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Abstract

This paper describes a prototype plug-in card for PC
compatible computers built to manipulate multiresolu-
tion images through relationships defined in pyramids.
The prototype is based on a Quadiree storage scheme
that allows tmages to be organized as a reqular decom-
posed picture. The decomposed images are physically
stored in different memory modules in order to take
advantage of data flow operations. The image repre-
sentation developed is well-suited to access the local-
ization of nodes linked in pyramid algorithms, because
hierarchical relationships are defined by simple bit ma-
nipulations that can be implemented on hardware.

1 Introduction

Pyramids have provided a hierarchical representa-
tion of multiresolution images in many applications
including: object detection and extraction [1],[4], [12],

14], [15], bright spot detection [2], region matching
13], curve extraction [10], contour labelling and pro-
cessing [8], [17], image compression [6], line extraction
[22] and computation of filter transforms [5].

A pyramid consists of a stack of images where their
linear dimensions are reduced by a constant factor
(generally 2). In the pyramid structure, each image
is related both to the image immediately below and
to the image immediately above through links or rela-
tionships, except for the bottom and top levels which
are related to only one image. There exist different
definitions about how the pixels or nodes in the data
structure can be associated, however, it is usually ac-
cepted that the relationships must be local. Due to the
great number of relationships that exist in the whole
pyramid, the local operations are rapidly combined to
compute global characteristics.

In the literature the definition of relationships and
algorithms are greatly influenced by the hardware
used, and only the more general or completely defined
structures are handled when the pyramid is running on
a software simulator implemented on serial machines.
Therefore, it is important to consider other architec-
tural concepts that allow the execution of complex al-
gorithms achieving a better performance.

Several projects on pyramid machines [9], [24], [25]
based on special microcircuits designs have been 1m-
plemented. These designs assign a bit processor to

each image pixel forming SIMD (Single Instruction
Multiple Data) architectures that concentrate on im-
proving the connectivity offered by mesh computers.
Without denying the advantage that parallel systems
have in speed, which is essential in tasks that demand
computer power (real-time processing), serial or low-
processing architectures are generally more flexible, al-
lowing the development of small cheap systems that
can cope with the complexity of conventional pyra-
mids.

Considering the fact that cost and performance are
two important issues for applications, we built a hard-
ware device with special architectural features which
compromises generality, cost and perfomance. An im-
portant aim was to implement a general system in or-
der to study new algorithms and test new operations.

The hardware developed is shown in Figure 1 and
it is interfaced to a host computer (PC compatible)
through the system bus lines. The host computer al-
lows the development of application programs in high
level languages.

Figure 1. The Pyramid Prototype.

The architecture designed is based on a technique
of memory organization, which represents a combina-

34 Vision Interface 93




tion of a Quadtree structure and memory partition.
The memory organization makes it easy to compute
the memory addresses and, in order to operate on an
image region, a fixed sequential address pattern is used
in a data flow operation mode.

Our pyramid consists of nine levels (512x512 pixels
to 2x2 pixels), reducing its linear dimensions by a fac-
tor of two. The hardware device has enough memory
to store one byte per node (pixel). In order to manip-
ulate data, 16 relationships or neighbors connections
have been considered: eight Siblings (same level); four
Fathers (level above) and four Sons (level below).

The Father and Son relationships are fundamental
in pyramid structures because they allow the informa-
tion to flow up and down in two modes of process-
ing: Reduction (Inicialization) and Projection (Delin-
eation) [12], [18].

The Sibling relationship has been widely used in
processes that manipulate one resolution. When used
in multiresolution, a single pixel in low-resolution rep-
resents a complete region in full-resolution.

In terms of hardware, the access to one image com-
ponent following the above relationships between im-
ages is derived without explicit pointers, but it is
characterized by a Quadtree storage scheme. That
is, the bandwidth between memory and processor is
increased without storing anymore information, and
data is organized in an appropiate way. Although at
present the addresses of the Fathers and Siblings are
computed by software, there is a reduction in time
because software routines are based on simple bit ma-
nipulation, avoiding the use of memory pointers for
relating data.

The organization of this paper is as follows: Sec-
tion 2 briefly introduces the concepts involved in the
pyramid representation, Section 3 describes how the
image is subdivided for storage. Section 4 shows the
system architecture. Section 5 discusses CPU time
saved and shows images processed using the system.
Finally, in Section 6 our conclusions and futiire work
are presented.

