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A SYSTEM AND METHOD FOR SAMPLE RATE CONVERSION OF AN IMAGE
USING DISCRETE COSINE TRANSFORMS

This application is a continuation-in-part of U.S. Patent Appfication No. 08/159,795 '
filed 30 November 1993 by Munib A. Wober and Michael L. Reisch. Furthermore, this

apphcatlon is related to concurrently filed and commonly assngned U.S. Patent °
-Apphcatnons, assignee nos. C-7888, C-7940, C-7936, C-7966, C-8005, C-8009 and
© C-8036. o ' '

_ :

"1.. Field of the Invention

The invention relates generally to an imprdved image pmcessing system atid

" methods for use thh this system. More particularly, the mventxon relates to a system and
' methods thereto for resampling an image at’ a different samplmg rate

2. Description of the Prior Art o :

" Images can be thougilt of as two-dimensional representatisns of some visual reality
that is distfibuted in space and/or time. Ordinarily, images are what the bumen visual -
system perceives as variations in external stimuli such as brigﬁtimess, color, aﬁd sometimes
&epth sues. . While over the years rhqny techniques have been developed to capture and
reproduce images3 ‘their representation as continuous, discrete, or digftal signals which can -

- be manipulated, procesed or displayed through the use of computers or otﬁsr special |

purpose electromc hardware i is the most recent technique. Now well-establzshed this latest

- techmque has a vanety of beneficial applications. 'For mstance, while in electronic form, a

images can be enhanced to create speclal ‘visual. effects restored coded for 'aansmsslon to
distant locations, stored in memory (such as on CDROM, DAT, floppy dlSkS etc. ),

. reconstructed, dlsp!ayed or converted to some other tanglble form

‘Image processmg can occur in exther the spatial domain or the ﬁ-equency domam
An image is said to reside in the spatial domain whén the values of the parame;ters used to

d_escﬁbe it, such as brightness, have a direct co;respbndence With_ spatial location. In the -
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frequency dornam, the 1mage of the spatial domain may be represented by .a series of

frequency components in the form of trigonometric functrons which, when summed for

each image data pomt (i.e., ptxel) of the spatial domain, yreld the value of the parameter

used to characterize the image of that partrcular image data point in the spatlal domain,

and such a representation may be extended to cover all i 1mage data pomts of an image.
In the spatial domam,. original image data may be represented as a continuous

' function of spatial:'pos'ition, desigriated s.(y.x) for the two-dimensional case. For most
'apphcatrons it is acceptable as well as advantageous, to sample this contmuous-space

image along the horizontal and vertical directions at x=iT, and y=jT, where i andj j

" are integer indices and T, and T, " are the horizontal and vertrcal samplmg periods,

respectively. Thrs yields a matrix of pornts sc(]T iT,) whrch shall be ldentlﬁed ‘henceforth

' .wrth the dlscrete srgnal desrgnated as s(],l) for the two-drmensronal case where the lower

case, s, designates the spattal domam, i is the index of rows, _] is the mdex of columns,

and i and J can be initialized to start at zero. In the frequency domam, matrices can

also be used to mathematrcally describe an rmage as a set of transform coefficients (also |

) referred fo as frequency coefficients)’ wlnch represent frequency data in a transform matrix

conventlonally designated, S(v,u), where the upper case, S, desrgnates the frequency

' domam, u 1s the index of rows and v is the index of columns ;

Spatral image data pomts may be transformed to the frequency domam usrng
transformatrons such as Founer transforms or discrete cosine transforms The use of

discrete cosine transforms and i mverse discrete cosine transforms for i image compression is

" well known in the art and in fact the practrce has been adopted as standard in industry by
-_ The Joint Photographrc Experts Group (JPEG) and the Motron Picture Experts Group
: _.(MPEG), whreh were created as part of a joint effort of the Consultatrve Commrttee on
. Intematronal Telegraphy and Telephony (CCITT) and The Intematronal Standards
Orgamzatron (ISO)

When a drscrete even cosme transformatron (heremaﬂ:er DCT) is used the

‘frequency domarn is referred to as the DCT domam and the frequency coeﬁicrents.are
" referred to as DCT coefﬁcrents Conventronally, transforming data from the spatial

domam to the frequency domam is referred to as a forward. transformatron, whereas

- '. transformmg data ﬁ'om the frequency domam to the spatxal domarn is- referred to as an

rnverse transfonnatron Hence, a forward drscrete eosrne transforrnatron is deﬁned asa
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“transform that maps an image from the original image data points s(],r) in the spatlal

domain to DCT coefficients S{v,u) in the DCT domain according to the basis t_‘unctron of
the forward DCT'- whereas an inverse discrete even cosine transformation (or IDCT) is
deﬁned asa transform that maps the DCT coefficients S(v,u) from the DCT domain to
reconstructed i 1mage data pomts §@,i) in the spatlal domam according to the basis functlon
of the IDCT

Processmg an electronically acquired image in an image proeessmg system

" sometimes includes sample rate conversxon, i.e. resampling, of the sample rate of the

.ongmal image. When an image is resampled, erther the resolution or the sizing of the

rmage is altered. o
The pnmary objeet of the current invention is to provide a'systém for sample rate

conversion of an 1mage which is more efficient than existing systems and which is

'_complementary to mtematronal compression standards such as ISO/IEC 10918-1 Seetron '
~A.3.3 set by the International Organization of Standards, Joint Photographrc Experbs Group
" ‘and similar standards recognized by the Motion Picture Experts Group. Other objects of |

the invention will, in part, appear hereinafter and, in part, be obvrous when the followmg :

g detalled description is read in con]unctlon with the drawings.

