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Abstract

Representation is an important issue in the design
of image processing systems. In this paper we discuss
the quadtree data structure and a number of its vari-
ants and show how they can be adapted to encode image
data of a geographic nature.

1. Introduction

Representation plays an important role in image
processing systems. Today's systems must be capable
of dealing with many different types of data and
queries. A wide number of representations is currently
in use. Recently, there has been aconsiderable amount
of interest and research in hierarchical data struc-
tures primiarly in the field of information retrieval
and image processing. This interest is based to a
large degree on considerations of space and execution
time economies. In this paper we discuss the quadtree
data structure and a number of its variants and show
how they can be adapted to handle image data of a geo-
graphical nature., In particular, we focus our atten-
tion on their ability to represent data corresponding
to regions, points, and curves with a greater emphasis
on regions. We also give examples of the types of
operations which are faciliated through their use.

2. Background

The term quadtree is used to describe a class of
hierarchical data structures whose common property is that
they are based on the principle of recursive decompo-
sitfon. They can be differentiated on the basis of the
type of data that they are used to represent and on the
principle guiding the decomposition process. When the
decomposition is into equal-sized parts, it is said to
be regular. Much of our discussion centers on region
representation. TIn essence, there are two ways in
which hierarchical data structures can be used to de—~
scribe regions - those that describe their imteriors
and those that specify their borders. Section 3
focusses on the former while Section 4 focusses on the
latter,

The quadtree is an approach to region representa-
tion which is based on the successive subdivision of an
image array into quadrants. If the array does not
consist entirely of i's or 0's, then we subdivide it
into quadrants, subquadrants,... until we obtain blocks
(possibly single pixels) that consist of 1's or 0's;
i.e., they are entirely contained in the region or en-
tirely disjoint frem it. This process is represented
by a tree of out degree 4 (i.e., each non-ieaf ndde has
four sons) in which the root node represents the entire
array. The four sons of the root node represent the

. quadrants {labeled in order NW, NE, SW, SE), and the
leaf nodes correspond to those blecks of the array for
which no further subdivision is necessary. Leaf nodes
.are said to be BLACK or WHITE depending on whether
their correspending blocks . are entirely within or out-
side of the region respectively. All ncn~leaf nodes
are sald to be GRAY, For example, consider the region
shown in Figure la which is represented by the 2%%3
by 2%*3 binary array in Figure 1lb. Observe that 1's
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correspond to picture elements (termed pixels) which
are in the region and 0's correspond to picture ele-
ments that are outside the region. Figure lc contains
the block decomposition for Figure 1b while Figure 1d
is the actual quadtree.

The principle of-recursive decomposition has been
in existence for a longtime. One of its first uses was
by Warnock [1] in the implementation of a hidden sur-
face elimination algorithm, The picture area is repea-
tedly subdivided iuto successively smaller rectangles
while searching for areas sufficiently simple to be
output. The formulation of the region quadtree as de-
scribed above is due to Klinger {2,3] who used the term
Q-tree whereas Hunter [4-6] was the first to use the
term quadtree in such a context.

3. Applications of the Region Quadtree

, The region quadtree is relatively compact [3] and
is well suited to operations such as union and inter-
section [4,5,7} and detecting various region proper-
ties [3-6]. Hunter and Steiglitz {4-6], in the domain
of computer graphics, developed a variety of algorithms
for the manipulation of a quadtree region representa-
tion. In [8,9] variations of the quadtree (termed an
octree) are applied in three dimensions to represent
solid objects and in [10] to more dimensions.

There has been much work on the interchangeability
between the quadtree and other traditional methods of
region representation. Algorithms have been developed
for converting a binary array to a guadtree [11l], run
lengths to a quadtree [12] and a quadtree to run
lengths [13], as well as boundary codes to a quadtree
[14} and a quadtree to boundary codes [15]. Work has
also been done in computing geometric properties such
as connected component labeling [16], perimeter [17,18],
Euler number [19], areas and moments [7], as well as a
distance transform [20,21]. ,

By virtue of its tree-like nature, in the quadtree
representation most operations are carried out by tech-
niques which traverse the tree. For cach node visited
during the traversal, an operation is usually performed
at each node. which more often than not makes use of
neighboring nodes (i.e., nodes representing image
blecks that are adjacent to the given node's biock).

