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The present invention provides an apparatus for —
processing a set of digital data, comprising computational Suer |
circuitry (26, 28) for implementing a modified cubic con-
volution interpolation for simultaneously resampling and
filtering the set of digital data. In a preferred embodiment
the set of data represents pixel data for a two dimensional
image and the apparatus further includes a memory (22) |
for storing the pixel data, circuitry (24) for coupling the
pixel data from the memory (22) to the computational cir-
cuitry, circuitry (30, 36) for outputting and for storing in
the memory (22), filtered and resampled pixel data from
the computational circuitry (26, 28) and a bit-slice proces-
sor (32) for programmably controlling the memory (22),
the computational circuitry (26, 28) and the circuitry (30,
36) for outputting and for storing. Such an apparatus pro-
vides digital image processing in systems for producing
hard copy of the electronic image data and, in particular,
color hard copy.
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APPARATUS FOR SIMULTANEOUSLY FILTERING AND
RESAMPLING DIGITAL DATA

BACKGROUND OF THE INVENTION

Related Applications

The present application is directly related to U.S.
Patent Application of Leopold Neumann, Enrico Dolazza and
Alexander Kolchinsky filed of even date herewith and entitled
IMAGE PROCESSOR.

Field of the Invention

The present invention generally relates to the
processing of digital data representing a mathematically
continuous signal and, in particular, to the interpolating,
resampling and filtering of such digital data.

Statement of the Prior Art

The processing of digital data representing continuous
signals is common when digital processing is appled to data
directly derived from the analog world. Such data represents
continuous signals which must be reduced to a limied number
of digital data points for purposes of digital processing.
In spite of this limited form for the data, it is still
desirous to be able to perform processing techniques on the
digital data. Such techniques would include filtering and
determining the signal value at other than the originally
digitized points. This later process generally involves
digital interpolation and is part of a larger technique known
as resampling. Resampling generally includes startingfwith a
first set of digital data points I(d), representing & signal
and having a digitization interval d, and deriving a gééép&
set of digital data points I(x), also representing the same
signal and having a digitization interval x. -The
digitization intervals x and d may be the same or different.

One specific area of application for these technigques is
image processing where it is particularly desirous to change
the size of an image without interfering with the frequency

quality of the analog signal representing the image.
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Unfortunately, when digital processing is used to either
magnify or demagnify an image represented by pixel values,
distortion of the frequency quality of the image occurs.
When an image is magnified, the original spatial frequency
5 information of the image is shifted to lower frequencies

resulting in a blurring or "washing" of the image. When an
image is slightly magnified by a non-integer factor or
demagnified, the highest spatial frequencies are aliased.
For this reason it is helpful to combine high and low pass

10 digital filtering with the processing steps of magnificétion
and demagnification. Unfortunately, such combinations
greatly increase the complexity and costrof such processing
and further reduce the flexibilty of such processing to vary
the processing steps for purposes of handling differently

15 formatted images and purposes of experimentation.

The technique of resampling may include different types
of interpolation such as nearest neighbor interpolation, -
bi-linear interpolation and interpolatiomn using the cubic
convolution method. The latter method, cubic convolution, is

20 generally credited with most accurately maintaining the data
content after the desired processing is performed. This
information retention is directly related to the amount of
computation required. One image processing application of
cubic convolution interpolation is discussed in U.S. Patent

25 No. 4,578,812 to Yoshio Yui., Yui describes a computational
circuit for implementing the cubic convolution function for
resampling image data for purposes of both magnification,
demagnification and axis reorientation. The cubic ‘
convolution method of image processing has been around for

30 some time, and it has been implemented both thrbugh fhé'ﬁée
of main frame computers and through the use of hard ﬁirea,A
high speed processors. The patent to Yui expresses the
general interést found in various forms of image processing
for speeding up the method by providing processing hardware

35 capable of running a high speed implementation of the
convolution, '
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SUMMARY OF THE INVENTION