SUMMARY OF THE INVENTION
An image processing system for sample rate conversion of an image signal

representing an image of pixels from a first sample rate to a second sample rate includes:

_an image acquisition device for acquiring the image signal from an image signal source at
- the first - sample rate'.a first memory for btifferiné the image signal; a second memory for
. stormg predetenmned discrete cosine transform coefficients; a dot product multlpher for
-multiplying the image signal times the predetermmed coefficients to produce an output
.signal at the second resampling rate; a third memory for buffering the output srgnal

control sequencer logrc for controllmg operatlon of the i image processing system; and an

' output device for provrdmg a resampled image from the output slgnal at the second

sampling rate.

The image processing system according to the invention facilitates sample rate
conversion by segmenting the image into segnients of image dat_a' points ‘wherein a
separate and different offset is determined for each segment. A discrete cosine transform is .
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. performed on each’ segment of image data pomts to generate correspondlng DCT

coefficients. Thereafter, resampled 1mage data points are generated by taking a modlfied
IDCT of the DCT coefﬁctents using a modlﬁed IDCT basls matnx which i is dependent
upon a samplmg rate converslon ratio and/or an offset '

_.E RIPTIO!

"The 'aforementio:ned aspects and other features of the invention are described in

" detail in conjunction .:with' the accompanying drawings in which the same réfer'ence K

numerals are used thronghout for denoting corresponding elements and yvherein'
' Figure 1 is a block dxagram of an electronic imaging system accordmg to the

mventlon, .

Flgure 2Aisa detalled block dlagram of the electrome 1magmg system of Flgure

' Figure 2B is a logic disgram of the dot product muttipl’iér’ amay 200 of Figure 24; -
. . Figures 2C and 2D are contlguous timing dxagrams of sxgnals used and generated

_ by the sample rate converter of Flgure 2A

Figure 2E isa dlagram showmg the correlation between sampled image data points

.‘"in an input image and upsampled image data points for a resamphng rate of 4/3;

Figure 3A is a flowchart of a method, according to the invention, of ‘resampling

._ rows of an image in accordance with both a resamplmg rate conversmn ratio 3 and an
. offsety,

_ Flgure 3B ts a block dlagram of the steps of block 364 of Flgure 3A, whereby the
segment includes all the i nnage data pomts in a row;

Flgure 3C is a block dlagram of the steps of block 364 of Flgune 3A, whereby the

‘ segment includes less than the total number of image data pomts in a row; |

Flgure 4A isa ﬂowchart ofa method according to the- mventlon, of resamphng

, columns of an 1mage in accordance with both a resamplmg rate conversnon ratio § and an

offset v;
Figure 4B i isa block dxagram of the steps of block 404 of Fxgm‘e 4A, whereby the

' segment 1ncludes all the image data pomts ina column,

Figure 4C i 1s a block dmgram of the steps of block 404 of Flgure 4A, whereby the

segment mcludes less than the total number of i 1mage data pomts in a column;

4
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Figure 5A is a graph of a one-dimensional sign’ﬁl s(j) to be resa.mpled according to

" the resampling method of Figure 3A or 4A, whereby s(j) is plotted with respecttoa

samplmg period T;; . :

Fxgure 5B is a graph of a one-dlmensmnal signal s.(y), whlch is a continuous -
representation of the discrete signal s(j) of Fxgure SA whereby samples of s,,(y) at a period
of T, correspond to the samples of s(3); '

Figure 5C is a graph of the same continuous signal s (y) of Flgure 5B, whereby the

: samples are indicated at a period of T,;

Figure 5D i is a graph of the discrete time sxgnal s,(y) obtained by sampling s, Q) at |

8 sampling penod of T,, whereby the real index of sl(y) mdlcates the temporal relat:onshlp

to the samples of s(j) in Figure 5A; and . .
' Flgure SE is a graph of a chscrete tlme s1gnal s,(¥) wnth 1nteger mdlces whose

samples are the same as sl(y)

The present invention relates fo an 1mage processmg system and assoclated image
processmg methods for resampling an image of a scene. Flgure I jllustrates one
exemplary embodiment of such a system. As can be seen, Figure 1 illustrates an

_electromc image processing system where an image signal source, such as camera 10 or a

scanner 12, prov1des an electronic image signal which represents an 1mage of the subJect
(not shown). A computer 18 receives the electronic signal from the image sxgnal source '
and thereafier processes the image signal electronically to proylde any number of lm_own

. image pl'ocessing functions such as resizing, sharpening, noise removal, r_eﬂe'cﬁori ‘or edge .

detection. The processed image can be transmitted, i.c. output, to any dest_ihatioh device .

" or destinati_oh application such as a diskette 16, an user monitor 20, a printer 14, or a

remote monitor 26." Operator interaction with the system is facilitated by use .o_f a

. keyboard 22 or 2 mouse 24. Of course, theé components shown in .Figure 1 are merely

exemplary rather than all inclusive of the many equivalent devices known by those skilled |

'in the art. For instance, the image signal source could include sny device which acts as

an image signal source such as an electronic camera, a scanner, a camcorder, a charge

coupled device, a che.rg_e injected device, etc. Also, it is noteworthy that the:pr_o'cessing'of

5
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the i image need not necessanly occur solely in the computer 18. Indeed various phases or

‘aspects of the image processmg could oceur in the image srgnal source, the computer, or

the destination output device.

