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2-D Transform-Domain Resolution Translation

Jae-Beom LegViember, IEEEand Alexandros Eleftheriadisember, IEEE

Abstract—The extensive use of discrete transforms in image main. The computational overhead can then be significantly re-
and video coding suggests the investigation on filtering before duced, as it only involves parsing of the data up to the point
downsampling (FBDS) and filtering after upsampling (FAUS) - \yhere transform coefficient data is available, and regeneration

methods directly acting on the transform domain. In this paper, we f data based th i f fficient val A
describe the “transform-domain resolution translation” technique Of data based on the new transtorm coeificient values. As an

that gives flexibility to resize windows of each video conferencing €xample, direct transform-domain manipulation has been em-
session for server compositing without explicit decompression, ployed in [5] and [6] in order to provide fast video compositing
spatial domain processing, and compression. We generalize trans- algorithms, whereas in [7] and [8], it has been used to perform
form-domain filtering (TDF) to include nonuniform and multirate rate changes

cases to implement the transform-domain resolution translator. . s
The former is defined as a TDF problem in which the original With respect to transform-domain filtering (TDF), a number

transform domain is of different size from the target one, while the ~ Of techniques have been applied to provide convolution-multi-
latter considers the implementation of sampling rate conversion plication properties to the DCT [9]-[11]. Such “DCT filtering”

in the transform domain. The implementation architecture is approaches successfully reduce the number of multiplications
based on a pipeline that involves matrix—vector product blocks and additions, but also possess some limitations and imperfec-

and vector addition, but is not limited to particular hardware. fi E le th h in 1101 reli distorti
Such techniques are particularly useful for fast algorithms for ions. For example, the scheme in [10] relies on a distortion

processing compressed images and video where transform codingfactor w(n) which is difficult to implement, while the scheme
is extensively used (e.g., in JPEG, H.261, MPEG-1, MPEG-2, and in [9] requires that filter coefficients are real and symmetric.

H.263). Furthermore, since both schemes are concerned with circular

Index Terms—Multirate transform-domain filtering (MTFD), ~ convolution applied to individual signal blocks, they cannotim-
nonuniform transform-domain filtering (NTDF), transform-do-  plement linear filtering or avoid block-edge effects.

main filtering (TDF), transform-domain resolution translation In recent work [12], Lee and Lee proposed the concept of

(TDRT). TDF as a technique to get around these problems, taking ad-
vantage of advanced modern VLSI technology. TDF is a block-

l. INTRODUCTION based filtering process that is applied to transform-domain data
and that can implement the desired time domain filtering. It is

RANSFORM coding techniques are widely used for COMhown in [12] that the existing DCT filtering approach can be

di ptressm_g d'?'tal |fmage[e)1(n:qlrayd|o SE]naISthln pgrﬂcular,t neralized to TDF, and a pipelining structure was presented
iscrete cosine transform ( ) is used as the primary me a means to implement it. TDF has been extended into infi-

for image and video compression and transmission [1]-[4], a e-impulse response (IIR) structures in [13] by Kim and Lee.

iHS zaélth?vlg(ljzré if i‘/ﬁ;’ggl ;ntergaﬂo;gflg st_?ﬂdalrds (edg., JP oreover, Chang and Messerschmitt showed that TDF is still
' ' o ~<, and H. .)' e large data re.uﬁﬁeful in software architectures since transform data usually
(more than 100 Mb/s) associated with uncompressed vi %e on immensely compressed form such as DCT [5], [6]; the

_necessnatt_e its storage and tran_srnlssm_n ina compresse_d foéghpression ratios achieved in practical DCT-based codecs are
in several instances, however, it is desired that processing %g

) . . —100 to 1, and only a small proportion of transform data needs
erations are applied on the compressed data. Examples mclg thutation in software architecture
traditional image and video production facilities, as well as :

L . . - . More recently, direct DCT domain image downsampling
modern distributed multimedia systems that bring editing a'ﬂ)%blems were investigated in [14]-[16] to provide an alter-
processing capabilities to end-users.

