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1. Introduction

Neighborhood processing is one of the most widely used kinds of

parallelism in image processing. The degree of parallelism de-

pends on the size of the neighborhood. Very popular are 3x3-
neighborhood processors. Some theoretical and practical reasons
for it may be reminded:

~ almost all basic algorithms of preprocessing can be implemented
within a 3x3-window, :

— using methods of image algebra preprocessing within larger
windows can be reduced to 3x3-window processing under weak
constraints,

- special purpose hardware for typical image size and gray level
resolution may be developed using a single board for one
processor working at video rate.

In neighborhood processors the single pixels in an  losage are
processed serially, therefore the time is growing linearily with
image size. Nevertheless, the processing may be accelerated by
building up pipelines of differently programmed processors each
of them realizing one processing pass.

Massive parallelism which means parallel processing of the pixels
of the image is the most effective but alsco most expensive kind.
The upper bound for the acceleration is equal to the number of
pixels of one image, i.e. to the image size.

Architectures may be evaluated on the base of the facilities Jor
parallelization as described above. But also the organization or
control and data flows are an important featwe. A strict separa-
tion of both flows is presumably the best solution for an advan-
ced image processor.

A decisive stage is that step in the processing where the transi-
tion from the low-level raster representation to intermediate-
level representation occurs. Therefore the output behavior of a

low—level processor is of great importance. Advanced architec—
tures offer possibilities to produce intermediate-level image
representations as component tables, run—-length codes or other

contour descriptions, etc.

Among the numerous proposals for image processors some attractive
splutions have found broad acceptance and are implemented in
commercially available systems.

Processors with an internal pipeline consisting of look up tables
for gray level transforms and of arithmetical-logical units for
combining data from different image memories are used in some
systems. For example in the image processing system AL472 the
processing is logically parallel, but physically serial. It of-
fers a high degree of flexibility for full-—frame processing at
the expense of demanding storage capacity for several 1images
{(Wilhelmi, 1983; Kempe, 1982).

Neighborhood processors are built for some classes of algorithms,
especially for convolution and morphology. A(n external) pipeline
of differently programmed processors is used in the most promi-
nent device of this kind, the Cytocomputer (Sternberg, 1981). The
GIPP processor described later on is the basic structure for a
very similar architecture.



The single convolution steps may be accelerated by signal proces-—
sors which are supporting linear transforms of the kind

d =a % b t c.
Array provessors are mainly uased for massively parallel proces-
sing (Duff, 1983 ;3 Parallel Computing, 198971 . They may be as-—

cribed to high-performance systems whereas the other architec-
tures decribed before are typical for medium—performance systems.
In the future, the development may be fertilized by the systolic
approach because of its good utilization of processing resources
and of the possibilities of effective VLSI design .
Frogrammability will remain one of the most important features
for image processors.

Further, an effective access to the isage memory is nNeCCessary.
Aut fully exploiting the regular two—dimensional nature of an
image is leading to demands for sophisticated address control -
lers. These difficulties may be alleviated when the processor is
constructed in such a way that it accepts serial input resulting
from raster—-scanning the images. This line-by-line raster scan is
also the mode how images are received from sensors. Obviously, in
the case of neighborhood processing several neighboring lines
must be hold in a buffer memory or in shift registers.

2.2 Some _basic_methods _of neighborhood preprocessing

Freprocessing or low-level processing is understood as processing
iconic image representations comprising mainly two basic methods:
single—-pixel processing and neighborhood processing.

Into the concept of single-pixel processing, such methods are
included as gray level transforms of all kinds, among them thres-
holding, further pseudocolorization, combining images and others.
In neighborhood processing the new value of one pixel in an
iconic representation depends not only on the old value of the

pixel at this location but also on the values of neighboring
pivels.

Basic processes are:
a) Cleaning and restoring
Using a model of image generation and of influence of noisy
perturbations erronecus pixel values are corrected assuming
that useful information is retained in the neighborhood.
b) Edge finding
Pronounced changes in the gray level distribution within the
image can be found comparing gray levels in a local surroun—
ding of one pixel.
c) Thinning and contrasting
Smooth edges or blurred lines can be sharpened by locating
the pixels with steepest descents or with extrema of gray
level.
The mathematical base is given by convolution within & two-
diménsional window, by sorting or comparing pixel values in
dependence of certain criteria, by mask matching for deriving
conditions for application of local operators, and so on.
The mostly used size of windows is 3x3, but sometimes windows up
to a size of 1ixll are applied.

3 From_low-level to intermediate—level processing

i

Intermediate level in image processing means that the image is no
longer represented in a sensor—based iconic image but in a more
object-oriented manner, as in contour— or region—oriented decrip-
tion. Such decriptions are possible in numerical form on the base
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of rasters, but more suited is the symbolic form of lists or
chains. They are interesting for interesediate-level processing.
Nevertheless, the transform to intermediate level is seldom sup-
ported by image processors if we exclude statistical operators as
histograms €. g., which do not preserve any information of geo-
metrical nature.