In general, it is preferable to avoid having to
use position (i.e., coordinates) and size information
(e.g., [22]) when making relative transitions (i.e.,
lecating neighboring nodes) in the quadtree since they
involve computation (rather than simply chasing links)
and are clumsy when adjacent blocks are of different
sizes (e.g., when a neigboring block is larger). Simi-
larly, it is preferable. not to assume the existence of
links from a node to its neighbors, termed ropes and
nets [5], because it is not desirable to use links in
excess of four links from a non-leaf node to its sons
and the link from a non-root node to its father. Such
techniques, described in {23], are used in [12-17;15-
21,24] and result in algorithms that only make use of
the existing structure of the tree. Note that an
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alternative to computing neighbors is to precompute them
in the eight possible directions and to transmit them
as actual parameters to the part of the algorithm that
examines the neighboring nodes [18]. '

It turms out that a large number of traditional
region processing operations can be achieved by use of
the quadtree representation. Many of the methods used
on the pixel level carry over to the gquadtree domain
(e.g., commected component labeling, genus, etc.).
Because of its compactness, the quadtree permits faster
execution of these operations. Often the quadtree al-
gorithms require time proportional to the number of
blocks in the image, independent of their size.

The quadtree data structure requires storage for
the various links. However, use of neighbor finding
techniques rather thar ropes a la Hunter [5] is one
compromise. 1In fact, experimental results discussed in’
[25] show that the extra storage cost of ropes is justi-
fied by the resulting minor decrease in execution time.
This is because the average number of links traversed
by neighbor finding methods is 3.5 in econtrast with 1.5
for ropes. WNevertheless, there is a possibility that
the quadtree may not be efficient spacewise.. For
example, a checkerboard-like region does not lead to
economy of space. Also, they are not shift-invariant
(but see [24}). The space efficiency of the quadtree
is analyzed in [26]. Some savings can be obtained by
normalizing the quadtree [27,28] as is also possible by con-
structing a forest of quadtrees [29] to avoid large re-
glons of WHITE. Storage can also be saved by using a
locational code for all BLACK blocks [30,31]. Gray
level quadtrees using a sequence of gray codes to eco-
nomize on storage are reported in [32].

The variable resolution property of the quadtree
sets it apart from a representation based on a hexa-
gonal decomposition [33] - i.e., a square can be repea-
tedly decomposed into smaller squares (as can be done
for triangles as well [34]); whereas once the smallest
hexagon has been. chosen, it can not be further decom-
posed into smaller hexagons.

The quadtree is especially useful for point in
polygon operations as well as for query operations in-
volving image overlays and set operations. The hier-
archical nature enables one to use image approximations.
In particular, a breadth first transmission of an image
yields a successively finer image vet enables the user
to have a partial image [35]. Thus the quadtree could
be used in perusing through a large image database.

The region quadtree is often characterized as a
variable resolution data structure. Somewhat related
is the pyramid [36] which is a multiple resolutior data
structure. In essence, it is an exponentially tapering
stack of arrays each at one half of the resolution of
the previous one and hence one quarter of the size. It
is discussed in considerable detail in [37].

4. Line Data

As mentioned in Section 2, regions may be described
in two ways - those that describe their interior and
those that specify. their borders. In this section we
concentrate on hierarchical boerder representations. One
of the most common border representations is the chain
code [38]. Another very popular representationr is a
descripticn using vectors [39], e.g., for polygons, in
the form of lists of pairs of x and y coordinate values
corresponding to their start and end points. Both of
these representations have the advantage of being com-
pact. However, they are very local data structures.
This makes them cumbersome for the performance of set
operations such as union and intersection.

. endpoints.

query.