ID__I_M_ﬂanms

This section sets fOrth certain ﬁmdamental concepts relatmg to forward and inverse

'; . discrete cosine transforms

An image is typlcally made up of a two-drmensronal PxQ array of descnptors
called pixels or image dat_a. points, where P i is the number of rows and Q is the mumber of '

columns representing the lxnage ‘The imege can be. represented bS/ either image data -

' pomts in the spatlal domain, or by correspondmg DCT coefﬁcrents in the frequency

domam A forward DCT- generates the DCT eoefficlents by takmg a discrete even cosine

B transformatlon (DECT abbrev:ated as DCT) of the image data pomts Conversely,-an

mverse discrete even cosme transformatlon (IDECT abbrevrated as IDCT) generates the

- lDCT ccefﬁcrents (i.e. reconstructed image data pomts) by takmg an inverse discrete
15

cosme tmnsformatron of the DCT coeffielents

A DCT transformatxon cah occur in any number of drmenslons as understood by

those skllled in the art. .In the followmg one-dlmenslonal example, a row (more

. genencally refen'ed toasa segment) of N rmage data points s(]) can be transformed
' ﬁ'om the spatral domam to correspondmg DCT coefficients S(v) in the frequency domam
. in aceordance wnth equatlon Q). ' :

Mg N,E_;s(.')"?s-zzv -
- where 0<vS(N-l), \A anmteger; :

- s(]) represents the matrix of i image data pomts in the segment,
S(v) represents the corresponding matrix of" DCT coefﬁcxents

- 6
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N represents the number of image data points in the segment;

C.= —l— for v=0; and
N73
C,=1forv#0.

 The DCT coefficients S(v) arc determined from equation (1) where the normalized cosine
. basis terms are derived for a 'segment having N image data points.' The value for S(0) is

determined for v =0 by summing each of the image data points () for 05j< ON-1)

. times the cosine terms of the basis function. The value for S(l) is determined as the .

surhmation of i image data pomts s(j) times the cosine terms for v = 1.. This ‘procedure,

- which indexes first on v and then on j, is repeated for denva’aon of DCT eoefﬁclents
S(0) through S(N-1). . '

A modified inverse discrete cosine transformation is mathematxcally deﬁned in
equation (2) where the one-dimensional matrix S(v) of DCT coefficients i is transformed to
a reconstructed matrix 8(y) of recenstructed image data points, and y is defined as a real '-

. number within the given range as disclosed and explained in parent application '79_5._

S8 = |2 c, s (2y+1)v1|: o @
(y)' \ Z ™ ¢ N S
.where:  OSysS(N-1), y areal number;

S(v) represents the matrix of DCT ‘coefficients;
W) represents the spatial matrix of reconstructed image data pomts
" N represents the number of image data points in the segment; -

L C,,.=-J-—_forv=0;and
.2

C,=1forv#0.

_ . If the DCT coefficients S(v) of equation (1) are computed from a set of image data points
~ 8(j) and the febe’nstructed image data points §(y) of equation (2) are corputed i_i-om the

7
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correspondmg DCT coefﬁclents S(v), then s(G) = 8(y) when y=j, and the process is

referred to as invertible or one-to-one mappmg smce the reconstrueted image data pomts

“of s(y) are rdentrcal ‘within limits, to’ the ongmal image data pomts of s(j). By evaluating

y in equatron (2) at other (non-lnteger) values where 0sys(N -l), a modified IDCT is
obtained which can be used for various processes such as the mterpolatlon of values
fallmg between drscrete 1mage data points whlch represent an 1mage

In determrmng the values representmg the reconstructed i 1mage data pomts s(y)

| using equatron (2), 80) is determmed by summmg each of the DCT coefficients S(v)

times the cosine terms of the inverse basis fiinction for y =0. For example, the value for
8(0.5) is determined as the summation of DCT coefficients S(v) times the cosine terms for .

y = 0.5. This procedure, whlch indexes ﬁrst on y then on v, is repeated for denvatlon

- of all desired reconstructed image data points §(y) where 0< ys(N -1).

As eatlier noted, the above mathematrcs can be readily expanded to multiple

dimensions as kndwn by one of ordmary skill in the art. For instance, an image can be

- represented in the spatial domain in two-drmensronal format as described in parent

applreatron ‘795, whiere s(y,x) represents the i 1mage data points at real values y and x
in the spatial domam, S(v,u) represents the correspondrng DCT eoefﬁcrents in the

: .frequeney domam, X ranges ﬁ'om 0 to (P-l), y ranges from 0 to (Q-1), P represents the

total. number of rows, and Q represents the total number of columns. -The i ‘image data B
pomts s(y,x) may represent but are not hmrted to, parameters such as brightness,

lummance, color or hue

- Both equatlons (1) and (2) can altematrvely be expressed in matnx notation. The

. matnx notation (wrthout mdlees) for equatron ) is:

| S=FB-s - . . . .. @
where S represents the matnx of DCT coefficients, s represents the matnx of image
data pomts in the spatral domain, and FB represents the forward DCT basrs matrix. The
matrix notation for equatlon (2) is: '

s=B.s . o @

_where 3 represents the s'patial- matrix of 'reconstrueted image ddta points, and B

represents the inverse DCT basis matrix for the desired output points (i.e. reconstructed -
image data points). Combining matrix équations (3) and “ will reduce the number of
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arithmetic operations as opposed to performing the matrix algebra in two different steps as '
prevrously described. ‘Combining matrix equations (3) and @ yields: '
§=IB-(FB . s) -
=MB-s . : o (B)
where MB is a combined DCT basis matrix derived from matrix multiplication of the
inverse DCT basis matnx IB times the forward DCT basis matrix FB. The combrned

- DCT basis matrix MB can be contemporaneously calculated whrle solvmg equatron (5),
~ or MB’ can be precalculated and stored in a look-up table.

2. &emnhna.uudm

The preferred embodiment of an image processing system for resamplmg an 1mage

. as shown in Frgure 2A includes: an’ 1mage acquisition devrce 207 a dot product multiplier

(DPM) 200; random access memories RAM 208 and RAM 210; coefficient read only
memones ROM 202 ROM 204, and ROM 206; master clock 214; control sequencer logic

. (CSL) 212 and image generator 221. The master clock 214 produces a master clock
: srgnal 217 which is used by the coritrol sequencer logic 212 to generate clock signals CK1
- and CK2. The image acquisition device 355 could be any hardware for acquiring an

image from the source 250, such as an input port, an A/D converter, etc, Sinrilarly, the

image generator 221 corrld be any device or _s'ystem for generating an image from the

" coefficients stored in RAMs 208 or 210, such as a printet, cathode ray tube, etc. The

overall hardware configuration is general purpose for versatrhty of use ina vanety of
matrix product multlphcatrons :

" The sample rate converter 201 provides: the DPM 200 as a fixed point arrthmehc
processor capable of computmg the dot product of a (1x3) vector times a (3xl) vectorin
one clock cycle; RAM 208 and RAM 210 as random access memones for stonng and .

