*2n) bits. Each of the
hexagonal (LHR) and rectanguiar (LRR) nodes is specified
with the help of two points [Section 3. 3] and would need 4n

(i.e., 2*2n) bits.

A double link-list (called line-list) is maintained for

'q' lines .in the image. A llnk list, containing.the pointers

to the line- lxst, also ex1s#;%JSectlon 3.5] for every
terminating node in the treef@Each'entry in the‘line—list
can be spec1f1ed with the help of 8 pointers: (2 for each

entry in the ilnk list for the two termlnatlng nodes as

end- po;nts of the line and 4 for each entry in the 11ne-listh

itself) [Section 3.5].~Let, s bit be sufficient for
representing»a pointer; Thus; 'q' lines can be sbecified by:

Z,= t*s*q bits, |
where t= 8. The number of hexagons and rectangles can be
obtalned by observ1ng that at most 2x%x(H) - leaf- nodes arev
there in the tree [Section 3.2]. In the (H-1) th level
number of nodes lel be 2*x(H-1), and so on. Thus, total
number of nodes. (Z:) in the tree would be:

Z,= {2%%H + 2**(H—1) +'2**(H—2) + ... + 1},

fon
AT

e

i
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or, Z,= (2%*(H+1) - 1). b
Hence, the numbef of rectangular and hexagonal nodes would
be: .
Zy= (2%%(H+1) - 1 - H),
for?H number of octagons. Thus, total number of bits.(z)
reqnired for the OTDS representation would be as follows:

;2= {4n*Z; + '16n*H + B8sxq)}. x

3.5.9 Pseudo-code for algorithms - ‘ ‘

In Appendlx v, pseudo Pascal code has'been glven for

v_;OTDS data organlzat;on and algorlthms 1n Sectlons 3.4, 3.5.3

and 3.5. 4 This helps 1n analy21ng the tlme complex1ty of

these algorithms.

3.5.10 Point in polygon problem

A survey of the exlstlng solutlons for the 'point in

* polygon problem has been done in [Nort82] Similar to the

‘trlangufar method described in [Gary78, NortéZ], the OTDS

can be used to solve the point—in-polygon-problem. This can

_ be done by storing the information whether the point. (Z) is-

a

.1n51de the polygon (G) or not‘:as an attr1bute in the record

for every termlnatﬂng partition. This results in e(rog n+ K)

———

time performance, where K is the number of attributes in the

.record od@respOnding to the'tefminating partitiOn of the

given point. This can be lmproved by 1ncorporat1ng b1nary
search for the K attr1bute to give ©(log n+log K)

performance.
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'The search can also be made efficient by storing the

pointer to the eldest non-leaf node' in the OTDS tree for. all

the attributes in a link-list (L). In this way,.all the

points in the tree with given attribute can be obtained by
only cons1de11ng all the leaf- nodes, below the the non-leaf
node(i.e. son nodes of the non- leaf node) . The Jlocation of

the non- leaf node in the tree can be obtained from the above

rulmentloned ‘link- llStl (L) v  2>

3.5.11 Commehtfng en subdivision

There is a difference in eubdividing a ;ectangle in
betﬁeen OTDS and quad-trees [Section 2.3.10]. The rectangle,
in caSe of quad—ttees, is subdivided into four | '
sub- guadrants. Whereas, the rectangle is divided 1nto J0

Ry

quadrents for OTDS. B
| In contrast to GBT [Section 2.3.11],‘ﬁ§2ch1expands from:
smallest'hexagonal region, the OTDS converges to a |
rectangular, hexagonal ahd-octagbnal terminating partitions..
The octggghal tegions‘éan be.searched for approximate
ihformation._The binéry search can‘be‘used;for'ﬂ oetagénal
nodes. This concept may be used to'obtain”e(log H) quick
search for approximate results, where H =-flog~n1 [Section

3.2].
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3.6 Summary

- In this chapter, a new data structure has been
suggested for storing vector data in which search for any
point is logdrithmic in number of points. This compares
tavorably with the Kirkpatrik's approach (Nort82). At this I
point, hdwever, OTDS seems to be more.practical approach fqr
" obtaining logarithmic search time for a point. Furthermore,
basic.operations such as deletions, insertigns énd updates
can be efficiently performed as in‘a tree data structure. By

definition [Section 1.1], the data structure belongs to the

category of hybrids.



CHAPTER 4

ANALYSIS AND EVALUATION

~In this chapter data formats, consideged in Chapter two
and three, are analyzed by considering a case of storing a
triangle and an isolated'point in a two dimensional plane._
Other factors such as set-theoretic operations, ease of
displaying'and encoding are briefﬁy reviewed. Later, the

above mentioned factors are compared for various data

‘formats in table 4.1 and 4.2.

4.1 Array eepreSEQQatioh

Let the image be cevered by\a m by n rectangle as shown
“in Figure 4.1. Now, .. horizontal scans, each of m unit
length, can be used to completely define the 1mage with the
'help of m*n unit area rectangles. The 1nten51ty of each
rectangle can be ;iiie% "one or- zero dependlng upon whether
any of the poa&tjor 11ne segment 11e inside the unit
'rectangle or not.~The resulting array representation can be
stoéeﬁgzp\n arrays with m elements. “The elements of these
array/éontalns the intensity’ of the correspondlng unit area

of the image. ’ o 4 %&

65
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_ Shows ‘the image enclosed in a rectangle

Figure Z.l:

of size m by n.

The unit areas containing

line segmedts of the triangle or the point

intensity.

. (P4) have '1'
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4.2 Run length.eocoding .
Run length encoding may group the line segments.havino
+ same intensity in a horizontal scan. As explained in Section
“62.10, only the number of zeros or ones need to be stored for
_the given binary image:dThus the run-length encoding may
look like as:
0, n1, n2, n3,... ,

where n1, n2,... are the number of altevnate z_1¢s or ones:

corresponding to the entries in the array representation.