Recently, there has been a growing amount of inter-
est in hierarchical representations of border informa-—
tion. These are primarily based on rectangular approxi-
mations to the data. 1Ia particular, they include up-
right rectangies [40], rectangular strips of arbitrary
orientation [41], and sets of bands (42]. It is interesting
to note that the method of [40], resulting in a data
structure termed BSPR, can be characterized as being
bottom~up while the method of [41] uses a top~-down
approach resulting in a data structure that is termed
a strip tree. Both the BSPR and the strip tree are
independent of the grid system in which they.are em—
bedded. The strip tree requires special handling for
closed curves whereas the BSPR does not. However, the
BSPR is net as flexible as the strip tree since the
resolution of the approximation is fixed as the width
of the rectangle may not be varied whereas the strip
tree has no such problem.

There also exist methods of describing boundaries
of regions by methods that are based on a regular de-
composition. BRunter and Steiglitz [5] represent a
boundary as a sequence of BLACK pixels in a region
quadtree. All the remaining nodes can be treated as
WHITE nodes. Warnock [1] and Shneier {43] subdivide
the set of lines comprising the boundaries until ob-
taining square regions containing a single curve that
can be approximated by a single straight line. Some
other approaches include the line quadtree [44], PM
quadtree [45], and the EXCELL method [46]. Regular
decomposition methods have an advantage over the strip
tree in that more than cone curve can be represented.
Also, they are unique whereas the strip tree is not
unique when the curve is closed or extends past its
Line quadtrees are superior to the represen-
tation of Hunter and Steiglitz in that they do not com-
mit a specific thickness for the boundary line. The PM
quadtree and the EXCELL method have the property that
they yield an exact representation rather than being
an approximation in the case of polygons as may be the
case when the other regular decomposition methods are
used.

5. Point data

Multidimensional point data can be represented by
a multidimensional generalization of a binary search
tree., Actually, it is a marriage between the grid
method which is used by cartographers [47] and the bi-
nary search tree. The resulting data structure is also
named a quadtree [48}. However, in order to distinguish
it from the region quadtree, we shall refer to it-as a
point quadtree. In two dimensions, each data peint is
a node in a tree having four sons which are roots of
subtrees corresponding to quadrants labeled in order
NW, NE, SW, and SE. Each data point is assumed to be
unique. Data points are inserted inte a point quadtree
by searching for the record based on its x and y coor- ~
dinates. -At each node of the tree, a four-way compari-
son operation is performed and the approriate subtree is
chosen for the next test. Reaching the bottom of the
tree without finding the record means that it should be
inserted at that position. Clearly, the shape of the
resulting tree depends on the order in what recerds are
inserted into it.

Point quadtrees are particuarly attractive in ap-
plications that involve search in that they enable
a pruning of the search space that is involved in the
It should be clear that the point quadtree can
be generalized for an arbitrary number of dimensions.
However, in such a case there Is a rather large bramch-
ing factor associated with each point quadtree node
(2*%*k for k dimensions). The k-d tree [49] is an im-
provement on the point gquadtree. In essence, it is a
binary search tree with the distinction that at each
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tevel of the tree a different coordinate is tssted when
determining the direction in which a branch 1§ to be
made. Thus in the two-dimensional case, we cﬁmpare X
coordinates at the root and at odd levels of he tree
and y coordirates at even levels. In [50] an?;mprove—
ment on the k-d tree is reported which removes the
requirements of alternating the tests at the price of
requiring the storage with each node of the coordinate
being tested.

There also exists methods of representing multi-
dimensional point data that are based on a regular de-
composition. The point space is repeatedly decomposed
inte four equal-sized square regions until no region
contains more than a predetermined number of points
[51]. A similar decomposition method termed EXCELL is
also in use [46} as well as one that is not based on a
regular decomposition [52}. These methods are often
characterized as bucket methods,

6. GConcluding Remarks

A brief review of a number of hierarchical data
structures for representing data useful in image pro-
cessing application has been given. The data structures
that we have discussed are not unique and in the future
we will most likely see further variations on the con-
cepts discussed here.
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Figure 1. A repgion, its binary array, its maximal
blocks, and the corresponding quadtree.
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