The gquestion is whether there are GlfP--iaplementable functions
which fulfill the demands of effectively transforming low level
to intermediate-level images .

One important remark is to be made concerning the representation
of edges. In 3x3-window convolution by a Socbel operator e.g. the
centre—-pixel receives the output of a local gradient. In the GIPP
processor the so—called two-point gradient is calculated. This is
the maximum value of the differences of the gray values from the
centre—pixel to the neighboring cnes and therefore an edge value.
The approximation consists in using the centre-pixel location for
storing the maximum edge value. This has consegquences conoerning
thinning and thickening as descr ibed later on.

3.1 _Basic_computing_algorith

The principles of GIPP-processing can be described in the ol low

ing three steps:

i. Given is a set of a finite number k of image processing
algorithms.

2. It is possible, to map this restricted class of 1mage proces-—
sing algorithms onto a single basic computing algorithm with
k.  parameters microprograms or for this restricted class ot
image processing algorithms. This basic computing algorithm
must be well adapted to an efficient implementation.

Z. This basic computing algorithm can be efficiently implemented
in the hardware structwe GIPP, which is programsmable for o
number k of image processing algorithms.

In this sense a BIPP can be considered as a basic structure for

image processing leading to the concept of GIFPF-implementable

image processing functions. At present all wiork is related to &
structure - using the raster-scan approach and a 3x3-window with
the characteristic movement of the centre-pixel.

In general, the computation of the new centre-pixel value con-—

sists in selecting one of the gray values inside of the window.

The selection rule is determined by the given processing  func-

tion. Furthermore, masks can be set. If the mask is matched, the

computation of the new centre—pixel value is carried out, if not,
the centre-—pixel remains at its former value.

Usually the GIFF works in a bit-plane manner. One iteration step

is needed for each of the M bit planes. This means, that every

computation of a new centre—pixel value is executed by M itera-
tion steps:

M = log= NG,

M = number of necessary iteration steps,
{ 2 number of bit planes),
NE = number of gray levels.

In each iteration step k (k=1...M) the available gray value range
G is divided into a lower gray value range 6% and an upper
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one G% of equal size:

G { g*a, g“;+;,.--g“u ¥ gray value range,

Gy { g%, @%14+24---G%n—2 ¥ lower gray value range,
G, { g%my Q%2 ye e G%u—2 ¥ upper gray value range,
gkm = {g*y + g%, + 1)}/2 medium gray value of the

giray value range of the
k—th iteration step

g%, and g%, are the lowest and highest gray values resp. in the
k—th iteration step.

By applying the selection rule it is checked whether the lower
or the upper gray value range contains the expected wvalue. The
gray value range found in the (k-1)-th step is the available gray
value range G, in the next iteration step. Duwring every iteration
step the gray values of all pixels inside the window are paral-
lely compared with the actual medium gray value g¥%,.

During the i—th comparison the value of & binary variable w", 1is
generated. If the pixel value is greater than equal to the medium
gray level g¥., them w%; is set to zero. If the pixel value is
lower than the medium gray value g%., them w“%, is set to one:

@, if B(i) = g*,,
Wi, =

i, else

The result of the comparisons of all the N gray values inside the
window with the medium gray value is a set of binary variables
wk, of a function F. This function F realizes the selected image
processsing algorithm,

F = flwha, W 1,...W%e—1)y N = npumber of pixels
inside the window.

1t depends on the value of the function F in the k—th iteration
step whether the computation in the following (k+1)-th iteration
step is executed in the lower or upper gray value range:

F=1 g*"*s = g%m g***n = g*u upper gray value range
F=a gh*t, = g*a gk*1i, = g%m-i1 lower gray value range

Finally, after k = M iteration steps the new gray value of the
centre—pixel is obtained.

In general, the described basic computing algorithm has the

following properties:

— The number M of clock periods for the evaluation of the new
gray value of the centre—pixel of a given window is independent
on the type of image processing function and the gray wvalue
distribution inside this window.

— The number M of clock periods is only dependent on the number
NE of gray levels of the designed image processing system
(M = log NB), i.e. it is equal to the number of bit planes.

- The basic computing algorithm generates at every clock period
one bit of the new centre—pixel value. This means, that the
different bits of a new centre-pixel value are generated in a
sgerial manner.



- At every clock period the nine gray values of the window are
compared with the value g%. In dependence on the results of the
comparisons the corresponding bit of the new centre-pixel value
will be computed, that means in a parallel manner.