4.3 String representation

If triangle is defined as an ooject with name T and
point P4 as object-P, then cotresponding to the binary image
[as,explained.above] each horizontal‘scan‘qould contain the
informatioh of the presence ot each object.  -Thus some blank
scans (all zeros) would also result} Other scans would
contain two occurrences of object T. Only one scan contains

one occurrerice of object P,

4.4 Chain codes \ ,

. The given image can be converted to the chain codes by
con51der1ng the 8 near-neighbor cha1n coding as shown in.
Flgure 4.2. The triangle P1 P2 P3 can be encoded by storing
the coordlnates of the point Pt followed by digits from 0 to-
7. For example the next didStsis 1 if starting from the

point P1 and follow1ng the 11ne P1 P2. Thus, the image can

be stored by encddlng the lines P1 P2 P2 P3 and P3 P1 as



4.5 Strip trees

68

sequence of digits 0-7. The chain code of point P4 is the

point itself.

i

A strip tree can be obtained b :onsiderin! the curve
P1 P2:P3 as shown in Figure 4.3. Points P2 and |P3 are the

starting and the end points and are connected. e resulting
>

‘1”ﬁstr1p has P1 as the mid p01nt and the 11ne segments P1 P3

and P1 P2 are stored as lines. The point P4 is stored as a

51ngle point.

4;% Tightly'élosed Boundaries'

A TCB representatlon can be obtalned by observ1ng that
the image can be inclosed in ambyn rectangular region
[Flgure 4.1]. The horizontal scan 1ntersect_the trlangle at
two points. Hence ail the horizontal lines would not have
any intersecting point or would have two intersecting
points. One of the: horlzontal scan would have three p01nts
when the scan contalns p01nt P4 also. In thls way number of

Y- partitions are. the dlfference of the Y coordlnates of -

-

,p01nts P2 and P3. o ; : o

4.7 Skeletons v~ - . ‘ /

.W

string the three p01nts deflnlng the regular flgure, i.e.
the triangle, and the point P4. Flgure 4, 4 shows one other

way of obtalnlng the skeleton of the glven image. Th&vdotted

,QQ

.\‘.*u
SR,

. \‘:%
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Figure 4.2: Shows the Chain Code with 8 near neigtl&ors. Lme'

e .

P1 P2 can be ‘app.rqximated. by sequefces o

if starting from point P1.
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11nes in thnglgure 4.4 results when only the middle p01nt
| of ‘the 11ne segment (resu ed from the 1nters§ctlon of - the

Eal ,Scan -apd triangle) 1n51de the trlangle and half

) A}

Lo

a\’

&ggsefore, the dotted poxnts and the coordlnates of p01nt
e,
paV |

L AT

cw
]

4.8 AdJacency structures*“"

¢ 5 .
The 1maga,1s d1v1ded 1nto~va bleg§}2n rectangular.

x.«a‘, 4—&4

domalns. The nearrnelghb%£? are also ma1nta1ned A

7‘
‘partlcular case of subd1$ld1ng 1nto r%ctanoplar areas is

quad ‘tree and is dlscussed‘later. C jj;uﬂ:"

)

. points.- The llne f1le cons1sts of

;~tr1angle of the 1mage. Both flles are preceded by;a header

[Sectlon 2 3 1] The polygon flle conS1sH€ of the p01nters

71

-

iiﬁfh of that 11ne segment is stored. The trlangle is .

.\'

';by these p01nts. The skeleton of the glven 1mage is,.

-to the p01nts 1n ﬁpe p01nt Tlle, i.e & p01an P1, P2 and P3

followed by p01nters to the l1neszﬁ1 PZ P2 P3 and ‘P3 P1.

" The p01nt P4 is deflned as 1solated’901nt and other polnts

are” 1ntersectlon p01nts. They are. d1€ferent1ated on- the

ba51s of the tag attached to . each p01nt!
i et

O
)

A
LA
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The Skeleton of the given image.

Figure 4.4
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4.10 Boundary network o
The given image 1; :,-ﬁ:d as a set of&the startlng -
1t (P1) 1ntermed;.?: uﬁnts (P2) and" t§: end‘p01nt (P3).

ie point P4 is st

!

ored\ as" a/bougdary with only one point.

s 4ﬁﬂ1 Binary Searchable Polygonal'Representation

S The curve P1

P2 P3 is stored as def1n1ng the. root, of a

Bl

b1nary tree. The son- nodes of the tree are line- segments

deflned by the curve P1 P3 as, left son node and llne P3 P1

'as .the r1ght son- -n

b1nary tree W1thout,son-nodes> R i

4.12 Th¥ ‘RSE Struc
'%‘“.lTA ~ In this repre
‘ :h~ -8et of p01nts P1,

P3 and P3 P1 défln

., @ '<lines. -
LT

H - ' ,
- 4, 13 Multr'dzmens1
1t p01nt P3 i

then e1ther of the
.son. Let Pl be the

above decision has

coordinates of all

line segments P1 PZ and B2’ P3 The;polnt P4 def1n€9xanother.

\_K'}? This is followed by,a reglon 1nformation whlch 1s the

ode. The,cur m.P1 P3 1s d1v1ded 1nto t%p.

ture . A - ‘ - e,
sentat1on, the glven 1mage ‘is defined as a

p2, P3 ‘and P4 followed by blnes P P2 P2

ed by p01nters to the: respectlve p01n§s.

trlangle 1n this case, deflned by pointers to the three

[y

onal b1nary search«trees

s chosen as the- root _node of the Zfd trah“h“
polnts P1 or P2 can be chosen ‘as. the left”
left son. The r1ght son is p01nt P4. The

been taken on thq basis of the value of - x“:
the foyr points. Now, P2 - the only -
. N - ’/\ ’ .
YN

-

A
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point left, which is stored as the right son of point P1 on -

the basis of the Y doordinate of points P1 and” P2 [Also K

refer Section 2.3.8). The information that some points are

» '

connected can be stored as attributes at the respective
nodes for the pdints in the 2-4d ‘tree.