2 Operations on Linked Pyramids

The pyramid structure used in this design corre-
sponds to the one defined in Grosky [13] and Gross
[12], with the addition of the Sibling relationship.
Each node is stored in one byte. The relationships
of each node are indexed by a triplet [i, j, 1] specifying
its position (row, column and level). These are shown
in Figure 2.

Based on these relationships, it is possible to dis-
tinguish three types of operations in the structure, ac-
cording to which elements are manipulated (Father,
Sibling and Som). Through these operations, a node
computes its new value according to the elements de-
fined by each relationship. Nagin [18] describes how
each process model is directed to achieve image anal-
ysis.

Operations in general are not simple bit manipula-
tions. In contrast, there is much work done that uses
mathematical functions or decision operations based
on similarity (greylevel) and proximity between nodes

(1], [4], [12], [14], [15]. Due to the complexity and gen-
erality of these operations, an alternative solution is
to consider specialized processors to manipulate data
stored in a scheme that drives an efficient memory ad-
dress mechanism. :

It is known [26] that memory considerations can be
used in order to achieve high performance at low-cost
hardware. In order to obtain fast memory access the
use of address bits should be considered, exploiting

- ~the regularity of the data-and the common properties

of the algorithms [20].

Due to the topological properties of the specified
hierarchical relationships, it is possible to process im-
ages following the Quadtree storage scheme defined by
Woodwark [27]. This improves the speed of memory
access and makes it easier to implement the operations
on hardware, because the operands’ addresses are de-
termined by the node’s own position and as a process
which consists of only bit manipulations.
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Figure 2. Neighbor Connections.

3 Image Subdivision

In the same way that a Space Filling Curve (SFC)
[16] is constructed to cover an empty space, we can
store one image following an ordered way to visit the
pixels. If one wants to store Multiresolution images,
the change of scale could represent the detail at which
the SFC is approximated, that is, the number of pixels
computed which belong to the curve. In this way, more
detail is related to more resolution.

If we take the definition of SFC, where one point
1s constructed in a recursive way (i.e. giving more de-
tail of what has been constructed previously), and we
establish the hierarchical domains in the same plane
in such a way that resolutions (pyramid levels) are re-
lated to larger amount of points in the space, we can
think of defining a method to perform neighborhood
operations due to the fact that regions are related by
the SFC. That is, hierarchical relationships correspond
to the rule that constructs the SFC, because moving
from one level to another is equivalent to incrementing
the detail of the SFC curve.
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The Quadtree representation based on the recur-
sive decomposition of the space [23] has been used for
pyramid implementation [3]. This pyramid, following
the ’Zeta’ algorithm (Figure 3), allows the construc-
tion of an image representation which is more suitable
for processing than raster images.

Figure 3 shows the scanning process followed by the
"Zeta’ scanning method. The algorithm is simple, in
the sense that it is based on recursive calls in a similar
way to the construction of a Quadtree. Algorithms for
constructing a Quadtree from an array representation
can be found in Pavlidis [21] and Samet [23].
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Figure 3. Scanning Process for image elements
following the ’Zeta’ Algorithm.

Therefore, if Z represents the SFC and 2, -, Z,
different approximations for Z, where Z;4; is specified
by Z; applying the recursive rule that constructs the
SFC, then each Z; represents an image resolution and
there is a specific rule that relates pixels in different
levels (neighbors). Furthermore, a subdivision in Z;
corresponds to subregions of the image at resolution
i.

Unfortunately, although the recursive definition of
a Quadtree is suitable to be specified by formal ge-
ometric languages using X,Y indexes, this definition
is computationally expensive if we consider the linear
consecutive memory elements. Furthermore, it is diffi-
cult to implement this recursive process on hardware.

Hence, a quick transformation is required which can
make possible the use of both Quadtree representa-
tion and raster coordinates. The Quadtree representa-
tion exploits the hierarchical relationships established
by the SFC, either by hardware or software, and the
raster or bidimensional representation defines spatial
relationships by coordinates specification (X,Y) and it
also provides an input/output format. This concept is
illustrated in Figure 4.