Tvpical i el-oriented and lied in th native approach wherein the data stream is processed in the
i lgplca'operg .|0n|s gre p|x|e 'O”?n © Iat’? app Ile' ml' € S? ompressed DCT domain without explicit decompression and
laldomain, andnciude overiays, transiation, scaiing, linear I'patial-domain processing, and so that the output compressed

tering, rotation, etc. The straightforward approach of deco'gfream, corresponding to the output image, conforms to the

pressing, processing, and recompressing is undesirable dugtgﬁdard syntax o8 x 8 blocks [15]. Beneficial examples
the significant computational overhead associated with cor

. . . ) Melude a multiparty video communication system through a
pression and decompression (particularly for highly asymmete \or s explained in [15], a videoconferencing session of

codecs like MPEG). This makes it desirable that these OPeLas aral parties requires each one of them to see everybody

tions are applied directly in the compressed or transform dgl'se in a separate window on his screen. Every user would
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user wishes, say, to scale down by a factor of two a windcand

corresponding to another user and move it to a different place

on the screen, the server must support a downsampling. The one W; = [wi] s (Mtq-1) ©)
step-size conversion operation directly in the DCT domain will.

reduce the computational burden, since the decompression %8

compression processes are typically computational bottlenecks. 1, I=k+iM

For example, the inverse DCT (IDCT) for decompression - k=0,1,...,M -1 @)
process requires 38.7% of the overall execution time on a K l=0,1,....,. M+q—2"

typical workstation [15]. 0, otherwise

In this paper, we extend the previous idea of [15] into a ge he multiplying matrices can then be obtained as
eral case where the size of windows can be changed with arbi-

trary scal_e (i.e., fr_a_ctlo_nal or even scaling up). In fa_ct, arbitrary deéfTQWj HT, (5)
or upscaling modification directly in the DCT domain were not
possible in that approach. To make the generalized work pogsulting to an output from the vector adder
sible, we introduce the concept of “transform-domain resolution .
translation” (TDRT) as a combined form of the transform-do- - v

. ) . Y, =Y PX;, (6)
main FBDS and FAUS issues, and then propose the solution =
with in the context of TDF.

In Section Il we review the core of uniform TDF, and exten#here
it by introducing the concept of non-uniform TDF (NTDF), in M+q—1
which the two transform sizes need not be the same. A mod- l= {TJ . (1)
ified TDF is applied by mapping the nonuniform problem to
a uniform one. As an example of the applications of NTDF, VLS| hardware implementation issues have shifted from
we show how it can be used to provide a general solution ¢omputational complexity to interconnection complexity. In
the direct computation of transform coefficients in the “sub-ad#LSl, memory and processing power are relatively cheap.
jacent block problem” given in [17]. Section Il extends TDFTherefore, the main emphasis of design has moved toward
to include multirate processing as well, resulting to multirateeducing the overall interconnection complexity (i.e., keeping
TDF (MTDF). Again, a modified TDF is applied, by mappingthe overall architecture highly regular, parallel, and pipelined)
the multirate problem into a nonuniform one. An example i48]. The computational complexity is not a major issue in
given by providing a general solution to the 1-D TDRT problenmDF, since it is designed to take advantage of modern VLSI
We generalize it in the next section to address the 2-D TDRichitectures. That is, to reduce interconnection complexity of
problem, which is actually a 2-D version of the generalizetthe TDF, the proposed structure has a pipelining structure of
transform-domain FBDS and FAUS issues given in [14] andatrix-vector product units which are well known to be the
[15]. Finally, in Section V, we discuss implementation considsimplest units for localized implementation [12], [18].

erations and present some concluding remarks. For software implementations, on the other hand, recent re-
search [5], [6] concluded that computational complexity is, once
Il. UNIFORM AND NONUNIFORM TDF again, not a major issue in TDF; the efficiency of the computa-

. tion does not come from the low computational complexity of

A. The Uniform TDF TDF, but from the fact that TDF deals with already immensely
Lee and Lee defined TDF as an operation which has the sagegnpressed data (i.e., DCT).

functionality as a combination of transform, filtering, and trans- These arguments also apply to the TDRT, since it is a direct

form [12]. The TDF problem for the case where the input angriant of TDE.

output transform sizes are equal is depicted in Fig. 1(a) [12]. In

this paper, this will be referred to as uniform TDF, since the orig. NTDF

inal transform domain is of same size as the target one. Inatradiy /s qefine NTDE as a transform-domain filter which has the
tional approach; would be_ the _IDCTT? would be_ the_ DCT’ same functionality as a combination of transform, filtering, and
and’(n) would be the desired linear filter. The pipelined imyq0rm where the two transforms are of different sizes. The
plementat!on shown in Fig. 1(b) involves a set of matrlg-vect%ock diagram for an NTDF system is shown in Fig. 2(a). Note
multiplication modulesE,_), and a vector_ adder. Denoting bythat the sizes of the inputf{) and output transformig), M,