. ® .; -
BN Q

l‘.gtl4_Quad trees

CRa , . ) ro

. ‘ Given 1mage can bé enclosed in a 2xx*p by 2%%p area.'As

suggested 1n [same83], an edge quad tree can be obtained by

o

subd1v1d1ng the rectangular area recurs1vely into four equal

areas till. rectangulafﬂ}eglonsV%w1th only one point or‘

w1thout a p01%§ 5iriﬁ§bta1ned -‘The resultlng subd1v151on£§§

€he given 1mage has been g%ven in F1gure 4, 5 - W 7

L 2 . %? T e
i - q »

4. 15 OTDS representatxon L 3’7 o . d' "b&

! D RS

In case of OTDS representatlon the 1mage is enclosed
in an octagon. An enclosing octagon is found w;th the help

Wy - of the max1mum and minimum X and Y coordlnate values of_)he

- . . .
p01nts in the 1mage. These values ‘defines a enc1051ng

. rectangle. Letad1ﬂand d2 be the difference 1n the maximum

N

and miNimum values 1n X' andrY coordlnates and CO be the i ,ﬁ€§i'
center point of the enc1051ng rectangle. As shown in F1gure o
&>

fﬁ¥$ﬁ£<4wmethe encIOS}ng ootagonﬂi?} can be obtalned by def1n1ng
©_an octagon_whose, 51des Care of. length d (larger of d1 and .

.d2) The octagon O is centered around p01nt CoO- [Flgure 4.61. |
Subsequent octagons are found byﬁselectlng the sides along

the-dotted triangle as shown ip Figure 4.6; These octagons

@
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Edge Quad-tree for the given image.

Figure 4.5
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‘ The OTDS repreééntation of the given image/

Figure 4.6:
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have half t’einumber of points then»the preceding octagon,
for exaﬁple, octagon O1 and 02 contaiﬁs two and one points
respectlvely The resulting hqmagons and rectangles are not -
vsubd1v1ded as each of them is a termlnatlng partltlon -

[Sectlon 3.5]. Sometimes octagons with half the points are

obtained by changlng the orientation, side lengths and “Q

@

angles as- dlsCUBSed in Appendlx Iv.

4.16 Pyramids

T

Pyram1ds can be obta1ned by deflnlng the g1ven 1mage at

L]
L

‘different resoﬁutions.‘Thus, at’ coarser levels th”ftrQﬁngle

'§4.17 fo'rebreSentation C 4‘ | Sl; e
GBT - representat1on is obtalned by’ coverlng the g1ven o

image by a hexagonal gr1d As expla1ned in Section 4. 1, some

of, the hexagonal region w1ll contain a portion of any of the

three lines or fourw 01nt§ﬂGEf1ned as regions with 1nten51ty

ieyel”one. The 6thef~hexagg§§;,reglpns>would have zero
iq§%§§§ty, B T - S R
_ o O o ‘7'¢_ - .-' - \
4.18/Further considerations | .. A ‘
~ _The factors considered, in'ihis-sedtioh; are: scaling,
vbrowsing,>ease of rotatieh abOut-a-point _set ope%atlons‘
(e.g., intersection and unlon of two reglons) ease of
dlsplaylng the 1nformat1on, cost of dlg1tzzat1on and

preproce551ng requlred All these consaderatlons are brlefly

>4,



A

. comparison to vector data\ Hybrid (hierarchital) ‘data ,

.flnd1ng the region of interest andxthen rotating all the -

78

t\‘

discussed to compare‘the\data formats considered in- the
previous section. a

In general, scaling is difficult for image data in

\
structure fac1l1tates easy brows1ng as nelghborlng

terminating partltlons (reglons) can be eff1c1entl%£§

'obtained. For raster (vector) data formats brous1ng may. be

11near in terms of number of p1xels (p01nts) in the 1mage.
&@¢
"In the case of quad trees, rotatlon by multlple of- 90°

‘can . be obtained by %ecur51ve rotation of sons at each level

[

‘oﬁ the tree [Same83] A transformation matrlxﬁls used for an

array representation [Newm79]. In caséﬁof\rUn length COdes;

,rotatlon about a point may . be obtalngd by rotatlng every run
of 0's’ and 1¥s by the desired angle. In case of

'p01nt quad-trees and OTDS, the rotatlon can be performed by

p01nts and 11nes about a polnt “For 8 directional chain

codes a rotation of (45*x)° [where, o< x58] ic »erformed_by”

adding 'x' to the chaln code of every~line-segment in the
r} \ ’

‘desired sub-section of the image [same83],

.Intersection and union operations are difficult to
perform in case offchain codes. Other'formats, such as array
repr esentatlon and run’ length codlng, checks each p1xe1 of

cthe -image 1rrespect1ve of the reglon be1ng a small part of

.‘the whole 1mage. ThlS means that for. all suchloperatlons,

these data formats would end up chedilng every pixel in ‘the

1mage. In the case of quad trees, the problem’ 1saovercome by

4

€ : “. .
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By

2.3, 4i*as iivev1dent in most of the exlstlng data banks

79

isolating'thefregions of intefest. In the worst case, it

still amounts® to checking every pixel individually. In case

. of OTDS, the search for the desired regioh'iS'performed

similar to quad;trees. Once search has been”done, each line
and point is checked for any overlapping. This amounts to
solying simultaneous equations. in two-dimensions. Note tmgﬁ
in worst case checking for all the points and llnes w1ll
have to be performed. ‘ ///{ |

| Dlsplaylng, i. e., 1nterfac1ng with the output dev1ces,
1sbalso a major crlterla. Generally the output d%v1ces are

~

raster in nature. A{ray repre ntatlon, quad-trees and run
length rbdmg is d{*%{tly maﬁd 'to‘j-vt'he screen }frame buffer

approach [Pavl&Z])yﬁﬁgﬁpase of cha1n cOdes, p01n€Lquad trees

.J:

‘and OTDS a p01nt is dlsplayed by p051tlon1ng the beam at
‘the p01nt and settlng the beam intensity to de51red

"1nten51ty level. A line- segment (or a llnk) is dlsplayed as

e ’ ~V_‘."’§&

a set of points [Pav182] A
Some of the data format'(}qeagefmeavy preproce551ng

¥

'[Sectlons 2 3 2, 2.3.6, 2‘3 8] or overhead of ma1nta1n1ng

the p01nters [Sections 2. 3.40 2.3.11, 3.3]. This results in
preferrlng 51mpler daia formats [Sectlons 2 2.1, 2.2.3, |