Establishing the recursive definition of a Quadtree
storage scheme as SFC:

00,

1
Ziy1 = Zi + ?02 (1)

11,

where ’+’ means concatenation with initial value:

Zo = 005, 2)

the address of a specific node is coded as expressed
in Woodwark [27]. This code assigns two bits to each
subdivision and concatenates the upper bits of each
node following a traversal from the root to the node.
Although this representation can be used for deter-
mining the neighbor nodes by simple changes of bits,
we define a two dimensional (D,CH) address scheme
which makes explicit a partition of memory and allows
a data flow operation mode.

Raster or 2)
Address Space

Quadtree
fddress Space

Neighbor Connect ions

= C—) tidbr Cameios
def ined using (X,Y) C: il Q: m}whﬁ:? .

Bidimensional

Hardvare Hierarchical
Manipulation

Manipulation

Figure 4. Use of Raster and Quadtree
Representation.

Let us define Dt as the address given by the SFC
constructor rule, that is, the division of Z; that rep-
resents an image pixel. Then, the pair (D,CH) can be
expressed as:

D = DIV(D%,100,) (3)

CH =Dt AND 11, (4)

where DIV represents the integer division and AND
is the logic operator. Note that the above definition
represents the two arguments of the SFC construction
rule that forms D*.

In order to avoid the use of the SFC in the construc-
tion of the Quadtree representation, and to allow the
manipulation of a data image in a 2D representation
(Figure 4), the ’Q’ transform is defined next.

The ’Q’ transform provides a fast method to change
from a raster representation to a Quadtree representa-
tion, and it can easily be implemented either on hard-
ware or software. The ’Q’ conversion function and its
inverse are defined as:

Q: (X,Y) — (D,CH) ()

Q~':(D,CH) — (X,Y) (6)

where X,Y, DeZ and CHe{0,1,2,3} .

The ’Q’ transform takes an image element repre-
sented by its two dimensional position and maps it
into a hierarchical address scheme (D,CH) which rep-
resents four arrays or partitions (CH) of address space.
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Although the transformation can be defined for one ar-
ray, the use of four arrays is required in order to fulfill
the architectural design concepts (See section 4).

The explicit form of (5) is derived from the SFC
definition given in (1) and (2), where each pair of bits
specifies relative positions with respect to the upper
levels, and is defined as:

Q: D} = X4+ (2 f Yi_2), ‘ (7)

where the subindex represents the numerical base and
the symbol / —' represents a base conversion opera-
tion.

The D} computed by (7) is a data address in a
hierarchical scheme that can be represented as (D,CH)
according to (3) and (4).

Solving for X and Y in (7), we obtain the inverse
transform Q~1:

Xe= (Dt =2 Yaa), (8)

e
Y, = (&) 9)
2 2—4

It is important to note that subindex 4 on X and Y
means that the decimal base number must be treated
mathematically as if it were a four-based number, and
all operations must be performed in binary form.

In order to solve the system expressed in (8) and
(9), we must remember that a 4 — 2 base change has
zero values on even positions, thus:

Dt — Xy, = (Dt AND AAAA;6)  (10)

Dt —2.Y, ., = (D* AND555555).  (11)
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Figure 5. Change from a Raster Address to a
Quadtree Address and vice-versa.

The base changes 4 — 2 and 2 — 4 have a sim-
ple algorithm form, consequently the transformation
’Q’ can be implemented on assembly language through
simple bit rotations. Moreover, taking notice of the
computational shifts, the transform results in a sim-
ple hardware implementation where the hierarchical
representation is obtained changing the address bits
as shown in Figure 5.

The use of the ’Q’ transformation allows the mode
of operation showed in Figure 4, where a specific hard-
ware can exploit the hierarchical address established
by the SFC, while the host can address the images
following a bidimensional or raster access.

4 System Architecture

The whole system architecture is based on the im-
age subdivision proposed in Section 3, and it is shown
in Figure 6. The architecture has four modules: Com-
munication, Control Memory, Memory, and Process-
ing Module. The modules are connected through
global bus lines on address control and data to a host
computer.

COMUNICATION [ CONTROL BYTE :
MOOULE 2.7
END OPERATION .", ."4
type access, PROCESSING
status. MNODULE MODULE
select{on W
ROUIT J-ooeee
.Mm T3 R — 31

Figure 6. Block diagram of the hardware
architecture.

The Communication Module allows the memory
transfers made by the external hardware and host
computer to occur avoiding memory conflicts, since it
restricts the access by conditional data transfer (sta-
tus bit). The communication module provides two
kinds of data to the hardware system: (1) it sends
messages to the Processing Modules to manipulate the
data in memory, and (2) it provides information to the
memory control module about the data that the host
accesses. Because the external memory is connected
through a global bus interface, based on a block switch
technique, the host requires to send information re-
lated to the bank and resolution currently active.