As an example for the basic computing algorithm, we consider the
median Ffilter for a window with N = 9 pixels and NG = 16 gray
levels. The function F is in the case of median filtering:

1, if n>4
F(%’--.WB) =
B, otherwise,

where n is the number of equations for which g(i) = g holds.
The pixel enumeration inside the window, an example of gray value
distribution inside the window, and the results during the itera-
tion are shown in fig. 3.1.
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Fig. 3.1 GIPP computing algorithm for median filtering

In the step k=1 the bit 1 is set , the condition nx4d is not
fullfilled (F=B) and therefore the bit 1 is deleted. In the step
k=2 the bit 2 is set, the condition n>4 is fullfilled (F=1) and
therefore the bit 2 is not deleted. The processing of the bits 3
and 4 is the same one . This procedure corresponds to the search
in a tree (fig. 3.2).
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Fig. 3.2 GIPP computing algorithm mapped on a tree search
(the path which is ensued from fig. 3.1 is

marked)

A similar bitplane-processing algorithm for rank filtering was
proposed by Ataman et. al. {1988). The disadvantage of this
algorithm is the fact , that after the processing step in the
bitplane i all following lower bitplanes must be tested, whatever

bits in these planes must be changed. Therefore all bitplanes are
coupled together.

i

-2 _Extensions_of_the _basic computingalgorithm

An extension of the described basic computing algorithm is  shown
to be possible in the following sense:

— Setting a threshold THR
It can be performed a comparison of all gray values g(i) inside
the window with adjustable thresholds THR{i):
1, if gfi) = THR{1)
gti) =
8, else.
- Setting a loockup—table
The lookup—table can give a code symbol with the result of the
thresholding.
— Setting the column index.

- Setting a symbol for the end of a row.

e e e e s S st i

According to the principles of processing by the processor GIPF
the computation of a new pixel value is restricted to a selection
of one gray value taken from the given set of gray values in the
processing window. Therefore, it is not possible to realize
arithmetical operations {(addition, multiplication gtc.) and to
compute a weighted sum, which is necessary for convolution. But



later on we shall see that functions with similar or equivalent
behavior can be implemented.

The GIPP-implementable functions belong to the class of local
neighborhood functions. They are defined by a special pixel, the

2|1 | centroipoint 2P = X16)
4 {ZPl 0 | Neighbarhood UIZP) = {X(1),1=G1,...,7]
s{'6lz|  mncton  F:{Gw), G(zZPI}~G 2P}

Fig. 4.1: Definition of a local function for nonrecursive image
processing

centre—pixel ZIP, by the pixels of its (usually) square neighbor-
hood U(ZF) and by a uniquely computable function F on the values
B{X(I)) and the position of the mentioned pixels X(I). An image
processing step consists in determining a new value of the
central point in dependence of F. After that the window is shif-
ted to the next pixel. The computation is done in a scan line
manner with the original values of all the pixels what is called
a parallel or nonrecursive computation.

The Function type is given by the manner how the value of the
function is selected. If the value of ZP is only composed of all
the pixel values within the window regardless of their positions
we speak of a window operator, if it depends of the gray values
and the position of chosen pixels then it is a mask operator.
Local operations process the image homogeneocusly, isotropically
(if using a symmetrical neighborhood), within one pass parallely,
and from one pass to the next seguentially. In the following we
consider only 3#3 square windows for explanation. The GIFF opera-
tions are not limited to such a size and shape of the window (see
chapter 5).

4.1 Rank_ functions

These functions belong to the class of window functions. ALl
pixels within the window are ranked according to their values 1in
increasing order. The rank is given by the figure R {1,....9} of
the chosen rank position and the output of the operation is given
by

G(ZP) := RANK®R({B(I)}, I = @,1,....8).

Important cases are R = 5, 1, and 9. With R =235 the median rank
position is selected and we have the well known median  function
{(Hodgson et al. 19835)

MEDIANT({G(I}) = RANKT({G{I}¥).

It cleans the image, shifts its mean gray value (ifF not symmet-—
rically distributed), suppresses noise, corrects pixels with ex—
treme values (spike noise), removes thin lines of one pixel
width, rounds off sharp object corners, and preserves the shape
of edges. These properties are different from those of the linear



arithmetical mean (linear low pass filter) which also suppresses
noise, removes small lines and corner pixels but on the expense
of bluwring the image.

A modification of MEDIAN is the separable median (Narenda, 1978}

SEFPMED{{G{(I)3¥) := MEDIANS(G{4+X}, G{IF), G{I} K= 0,2

composed of two cne—-dimensional medians above three values G in
each case. Firstly, the line-like horizontal window is applied
along the rows, and secondly, the vertical window along the
columns of the image (or vica versa). The result is almost iden-—
tical to the full two-dimensional median with the advantage of a
simpler implementation and a faster computation if realized by a
sequential algorithm. This mode of implementation cannot be
extended to arbitrary rank functions.

Another modification of MEDIAN is the directional median (Ting et
al. 1988)
K=3
DIRMED{{G{(I)3}) 1= MAX(MEDIANS(G{4+1I, G{IF), GK)))
K=0

defined by the maximum of four different l-dimensional medians
according to the four possible digital directions. It has nearly
the same excellent properties as the original median but besides
of it , the directional median is able to preserve digital curves
{of one pixel width) and sharp corners of cbjects.