Gi.r

[Append1ce§”I and I1] and geograph1cal lnformatlon
i .

tow

proce551ng systeMs [Nagy79] "“

v



4.19 Summary" '
il
A simple example has been considered for data formats
considered in Chapter 2 and 3. The hierarchical data
structures have higher eﬁcoding complexity.'The

characteristics of different data structures has been

summarlzed on the basis of the t1me and space complexlty, g

~fset theoretlc operatlons, encodlng -and decodlng complexlty

in Table 4.1 and 4.2.° W
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Tabl®#:1 Time and memo,r_y\\perfo'rma,nce comparisons

_TABLE 4.1: Comparison of time and storage efficiency
" Data Formats Search | Deletion | Addition | Storage
Chain codes " F " F F ES
Strip trees F F F ES A
TCB F F F FS
Skeletons F- | + + ES
“| Adjacency structures [ F o+ e ES
CIAD F F F FS
Boundary Network F Fus, ' °F Y| FS.
BSPR E. i IS
RSE F - F |- F _FS§°
| k-d trees E |- Ea “E: IS .
Quadtrees E |  E™ F. | =5
“GBT E - + IS
Pyfamids F 1"F | "E 1 B
Binary Array 1l I 5. | -
Run length I 1 I - IS 1~
| String representation | | | I IS
Oo1DS E > E B FS
* Following cntcncn has been followed .é ,
Time . performance: : ¢
"+ Reorganization may be reqmred » v
Ihma:mtmmofnumbuotpxclsmmmge. o
F Linear in terms of number of poinfs or (and) lmmmﬂncunagc
‘El.oganthrmcmnumbaofpxdsa'pamsmﬂxeumgé
. Storage d‘flqcncy N
ES Only pantsnndlmcstobcswred o .
FSOvaheadofmmntamumtlwpantersfapantsandhncs Jl
ISOvcrheadofmmntmmngpmntmfcrallt!wpxds - N
oy s
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T&E 4.2: Ca'npamm of other factors,

Dsplay

Browsing

Scalin

Rotatlon

.Set operations |

- Encodi

-

15
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e
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IS
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e

¥

Pyrmmds

T

Binary array.

L

Run length encoding

2

uimmmrg,mm"ummmm'*ﬂﬁ"ﬁl‘m-n

dTDS\

~.gm:mrﬁcc.udb§mm‘mvu_;-7mw’

_mddqumcuucubvuuc
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p

-+ | Suing répresentdtion'{ - E
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e - - Followmg citerice has been followed:
Tus D Difficult, Cr |
.F Fair.

- EEasy. "/
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- Table 4.2 Other con51derat10ns
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CHAPTER 5

.{ j

CONCLUSIONS

& :.i o 5 ) - .@ P L
Thiﬁge51gn con51derat10ns for an 1mage data‘base system
’ . Sy »” \ Y v “
'are gulded by factors such. as:. response t1me, amount of data

:J

1nvolved frequency of 1nsertlons, updates and deletlons of

a data- type, easevof dlsplay and encodlng of 1nformat1on.;
v ‘ w0 -
Rast@& and vectorhﬁormats have beéh used in the exastlng‘

o S ] 1 -

S L S F Q\P.
B . - ' ) ‘

/

systems to store the 1mage f1les. Raster data format are,iwﬂel;;f"

7oA -

"n 9

f rvc:onvenluent to use because dzsplay devrces are raster in -

nature and scanners prodUCe large amount of rasterk

1nformat1on. In,case.of vector formats, an 1mage 1E a set of_'

p01nts and l1nes and convers1on from vector to- ra ter (and |

-~

SEZ I In recent years, the development of dlstr*ﬁ_fed 1mage

data bases has stressed the need fer de51gn1 g systems w1th

s
c s

good response tlme.‘Apart from the communfhatlon delay 1
the network the tame taken for searchang a data type at!a

remote cenxer 1s cr1t1ca1 for user satlsfact1on. In case of

{ w

. s

"-‘stbnd alone systems, wh1ch do no& réduzre any f11e transfer,yd

’
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vector or raster representations may be used. But, in
systems requiring frequent information transfer,
hierarchical or hybrid formaﬁs should be uséd to minimize
access time. The overhead of maiﬁtaining the pointers for
these data‘forﬁats"can be juétified considering the facility
" of archiv{ii/}na%i82] the.{nformation in distributed
systems. - o ,

' Hybrid data formats are useful for distributed systems
using vector'dapa [Sections 2.3.4, 2.3.54ané appendices I
énd I1]. Among the hybrid data fofmats, strip-trees, . ¢
point-quad-trees énd GBT éré useful. But,‘search for a point
may be iinear for strip-trees [Ba1181]: The quad-tree is
sensitivé to orientation of the image [Same83] ahd‘GBT
[Gibsal seehs'to have complex addressing scheme.

In this thesis, another hybrid data format (OTDS) has
been "suggested. The data structure.cémpafgghfavdrably‘wi;h
.all the existing data formats in déleting, inserting and
updating a point‘of a line. A conversion aigorithm [Section
3.5] has been discussed which may use pqint and line files
obtained in CIAD file format.[Appendices I and 11] to-
produce an OTDS. In‘comparl.on to all the other data

structuyres considered in th.s thesis, search for a point is

more efficiently performed for an OTDS. -,

—

<3




8.1 Further Research
Though hybrid data,structbreé providé substantial
fhebretical claim, there is a dearth of empirical results.
This can be partly attFibgted:to the fact that there is no

pgactical system usihg a hybrid data format. . _.se of
OTDS, “much work pas to be done. It would be _-~n-ficial to
study the best, wbr§t and avefage caﬁe behavior and .

establish empirical guidelines for designing a system based

N
~_

on this da;a format. o ' . >
The conversion packages prpendices I and I1] can
provide test data for developing software for C;;D project.
' This can be useful in designing a prototype for simulatiocn
tests. The OTDS can ?e used to provide a level of
abstraction over théldata in CIAD file format and define a
topologlcal tree for accessing the 1nform€tlon Flnally,

this data structure should be visualized as an attempt  in

providing an alternate data format for .image applications,
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APPENDIX I,

A definite line file format has been proposed in the
fCIAD’ Design Group Report‘.'At that time, it was'gelt
hgcessary to create CIAD point and line files. The digitized
map of Edmonton was used to qbtain thesé;Eiles. The details
of the format of the,digitizeé map has been explained in the
thesis by Mailloux*. o

In this section, the implementation detail of a
conversion package has been discussed.vThis conversion
packagé may be used to obtain CIAD line and point files and
list of polygons frpm the‘digifized map of city of Edmonton

or Edmonton Map Data Bank (EMDB).