The Control Memory Module, according to the sta-
tus bit, determines who provides the address and con-
trol lines to memory (host or processing module). If
the host needs to access the four pixels that form one
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specific relationship, there is a counter circuit in the
Control Memory Module that allows to change auto-
matically the active block of memory at each access,
so elements are read as if they were stored on con-
tiguos memory locations. This operation mode can be
useful when testing new functions that could be first
implemented on software, or complex tasks applied on
low-resolution images that require complex Processing
Modules.

The Memory Module is partitioned as described in-

Section 3, in four blocks that correspond to the (CH)
address. Each block is divided into pages of 16Kb or
8Kb that represent the memory that can be addressed
by the host computer. The size of the pages is related
with the image resolution: the two high resolution im-
ages (512x512 pixels and 256x256 pixels) are stored in
16Kb pages, the next resolution image (125x125 pix-
els) is stored in one 8Kb page, and the rest are stored
all in one 8Kb page.

In order to implement circular data flow processing
operations, there are five data buses in the system.
It is possible to capture four elements (neighbors) at
the same time, according to the relationships defined
- -in Section 2, because each element has different CH,
that is, the elements are stored in different memory
blocks. The four local data buses lead the operands to
the Processing Modules that apply a specific function
and the result is stored using the gobal bus. The global
bus is the host’s bus extension, and the host computer
writes and reads data transferred through it.

In the data flow model operations are computed
following the form of the function, thus the process
must be split in small computations that can be run
in parallel or in cascade.

The Operation Module receives a control byte with
the parameters of the function, and it indicates the
beginning of the operation. The Operation Module
has an output signal that indicates the end of the op-
eration and it is used to change the status bit.

The Processing Modules must handle memory sig--

nals to guarantee the correct retrieval of operands
and the storage of results (see Figure 6). Therefore,
there is a memory management circuit that provides
the address and control signals according to the de-
fined nodes manipulated (neighbors). Memory man-
agement is simple because it is based on the Quadtree
storage scheme, so the operands’ addresses are deter-
mined changing the address’ result bits. Notice that
we considered the following operation mode: when one
function is evaluated, its operands are fetched first,
so the operands’ or arguments’ addresses are obtained
from the result’s address. The model could be inverted
and all the addresses would be determined from one
operands’ address.

In order to apply the function over a region or a
complete image, and to synchronize the computation
of the function and the memory management signals,
there is a Sequential Circuit in the processing module.
The Sequential Circuit defines a cycle which dictates
when the data is read, processed and stored.

The Sequential Circuit has a register which stores
the function result’s address and it is read by the
Memory Management to compute the operands’ ad-
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dress. The register is incremented each cycle until the
Processing Module has changed the amount of data
commanded by the host.

Having in mind that up and down traversals are re-
lated to the SFC construction rule, coarse to fine anal-
ysis [11] can be efficiently achieved because it is only
necessary to change two address bits to move from
one level to the other. Moreover, due to the charac-
teristics of the hierarchical address scheme, where a

--convex region is addressed from a continuous address

space, the Sequential Circuit can be programmed as
a counter to process restricted windows that contain
([:r]itical patterns following a ’smart sensing’ strategy
7).
The hardware prototype built has only one pro-
cessing module and it uses the Son link to recover
operands. The Module can apply seven functions and
it allows to obtain multiresolution images. The func-
tions included are: Average, Maximum, Minimum,
Copy Upper Left, Copy Upper Right, Copy Bottom
Left and Copy Bottom Right. These functions pro-
duce images with different frequencies and region sizes.
Their use depends on the application, for example, the
Average and Copy functions are used for object detec-
tion because the processes in the pyramid are based on
similarities between nodes in different levels, whereas

the Maximum and Minimum functions are used for-

bright spot detection in an image [2].

Because the functions implemented are applied on
complete images, the Sequential Circuit was designed
to scan the block of memory that stores the image.
The image size specification is sent to the Processing
Module in the control byte.

Sequent.ial cirouit register
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Figure 7. Memory management for Son relation.

The Memory Management circuit in the prototype
is simple since the operands’ addresses are formed
adding two bits to the four possible permutations. Be-
cause the lowest two bits of an address (CH) represent