The repeated application of a median function with a given window
size produces approximately the same effect as a median of a
larger window one times applied to the same image. The behaviour
of convergence is not clarified up to now.

In general all mentioned medians transform the image to a
smoothed and partly restored one preserving steep gray level
edges.

The other two important cases of rank operations correspond to
the both extreme rank positions R = 1 and 9, that is to say, the
local

MIN(L{G{(I)3) == RANKY, ({B{1)3)
and MAX{{G(I)3}) == RANKTL({G(I)3).

With the application of MIN every image object is peeled off by a
shell of one pixel width whereas with the application of MAX such
a shell is put on to the object. These procedures are of opposite
character and called erosion and dilatation, respectively ({(with
binary images we speak of shrinking and expanding). Their
specific properties can be characterized by

MIN{MAX (MIN{(P))) MIN(F) ,
MAX {(MIN{MAX {F))) MAX (F) and
MIN(MAX(P)) > P > MAX{MIN(P)),

if P stands For the entire image. The equality sign is only
correct, if the image contains simple and large cbjects with
smooth borders. These functions used in sequence of dilatation -
erosion result in a border smoothing by filling up bays (called
closing), with the inverse sequence bays are deepened (called
opening). With these procedures separate ocbjects and their parts
can be connected and thin objects taken to pieces because topolo-
gy is not preserved here.

The modified extreme—value function is defined by
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MODEX ({B{I)¥) :

]

[HAX', if G(ZPY > MAX’
MIN-, if G{ZP) < MIN’

and composed of the two values MAX® and MIN' which are computed
from all gray values of the processing window except that of the
central point ZIP. It smoothes the image and reduces noise because
gray level values larger than MAX® and smaller than HMIN' are
normalized by the values of the true neighborhood.

A further GIPP-implementable window function is called the com—

bined exxtrem—value or enhancement function (Kramer et al. 1975)
and defined by

MAX , if 1G(ZF) — MAX'! < IMIN — G(ZP)!
ENHANCE ({(6(1) }) =={

MIN', otherwise,

where the both, above explained, extreme values are combined. The
local value is simply given by the lightest or darkest gray value
in its neighborhood, choosing that which is cleser in value. By

this all edges are enhanced especially if a median is used before
or after that. If applied before an edge detection very sharp
edges are the result and in most cases thinning (see later) of
these edges is not necessary. In the case of binary images the
output image is equal to the input image. More than two itera-—
tions of ENHANCE give rise to homogenization and aggregation of
regions.

Edge detection is realized by the gray level gradient (first
spatial derivative) of the image function. The computation of its
absolute wvalue and direction is digitally approximated and gene-
rally the result of a convolution {(see for instance the Sobel -
Feldman—function). A further simplification is the so called two—-
pixel—gradient and defined by

K=7
BRADIF{({G(I1)}) := MAX{(ABSI{G(IP) — G{K)))
K=0
i. e. the maximum of the eight positive gray level differences
concerning the value of the central point of the processing
window. The output of the function, +the edge strength, is the
absolute value of the difference of

=7
{ZF) — MIN G{K) which resembles
K=@

GRADIF{({G(I)X) =6
G{(ZP) — RANKZT,({G{(I}3)

i

*
]

In other words the image equals the original image which the
eroded one is subtracted from (which is a simple example of the
image algebra). The high sensitivity of this function with re-
spect to noise is insignificant, if the original image is fil-
tered before by MEDIAN. It is experimentally proved that combin-
ing MEDIAN and GRADIF has at least the same edge detecting
properties as the well known Sobel -Feldman—convolution. Another
approximation of the gradient may be defined by

GRAD({G(I)3) 1= RANKZ({G(I)}) — RANKY, ({G{I1)3)

which is similar, sometimes equal to the GRADIF with the advan-
tage of internal smoothing by the MEDIAN. Here an eroded image is
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substracted from a median—filtered one.
Generally speaking, the differences of two rank—-procedures

RANK . ({B{I)3) = RANKT {({G{I)¥) -~ HANKT _({G(1)3) K < L
are extensions of rank functions and called range funkbtlons
{Bailey et al. 1985). They have been found to be useful for
detecting edges and less sensitive to noise as explained above,
and they all are GIPP-implementable.

4.2 Mask_functions

The other type of local functions, implementable by the GIPP, is
given by the mask functions. Using them the gray value of the
central pixel can be changed, 1i{f and only i+ the gray level con-
figuration within the window fits the claimed configuration of a
mask Ffrom a given set. The conditions of a mask ftitting may be
described by logical functions, if binary images are used (to say
template matching). But in the general case of gray scaled itma-
ges, these conditions must be rewritten in a fuzzy manner by
arithmetical inequalities.