~ buffering input data and processed data; ROM 202, ROM 204, and ROM 206 for stormg
. precomputed modrfied IDCT basis matrix coefﬁcrents and control sequencer logic 212 for :

handling the control and timing of the memories and the DPM 200.

“The DPM 200 shown in detail in Figure 2B is a three ﬁxed-pornt multlpher array,
with two on board adders 216 and 218 input latches 220, 222, 224, output latch 227, data
shift regrster 226, bus transmitting logic 242 whrch controls the direction of transmission -

. of data along bi-directional buses 209 and'211; and control logic 240. The bi-directional

9 .
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-buscs 209 and 211 allow the overlapping of memory accesses and, they are partlcularly
. advantageous if more than one pass through the DPM 200 is reqmred The buses 209 and

211 are confi gurable to transmit data dlrectly between RAM 208 and RAM 210 in pass
through mode, or to transmit data to the dot product multxpher for processmg in process

. mode according to Truth Table I which deﬁnes the funcnons of data buses 209 and 211 as
'control_led by signals I, and I,. For the following exam_ple, all the DCT coefficient data is
- predetermined and stored in RAM 208, is input through data bus 209, is processed in the

DPM 200, then is transferred to RAM 210 through data bus 211. However, the bi-
directional data buses 209, 211 provrde versat:hty to the DPM so that other operations not
specifically descnbed herein but clearly recogmzahle by those skllled in the art (such as

. determination of DCT coefﬁclents from spatlal domam image data pomts) can be

executed. . :
The predetermmed DCT coeﬁicrents for a three-pomt sample segment are stored in

reglsters SRO, SRl ~and SR2 of shift register 226 and the values of the predetermined
modified basis vector IBInml are stored in latches 220, 222 and 224, respecttvely

Multipliers 230, 232 and 234 form the products respectxvely, of the data stored in the

input latches 220, 222 224 times the data stored in the registers SRZ SR1, SRO. The - -

- adder 216 produces the summatxon of the products of multlpllers 232 and 234.. The

summatmn of adder 216 is then added to the product of multlpher 230-to produce the final-

dot product whlch is stored in output latch 227 for stablhztng the data on the selected :

output bus 209 or 211 durmg the following CK2 clock cycle. - _
" The eontrol sequencer logic 212 controls the addressing of the memones, controls

data bus functxons and generates ‘appropriate tnmng signals for the DPM 200.

Speclfically, the control sequencer loglc 212 provides: address data 203 to RAM 208;

_ address data 205 to RAM 210 a read/wnte (R/W) control s1gnal 213 to RAM 208; a
: read/wnte control signal 215 to RAM 210 a clock srgnal CK1 to shift register 226; a
" clock signal- CK2 to latches 220 222, 224, 226; signals I, and I, for bus directional

control; and address data 219 to ROMs 202, 204 and 206. The control sequencer logic
212 can easily be 1mplemented with a mlcrocontroller or progrmnmable logic array (not

: shown). The choice is apphcatlon dependent The mtcrocontroller is gcnerally more
flexible from a programmmg standpomt but somewhat higher in cost than 2 programmable

loglc array .
10
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Figures 2C and 2D illustrate the timing relationships of numerous signals w1thm

the sample rate converter 200 for an example using the hardware of Figures 2A and 2B to
~ process a row of eight DCT data points S(0), S(1), S(2), S(3), S(4), 8(5), 8(6), S(7). In

this.example, the resampling ratio J is set equal to 4/3 which results in upsampling as
previously described. Three-pornt DCT processmg accordmg to equation (9) using a one- .

pomt overlap fo ensure resamplmg continuity is used for the example although the number o

of data points for processing is variable. Generally speakmg, processing more data polnts

' per sample provides more accurate results but requires more processing tirne,' whereas

processmg fewer data pomts per sample provrdes less accurate results requmng fess .

processing time. - It has been empirically determined that three and four point samples

provide the best tradeoff between processing time and accuracy For the current example

_ the row of eight DCT data pomts will be divided into four three-pomt segments, i.e: N=3

in equatron (9), resulting in {S(0), S(1), S(2)}, {S(2), S(3), S(4)}, {S(4), S(5), S(6)} and
{S(6), S(7), S(8)}. As earlier noted, the access of memory addresses is controlled by the
control sequencer logic 212. ' B _
The DCT data is ongxnally stored in RAM 208 and transferred in segments to the o
DPM 200 via bus 209. The thrée DCT coefficients S(0), S(1), S(2) of segment #1 are .
read from RAM 208 and transferred into registers SR0, SR1, and SRz, respecttvely, of -
shift register 226 on the rising edge of CK1 at times T,, T, and T,. .For' the sake of '
simplicity the timing diagram does not show the master clock srgnal 217, the read write
signals 213 215, the bus directional signals I, and I,, or the address srgnals 203,205 and
219. On the nsrng edge of CK2 at time T, the modlﬁed vector of IDCT basis coefficients

- Co(0), Cy(1), C(2) is transferred via lines 236, 238, 240 to input latches 224 222 and 220

from ROMs 206, 204, and 202, respectlvely At time T multiplier 234 generates the.
product Cy(0)*S(0), multlpher 272 generates the product Cy(1)*S(0), and multiplier 230

multiplier 230 to produce the final dot product O, which is temporanly stored in output

" buffer 227. After the falling edge of CK2 at time T,, the dot product O, is transferred
* from the output buffer 227, through the bus transmitting logic 228, to'RAM 210 via bus

211. -
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On the rising edge of CK2 at time T, the modified -vector of IDCT basis
coefficients C,(0), C(1), C(2) is transferred via lines 236, 238; 240 to iftput latches 224,
222, and 220 from ROMs 206, 204, and 202, respectively. At time Ty multrpher 234
generates the product C,(0)*S(1), multiplier 232 generates the product C,(l)"‘S(l), and
multrplrer 230 generates the product C,(Z)*S(l)f- The adder 216 produces the summation

" of the products of multipliers 232 and 234. . The summation of adder 216 is then added to
' the product of multiplier 230 to produce the final dot product O, which is temporarily
stored in output buffer 227. After the falling edge of CK2 at titie T, the dot product O,

is transferred from the output buffer 227 through the bus transnuttmg logrc 228, to RAM
210 via bus 211.