Interpreting various fields of EMDB

&

In Edmonton Map Data Bank (EMDB), whole city has been

digitized alond main thoroughfareé. The data bank contains

? Communication and Display for Interactive Access to

Distributed Spatial Databases.

> 'CIAD Design Group Report: File System Architecture' by W.

A. Davis, et al., Departnient of Computing Science,

University of Alberta. ‘

* 'Computerized Map: City of Edmonton' by Mailloux I.S. in

Department of Geography, University of Alberta, spring,

1973. , /
. /
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. _' -

‘with respect to the origin (101 street and 101 avenue) ThlS
; 47 .
along with few other fields (in all seven) coqatltute a
&p as f,,

L

record in the data bank. Let, f1rst fleld bgf&e
second field as f, and so on. The\master hﬂ detall records

.)\\

differ in the value of f, which. 1§Vun1que fomta record. The
master record ts followed by dnevor more detall records.
These detail records ar2 points on the thoroughfares. The
value of the field f, (or f;) signifies the distance of the
point from the origin in feet. The positive value of £, (f,)
signifies the distance of the point from the origin in east
(north) direction, whereas, negative value of x (y)
represents the distance in west (south).direction.

The detail records (in between two master records) may
be visuvalized as form1ng a set of points (set S, ) Four
types. of p01nts have been defined - namely intersection
point, end point, bending and pseudo point. There .is no
difference between a pseudo and a bending point. Both the
points have been included to account for .natural curves and
‘abrupt changes in the thoroughfares. The points can be
differentiated on the basis of the value of f,. Two
consecutive points in set S, are connected to each other
except when both of them are end points. The first and the
laSt point, in set S,, are the starting and the end points
of the line. An 1ntersectlon point appears in all S, sets
correspondlng to the thoroughfares (lines) going through

) that-pornt. So, a point may be present more than once in the

EMDB.
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It follows that: if V denote a set of vertices, where
each vertex correspond to a unique point on the Edmonton -
map, then all the set S, are subset of set'V and may not be

disjoint.
- Implementing the 'Window'

The user specifies bottom left and top right
coordinates of a window. The data is extracted on the;basis
of this window. The algorithm has been explained in’

[Newm79].
Obtaining CIAD point file

The nature of the input data is such that the peints
can be easily obtained, as f, and f, are the values of x and
'y coordinates. The problem is to define the natureAQr the
point, i,e., whether the point is an end point (EP),
isolated point (IS), edge point (ED) or 1ntersect10n p01nt

o

(IN). This is done by checklpg the value of fz in the detail

record of filegl. Following 1nterpretat10ns have been

followed:
. ) . : ‘ -
1. If f, is '-' then the point is an dintersection point -
(IN). . |

2. If £, is '&' then it is an end point (EP).
3. If £, is '§' then this is a pseudo p01nt of\a\bendlng

point and is entered as an intersection p01nt ;}§2)
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4. If only.-one detail record exist in the set S; then thls

point is termed as isolated p01nt (IS)

e

If the point lies on any of the edges of the windowithen\K
point is an edge point (ED) .
‘In this way a point file ('iilep'),is obtéihed.

Obtaining a line file

- A 11ne flle is obtalned w1th the help of the, value of

. £, field in filegl. The two deta1l records will form a valid _

CIAD line entry if follow1ng 1nterpretat10n holds true'.\\//
1. The two consecutive detai} records are either _"

.- intersection, pseudo of'bending points, or ;
2. One of the poiht is an end point, or

3. Both the points are not end.points.

.The line file 'filel' is obtained on the basis of the above

interpretétion.
Obtaining a list of polygonms

Finding a polygon was a case of generating all the
v , \

hcycles in a acyclic graph G(V, E) where V.is set of vertices

and E is set of edges. In ‘this case, all the unigue points

in the point file are the elements of the set V and the set

of edges E is the set of lines. The. algorlthm 1mplemented is

" as described 1n [Deo77]. After the above algorithm is

executed,ﬁthe polygon f11e (filegé6) is obtained. For this
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Case, test-files (SEMW:t) containing only one tfianglg,'was

only considered.
' \
'v
Run command\g \
¢ ’ . . v - )

<

i

The CIAD point and line files can be obtained from

/
i

’ﬁdﬁonton‘Map-Daté Bank (EMDB) by using the followiﬁgﬂcommand o

on MTS: ' , o : . .
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$r *pascalW scards=program sprint=-a pap=.filem=—v,
filel=-1, filep=-p, filepoly=-poly, filel=-1, file2=-2,
filegl=-g1, fileg2=-g2, fileg3=-g3, fileg4=-g4, fileg5=-g5,
fileg6=-g6, output=*msourcex, fdata=data, filed=*msourcex,
filevalue=-v2, |

wheré; files 'program' and 'data' are 'SEMW:CIAD20BACK' and
RLTH:edmonton. (db1 + db2 + db3). Thé'point and line files
are 'fileé’ and 'filel', respectively [See 'program’

listing].

Analysis and complexity - ' o ///>

Let |[N| denote numbe; of points in the point file and
|E| be number of edges in line file. Also, let 'D' and 'C'
*denoté number of recgrds and cycles, respeétively, in the
éﬁb-section of EMDB. Now, the time and complexity of the
above impleméntat .. can be analyzed as follows: |
1. Tge Clipping algorithm has to consider all the détqil
“ records in th= =MD:, hence is G(IDI).
2. 'BOth, point and Line:file would be created in é(lDl)
time, n
3. Obtaining polygons is to generate all the cycles. This
would require ©((|N| + |E|)*(C + 1)) basic operations
[Deo77]. . /
Most of the memory is required for finding the polygons andi

would be ©(|V| + |E|) [Deo77].