M the transform block size and hythe filter length, we can 4 1/, respectively, are not necessarily the same. In the case

define: whereM; = M, we have the uniform TDF problem discussed
H = 1) in Section I-A. We can map the nonuniform problem to a uni-
et [ zg](]\l—l—q—l)x]\l ( ) . . .
form one by extending the transform matrices. In particular, let
where

. . . . . T/ :I C1mn C1mn T 8
i), j<i<j+q 1 = dem(my, Mz)/ M) x Qem(My, Moy @11 (8)
o LIO,l,,M+q—2 and
hij = =01, , M—1 @

0, otherwise Ty = Lem(My, Ma)/Ma)x Qem(My, Ma)/Mz) @ T2 (9)
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X ! T > h(n) ' - T, | Y
length M length q length M
(2)
X — Y =
Py P, P

(b)

Fig. 1. Single-stage uniform TDF structure. (a) System model. (b) Pipelined implementation architecture.

X Ty > h(n) - T, > Y
tength g length M,
length M,
(2)
X — T ~  hm - T L .y
length q
length lem(M;,M,) length lem(M{,M,)
(b)

Fig. 2. Single-stage NTDF structure. (a) System model. (b) Equivalent uniform TDF model.

where ® denotes the Kronecker matrix product, and whefy defining

I.«» IS @ matrix with ones in the major diagonal and zeros def

elsewhere. Note that the transform block sizesforand T} M=lem(My, M>) (11)
are both IcnjAf;, M,) where lcnf-) denotes the least common
multiple, and hence the uniform TDF results can be applied.
a result, the pipelining multiplication matrices become

he various parameters of the system are given only if
= lem(M;, M>) by (1)—(7). The equivalent system model
is shown in Fig. 2(b).
A concern in terms of implementation complexity is the size
P, =T, W;HT| = (I @ TL)W; HI ® T}). (10) M of the expanded transform matricés and 7;. We should
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note, however, that in most typical situations transform sizes @¢her parameters, including the offset filter, are given as fol-
powers of 2. In this casé{ would simply be equal to the largestlows:
of M and Mo, i.e.

; M, k>1

_ _ ok _oly _ 1, =
.Z\f—lCI’T’](.Z\fl—Z,.2\42—2)—{‘2\427 k<l (12)

thus making the hardware requirements equivalent to that of uni-

form TDF. H=

The following example provides a general solution to the di-
rect computation of transform coefficients for the sub-adjacent
block problem using the NTDF method.

C. The Sub-Adjacent Block Problem

As an example of the use of the NTDF approach, and due to
itsimportance in practical video-processing applications, we dis-
cussthe sub-adjacent block problem. Here we are given the trans-
form coefficients of a rectangular array of blocks, and we are in- Wo
terested in obtaining the transform coefficients of a block which
is not aligned perfectly with the original block structure. In the
2-D case, such a block overlaps with up to four adjacent blocks.

In this example, we consider only one dimension for simplicity,

and hence, overlap will occur with only two blocks; generaliza-

tionto 2-Dis straightforward. The obvious method of solving this
problemistotake theinversetransform, and then compute the for-

ward transform for the sub-adjacent block. In recent work, trans-
form-domain manipulation techniques have been usedto provide !
a direct method for the sub-adjacent block problem [19], [20].

The proposed solution in [19] is restricted only to DCT. In addi-

tion, a new block is formed by taking the “halves” of two adja-

cent blocks, so that an offset of only four is allowed between the

S OO OO OO0 OO0 OO0 OO OO OO OO R, OO
SO OO DO ODOOODODODOHRHO OO0 OoO R, OOO

O OO DD OO ODOODOOHRHOO OO0 OOOO
SO0 OO OO0 OO0 O OO0 OO0 O OO O OO
SO0 OO OO0 OO0 OO OO OO0 OO OO OO
SO0 OO OO0 OO OO OO0 OO O OO OO O
OO OO OO0 OO OOOCO0O0 OO OO OO OoOO
OO OO OO0 RPOOOODOOO RPOoOOoOODOoOOOoO O OO

SO0 oo O OO+ OO0 OO OO
SO0 OO OO, O OO0 OO o oo

o
o

inputsignal and output signalsin the case of an 8-pointtransform. Py =T, W;HT]

The proposed method in [20] gives a particular solution for a spe- !