Accordingly, the present invention improves data
processing techniques by allowing the combination of
resampling and filtering in a flexible processing apparatus.
The present invention provides an apparatus for processing a
set of digital data, comprising computational circuit means
for implementing a modified cubic convolution interﬁolation
for simultaneously resampling and filtering the set of
digital data. In a preferred embodiment the set of data
represents pixel data for a two dimensional image and the
apparatus further includes memory means for storing the pixel
data, means for coupling the pixel data from the memory means
to the computational means, means for outputting and for
storing in the membry means, filtered and resampled pixel
data from the computational means and a bit-slice processor
means for programmably controlling the memory means, the
computational means and the means for outputting and for
storing. A more specific embodiment includes means for
generating weighting factors against which the input pixel
values are multiplied, The weighting factors may be
programmably varied to achieve a selectable filtering effect.
In another embodiment, the simultaneous filtering and
resampling is performed by a multiplicity of substantially
identical, serially coupled, programmable processing modules,
which arrangement provides a very high degree of flexibility
in the performance of different types of processing steps and
also in the order of their performance while still supporting
high épeed processing. A

BRIEF DESCRIPTION OF THE DRAWINGS :

The present invention is illustratively desCribéﬁfbéléw
in reference to the embodiments shown in the accompadyin§ '
drawingé of which:

Fig. 1 is a block circuit diagram of one embodiment of
the present invention;

Fig. 2 is a block circuit diagram of another embodiment

of the present invention;
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Fig. 3 is a plot of cubic convolution weighting factors
for four adjacent pixels; and

Fig. 4 is a plot of the cubic convolution response of
the embodiment of Fig. 1 for different filtering effects.

DETAILED DESCRIPTION OF THE DRAWINGS |

Fig. 1 shows the components of a computational module 20
used for the actual computation of the cubic convolution
function. The purpose of the computational module 20 is to
perfdrm repeated multiplication/accumulation operations with
properly corresponding data to calculate resampled pixel
data. Generally included are an input buffer means 21,
memory means 22, register means 24, weighting factor
generétor means 26, multiplier/accumulator 28, output PAL 30,
bit-slice processor 32, registers 34 and a buffer 36. Input
buffer means 21 includes a péir of input buffers 38 and 40
which are alternatively used to input pixel data to the
memory 22 over a 12 line data bus 44 and an 8 line data bus
46, respectively. Buffer 38 receives input bus 44 and is
used when the data is received from a similar computational
module (mot shown). Buffer 40 receives input bus 46 which is
used if the module 20 is the first computational module in
the system and therefore receives pixel data from the
processing system. Which buffer 38 or 40 is used is
determined by a switch 41. Through the use of buffers 38 and
40 the pixel data may be handled as 8 bit words within a
processing system and as 12 bit words to maintain higher
éccuracy between identical computational modules. -

The memory means 22 includes a video random access
memory in which pixel data entering may be stored infgnyrg
location and which includes a serial output registef;Aé .
capable of receiving an entire memory row of pixels ahdr
serially outputting that row, one pixel at a time, over a 12
line output bus 50, Memory means 22 has the capactity to
store 16 lines of pixels having 4,096 pixels per line and 12
bits per pixel for a total memory capacity of 65,536 pixels
at 12 bits per pixel. In practice, memory 22 may be
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comprised of three video RAMS each being four bits wide and
having 256 rows by 256 columns of addresses,
Pixel data is transferred one pixel at a time from

memory 22 to the registers 24 which include four 12 bit

5registers for holding the data for four pixels to be used by

10

15

the multiplier/accumulator 28. The pixel data is coupled to
the registers 24 and therefrom to the multiplier/accumulator
28 by 12 line data buses 50 and 52.

Multiplier/accumulator 28 may be implemented by any
commonly available circuitry for multiplying the pixel data
presented on data bus 52 with corresponding weighting factors
simultaneously supplied by a data bus 54. In the preferred
embodiment, multiplier/ accumulator 28 has the capacity to
receive, multiply and accumulate the results of two twelve
bit words.

The 24 bit output of multiplier/accumulator 28 is

‘coupled to the PAL 30 which includes programmable array logic

20

25

30

35

for rounding off the data to prevent inaccuracies due to
overflow. The data may then be either outputted from module
20 or coupled to buffer 36 via data bus 56. The 12 bit data
bus 44 is used for outputting when the data is coupled to
subsequent computation modules similar to 20, and the 8 bit
data bus 46 is used when the module 20 is the last in the
system and pixel data is outputted for other handling by a
data processing system.

Buffer 36 holds the data from multiplier/accumulator 28
to allow storage of it back into the memory 22 via data bus
42, fn this manner, the same computational module 20 may’be
used to perform up to four passes of the o
filtering/interpolating process beginning with a singié~éei
of horizontal image lines of pixels. These passes may bé'of
either ﬁorizontal or vertical interpolation which determines
the addressing~method of memory 22 for storage of the data.
This addressing is described below.