’
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Comment

The package has been implemented %n 'PascalW' and runs
on Amdahl 5860 under MTS operating system.

A rectangular area defined by (-5000, -5000) and (5000,
50000) was used to obtain the point and line files (files
EMDB:p18 and'EMDB.l18_under $stuart/edm/semwal on
PDP—11/4S).“These files were then transferred to the
PDP-11/45 and an image file (MAP18) was obtained with-the
'help of the CIAD.file edito: (/usr1/image/stuért/edx). The
generation of polygoﬁ file was tested by psing_the file

SEMW:t as the data file for this progqgm.
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APPENDIX 11,

Worid Data BankYII consist of coordinates of
coastlineév islands, lakes,_rivers, international boundaries
of the world. The data made available to thé University of
Alberta is a subset of ﬁhe original data, as some details
such éé intermittent features, reefs, sélt pans, canals, ice
shelves etc., are absent. The data éan be obtained by
running the‘typicalvsessién as given in tutorial by
Computing services, Uﬁiversity of Alberta®. The
implementation detail of such a package has been discussed
along with time and spaée complexity analysis. The package
can be USea'to obtain CIAD line (file 'linefi') and pqint

(file 'pointfi') files from World Data Bank II.

World Data Bank 11

The world data bank is at the scale of 1:1 million to

1:4 million. The coordinates are measured in units of
latitude : .d longitude to the nearest second. The data is

1
v

organized as consisting of set of points. A master and a

* Tutorial T128.0382, World Data Bank II: Instruction for
use by Computing Services, University of Alberta. ///

\
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seventh character, which is either an integer (for a point
or detail record) or a character (for master record).

The :user specifies the top right and bottom left
cofners_(in latitude and longitude) of a rectanguiar window.
All the points and line sections lylng inside this \
rectangular window, ‘are obtained in files (fllegz fileA and \
fileB). These files are used to obtain CIAD point and line |
files. The clipping algorithm has been described in

[Newm79].
Finding intersection points

in World Data Bank II, intersection points are not
listed. The intersection points can be obtained with the
help of -identical files— fileA and fileB. Let( S;'denqge the'
set of defail records in between two master records and.'p'
be the number of sets in fileA (or fileB). Two consecutive
detail records define a line-section in any set S,. Each
line section (L,) in set S, is tested’wich all line sec;ions
(L;) except the lines belonging to same set S,. An ' //
intersection point is a valid point if it lies on both lines /
L, and L,. A vaiid fntersection point is inserted between
two end-points of both the lines L, and ig. For avoiding
con51derat1on of a pair of lines L1 and L, more than once,
flleA and fileB are used for proce551ng Let i th set (s:),

in flleA, be the set being con51dered for finding

intersections points. All sets S; in fileB are considered
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for processing such that (i+1) < j < p. In this way fileg3,
) : ‘

containing all the points including intersection points, is

obtained. Now, fileg2 and fileg3 are equivalent to the set

of unique points (V) and edges (E), respectiveiy.

'Point and line files

o

&«

The point file can be obtained by listing points in
World.Data Bank II,., There is one to one correspondence in
CIAD file format and World Data Bank. For every point in
World Data Bank II, a point.in CIAD file format is. obtained
according to the following interpretation:

1. if thé point is on the edge Sf the recéangular window
then it is an edge (ED) point-

2. If not more fhan one detail record is presgnt in between
two master records, then the point is an iséiate@ (15)
‘point. / S

'3. Intersection (IN) points are obtained as defined above.

4. All the othef points are defined as end (EP) points.

ad

Tge line file‘(filel) is obtained by considering line
sections in deé?il record sets. wa consecutive points in a
set of detail récords torm a line in éIAD file format.
Further, with the help sf set of points (V).aﬁd edges (E), a
list of polygon can be obtained as destribed in [ Appendix

_I]. ' ' N

Analysis and complexiiy
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- Let |N| denote the number of points in the point file
and |E| be the number of edges in the fileA or fiieB‘(after
windowing). Also, let 'D' denote the number of records in
the fileA (or fileB) and the number‘of cycles in the graph}
be 'C', then the time complexity of the above implementation
¢an be analyzed as follows: |
1. The Windowing algorithm has to consider all the detail

records in the fileA, hence is'e(lDl).

2. Finding Intersection is basically a search.and would
take 6(D?). |

3. Both the point and the line file would be created in
o(|D|). ' \

4 Generating polygons is to generate all the cycles. Th&s
would require ©((|N| + |E|)*(C + 1)) basic operations

[Deo77].

Most of the memory required is for findinglthe polygons. It

would be ©(|V|+|E|) [Deo77].
Run command

The CIAD line and pointifiles can be obtained from the
World Bank Data II, by using the following command on MTS:
$r xpascalW scards=program sprint=-t par= fileA=-a, \\
fileB=-b, fileC=-c, infile=*msource*, output=*msourcex,
fileD=data, filetd=#*msource*, filegl=-g1, fileg2=-g2,
fiieg3=—g3,'fileg4=—g4, filegS=-g5, fileg6=-g6 filel=-1,

filep=-p, filevalue=-v2,
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where,"program' and data files are 'SEVW WORLD.BACK' and

the sub—sectlon of the WOrld Data Bank II\

\
v \

\

Commgnt
’ The package funSIUnder MTS oh Amdahl 5860 and is
written in pascalw It can be used for obtaining point and .,
line f11es for progect CIAD 'The w1ndow ‘on sug sections
[NA.RIV.O1 +‘NA.BDY.01 + NA.PBY‘] of the Data Bank was
defined as (48° latitude, -120° longitude) and (60°
latitude, -110° longitude) to obtain map of Alberta. Thel
point (AB.PP) and line (AB.LL) files were transferred to
PDP-11/45 (under $semwal/ciaduseful) from MTS. These files
can be used as input to the CIAD file editor (under
. $stuart/edm/edx and /mkédm) to obtain a CIAD file AB.1
(under $semwal/ciaduseful). Now, the file can be displayed
using 'edx'. It must be hoted, that because of the high
resolution of the World Data Bank II, many points on the
VDP-screen overlap. For this reason, this file has not been
used for *ﬂmpérison [Appendix III]. The generation .of ‘list
of polygons © “one by using file 'SEMW:w.dt2' as 'daté'

"file. This da- e contained only two triangular polygons.