cial kind of transform family, including WH, for which an output Zi =Y PX;
j=0

block is formed by taking some fixed pattern (i.e., not halves) of
two adjacent blocks in [21]. The solutions are given based on a
specific fast algorithm so that for practical applications, several
kinds of processors should be designed due to different CombineL-I_h block di . v th .
tion of transforms and delays. In other words, this is not a genera € bloc |agram_structure IS ex_act y the same as F.'g' L
solution for arbitrary offset patterns and transform pairs. To over- pte that t_he mgtrlx_ produdﬁ/j His qperat|on .O.f pa”'“o.”
come these drawbacks, we propose a generalized solution u&@inter matrix H |_m_pI|C|tIy. Once an f||ter.<.:oeff|c:|ent _set IS
the NTDF method. To cast the sub-adjacent block problem in n, we can explicitly write dovvp th.e partitioned '””"?“”CGS- AL
NTDF context, we consider a simple delay filter as the offset o S mom_e”t’ the ab_ove expression 1s more conve_nlent, bu_t we
eration. We can notice that the procedure takes the form “tra e pa_rtmoned_mr_;\trlces expression in Section 1V, since the filter
form-filter-transform” with potentially nonuniform block Size_coefﬂment setis fixed.
This is exactly the NTDF structure, and hence can be directly im-
plemented using (8)—(10). Ill. M ULTIRATE TDF
As an example, we give the solution for the sub-adjacent|n this section, we generalize NTDF to MTDF in order to con-
block problem for the IDCT and Haar transform pair; when theider the case where the input and output rates are different. We
IDCT block size is four, the Haar transform block size is eightiefine MTDF as a transform-domain filter which has the same
and a new block is formed by a shift of two samples. This efanctionality as a combination of transform, rate-change opera-
ample can be thought of as a DCT-domain edge detector. A shifin, filtering, rate-change operation, and transform as shown in
of two samples implies a second-order pure delay filter Figs. 3 and 4. Note that this is a general case of NTDF combined
My=4, My=8 M=lcm(4,8)=8 with a_de(_:imator and a @nterpolator. MTDF is applicab!e to any
combination of appropriate transforms, and also provides arbi-

Z:L%J:L

M =2, M =1 trary fractional rate change functionality. In order to obtain an
M, ) M, explicit representation in a form similar to the NTDF and uni-
Tiper = L2x2 @ Tincr form TDF structures, we divide the definition into two cases,

Thaar = I1x1 © THaar- as shown in Figs. 3 and 4. We define MTDF Case | as the one
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—= T —-’(i}—* h(n) —><:)——> T: —

- Mi > - M2 >

(a)
‘>@——> T, » h(n) - T2 —>@———>
LM <-NMr>
()
_>@__> TDF ——»@—>
(c)

Fig. 3. Definition of MTDF (Case I). (a) System model. (b) Equivalent MTDF model. (c) Equivalent uniform TDF implementation.

— T —>@—> h(n) —p@——> T —»

- M; > - My
(@)
—»@———» T - h(n) - T2 —»@——»
M1 /N-» M2 /I
(b)
—»@——» TDF ———»@—»
()

Fig. 4. Definition of MTDF (Case Il). (a) System model. (b) Equivalent MTDF model. (c) Equivalent uniform TDF implementation.

where the interpolator precedes the decimator, and MTDF Cdséhe vertical direction, inserted rows must have the value zero
Il the one where the decimator precedes the interpolator. Tfza example is given below). Consequently, one such valid ma-
two possibilities of equal or unequal transform sizeg (% M,  trix can be obtained by setting all inserted elements to zero; the
andM; = M,) are considered simultaneously. expanded matrif’ can then be expressed as

A. MTDF Case | Lo Nx s Ny = Lo(a <) @ INxn (13)
We examine first the structure of MTDF Case |. The purpose
of our derivation is to obtain the equivalent structure in the forifhere
of a uniform TDF. The first step is to exchange the decimator 1 0
and the transforris in the output. Using the definition of dec- 00 .
imation (whereV — 1 out of V samples are discarded), we can Inev =17
easily see that we can exchange the decimator and the transform
just by “upsampling” the matri¢s both horizontally and ver-
tically. In the horizontal direction, the values of inserted com- Inthe second step, we exchange the interpolator and the trans-
ponents do not affect the system in any way, since their effdotm 77 in the input. Again, using the definition of interpola-
is eliminated by the decimation stage that immediately followson (wherel. — 1 zero-valued samples are inserted after each
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original sample), we can see that we can exchange the inter- 1, I=k+jlem(LM;, NM>)
polator and the transform just by upsampling the matfidn ,,  _ k=0,1,...,lem(LM, NM>) -1 (18)
the horizontal and vertical directions. In this case, the role of 1=0,1,...,lem(LM;, NMy) +q—2
inserted rows and columns is reversed. When upsampling hor- 0, otherwise
izontally, inserted values must be zero; when upsampling vers, _