On the nsrng edge of CK2 at tlme T8 the modrﬁed vector of IDCT basis

: eoefﬁclents C,(0),- C,(l), C,(2) is transferred via lines 236, 238, 240 to input latches 224,
' 222, and 220 frOm ROMs 206, 204, and 202, respectlvely At tirie T, multlpher 234
. generates the product C,(O)*S(Z), multrpher 232 generates the product C,(l)*S(Z), and

multlpher 230 generates the product C,(Z)*S(Z) The adder 216 produces the summation -
of the products of multrphers 232 and 234, The summation of adder 216 is'then added to

_ the product of multrpher 230 to produce the final dot product O, which is temporanly

stored in output buffer 227. After the falling edge of CK2 at time T,, the dot product 02 .
is transferred from the output buffer 227, through the bus transmxttmg logic 228 to RAM :

210 via bus 211.

If the segment size is extended then the processing seouence for upsampling by 43

-~ will follow the pattem shown in Figure 2E. Specrﬁcally, the first segment uses vector
eoefﬁerents Cy C,, Cy; the second segment uses vector coefficlents G, G, C;; the third
' segment uses vector coefﬁcrents Cs, Cpy C,, the fourth segment uses vector coefficients C,,

C,; the ﬁﬁh segment uses veétor coefﬁclents C, C,,, C,, the sixth segment uses vector
coefficrents Cs, Cp, Cos ‘the seventh segment uses vector coefﬁcrents Cl, C,, the erghth
segment usés vector coefficients C,, C4 Cs, '

The above descnbed process is repeated for each row of the i nnage Thus only
nine coefﬁclent vectors need to be stored to honzontally process the i image of the current

example When all the rows have been processed then the image has been upsampled in

) resamphng the image rn the vertical direction usrng the same resampling ratio of § = 4\3.

12



10

15

20

25 °

WO 96/36939 PCTfUS%IO:llS«i

The modified DCT basis vectors for the vertical resampling are the same as those. used for
the horizontal resampling above, however, the DCT coefficient vectors for each segment

must be taken along the columns instead of the rows of the i image.

3. te Co v ion 0 :

The task of sample rate conversion arises frequently in signal processmg and image
processmg apphcatlons In the case of photo imaging, the samples are represented as
prxels, which are also referred to as image data points, _

Common approaches to sample rate conversion are dependent upon whether
npsampling, 1 e. sampling at a faster rate, or 'downsampling, i.e. sampling at a slower rate
is desired. When downsampling by an integer factor, a low pass filter for ann-ahasmg is

typically used and is followed by decimation. Upsampling by an integer factor is usually _

. performed by either inserting zeros between samples and then low pass filtering, or usmg', T

an equivalent polyphase approach. Zero-order-hold and lmear mterpolatlon are special
cases of the upsampling approach using partlcular low pass filters. When the sample fate
conversion uses a rational factor, a combination of upsampling and downsampllng is oﬁen

used. Furthermore, sample rate conversion using a non-rational factor is frequently not

Jimpiemented due to the complexities of the algorithm.

The system for sample rate conversion of an lmage using discrete cosine .

_ 'transforms accordmg to the present mventlon is operatxonal for both upsamphng and

' downsampling, using integer, rational or irrational sampling rate conversron ratios.

Furthermore, a conventlona] polyphase approach may require genetating many different

_ filters’ for the purpose of upsampling, depending on the upsamplmg rate The DCT

approach, on the other band, obviates the need for generating many dlfferent filters.

' The image processmg system of Figure 2A is operatlonal usrng a method for DCT
based sample rate conversion of an image in the honzontal direction as shown in the

* flowchart of Figure 3A. "The system is also operatlonal using a similar method for sample
. rate conversron in the vertlcal direction as shown in Figure 4A.

In consrdenng sample rate conversion in the horizontal dxrectron, an rmage is

) ' represented in block 360 of Figure 3A as a two—dlmensmnal array s(,i) of i nnage data -
30 .

E the row index r corresponds to i and the column index ¢ corresponds to J Row r

points having P rows and Q columns. A row index r is initialized to Zero whereby :

“ 13
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is represented asa one-dimensional array of -pixels, s(j) for j=0, 1, 2 (Q-l), where s(j)
is a discrete represenmhon of a continuous one-dimensional signal s‘,(y) sa.mpled at y=
' jT;, j isan mteger mdex as glven above, and T, defines the ‘horizontal samphng period.
In block 362 the deslred samplmg rate conversion ratio 8 is set to the tatio of the ongmal
5 samplmg period T, to the desired sampllng penod T,, and-an offset yis set to zero. '
. Due to the mvertlblllty of the DCT, the modified IDCT equa’non (2) can be

, rewritten by makmg the ‘substitution of y (yT,)IT , and evaluatmg for mteger values of

- y in equatmn (6) as follows:

. s@)—sl(y) lys=5.3) |,=,-r, | S
- N-1 ' 2iT, SON
7 {4
: EF 39 eos ?N'(Tl]_ -

o Wllere for j=0,1,2,. . «(N-1), 8,/ )yejr I8 given by equatioli (6) above. The waveforms
.10 of equatlon (6) are shown in Fxgures 5A - SE The desired samples of sc(y) after
- resamplmg occur at y = jT, so that: - :

Ty

-.. ." .-‘ N"l . 2T - .
50 = | iy Ecsc) 2N(’=1] o

It folleys that: . o .
'szty).. Iy=j ..=_ s.l(Y)' !}=ﬂa= 50) I3'=-frz' - '
S N-1 : : - (8)

In equatlon (8), _] is valid for 1nteger values 0sjs (N-l)5 and the output sxgnal s,(3)

g m Figure SE i is an upsampled f] L. 8>1) version of the mput sngnal sG) where the samphng
15 rate conversion ratio 8 4/3.