Mask : Grey values Farticular G New grey value
0fa 3x3 window: values : ey of the central point :
& - value P
: ! max (o) =4 O
O|0 4136 P l__ P
O ZP @ 0 3161 8 MIN (¢)=7 ° °
2 —
: G(zZP)= 6
e 7 21717 0 11T T Pirel number
6 23460 2ZP
l@?
g - raiue
2 ’ J e
O O 4 3 6 MAX {°} = 4 ZP -
4o o =
Olzr| @ |0 31418 MIN () =7 P
2 e
' G(ZP) = 4
5 ® 7 21717 0 11117 Pivel number
6 23460 ZP

Fig. 4#4.2: Mask operations explained with 3%3 masks V1 {for thin-
ning) and W8 (for thickening); for details see Roesler
et al. 198@, 85

Three fundamental image proceduwres for object manipulations re-
quire mask operations: thinning, thickening and restoring
{(Roesler et al. 1988, 85). Each procedure is realized by several
passes and in every pass several masks are to be applied. With
thinning the gray level of the border lines of an object 1is
decreased, with thickening it is increased, and restoring is a
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mixture af both.

For selecting the new gray value of the centre-pixel in the

processing window the following steps must be realized { For

illustration see Fig. 4.2):

— firstly, the MAX(D) and the MIN{(B8) of the gray levels of all
those pixels are computed which are marked by 0 and 8 respecti-
vely (see for instance V1 or W8);

- next, the fit of the gray level configuration with one of the
masks of the determined pass of the used function is proved by
the validity of an adapted inequality (see below). It demands
the gray level value of ZIP to be placed between the two extrema
{see on the right hand);

- eventually, if there is a fit, the value is altered by equating
G(ZF) to one of the extreme values {(see dashed lines), othei -~
wise the value remains unchanged.

For decreasing the gray value of ZIP a fit is indicated if the
inequality

MAX (D) < G(ZP) £ MIN{(®)

fholds, and the gray level of the centre—pixel is reduced to
G{ZIF) == MAX{O) {see top right).

For increasing the gray value of IP, the inequality
MAX (D) & G(ZP) < MIN(®)

must be satisfied and the result is G(ZP) = MIN(@) (see bottom
right).

After changing the value of IP the fit is cancelled because the
inequality can be satisfied no longer at that position of the
processing window. The results {G5(ZF)3 of all the masks of a
pass are summarized by MIN({B5(ZP)}) and MAX({G,(IFP)}}), respecti-
vely if a decrease or an increase had been indicated.

Thinning and thickening are homotopic processes by which the
topology of the images is preserved; the topology may be changed
only by restoring (for illustration see Fig. 4.3).

4.3 _Freeman_and_node_coding

fnother type of mask functions can be used as a coding function
to transform digital curves into a Freeman chain desciription.
Contours can be represented by Freeman—chains. A chain element
leads from the center of one pixel to the center of the neigh-
boring one. Freeman coding of contours may be done in a scanline
manner, where to each pixel of the contour a code number is
attached which depends on the 3x3-neighborhood. There are node
elements and inner {(continuing) elements. Inner elements are
described by their Freeman code numbers. In the case of a node
element the code number is supplemented by a code for the node
state. Node states are beginning, ending, branching, connecting
and crossing. To a beginning node the number of the column is
attached. Each line is coded as follows:

LL = Line beginning {node_state {(column_number {if beginning node)
{node_code}}linner_code’

In fig. 4.5 examples are given for node and inner elements.
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A description of the methods of image algebra is given in (Serra,
1982) or in condensed versions in {(Serra, 19286), {Sternberg,
1986) and {(Haralick et. al. 1987).

The basic image algebra functions erosion, dilation, closing and

opening can be implemented in the GIPP-structure. In this way

also more complex functions, for instance convex hull estimation,
medial axis transformation and so on, may be implemented.

Any sizes and shapes of the structuring elements can be reali:zed:

1. Size of structuring elements:

Structuring elements larger than 3x3 can be produced by a
corresponding number of iteration steps. Fig. 4.6 shows a
typical result for a SuS-structuring element.

2. Structuring elements of any shape can be produced by the
intersection operation of one or more dilation steps.
{Bavernoeppel , 1984)

The second one of these cases can be realized either by a struc—

ture of parallely coupled GIPPs or by the use of two image

memories and an interconnection network in which simple logical
functions may be implemented.

4.5 Object labeling

Object labeling is one of the most important kinds of region
oriented segmentation.

A useful algorithm was found by using of GIPP-structures. It
processes an image in the following manner:

During a first, serial processing cycle of an image as described
previously every beginning element {(pixel) of the contained ob-
jects as well as every continuing element is labeled by a nume-
ral. After this processing cycle all objects will be labeled by
different numerals. One object may contain one or several nume-
rals. During a small number of possibly following processing
cycles the 1labeling of every object converges to the smallest
contained numeral.