y psampling =T,W,HT] (19)

tically, the precise value of inserted components becomes irrel-
evant. Hence, a valid choice is obtained by setting all inserted

elements to zero, in which the expanded maffixcan be ex- with
pressed as , .
T = Inem(LM,, NMo)/ LM x (lem(LM,, NMy) /L,y @11 (20)
Tianpxant) = T san) @ Joxi. (14) and

We can finally combine the interpolation and decimation CXTY = Ttem (LM, N Ma) /N Ma)x (lem( LMy, N Ma)/N M) @ T2 (21)

changes, as shown in Fig. 3(c). As we see, excluding the up-
sampling and interpolation stages, the end-system has exactly

the structure of a nor_1uni_form TDF. S_ummarizing, the procedurz _ Z PiXi_; (22)
for the general solution is the following. iz
Step 1: Replacéf; — LM;.
Step 2: Replacéf, — NM,. l= {lcm(ljéxz]\]jM;\?]\; (31 — 1J (23)
1, 2

Step 3: Replace the transform stagesThyand7; as given

above.

The nonuniform TDF problem can be converted to a uniforrgl As;.shova?hln.Ftlg. 3’|ﬂ:e t(;:al _?gllictgrel'ls gl\{en tby the Cdotmh-
one by expanding to the least common multipleld¥/; and ination ot the interpofator, the pipetine structure, and the

NM,. The equations describing the TDF components for tlgeeumator. As aresult, it still has the merits of the conventional

MTDF problem can then be written as follows: uniform TDF.

B. MTDF Case I
H= [hij](lfm(’j’wn’\:”‘42>.+4—}>X1“m<’/’”1:NMz) (15) Let us now consider Case Il, where the decimator precedes
h(i = ), J Le<y+yg the interpolator. As in Case |, the purpose of our derivation is
oo — i=0,1,.... lem(LMy, NM2)+q—2 g obtain the equivalent structure in terms of conventional TDF.
I j=0,1 lem(LM;, NM>y) —1 i . i
J=0 1. L 2 Here we will follow a reverse procedure: we will start from the
0, otherwise equivalent TDF structure, and work our way back to the MTDF
(16)  architecture. The reason is that, as we are going to see, the re-
W = [Whtliem(LM;, N Ma)x (lem(LMy, N Ms)+q—1) (17) duction is not always possible.
5o 0 tf, 0 0 th, 0
X X X X X X X X X
X X X X X X X X X
h= sy 0 0 t, 0 0 t, 0 0 (24)
X X X X X X X X X
X X X X X X X X X
My XMy
2, x X t%:l X X 2, x x
0 0 O 0 0 O 0 0 O
0 0 O 0 0 O 0 0 O
L= t%:o X % t%:l X X t%:Q X X (25)
0 0 O 0 0 O 0 0 O
0 0 O 0 0 O 0 0 O

Mo X Mo
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First, we assume that we have a transform @dir73 in whereC is the8 x 8 DCT matrix
MTDF Case Il as shown in Fig. 4(b). We then find the trans-
forms1; and15, as shown in Fig. 4(a), so that we have equiva-
lent functionality to the one in Fig. 4(b). We assume that/ N
andM, /L in Fig. 4 are both positive integers. In the same way

we exchanged the transform operations with the decimator and My =8, M;=8, NM> =16
interpolator in Case |, we can similarly exchange them in this
case as well. One can easily verify that the form of the ex- lem(LM,, NMy) = lem(8, 16) = 16

changed (“upsampled”) transform matrices will be given by (24)
and (25), shown at the bottom of the previous page, wﬁéfe

andtf" ; are the elements dff and7; respectively, andX” de- H = [hijlazx1e
notes “don’t care” values o o

We see then that the exchange of the interpolator and the dec- h(i—=g), J<i<j+7
imator is only possible if; andZ; have the specific structure hij = t=0,1 -, 21
in (24) and (25). This limits the applicability of Case Il in prac- j=01--,15

0 otherwise

7

tical situations, but we should note that a configuration with the
interpolator (upsampling) as the last stage is not typical anyway.