¢ World Data Bank II: In. .ructi.-s for use T128. 0382;
Computing Services, U. Of a., Ed;ﬂnton
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t

All ‘the following programs have been written in 'C' and

are under $semwal/ciaduseful on PDP-11/45.

Program 'RasterToRun'

The program can be used to obtain the rdn—length code
of a binary image displayed on the VDP screen. This is .
useful in obtaining a run-length of CIAD flles (e.qg.
$stuart/edm/semwal/MAP18) Vel

The file MAP18 can be displayed on the VDP-screen using
CIAD file editor 'edx' (under $ stuart/edm/semwal). Now, the

run command:

$RasterToQuad ‘
is used and the program prompts for the file name. in this
way, file 'R.MAP18' (under $semwal/ciaduseful) is obtained.
This file is the run length of area of size 510 pixels by
480 pi#els (excluding the menu-area).

Program 'ShowRun'

104 -
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Y

This program can be used ts display the run length
encoded file on the VDP screen; The ruﬁ command:
, $ShowRun
prompts for the input file name (file 'R.MAP18' can be ¢
specified). The '0' ('1') sinformation is displayed in ;olor

[ 3

'"blue' ('red').

Program 'RasterTbQuad'~
The program can be used to obtain a quad-tree of a
binary-image on the VDP scéeen; The run command:
$RastertoQuad
is used and the program prbmpts for the file name. In this
file, the coordinates of diagonally opposite corners of
homogeneous square regions are obtained. The intensity value
(zero or one) is also specified. The file 'Q.MAP18' (under
ﬁsemwal/ciaduseful) is such a file for the binary image )
obtained using 'edx' to display the file MAP18‘[as in
RasterToRun]. The guad-tree corresponds to an area.of size
512 pixels by 512 pixels. The menu-area étarts at (509, 1)
and fhe width of the VDP is 480 pixels so the area (509, 1)
to (512, 512) and (1, 480) to (512,:512) is conﬁidered to be
of uniform (O)Iintensity. Now, recursive partitioning of the

region is done to obtain a quad-tree [Section 2.3.10].

Program 'ShowQuad’
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The program.can be used to display the qguad-tree from
the file which is obtained after running 'RasterToQuad'
program. This can be used to verify the correctness of the
conversion from raster to quad-tree representation. The run

command is:
’ ]

i

~$ShowQuad \
and the program prompts for the file name ('Q.MAP18'). The
squares with zero (one) intensity are displayed in color red

(Slue).

Observation

The. space required to represent an image of size (640
pixels by 480 bixéls), in raster format, wéuld take .3M
bytes approximately‘(conside?ing 1 byte per pixel); The
MAP18 is in CIAD file format and take .2M bytes,
approximately. The file Q.MAP18 requires almost .9M bytes
for the quad-tree and run-length coded file for the same
image takes .14M bytes approximately. The results are as
expected [Sections 4.1] |

Other CIAD files PIC5 (.19 M bytes) and PIC6 (.11 M
bytes) under $semwal,/ciaduseful on PDP-11/45 were run length
encoded resUlting.in R.PIC5 (.145 M bytes) and R.PIC6 (.083
M bytes). These files were also encoded into quadtrees, as
explained ébove, to obtain files Q.PIC5 (.837 M bytes) and
Q.PIC6 (.6 M bytes). All these files are under
$s?ﬂ;al/ciaduseful on PDP-11/45, o



APPENDIX 1V,

Let O be the octagon with n points and'01 and 02 be two’
octagons such:th;t the mumber of points in the hexagons and
rectangles between O1 and 02 be H1, H2, H3, H4 and RT, R2,
R3, R4"respectively.

Let thebpoints inside 02 bé P, and, Q the points
betﬁeen the area O"and O1. The desired octégon'(03) should
be such that the points P énd the points in the hexagons and
rectangles between the octagons O‘ané 03?(shown by dottéd
lines in the Figqure A.1) is not more than n/2 points. One of"
the ways to obtain tﬁexdesired octagon 03-i§ to éecrease/
increase the side lengths of 02. The des}red distribution‘éf
the points can also be achieved by vérying the side lengths,
angles or orientation of the octagons in the range of Of agd
02. In Figure A.1, one of the side of dctagon is decreased
as shown by dotted line: ‘

It should be noted that changing the orientation and
angles of the octagonxmayAresult in the formation of

trapezoids and/ or parallelograms instead of rectangles..

"~
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APPENDIX V,
2

Let an image conéist of 'n' points and 'q' lines. In this

| section; pseudo Pascal code for aléorithms, discussea in |
Chapter 3, has been given. For éaéh terminéting partition a
link list,.containing'the pointers to the entries in the
line;list,‘is:méinta{hed. In the line list, back pointefs to
the entry in thé.;ink-listvfor twp'terminaping[partitiops
are stored as shown .in Figure 3.7. Number of eltries in the

line-list and link-list is bounded by 'q’ and 'n-1',

respectively. , o
/*****i**************f***********¥¥ | . . N
+ FOLLOWING IS THE PSEUDO CODE  # » | \\
+ FOR ALGORITHMS IN CHAPTER 3 ¥ | \

e LT T TR T T PP T T P P panpny

ptr_link = €link_list ;

link_1list = retord ;

~e

plptr : ptr_link
' ' \

nl_ptr : ptr_link ; /
f//vj_ptr : ptr_line .
end; | | /% link list record */

ptr_line = @line_list ;
line_list = record ;
p2_ptr. : ptr_line ; . /

- n2_ptr’ : ptr_line

-e

e
ds,
~

v2_ptr_f : ptr_link

v2_ptr_1 : ptr_link

109
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end; /* line list record %/

ptr_hex = @hex ;

hex =arecord ;

RH_1 : ptr_rect ;
RH_2 : ptr_rect ;

HH_1 : ptr_hex ;