The registers 24 and the multiplier/accumulator 28 are
part of the computational portiom of the circuit 20 which

portion further includes a weighting factor generator 26,
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The generator 26 produces individual weighting factors for
each of the pixel values transferred to registers 24, This
process is accomplished by addressing a weighting factor
memory 62 by means of an accumulator 64. Coordination of
weighting factors with the proper pixel data in registers 24
is achieved through timing signals from the bit-slice
processor 32. The accumulator 64 works by taking the new
digitization interval as stored in a register 66 and
repetitively adding it in an adder 68 to an accumulated sum
stofed in a register 70. Register 70 receives the new sum
from the adder 68 and presents that sum back at an input of
the adder 68 for the next addition with the digitization
interval from register 66. The contents of register 70 are
also coupled via a 10 bit bus to the addressing means of the
weighting factor memory 62. The new digitization interval
stored in register 66 is normalized as a percentage of the
old interval of the pixel data being used. In other words,
the value stored in register 66 represents the new interval
divided by the old interval (x/d). In this form the range of
values for registers 66 and 70 and accumulator 68 is constant
vhich facilitates consistent addressing of memory 62
regardless of the actual new and old digitization intervals.

Thusly addressed are a series of four weighting factors
which correspond to the positional relationship between the
point being interpolated and the known pixels available in
registers 24 for computatioﬁ. The group of four weighting
factors are individually addressed by the least significant
bit address lines 72 coupled to bit-slice processor‘32.

When the sum in accumulator 68 exceeds the 10,§it limit
for addressing memory 62, the overflow is transferfé&Aby‘a
bus 76 to a control register 78, The amount of oveffloﬁ -
depends upon the amount of programmed demagnification. 1In a
four point convolution the maximum demagnification allowed
without dropping known pixel data from the computation is
four (4) which is therefore the maximum overflow amount.
Without demagnification, the maximum overflow is ome (1),

Thus the overflow amount equals the number of new pixels that
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will be transferred from memory 22 to the registers 24 by
control register 78 via clock 49, It is also used by the
control register 78 to determine which will be the first
register to have its pixel transferred to multiplier/
accumulator 28 in correlation with a weighting factor from
data memory 26. Control register 78 also determines which
registers 24 receive new data points. ‘

The weighting factor generator 26 includes means for
providing a variable filtering effect in the computational
process by having available multiple sets of weighting
factors with each set corresponding to a separate selectable
filtering effect., These weighting factors and their
corresponding filtering effects may be loaded by a control
processor 86 in Fig. 2 prior to the computation process and
then selected on the fly during processing. Which one of the
sets of weighting factors is used from memory 62 is selected
by a register 74 in the bank of registers 34, which register
74 is coupled to the most significant addressing bits of
memory 62,

Bit-slice processor 32 controls the flow of data through
the computational circuit 20, Communication for the purpose
of data input and output with other portions of the
processing circuit are also controlled by processor 32 via a
pair of handshake modules 76 and’ 78,

Lastly, registers 34 store information for use during

the processing performed by the circuit 20, This information

includes selection of one of the weighting factor tables for
each of the possible computing passes that may be peffbrméd
by the circuit 20, an interpolation factor of resampling
interval for each computing pass, input line length to'the
memory 22 for each pass, the number of lines of pixeis -
initiaily inputted, video RAM status such as address of the
first line, address of the next empty line and the number of
empty lines and lastly, the address of the data for the last
vertical interpolation pass which was performed. The
significance of this information is described in greater
detail below under THEORY AND OPERATION.
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Fig. 2 shows a block diagram of a plurality of filter/
interpolater modules 80-83 coupled in series. This coupling
provides the pixel data outﬁut from modules 80-82 as the data
input for the next sequential module. The data output from
module 83 may be otherwise transferred for system use or
outputting. The number of filter/interpolator modules
serially coupled may be determined by any practical systen
requirements. The greater the number of modules there are,
the fewer passes there are that must be performed by each
module., This distributed processing can reduce both thé
delay time for processing and the overall processing time of

an image. Multiple modules also provide great flexibility in

the overall processing method. Different orders of

processing for horizontal and vertical interpolation and
filtering may be used to a;hieve different end results.
Conversely, systems can be produced which use only one or two
filter/interpolator modules at a system cost savings while
still retaining the processing capabilities, if not the speed
and power.