) ) W = [wri]ie6x22
Assuming that we are given an MTDF problem where the

transform matrices satisfy the above requirements, we can con- 1, l=Fk+716
vert it into an NTDF problem and subsequently to a uniform k=0, 1‘7 s, 15
TDF one by following the steps detailed in Section II. The trans- Wkt = 1=0,1,---,21
form size of the equivalent uniform TDF will be 0, otherwise

P; = T,W;HTY

T = Iy @ (CTF @ Jix1)
The equations describing the various TDF components can be
easily obtained from (1) to (7) after the matricBsandT} are T} = Iy @ (C @ Jaxa)
expanded according to (8) and (9).

4
C. 1-D TDRT Problem Zi=Y_ PXi,
7=0

As a practical application of MTDF, we examine a general 99
solution to the TDRT problem. In this problem, we want to con- == =L
vert the rate (or resolution) of a signal that is provided in the 16
transform domain. The output signal can have the same or dif-
ferent transform size, and it can even be represented in a dif-
ferent transform domain. TDRT is a natural concept for com- IV. 2-D TDRT
pressed images and video; in this case, the transform is DCT ) ) . ) )
and the transform sizes are typically the same (8) for both theln this section, we apply MTDF in order to find a solution
input (inverse) and output (forward) transforms. f_or 2-D TDRT proplem. We fo_IIow a restrl_ct|0n to generaliza-

To resample a digital signal we perform two operations: |0V\;|_on_procedure. First we obtain the sqlutlon under some con-
pass filtering and sampling rate change. For an MTDF-bas%tﬂa'ntS',a”d later we relax.the const_ralnt_s for more generalllzed
resolution translation system, and in order to avoid the trarfXPression. The problem is shown in Fig. 5 and we consider
form structure limitations of Case II, we only consider a desigf!ly MTDF Case | as a potential solution. We restrict ourselves
that follows Case I. The resolution translation operation for tHg the beginning in following assumptions with little loss of gen-

general case of fractional rate change involves upsampling &@!ity First, sampling factors for down/upsampled images are

low-pass filtering, followed by downsampling. The filter repreSame inz andy directions. This means the output images are

sents the combination of the two interpolation and decimatiG§/ed With same ratio im andy directions. Second, the 2-D
filters (the ideal filter would have a cutoff atin{x/L, =/NV). digital filter is separable {(m, n) = vhx,) and its length is
The MTDF system block diagram is identical to the one showjited in —r < m, n < inwhichr = lem(LM:, NMs).

in Fig. 3. Let us consider, as a specific example, the case whéefis fllte_r length is still not short, for at least the filter length of
we use an 8-point DCT transform, a decimation factor of twh’ X 17 IS guaranteed at = 8. . . _
(no interpolator), and a 7-tap low-pass filter. The parameters of'Ve first follow same procedures as in MTDF in the previous

the TDF system shown in Fig. 3 can be expressed as followsSection. Fig. 5(a) shows upsampling and downsampling factors
asL and NV, by which bothz andy directions are represented.

Matrices in Fig. 5(b) can be represented by (13), (14), (20), and
T,=C'T,=C (21).
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Then, we define a vertical and a horizontal filter in matrix Now, letz denote a spatial domain input block of sizex 3r,
forms. Note that we use now explicit expressions for filter maubdivided into nine: x r blocks as follows:
tricesV and H, since the filter coefficient sets are given due to

our limiting filter length in the second assumption as in (27) and Ti1 T2 T13

(28), shown at the bottom of the page. r=| 221 Z22 a3 (32)
We partitionV and H into [Vy, Vs, V3] and [Hy, Hs, Hs], T31 Taz L33

where

Ther x r output blockys, that corresponds to the central
input blockz is given by