Convex objects are labeled unambiguously during the first proces-—
sing cycle. '
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Fig. 4.5 Example for node and inner elements
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Fig 4.7 shows an example for generating a crosslike-structuring
element

X
X! XXX
XXX WX X XXX [X]X
X XIX|X
X
B1 ® B2 = 83

Fig. 4.6 BGenerating of masks larger than 3x3

[xIXIX XXX] XIXIXIXIX]

Al @ A2 = A3 §
XIXIX]X[X
5 / X
X| X X
X X
% A3 v B3

B1 @ B2

Il
©
)

Fig. 4.7 Generating a mask by intersection

The realization of the described algorithm by means of a hardware
structure is shown in fig. 5.1 and fig. S.2. Especially because
of the expected complexity of the register- and comparator-block
and the needed RAM-size, the structure is designed for a 33
window only. Every number of gray levels, needed in practice
{maximum 256 gray levels) may be realized.
The circuit scheme contains the following main parts:
- 3u3 register-block
In the 3»3 register array the GIPP stores temporarily the gray
levels of 3 consecutive pixels in corresponding positions of 3
consecutive lines [B{(@)...6{B8)1. Every input action moves the
window one step along the lines of the picture, line by line.
— 3x3 comparator-block
The nine gray values of the window are compared with the con-
tents of register E g. in every iteration step by the And
comparator array. The output of the comparators are identically
with the nine variables of the function F.
- two line buffers {delay lines)
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The line buffers generate the input data of the 3x3 register-
block in dependence of the serial image data input.
— table memory — 512 x 1 bit RAM

The function F which determines the implemented image proces-

sing function is typically generated by a S12 » 1 bit RAM or

RAM-—segment.

— controller

The controller has two functions:

i. At the beginning of every iteration step the contirocller sets
the register E on the half value of the available gray
level range g%m.

2. At the end of every iteration step the actual bit plane of
register £ is set or reset in dependence of the value of F.

— register E {result register)

The register £ is a buffer memory for the comparison—value g%,.

At the end of computation, after k = m iteration steps, the

result is found in register E.

If mask operations are carried out, one additional step k = 8@ is
needed. The controller sets the register E equal to the value of
the centre—pixel. All gray levels of the window are compared with
the gray level of the centre-pixel. If the mask condition (stored
in the table-memory) is true,; the new gray level will be selected
by the following steps k = 1 to k = m. If the mask condition is
not true, the register E keeps its value during all steps unchan-
ged.

c{ock
' E——— - ]
| [ (I :q |
(e b N
Rt | J_:J GIFP- | seral Image Oulout
== core | ! =
i B I || |
e w1 | |
: - I
seral image mput | I I 1
I |
| _ .
| 3x3 Pirel Registers |1l _
tae ey

Fig.S.1 Block diagram of the processor GIPP

The GIPFP-algorithm is characterized by fow essential properties

described previously:

— Images are processed by moving a 3 # 3 window in raster—-scan
manner.

— Within every bit plane the GIPP works in a parallel mannei.

— The bit planes of a gray value are processed serially.

— The number of needed computation steps is constant and depends
only on the given number of gray levels NG.
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Because of

these properties the GIFF

is characterized by a high
repitition rate of internal substructures and by a synchronous
processing mode enabling the same processing time for every
pixel.
_J.D_l/,:fuure ,.{/_{?E fl-’? £ A \ ‘\\": R ..mﬁ:“'.‘
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| 1607 1G(6) Y 5i5) :
7] m Bt
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00 S512x181f RAM
A"F
conlroler
oL X
Bitm-1\Bitm-2 oit1 gty result register
—_— = +m
| m m
’ 7 —
Fig. 5.2 Fundamental hardware structure of a GIPF
Further, a simple implementation of additional processing func-
tions by a simple extension of the GIPP-hardware-structure, as
described afterwards, is possible. In this way Freeman chain

coding combined with node coding or other table-lookup operations
can be realized (Nodes are pixels where chains are

ending).

The described hardware-structure GIPP was realized by

on a printed card and tested.
integral part of the image processing system
such systems is desciribed
al.

IC's
an

application
19873

HIE o emnmammm e e

of

Roesler et.

1988).

BAS 4G060.
2l sewhere

beginning or

standard-—

The realized GIPP-boards are

The
{Schwarze,

Fig S5.3. shows the block scheme of a GIFP prepared for semicustom

chip realization.

The main data lines,
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S5.2.,; are accentuated.

The 3x3 register—comparator-block is realized by the nine regi-

ster/comparator units RCUB.....RCUB. The wvalues of the correspon-

ding pixels of three consecutive lines are transmitted +to the
register from the serial data input DI and the two line buffers.

The nine gray level values of the window, stored in the window-—

registers, are compared with the contents of the result- and

comparator controller REC Vz {(B...7). The nine outputs w, of the
comparators supply the address data A{B...8) of the table memory.