HH_2 : ptr_hex

D1 : array of /* storing the dimension x/

numbers ; /* of hexagon . x/
- end ; /% hexagoﬁgi region record */
pfr_rect ='©rect’;i - ‘ - 4:7
rect = record.; ’ ‘ ‘ |
, e ]

4

R_soh : ptr_rect

~e

-e
e

L_son : ptr_rect

D2 : array of /% dimenéion oferEESHS}e\*/

/

numbers ~. // . Y

end ; A /* rectangle record %/ \ -
. \ .

r

ptr_term R = @term R ; /*.terminating':ectangle */

term_rect = record ;
D3 : array of numbers ; /* dimension %/
list_1 : link_list.

end ;

ptr _term H = fterm H ; /% terminating hexagon %/
- - — :

term H = record : _“’

D4 array~of numbers ; /* dimension */'

list_2 : link_list

end ;
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ptr_Oct = @0ct ; /# basic octagonal configuration %/

Oct = record H
R1 : ptr_réct H

R2 : ptr_rect ;

~-e

R3 : ptr_rect

, R4

ptr_rect

~e

H1

e
~e

ptr_hex

H2 : ptr_hex ;

H3 : ptr_hex ;

H4 : ptr_hex ;

Son_Oct : ptr_oct ;

D5 array of numbe;s /* dimenéion x/

end; |

ptr_term oct: @term oct; /% ferminafing octagon */
56 : array of nuhbers /* dimension %/
list_3 : link_list : 9

‘end ;

~e

var  Q1, Q2 end list, first_list : ptr_link

03, 04, end_iine, first_line: p;f:z}ng,;

/* start of the line-list and link list and -

—~
o
~a

" end of the line list and link-list are

ébove declared.

A}

x/ T v /

truth : boolean

2

o . ’ .t;"f\

[\
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/**********************f*************************
* Algorithm Make_OTDS: . *
* Given an image of n points and g lines | *
* this algorithm,produées OTDS represenﬁation;*

R D L L P T P LT T T PP r yrpepppngy
|

Make_ OTDS ()

begin

1. Find enclpsing octagon [Appendix V].
[” 'T A ~.’-I‘ /

\ - L \
2. Do for non_terminating octagon (s)
subdivide S into‘9 sub-regions
‘such that no sﬁb—region contains
'mofe than half the points in §.
This results in |
a. 4 rectangles,
b. hexagons and
. c. |1 octagon (51).
3. subdivide‘each rectangle (R) in (a).
such that two rectangular sub-regions
contains half the points in R.

4. subdivide each hexagon (H) in (b)

" such that two rectangular and two



\| hexagonal sub-regions contains no
more than half the points in H.

5. repeat step 2, 3, 4 for S1.

end;

~

/********************************************

* Algorithm Delete_Point(P)

*
E 3

*

%

*

deletes a point inhthe OTDS. It also
deletes the cofresponding entries in
the line-list for all the connected
points and link-list ofAconnec;ed

terminating pértition.

*

*

*

%

'******{*************************************/

begin ‘ |

Delete_point (P}

1. Find terminating partition for point P.

D
¢

/* terminating partition may be any of

the hexagonal, rectangular or octagonal

region,

x/
2. if (1) true then

do begin

for all k pointers (Q1) in the link-list for T

doibegin
Q3 := Ql16évi1_ptr ;

113
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4, : lQ2 := Q30v2 _ptr:1 ;
5. delete the entries pointed by Q1 and Q2
. in the respective 'link-lists and-Q3
in the line-list.
end; |
=ehd;
eﬁd; .

/* Time Complexity: Step 1 is logarithmic ana step 2
is linear in number of points. Hence, Delete_Point
is linear in number of éojhts as steé 3; 4i 5

.’Eake§‘cpnstant time. ‘

/*******i**************f****************************
* Algorithm Delete Line(P1, P2) S
* Deletes the line between two po%gts P1 and P2 #

***************************************************/

Delete_Line(P1, P2)
Begin
"1, Find termiﬁating partitions Tt and T2 for.P1
and P2 respectively. |
; ‘ .2. Truth := false ;
3. For each pointer (Q1) in T1
while not truth do
begin

4. 03 := Q1évi_ptr ;



- end ;
7. Step.S of‘Delete_point(Pi algorithm.
end ; | |
/* Time‘Complexity: Step 1'is logarithmic and‘
| Step 3 ﬁay be linear in numbér>of points |

in the worst case. Hence, the algorithm

*/ :

/*****;*****#**************;**************
, ¥ Algorithm Add_Point(P) *
~» '+ 7 Adds a point P in the'tree. *

*****************************************/

' Add_Point (P)
Begin
1. Find tefminating partition (T)_which may
contain P.
2. If T contains a point then subdivide as in
step 2, 3, 4 of Make_ OTDS.
-« 3. if P conngcted to k other existing points
then for each of the k pdint
do begin ‘

4. Find terminating partition T1

wa

is linear in number of points in the image.
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5. Get new pointers :

a. Q1 := new(ptr_link) fér T ;

1}

b. Q2 new(ptr_link) for T1 ; - ~
c. Q3 := new(ptr_line) |

6. Store the suitable pointer values in T and T1
a. Q1evi1_link := Q3 ;

b. Q26vi_link := Q3 ;

.
14

€. Q30v2 ptr_f := Q1
d. Q36v2 ptr_ 1 := Q2 ;
modify the next pointers of the link-list for
T1 ana T and line list to value nil.
' end; |
ena;
/% Step 4 is logarithmic and may be repeéted 'n-1' time§
in the worst case. Hence, the above a%@orithm‘is
'0(n log n). |
%/

/**********************************************
* Add_Line(P1, P2) *
x adds a line between P1 and P2. x

-**********************************************/

Add_line(P1, P2)-
Begin
1. Do step 1 and 2-Qf Add_Point(P) for P1 and P2..

2. 'For the terminating partitions Ti and T2



for points P1 and P2 do stéb 5 an
of Add_point(P) algorithm above.
end; N
/* The algorithm Add_Line is logarithmic as step’1
is logarithmic in number of points and step 2

takes constant time.

*/
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