V_p Ul—yp Vo4 v— v—
0 V_p  Vi—y V_3 V2 +
0 0w, v_y v Y22 =VaH (33)
Vi= (29) S
Yo2 = Z Z Viai;HY. (34)
. . . . . . . Z=1 ]=1
0 0 . . 0 U_p . .
Since 2-D transforms are given by, = Ty22T", the second
Yo U1 V2 Upr—2 VUr-1 transform-domain values aii&; = Thy22T5"
V-1 Yo v1 Up—3 Up—-2
V_2 V-1 Yo Up—4 Up_3 3 3
Vo = (30) Yoo =3 Y TyViwi HiT,'. (35)
i=1 j=1
Vi_p Vo_yp Uz—_p . . U_q Vo If we define X;; as the first transform-domain values,; =
T{X,;T\". Thus, overall representation is given by
and
3 3
Yoo = TV X, T HIT (36)
w 0 0 . . 0 0 22;;21”’2
Vp_1 U, o . . 0 0
Up—2 Vp—1 vp . . 00 If we define P! and P}° by
Vs = S (31)
0 0 col
o 0 Pl =T0v,T] (37)
v v v, Vp_1 Up
1 2 3 1 and
with similar definitions ofH:, H», andHs. P = T HITY! (38)
V_p Viop Va_p v_ Vo Up_1  Up 0 o . . 0 0
0 V_p  Ul_p v_ v_1 Up_2 Up_1 Up 0 0 0
0 0 V.p - . V.3 V_g Vp_3 VUp_2 VUp_1 VUp - - 0 0
V= @7
0 0
. . U, 0
0 0 U_p Vi Vg vy vy U3 Up_1  Up
e, hi_, ho_, h_i  ho ho_1  h, 0 0 0 0
0 h_,. hi_, h_o h_y hy_2 h,.—_1 h, 0 0 0
0 0 h_, h_s h_o hyp_s hy_o h,._1 h, 0 0
H= . (28)
0 0
. h,. 0
0 0 h_, hi_, ho hy ha D hy—1 h,
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E— Ti ’>®—> f(m,n) —»@——» T2 —»

Lx,Ly Nx,Ny

- Mi—» -~ M2 »

(a)
——»@——» T, > f(m,n) > T2 ——@——»
LL N,N
LM ~-NMz>
(b)
A>®——> TDF v,®_,
LL N,N

(c)

Fig. 5. Definition of 2-D MTDF. (a) System model. (b) Equivalent 2-D MTDF model. (c) Equivalent 2-D uniform TDF implementation.

then STORAGE
3 3 P
Yoo = Z Z -PZ‘COlXij-P;OW- (39) : ' P%Ol
i=1 j=1 ! » P
_ . T~ P
We now relax the filter-length constrains for more general- ! XHP\\
ized expression. If the filter length is ov&r + 1, we can repre- k% e : "
sent the vertical and horizontal filter matrices with more parti- T~ | X5ig 4 TCombination of pre/post
. . . . >~/" % Y3 maltr iplications
tions, not just three. How many partions we can get just affect: Xa| o AT :
the upper limit of summations. For example, if we géP as T L X3 row
the number of partitions, above equation is rewritten by 1] (K ’ : lew
~_ 32 P2
~_ 33 Y
NP NP T~
Y(NP/2)+1,(NP/2)+1 = Z Z PiCOIXiJ’P;OW' (40) (a) (b)
i=1 j=1
Fig. 6. Software/hardware pipelining structure of 2-D transform-domain
translation. (a) Structure. (b) Sub-routine/sub-processor.
A. 2-D TDRT Example whereC is the8 x 8 DCT matrix

Recently, a direct DCT domain implementation technique for
image resizing was presented in [14], [15]. We have driven that
2-D MTDF can be used a core part of DCT domain image re-

N=2 L=1 ¢=33

sizing issue, which is called 2-D TDRT in this paper. The reso- M, =8, My =8, NM; =16
lution translation operation for the general case of fractional rate
change involves upsampling and low-pass filtering, followed by lem(LM,, NM,) = lem(8, 16) = 16.

downsampling. The filter represents the combination of the two
interpolation and decimation filters (the ideal filter would have The pipeline matrices for columns and rows are
a cutoff atmin{n/L, n/N}). The 2-D MTDF system block di-
agram is identical to the one shown in Fig. 5. Let us consider, Pl =TV, T)
as a specific example, the case where we use an 8-point DCT prow — it gt
; ; ; j =41 H5do
transform, a decimation factor of two (no interpolator), and a
32-tap low-pass filter. The parameters of the TDF system showpI
g ere
in Fig. 5 can be expressed as follows:

Tll IIQ><2 ® (C_l ® J1><1)
T=C"'"T=C Ty =151y ® (C @ Jaxa)
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with the same definition o¥; andH; in (31)—(35) at" = 16.
Then