The selected memory contents 75 is transfered to the result  and

comparator—controeller RCC which sets or resets the bits of the

result register in the described manner. The actual contents of

RCE Vz (B...7) becomes the new value of comparison for the next

step. At the end of computation RCC contains the result which is

transfered via E{8...7)to the output DAB....7).

Besides of this basic operations the circuit includes a set  of

programmable processing functions and parameters allowing a high

adaptability to given applications. The most important program-—
mable features are:

— adaptable number of gray levels by a programmable length of the
clock shift register CSR

— different operational modes, for instance programming modes for
the table memory, mask and non—-mask operation mode, borderline-—
detection mode, Freeman—code mode, test-modes a.s.o.

— different modes for GIPP-coupling: single-GIFF mode and pipe-—
line mode, high—speed coupling, special coupling for componant
iabeling a.s.o.

-~ programmable threshold for Freeman—code generation

— table memory selection

— indication of the actual line position and signalisation of the
programmable line end for Freeman—code generation.

— The conditions of data ocutput are programmable as well as they
may be controled externaly.

List of used abbreviations { Fig. 5.1. - Fig. G.4.)

data lines function blocks

bl data input DI/PC data input/processing

b6 clock signal for data input controller

DA data output {processed AC adress connter
pictur data) LRI .2 line buffer

Do, data output {delay lines) DI data input manager

IEFPU RCU register/comparator onit

IFPO5 line position

CL1,2 clock signals FPRU programming register unit

VZ comparation value THE table memory control

W comparator output ™ tabele memory

B adress lines of the table REC result and comparator
memory control

75 selected RAM—contents CSR clock shift register

TSP RAM—contents DOM/ data output manager/

ZPU centralpoint subtraction unit

E result

PRBD, SEL, WR, RD, ETU programming interface

boA, ZFPBA, ASI,; EAS putput control signals

SRP, UEE, UEA multiprocessor control

ZEIN, ZESN, I6, RIN, TXEN, TXAN, CHEVN, ICTN, ZEI, ZAI, MINA, LK,
uv, STX, T8, TYN, TYIN, TYBN, TYRIN, TY2N, TCL, TXiN
diverse clock, control and test signals
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The address—counter AC generates the line position ZPDS5{B...9)
{(f.i. for Freeman—code generation) and the addresses for the line
buffers.

The GIPP alsoc may be used in multiprocessor  applications. All
needed control signals are generated and processed by the proces-
=Ta T

Implemented test functions allow a wide ranging test of the
pirbcessor  via the programming bus FPREBED (B...7) even built in an
application board.

The output lines of the 3 input-windowregisters of the 3x3 window
are connected with pins of the circuit. This featuwre allows the
use of the processor as fast sheft register with programmable
length up to 2K.

All data outputs are realized by three-state drivers which may be
controlled externally. ‘

The computational speed in the single GIPP application is deter-—
mined by the computation time of the bit planes, i.e. by the
technologically based delay times of the GIPP especially by the
access time of the table memory and line memories. Therefore the
typical computation time of the proposed GIPP realization as
semicustom chip is 180ns per bit plane. To compute one 8-bit
pixel about 2 » 188ns = 8,9 us will be needed.

5.3 Possibilities of acceleration

FParallelization is the most important method to accelerate image
processing procedures. Besides the GIPP-inherent parallel proce-
dure additional methods of parallelization which are based on
GiIPFP—-arrays have been developed.

Pipelining of GIPPs is the practical realization of a program—
mable linear (1-D) systolic array.

Parallelization is realized by simultaneous processing of the
pixels by several image processing functions available in diffe-
rent pipelined processing elements {(PE).

Such a linear systolic array consisting of GIPPs is shown in fig
S.4.

The GIPP-array is characterized by some typical properties. Every
I1/0-operation is related to n computations. This property is
desirable in practice, because usually the I1/0-bandwidth of the
processor or processor array and the data-sowce/sink as well as
the computation speed of the PEs are restricted. In the described
form of a GIPP array the maximum speed of a 8 bit-data stream is
limited by the computation speed of the PEs to about. Both the
common use of the data clock DC; which is transfered wvia the
interface to all PEs, and the common processing clock signalt CL
guarantee a simple and reliable synchronisation. The constant
processing time per pixel favours the easy use of the GIFP in
systolic arrays independently of the programmed processing func-
tion. By the described linear systolic array consisting of n PEs
n different image processing function may be performed simul-
taneocusly. The maximum processing speed corresponds to that speed
of a single GIPP. Therefore the processing time needed to process
an image is n—times shorter in comparison to a single GIPF appli-
cation. It amounts about 68 ms to process a 256 » 256 % 8 bit
image.
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Fig. 5.4 Pipelining of n GIPPs

5.3.2. Fast processing circuit with cyclically coupled GIFPs

For high speed computation of image data a cyclic array of GIFFs
was developed. The cyclic coupling of GIPPs {(shown in fig. 35.5)
is a special kind of massive parallelism.

nierface interface
: TCL 5 [
vl B
£ ¢ l
I ‘;‘; Yaurer)” |
| 7cL Tt |
| |
| |
| PE2 |
data |~ (GIPP2) | data
data source l”’a" § l data Sink

Di—— 1 . | oC

| . |
Lo

| Lo l 1 Lo =
‘ PEn |
| (G/IPPn) |
I
| I

Fig. S.5. Cyclic cuupled GIPPs for fast processing

This massive parallelism is characterized by consecutive proces-
sing of several pixel groups from the whole image and parallel
processing of all pixels which are elements of these groups.