14
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In block 364 each pixel of row r of the image is upsampled. This is done, -

, acedrding to the steps of Figure 3B, when using the row length as the segment size for
" DCT pfocessing in equation (1), although a preferred method is implemented as shown in
~ Figure 3C by'segmentihg each line into smaller, overlapping segments of size 'N. One

successful choice for segmentation is to use three-point segments (ie. N = = 3in equation

N .(1) and in Figure 3C) whlch overlap by one-point. If the segmentation is done in this

way, then the first segment of s(j) includes the image data points {s(O), s(1), s(2)},

_second segment of s() includes the image data points {s(2), s3), s(3)}; and the thlrd

segment of s(j) includes the image data points {s(4), 5(5), s(6)}. These segments
correspond to samples of the continuoﬁs signal s,(y), that is: {s(0), s(l), s(2)} = {s '(OT,"), '
s(1Ty), s2T)}; {s(2), s(3), s(4)} = {s.2T)), s,(3T)), s e(4T|)}, and {5(4), s(5), 8(6)} =
{5.(4T,), 5.(5T1), s.(6TD}.
_ In block 376 of Figure 3C, the column index ¢ is set to zero and the segment size
N is set to 3. In block 378, DCT coefficients are calculated when performmg a discrete _
cosine transformation on the-first three-pomt segment. In block 380, the modified IDCT

.is performed on the DCT coefficients of block 378 to determine the output signal s,(y).
_ Proper cbrrespondence between the input signal s(j) and the output signal 's)(y) must be

maintained so that when image data points afe reconstructed from the DCT coefficients

the oufput signal is not distorted. To sustain the proper correspondence, the segment b
boundaries of s(j) in the underlying cohti:_luous signal s,(y) must be censistenﬂs; -
maintained in 5,(y) and s,(y). In other words, the segment boundaries located m sG) at j

= {0, 2, 4, 6} should correspond to the points in s,(y) where y = {0, 2T,, 4T,, 6T,} = {0

28T,, 48T,, 63T,} or alternatively correspond to the points in s,(y) where y = {0, 23, 49,

63}. Therefore, when interpolating the’ signal for a given segment, it is useful to rewnte
equation (8) into equation (9) as: '

l(y')__lwﬁJ—z C, S()cos N( (I;Y) ) e

" where v is the offset of the first reconstructed image data point in a segment from the.

beginning of the segmept boundary. The offset 7y is updated in block 382 and can be
readily .determined for the k® segment, since the (k-1)" segment ends at s,((k-1)(N-1)8),
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‘which is precisely where the k"’ segment starts. Therefore,- the values ‘'of s,() for j an

mteger in the range 0<js (k-l)(N-l)S all are reconstructed in the first (k-l) segments

- and the first point to be reconstructed in the k“‘ segment is s,()k) where j 3 is the smallest .

mteger greater than (k-l)(N-l)S and ¥, = jk (k-l)(N-l)8 For-the current example where

. &=4/3 and N=3, the segment boundanes of the first three segments of s,(y) are located at
«y = {0, 8/3, 16/3} where (N-1)§ = 8/3 The first segment always starts'at 0 end is treated
" as’a special case with ¥, = 1. The smallest mtegers greater than the two non-zero

boundary pomts are located at y {3 6}, yreldlng offset values of 'y2 173 and 73 2/3,
ie.,
e =jk - ('k-l)(N-'l)S
| j= l(:l_c-il)(N-l)S'I'
thus,
' r(2-1)(3-1)4/31 - (2-1)(3-1)4/3

' Each ptxel of row r is processed by mcrementmg the column index ¢ in block

384 in a manner wluch facilitates a three-pomt segment havmg a one-pomt overlap. If the
 “column number ¢ equals the total number of columns Q in decision box 38_6, then the

process exits the segment resampling block 364, otherwise anotlier segment is processed in

* -blocks 378-386 for the mcremented value of ¢ until every prxel inrow r has been

processed

The TOW mdex ris meremented m block 366 then tested agamst the humber of
TOWs P of the'i image in block 368.. If =P then the i image. has been completely

* resampled and the resamplrng proeess ends in block 370. However, if r#P then'the’

mcremented row of image data pornts is resampled in block 364 as prevrously descnbed
. The above method for DCT based sample rate conversion of an image can be

. applied in the verttcal drrectton aeeordmg to the flowchart of Figure 4A. Tn consxdenng

sample rate conversion in the vertical drrectlon, an mage is represented in block 400 in

" Figure 4A as a two-drmensronal array S(],l) of i 1rnage data points havmg P rows and Q

columns.” A row index .t is 1mt1allzed to zero whereby the row mdex r corresponds to

' i and the column index ¢ corresponds to j. Row r is represemed asa one-

drmens_tonal array of prxels_,_ s(]_) for j=0,1,2 ...(Q-l), where s(l) is a discrete -
representation of a continuous one-dimensional signal s,(y) sampled af y =jT,, j isan .

" integer index as given above, and T, : defines the horizontal sampling period. In block L

16
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402 the desired sampling rate conversipn ratio d is -set to the ratio of the original satnpling

period T, to the desired sampling period T,, and an offset 7y is set to zero. The above

" analysis with’ ‘respect to equations (6), (7) and (8) also applies here.