The modules 80-83 are interconnected using the twelve
bit déta bus 44 to maintain resolution through the
calculating process. The input of module 80 and the output
of module 83 show the 8 bit data bus 46 for systems
interface. A programmer 86 is shown for providing control of
the modules. Programmer 86 loads the registers 34 and
weighting factor memory 26 of each of the modules 80-83 in
response to processing selections by an operator. Any -
suitable programming may be used which is in,accordanée with
the devices and methods described herein,

‘THEORY AND OPERATION ; .

The analytical form of the cubic spline convolution

function in which a sample of value P located at x = 0 is

transformed, is given by the formula:
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(1) ( 1lz]" - |z +2 for -d<x< d
( 2[d]  Jaf 3
{
3 2
F(x) = { =L]z]" + [z] - 2]x| + 4 for -2d<x<-d,
5 { 6]d] [d] la] 3 d<x<2d
{ _
{0 for |x| >2d

Fig. 3 shows the cubic spline convolution functions of
10 four known pixels P , P , P and P having the
J J+1 J+ J+3
digitization interval d. The functions shown represent the
weighting factor W or functional contribution of each pixel
to the interpolation of a new pixel at x, anywhere in the
interval d. The actual contribution of each pixel is equal
15 to the weighting factor times the actual pixel value. The
value of a new pixel interpolated at the point x within d
would equal the sum of the actual contributions of the four
adjacent pixels. This may be represented as follows:
I(x) = W_.P_+ W .P + W « P + W B (2)
J+1  J+1 J+2  J+2 J+3_ J+3
20 where I(x) is the new point being interpolated, P are the
known pixel values, W are the weighting factors, and J,
J+l... refer to the four adjacent pixel points. It is the
multiplication and addition represented by the above egquation
(2) that is performed by the circuit of Fig. 1. Further, as
25 shown in Fig. 3, the cubic spline convolution function for
each pixel, along with its first and second derivatives, are
all equal to zero at distances from each respective pixel .
greater than 2d. ‘ '
When a new set of points is recalculated in accordnace
30 with the above function (1), it may be said to have a. new
resampling interval x and may be represented as follows.
I(x) = JPJ * F(x)
where P_ are the originally sampled pixels and F(x) is the
generalJconvolution function for the resampling interval x as
35given in the equation (1) above. )
In this representation, F(x) has the form F(x ,x ,x ,x )

and the coeficients are uniquely defined by the fact that
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F(x) is the third order auto-convolution of a rectangle-
sample. Among the constraints that determine this, is one
that causes F(x) to tail off at both ends, together with its

5 first and second derivative. By removing the constraint that
the second derivative of F(x) gets to zero at its tails, a
degree of freedom is acquired that can be expressed by a
parameter B, A more general cubic convolution function
G(x,B) can then be written as follows:

10
' 3 2
{ _3lx]” - 9+4B|x|" + B+l for -d<x<d
{ 2B|d]| 4B|d] 2B
{
3 2
6(x,B) = ( =l|x|™ + 94Blx| - 34B|x| + B+l  for -2d<x<-d
15 { 28]d]| 4Bd| B |d] B - dgxg2d
{
{ O : for |x| >2d
20 Fig. 4 shows the function G(x,B) for B =3, B=1, B =

0.8. It shows at least in qualitative terms, that the value
of the parameter B affects the filtering behavior of the
function. Specifically, for B = 1 the convolution function
assumes .unity value at the pixel being convolved and zero
25 value at all other pixels. This means that the interpolated
pixels at the original sampling points assume values equal to
ﬁhat of the original data samples.
Based upon the analysis of G(x) in the frequency domain
it can be shown that: for B = 1 there is no filtering effect
30 on the pixel data; for B<1 the function acts as a high pass A
filter; and for B>l the function acts as a low pass fiifef.
It is this general function G(x,B) which is used'toi
calculate weighting factors for the weighting factor memory
62. Alternate tables of weighting factors within memory 62
35are used to perform different selectable filtering functions,
It is also possible to combine this modified cubic

convolution interpolation function with other interpolation
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functions based upon up to four pixels. Further, as both the
left and right halves of each of the functions are identical,
it is only necessary to store half the number of values in
memory 62 for each complete function.