Usually an expensive and complicated data access to the data
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source and sametimes also the data sink is needed to provide and
to restore the image data. The cyclic GIPP array avoids this
unfavourable property. It processes a serial, usually fast data
stream. The array contains n GIPP=s, called processing elements
{PEs} in the following. These n PEs process n consecutive pisxels
of the image in parallel. Every pixel of the serial data stream
releases its processing by the next PE of the cyclic array.

The array must contain such a number n of PEs, that each FE may
become activated for a processing procedure only after closing of
its preceding processing procedure. On the strength of the pro-
cessing principle the maximum computation speed is determined
above all by the permissible input/ cutput speed of image data,
that 1i1s by the technological level. a6 data stream may be pro-—
cessed with a throughput of about 18 Mc/sec, which is typically
for videorate.

The data input regime, needed in this mode, is programmable and
controlled by the data input controler DI/JPC {(fig. S5.3}).

As described previously, contour oriented image segmentation as
well as various procedures of image algebra may be realized by
parallely coupled GIPPs. Fig. 5.6 shows the block scheme consis—
ting of two parallely coupled GIFFs and an interconnection net
work {(arithmetic—logic—unit). The dynamic parameters of the cir-—
cuit and the possibilities to build linear systolic arrays by
pipelining of parallely coupled GIFPs {(shown in fig. 5.6) corres—
pond with the properties of a single GIFP.

/hfi&ffﬂ[‘é’ intertfoceé

N — E

| PET] PEN.1 |

1 OC [ --‘ —— - |

prvysy B D O e A | I— - -
data cource : _4[__(]“ 1 s AJ._L_] .._1 i cz;?fa sink

Sl [ IR [ |
! PE 12 PEN.2 |

-ty y @ -—p ) l

! - |

| =t |

I c/ ]

Fig. 5.6 Pipeline of parallely coupled GIPPs

A harduware structure of two GIPPFs based on the previously des-
cribed algorithm was developed for tasks of region oriented
segmentation. The dynamic parameters of the circuit correspond
with the properties of a single GIPP.



During one or several processing cycles ~ the number of cycles is
determined by the shape of the objects, contained in the image -
all pixels of each object are labeled by the same numerals. The
background is labeled by the maximum value of the available range
of numerals.

4. Conclusion

The results in developing the GIPP processor are encouraging and
are stimulating the VLSI implementation of GIFPF processing ele-
ments.

With the aim to extend the parallelization of GIPP processing 1in
an effective way systolic GIPF arrays have been developed. The
systolic approach is very interesting in this relation providing
a sound theoretical base for massively parallel GIPP processing.
Besides, this paper can also be considered as a contribution to
the recent attempts to resume the neural network modelling
research of the sixties and seventies. The GIPP processing struc-
ture was developed from first principles of local image prepro-
cessing. In the authors opinion this appreach is very promis-—
sing, mainly because of the facts, that the progammability of the
processing elements is included in a natural manner and that the

systolic approach may be used for developing massively parallel
processing arrays.
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8. Bupplement (edited 1/1990)

Further developements of the GIPP

Conception and technical parameters of the described GIPP-circuit
are determined by the technological parameters of the used
developing system. Because of the new political and economlcal
aituation in the GDR new high-level technologies are available
NOW.

By +the higher dedree of integration and the increased dynamical
parameters it is possible to develope the GIPP on the bagis of a
systolic principle (bit plane pipelining} (Fig.8.1) and

arithmetical enlargdements.
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The most iwmportant advantage of this solution consists in the
possibility to realize the parallelisation in the original
circuit., No multi-circuit-arrangement is needed.

A set of deciding iwmprovements may be realized:

®k¥ The maximum of possible processing speed will be realized by
one GIPP-circuit only. A further accelerastion of picture

processing procedures may be done by pipelining of GIPPs.

*¥% The maximan of processing speed may be increased up to

28 Mc/sec or higher (in dependence of the used technological
base}.

¥%% The possible number of bit-planes of a pixel may be increased
from 8 up to f.1i. 12 (8bit-pixel = 256 gray levels, 12bit-
pixel = 4086 dray levels).

k¥ Additional picture processing functions may be implemented in
the GIPP,f.i. Laplace-,B3obel- and Prewitt-filter. By this way
the application field of the GIPP may be enlarged from
typically logical operations up +o an important set of
arithmetical ones.