In block 404 each plxel of each column of the image is upsampled This is done

- according to the steps of Figure 4B, when using the column length as the segment size for

DCT processing.in equation (1), althongh a prefen'ed method is implemented as shown in
Figure 4C by'segmenting each line into smaller, overlapping segments of size N. Asin

~ the above example of sample rate conversion in the honzontal dn'ectlon, the segment size

in the example of Figure 4C is chosen as N=3.
In block 416 of Figure 4C, the row mdex r is set to zero and the segment size N

. is set 10 3. In block 418 DCT coefficients are calculated when performmg a discrete
.cosine transformation on the first three-point segment. In block 420, the modified IDCT

is performed on the DCT coefficients of block 418 to ‘determine the output s1gnal s, (¥).
Proper correspondence between the input signal s(j) and the outou't signal s,(y) must be -
maintained as previously described so that when i image data points are reconstructed from
the DCT coefficients the output slgnal is not distorted. o

' The row mdex r is incremented in block 424 to facilitate a- three-pomt segment

. having a one-point overlap. If the row fumber equals the total number of rows as decided

in decision box 426, then the process exits the segment resamplmg block 404, othermse

" another segment of row r is processed in blocks 418-426..

The above sample rate conversion methods are apphcable for both upsamplmg

.when 8> 1 as illustrated, and for downsamplmg when § < 1. It works equally well =

when the sampling rate conversxon ratio 8 is an integer, a rational number, or an _
irrational number. Furthennore, the mathematics of the inventive methods is snnphﬁed by '
the use of matrix algebra. For- instance, the modlﬁed IDCT of equation (2) can be

. expressed for a three-point sample segment, i.e. N = 3 as:

C 50 ) . |
$G) lyuger = \J— 25 [ it %) S(1) (10)
. s ) |
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where each resarnpled point of the output signal s,(y) i§ determined from the inner product

~of (i) the transpose of the modified IDCT basis matrix wrth offset compensatlon, and (n)
' the matrix of DCT coefﬁcrents '

Sample rate conversion can be expressed usmg matnces so that DCT equatron 1B

S expressed as S= FB:s and the modxﬁed IDCT of equatron (10) is expressed as §=
"IB - S. Thus, §=1B - FB s = MB s where S represents the matnx of DCT

coefficrents s represents the matnx of image data points in the spatral domam, FB -

. Tepresents the forward DCT basis matnx, IB represents the modrﬁed inverse DCT basrs

matrix, MB represents the combined modlﬁed basis matrix resultrng from the product of -

the modxﬁed mverse DCT basis matrix times the forward DCT basis matrix, and §

represents the spattal matrix of reconstructed image data points.

Since a cosine argument ‘may take on an arbrtrary number of values, the cosines of :

- the modrﬁed inverse DCT. basrs matrix 1B or the combmed modified basis matrix MB,.,
" must be computed separately for each segment. In other words, the resampled image data -
_ pomts §(y) which depend on 8 and v, in equatlon (20) must be either computed at run- -

time or precomputed, quantrzed and stored in look-up tables The coarseness of the
quantization can be. speclfied at run-time, and an MxN table can be precomputed in order
to warehouse the coefficients, thus requmng some overhead computatlon which is -

mdependent of the size of the i image." M equals {(N-l)/‘l’} + 1 where '-I’ represents the

- accuracy wrth which the samplmg locations of the output srgnal 5(y). can be speclﬁed For
: example, 1f ¥ =0. 01 then the true samplmg locatlons of §(y) will be at va]ues ofy= .

(1/8) rounded to the nearest hundredth where _1 is an mteger In this case, the table size is

_determined as {(100 ('N 1) + 1) x N}.

It is to be understood that the above descnhed embodnnems are merely ﬂlustratrve

-of the present invention and represent a hmmed number of the possrble specific -

embodu_nents that can provrde apphcatrons.of the principles of the invention. Numerous -
and varied other arrangeinents may be readily devised in accordance with these principles- -
by those skilled in the art without departing from the spirit and scope of the mventron as-

. claimed.
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1. An image proeessing'system for sample rate conversion of an input image .
represented by an 1mage signal from a first sample rate to a second sample rate, said
system comprising: _ '_

. means for acquiring said image signal at said first sample rate;

a first memory for buffenng said image signal; h

a second memory for stonng predetermmed discrete cosine transform coefficients;

a dot product multiplier for multiplying said image signal retrieved from said first
memory times said predetermined coefficients to produce an output 51gnal at sald second
samplmg rate;

a third memory for buffering sald output sngnal

. control sequencer logic for controlling operation of the itnage processiné system;

an output devxce for provrdmg a resampled image ﬁ'om said output s1gnal retneved

- from sald third memory at said second sampling rate

2. Ini 1mage processing, a sample rate conversion systém for one of upsamphng

: and downsampling an electrical image signal representmg an input image of pixels havmg .

‘a predetemnned first sampling rate in a spatial domain, said system comprising: .

means for acquiring the image signal from an image signal source;

'means for initializing one of a eolumn index and a row index correspondmg to .
columns and rows, respectively, of said input image; )

means for selecting a sampling rate conversion ratio 0 defined as the ﬁrst sampling '
rate dwlded by a predetermmed second samplmg rate;

_means for generating DCT coeﬁ'lclents of a segment of said image signal related to- a
said one of the column index and the row index by taking a discrete even cosine
transformation (DCT) of said segment; and .

means for generatmg modified IDCT coefficients, related to said DCT coefﬁclents
by takmg a modified i inverse discrete even cosme transform (IDCT) of said DCT

’ coeﬁiclents of said segment using a modlfied IDCT basxs matrix dependent upon both smd
* sampling rate conversion ratio and an offset, said offset being dependent upon said

19
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-samplmg rate eonversnon ratlo and said one of the column mdex and the row index,

wherem said modified IDCT coefficients represent saxd one of the upsampled and

: downsampled 1mage s1gna1

3. . The sample rate eonversmn system of claim 2, further compnsmg means for

- mcrementmg ‘said one of the column index and the row index until sald modified IDCT

" ‘coefficients are generated for every plxel of the input image.