The filter/interpolator module 20 shown in Fig. 1 is
used in identical form for each of the modules 80~83 of Fig.
2., Three colors may be handled by the system and are
processed by the module 20 in parallel and under identical
programming controls., To accomplish this, the data handling
components of the module 20 are triplicated and the control
components fﬁnction to control the operation of all of the
triplicated components, These triplicated components are
each shown with two additional function blocks located behind
the foremost. The module 20 may also be used without the
triplicated components to process black and white signals.

The first step in processing data through the filter/
interpolator modules 80-83 is the loading of control code
into the bit-slice processor 32 of each module., This control
code is programming for the bit-slice processor 32 for
performance of the computational and data handling functions
described herein. This control code is loaded via the
programmer 86 into all of the modules 80-83 present in the
system. The nature of this code may be determined by persons
of ordinary skill in the art given the circuitry and
functions described herein,

The next step in system'operation is the loading of the
registers 34 of each module. These registers determine the
specific processing to be performed by each module. Once the
control code and registers are loaded, processing may-be
initiated and includes data input, filtering, interpaiapiﬁg,
resampling, data transfer and data output. B -

Next, the data is inputted via buffer means 21 and is
controlled by the handshake module 76 from the bit/slice
processor 32. Buffers 38 and 40 are triplicated for handling
three separate colors. Inputted data is stored in the video
random access memory 22 which is constituted by three, 4 bit
wide memories of 256 rows by 256 columns of addresses. Each
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memory of this size handles one color channel of the image,
and thus, three memories of this size are present in each
filter/interpolator module 20. By using parallel processing
of all of the colors of the image, it is possible to address
and control the video random access memory 22 for all three
colors via a single set of address lines 43 and control lines
45 from the bit/slice processor 32, By using the eight bit
address line 43, 256 addresses are available so that each of
the 256 rows is addressed at once in coordination with a row
address signal on control lines 45. Each of the 256 column
addresses in each row can then be addressed by line 43 in
coordination with a column address signal on control line 45.
Memory 22 includes an output register 48 connected to a
serial output port controlled by a signal from clock 49.

Data can be transferred to register 48 by use of the address
lines 43 and a read enable signal on control lines 45. With
the data present in output register 48, each of the 256
pixels represented thereby may be clocked out of the serial
port as a single 12 bit wide word,

The 12 bits for each color are fed to the separate
register means 24, Likewise, a separate
multiplier/accﬁmulator 28 is used for each color and receives
as an input the 12 bit bus 52 from register means 24.
Multiplier/accumulators 28 also receive as an input the
weighting factors via a bus 54 from the weighting factor
generator 26. Parallel prodessing of the three colors allows
a single weighting factor generator to be used for each of
the modules 20 because the spatial relationship betﬁéen the
pixels being used and interpolated is always identical for
each of the three colors. :\"_:

The weighting factor generator 26 functions in’fesﬁoﬁée
to the digitization interval stored in register 66, the
filtering selection stored in register 74 and further clock
pulses from the bit/slice processor 32 via lines 72. The
digitization interval is repetitively added in the adder 68
with the previous sum stored in register 70 and the result

becomes the new sum stored in register 70 for use as an

«
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address by memory‘62. Accumulator 68 has a 12 bit result and
register 70 receives 10 of those bits which are also passed
on to memory 62. An additional two bits are added from
processor 32 for addressing memory 62. These are the two
least significant bits which cause a set of four weigﬁting
factors to be read from memory 62 once that set of four is
identified by the 10 bits from accumulator 68 and the one or
more bits of filtering selection from register 74. 1In
reference to Fig. 3, once the position x of a point being
interpolated is determined by the accumulator 68, then all
four weighting factors, corresponding to the four adjacent
known pixels, are fixed and they may be handled as a group.
The extra two bits from accumulator 68 are fed via the
overflow line 76 to control module 78, which controls the
updating of pixel data within the four registers 24 and the
order in which that data is fed to the multiplier/accumulator
28. Referring to Fig. 3, as the point x advances from left
to right with the interpolation of each sequential new pixel,
the point x eventually passes PJ and so on. Each passing
of a pixel point represents one overflow digit for control
module 78 . Thereby, when x passes one of the known pixels,
control module 78 causes the old and now unused pixel, P in
the example above, to be removed and a new pixel, P (not
shown) to be stored in its place. This new pixel is always
the next pixel available from memory 22 regardless of whether
horizontal or vertical interpolation is being performed.
When an image is being shrunk through interpolation, the new
digitization interval is always larger than the old interval
and thus the overflow bits always contain a count of one or
more, signalling for the replacement of one or more ﬁikélé in
the registers 24, ' -
Fﬁrther, control module 78 controls the .order in which
the data is féd from registers 24 to multiplier/accumulator
28, As in Fig. 3, for each point x, the weighting factors
for each of the four known pixels are read from memory 62 in
the order WJ through WJ+3. Control module 78 makes sure that

the corresponding pixel values are always read from registers
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24 in the order PJ, through PJ+3. To accomplish this, module
78 simply keeps a running count of the overflow signals which
count represents the pixel P_ as the first pixel to be fed to
multiplier/accumulator 28 and also the first to be replaced
on the next overflow sigmnal. '

The output of multiplier/accumulator 28, after rounding
by PAL 30, may be either restored in the memory 22 via buffer
36 or outputted from the module 20. By restoring the data;
module 20 may be used to perform multiple
interpolation/filtering passes on the data first inputtéd.

In the preferred embodiment each module 20 is programmable to
handle four passes of the pixel data 'through the
multiplier/accumulator 28. After each of the first three
passes, the data is restored in memory 22. After the fourth
pass, the data is outputted from module 20. Any of the
passes may include one of the selectable filtering effects as
determined by the sets of weighting factors stored in memory
62. The selection of weighting factors may be changed from
one pass to the next.

It is possible to use the present invention and the
embodiment shown in the module 20 to perform either
horizontal or vertical interpolation in each of the four
passes or a combination of both horizontal and vertical
interpoiation. To achieve this the data is stored in memory
22 in the ofder in which it will be used by
multipligr/interpolator 28. TFor horizontal interpolation,
lines of pixel data are stored in rows of memory 22. Thusly
the line data may be transferred in row form to outpﬁt
register 48 from where the pixel data is. sequent1ally fed.

In order to perform vertical interpolation the data p01nts
used are vertically adjacent pixel data points from four

adjaceﬂt lines of the original pixel data. Thus vertical
interpolation.fequires that four different pixel lines of

data be simultaneously accessed. In order to perform this
and use the circuitry previously described to maintain the
same calculating speed, the data points which are intended

for vertical interpolation are stored in memory 22 in the

o
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order in which they will be used. This is accomplished under
the control of bit-slice processor 32, Thus the first pixel
from the first line is stored first; the first pixel from the
second line is stored next; the first pixel from the third
line is stored next; and the first pixel from the fourth line
is stored next. The fifth pixel position receives the second
pixel from the first line followed by the second pixels from
the second, third and fourth lines, respectively. This
arrangement allows the multiplier/accumulator 28 to serially
compute one or more vertically interpolated lines of data.
The number of lines produced depends upon the amplification
factor controlled by the digitization interval in register
66. Pixel lines vertically interpolated in this manner may
be either restored in memory 22 or transferred to the next
filtering module or out of the system. Selectable filtering
effects are likewise available for vertical interpolation.
Each module 20 has the capability of performing four passes
of vertical interpolation through the use of memory means 22
each of which is capable of storing 16 horizontal lines of
pixel data. As mentioned, the highest order interpolation is
always performed first to create room in memory for the
results of lower order interpolations.

To perform a combination of horizontal and vertical
interpolation, data is restored in memory 22 in the order in
which it will be used for the next sequentially interpolating
pass. Thus the memory location of data being stored is
carefully controlled regardless of the source of the data,

In a typical magnification process, intgrpolatiéﬁ
produces both new pixels on existing pixel lines along with
entirely new lines of pixels. Some of the pixels onigﬁé.ﬂew
lines are interpolated from known pixels while many ﬁdre-aré
typically interpolated from newly interpolated pixels. To
accomplish this, module 20 may be programmed to first perform
horizontal interpolation and store the new line back in
memory 22. Once four lines are produced in this manner,
horizontal interpolation may be used to produce intermediate

lines of pixels. Module 20 is typically programmed to first
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perform the highest order interpolation possible to insure

[

memory space for lower order interpolation. Further, it is
intended that the horizontal and vertical interpolation used
in magnification of an image be spread over several passes
and several modules which received coordinated programming
for this purpose. This significantly improves processing
speed and flexibility.
SUMMARY