4. ;Th_e system of claim 3, further comprising means for g'en_erating an output

. image at said second s_ampling rate in response to said modified IDCT coefficients.

5. . A system for sample rate conversion of an’ 1mage signal repmentmg an

,mput 1mage of pixels, sald system compnsmg

an 1mage acqulsmon device for acqulnng said i nnage sxgnal from an lmage sxgnal

a ﬂrst memory for stonng predetenmned first data representmg said i 1mage s1gnal
-control sequencer logxc for controlling said system '
" a second memory for storing predetermmed second data; -
- a dot product matrix multlpher for receiving said predetermmed first data ﬁ'om said

_ﬁrst memory, receiving Sald predetermmed second data from said second memory, then

producing third data by multiplying said predetermined first data times said predetermined
second data, said dot product matrix: multlpher operatmg in response to said oontrol

_ sequencer loglc,

a third memory for stormg said thlrd data from sald dot product ma‘tnx multlpher

“in response to.'said eontrol sequencer logxc, said third data represenung resampled pixels;

and - :
. an nnage generator for generatmg, in response to sald control sequeneer log:c,
resampled image from saxd tlurd data.

6. - The system of claim 5, wherein said predefermined first data is defined as

image data pomts in the spatial domain, and said predetennmed second data is defined as

a reconstructlon matnx generated by multlplymg a predetermmed forward dlsorete cosine
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transform basis matrix times a predetermined hybrid inverse discrete cosine transform
basis matrix.

7. . The device of claim 5, wherein said first rﬁemory-is a first randﬁm access .

‘memory, said second memory is a read only memory, and said third memory is a second

random access memory.

8.  The device of claim 5, wherein said first data i$ definied as a predetermined
forward discrete cosine transform basis matrix representing said input image,"and said
second data is defined as a predetermined hybrid inverse discrete cosine transform basis
matrix.

9 In image processmg, a sample rate conversion method for one of upsamplmg
and downsamphng an nnage signal representing an mput unage of pixels having a
predetenpmed first sampling rate in a spatial domain, said method comprising the steps of:

- (a) iniﬁalizihg one of a column index and a row index correspohdiﬂg to columns .
and TOWS, respect:vely, of said input image;

®) selectmg a sampling rate conversion ratio 8 defined as the first samplmg rate
dmded bya p:eselec&d second sampling rate;

" (o) generatmg DCT coefﬁclents of a segment of sald image sngnal related to said’
one of the column index and the row index by taking a dlscrete even cosine

 transformation (DCT) of said segment; and

(d) generating modlﬁed IDCT coefﬁc:ents, related to said DCT coefﬁclents, by
taking a modxﬁed inverse dlscrete even cosine transform (IDCT) of said DCT coefficients
of said segment using a modified IDCT ba51s matrix dependent upon both said sampling -

1ate conversion ratio and an offset, said offset being dependent upon said sampling rate -

conversion ratio and said one of the column index and the row mdex, wherein said
modified IDCT coefficients represent said one of the upsampled and downsampled image
signal. - ' .

10.  The sample rate conversion method of clatm 9 further compnsmg the step

of incrementing said one of the column index and the row index, then repeatmg steps (c)
. ) 21 . .
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~ and (d) untll said modified IDCT coefficlents are generated for every plxel of the input

image.

11. . The sample rate conversion method of clalm 10, further compnsmg the step
of generatmg a resampled nnage from said modlﬁed IDCT coefﬁclents ' '

12 The sample rate conversxon method of claun 9 wherem said modlﬁed IDCT is

mathematlcally defined as:

S N-1 - |
N -,-_'3-(5') gy = \z 2 C, S(v) 0082N (2(1 .1 )

_ wnere:' '0<y<(N-1),=

N is a number of said plxels in said each segment
_ vand y are integers;
"S(v) represents the DCT coefﬁolents .
§(y) represents the modified IDCT coefficients; -
3 is the sampling rate conversion ratio; .-

"yxstheoffset
- C, = i for v=20; and
' =Ct,—.l-for.v.:»%O.

13, Ini xmage processing, a sample rate conversion method for one of upsampling

B and downsamplmg pixels representing an mput 1mage ina spatial domam, said method

compnsmg the steps of: :
acqumng, from an 1mage s1gnal source, smd mput lmage of i nnage data points
having a first samphng period; - o
B mmahzmg one of a column mdex and a row mdex cornespondmg to columns and
TOWS, respectlvely, of said input image; - _ " .
selectmg a samplmg rate conversxon ratio 8 defined as the ﬁrst sampling penod
d1v1ded by a preselected second samplmg penod

’ g”f'mmwmmu
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. generating DCT coefficients of a'segment of said iihage signa] rélatéd to said one

. of the column index and the row mdex by taking a dlscrete even cosine transformation

(DCT) of said segment
generatmg modified IDCT coefficients, related to sald DCT coefﬁclents, by taking . -

“a modxﬁed inverse discrete even cosine transform (IDCT) of said DC’l‘ coefﬁclents of saxd
'segment usmg a modlﬁed IDCT basxs matrix dependent upon both sald samplmg rate

converslon ratio and an offset, said offset being dependent upon said samplmg rate

: conver_slon ratio and said one of the column index and the row index, wherein said

- modified IDCT éoefﬁcients represent said one of upsampled and downéampled plxels, B

generatmg a reconstruction matrix for said segment by multlplymg said DCT

- coefficlents times said modified IDCT coefficients; and -

generatmg a resampled image by multxplymg said reconstructlon mattix txmes sa:d ‘

" image data pomts of said input image.

L
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