Through the use of the apparatus described herein the
filtering and resampling processes may be combined into a
single processing step. This combination is independently
adjustable in the aspects of resampling interval and
filtering effect providing a very powerful processing
apparatus. For example, the combination allows the gradual
magnification or demagnification of an image with appropriate
filtering combined with each step. This minimizes
information loss in the processing even with a large change
in image size. The independent adjustment further renders
the apparatus flexible to change for handling images having
different formats. The combination of a multiplicity of
filter/interpolator modules provides the most flexible image
processing apparatus. Not only, may any calculated effect be
easily achieved, but also experimental results may be
compared by processing the same image data with the same
processing steps but having a different order of application
to the image data. Thus, different end results may be
achieved by the order of filtering and interpolation o
performed. .

The embodiment of the present invention describeqfabove
is intended to be taken in an illustrative and not a iiﬁi;ing
sense., _Various modifications and changes to the described .

embodiment may.be made by persons skilled in the art without

in

departing from the intended scope of the present invention as
defined in the appended claims. For example, the weighting
factor data may be calculated to represent a linear '
combination of this modified cubic convolution interpolation

and other interpolation functions, for the purpose of
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obtaining the most desired result as the practical case may

dictate.
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WHAT IS CLAIMED IS:
1, An apparatus for processing a set of digital data,
comprising:
computational circuit means for implementing a
5 modified cubic convolution interpolation for simultanebusly
resampling and filtering the set of digital data.

2. The apparatus of claim 1, wherein the set of
digital data represents pixel data for a two dimensionél
image, and further wherein the computational means is adapted

10 to implement the modified cubic convolution interpolatiéh in
each of the two dimensioms.

3. The apparatus of claim 2, further comprising:

memory means for storing the pixel data;
means for coupling the pixel daté from the memory
15 means to the computational means;
means for outputting and for storing in the memory
means, filtered and resampled pixel data from the
computational means. 7

4, The apparatus of claim 3, further comprising

20 bit-slice processor means for programmébly controlling the
memory means, the computational means and the means for
outputting and for storing.

LT The apparatus of claim 4, wherein the computational
means includes weighting factor generator means and means for

25 multiplying the pixel data from the memory means by weighting
factors for computing filtered and resampled pixel data
values, the weighting factor generator means including means
for providing a selectable filtering effect on the piiél data
including means for using alternate weighting factors.-

30 6. The apparatus of claim 5, wherein the ﬁemc;}fﬁeaﬁs
includes parallel memories and the computational means -
includes parallel means for multiplying for separately,
simultaneously and identically processing pixel data
representing different colors of the same image in response

35 to a single bit-slice processor means and a single weighting
factor generator means.

ALl

™

o
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7. The apparatus of claim 5, wherein the means for
multiplying includes a multiplier/accumulator means, and
further wherein the computational means further includes
register means for receiving from the memory means, pixel
data which is to be used by the multiplier/accumulatof means
and which represents a plurality of pixels, the register
means being coupled to the multiplier/accumulator means for
providing the pixel data thereto.

8. The apparatus of claim 7, wherein the weighting
factor generator means includes a digitization interval
generator means and accummulator means for calculating the
position of each sequential, filtered and resampled pixel
with respect to the pixels represented by pixel data in the
register means, and further wherein the accummulator means
includes overflow means coupled to the register means for
controlling which pixel data is present in the register means
for use by the multiplier/accumulator means.

9. The apparatus of claim 8, wherein the weighting
factor generator means includes a weighting factor memory
having addressing means coupled to the accummulator means and
to the bit-slice processor means.

10, An apparatus for processing two-dimensional image
pixel data, comprising:

input means for receiving image pixel data in a
line-by-line format;

.a multiplicity of sﬁbstantially identical, serially
coupled, programmable processing modules for simultaneously
filtering and resampling image pixel data coupled '
therethrough from the input means; _ff A -

means for separately programming each modulé»fo,.
perform horizontal and/or vertical filtering and resampling'
of the image pixel data as coupled serially through the
modules; and

output means for further transmitting the processed

image pixel data.
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11, The apparatus of claim 10, wherein each processing
module includes memory means for storing image pixel data,
computational means for implementing a cubic convolution
function for simultaneously filtering and resampling the

5 image pixel data, means for outputting from each module and
for storing in the respective memory means, image pixel data
from the respective computational means and bit-slice
processor means for controlling the respective memory means
and computational means.

o™

»
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