713

These results directly generalize those reported in [12]:
NTDF eliminates the limitation of regular TDF in terms of

allowing different transform sizes, whereas MTDF eliminates

3 3

Yoo = Z Z PiCOlXijP;OW

i=1 j=1

— Pfolelplrow + Pf01X12P2row + PfOIXlg.PéOW
+ P2colX21P1row + P§01X22P2row + P§01X23P§0W
+ PfOIXgl.PerW + P§01X32P2row + P§01X33P§OW.

the limitation of NTDF by allowing different input and output
signal rates. These two extensions allow the TDF architecture
to be applied to a large variety of relevant applications, such as
2-D image processing and compression.
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[1]
V. CONCLUDING REMARKS

In this paper, we defined NTDF, which is a generalized ver- [2]
sion of conventional TDF in terms of allowing differing input 3]
and output transform sizes (as well as different types). We have
analyzed the structure of NTDF systems and shown how they4]
can be converted to an equivalent TDF one, for which the solu-
tion is readily available. We also showed how to extend NTDF [5)]
to MTDF, where the rates of the input and output signals are dif-
ferent, and follow a rational proportionality relationship (frac-
tional rate change). Here we distinguished two different cases,
depending on if the interpolator precedes the decimator (Case
) or vice versa (Case Il). We showed that Case | can be con-
verted to an NTDF problem, while for Case Il this is possible
if and only if the transform matrices have a particular structure.
We should note that, for both NTDF and MTDF, extensions to 8
multiple dimensions are trivial, as long as the transform opera-
tion is a separable one. [9]

As practical examples of the utility of NTDF and MTDF, we [10
showed how they can be used to provide general solutions to
the sub-adjacent block problem as well as the 1-D/2-D TDRT
(conversion) problem. These solutions sidestep most of the linf2H
itations of existing approaches in terms of allowable transform
type or filter structure [19] and generalize the issues in [20]/12]
[14], and [15] to a combined form of transform domain FBDS
and FAUS cases. These two examples are strongly connectad]
with applications involving coded images and video, since trans-
form coding is a core component of most of the standard cont*
pression schemes (JPEG, MPEG-1, MPEG-2, H.261, H.263).

We have shown that the fundamental expression in botHS]
NTDF and MTDF is that of the matrix-vector product, leading
to various advantages for a TDF hardware/software implepe]
mentation. After the filter coefficients are determined, we can
precalculate the matrix coefficient blocks that appear in thém
TDF analyses; thus, all potential arithmetic (finite precision)
errors disappear, except for the matrix block multiplication.[18]
Note that the same accuracy remains after the original dathg]
is shifted in the course of pipelining. That is, the pipelining
structure itself guarantees a small and uniformly distributed
arithmetic error, which is only due to the individual ma-
trix-vector multiplications.

20]

R. Stevenson, for his kind suggestion.

REFERENCES

K. R. Rao and J. J. Hwandlechniques and Standards for Digital
limage/Video/Audio Coding Englewood Cliffs, NJ: Prentice-Hall,
1996.

N. Ahmed, T. Natarajan, and K. R. Rao, “Discrete cosine transform,”
IEEE Trans. Computvol. C-23, pp. 90-93, Jan. 1974.

N. Ahmed and K. R. RaoQrthogonal Transforms for Digital Signal
Processing New York: Springer-Verlag, 1975.

W. H. Chen and C. H. Smith, “Adaptive coding of monochrome and
color images,"IEEE Trans. Communvol. COM-25, pp. 1285-1292,
Nov. 1977.

S. F. Chang and D. G. Messerschmitt, “Manipulation and compositing
of MC-DCT compressed videoJEEE J. Select. Areas Commungol.

13, pp. 1-11, Jan. 1995.

——, “A new approach to decoding and compositing motion compen-
sated DCT-based images,” Proc. IEEE ICASSP '93Minneapolis,
MN, Apr. 1993, pp. V421-V424.

7] A. Eleftheriadis and D. Anastassiou, “Meeting arbitrary QoS constraints

using dynamic rate shaping of coded digital video,"Hroc. 5th Int.
Workshop Network and Operating System Support for Digital Audio and
Videg Durham, NH, Apr. 1995, pp. 95-106.

] ——, “Constrained and general dynamic rate shaping of compressed

digital video,” Proc. 2nd IEEE Int. Conf. Image Processjngp.
111.396-399, Oct. 1995.

B. Chitprasert and K. R. Rao, “Discrete cosine transform filtering,”
IEEE Trans. Signal Processingol. 19, pp. 233-245, 1990.

W. H. Chen and S. C. Fralic, “Image enhancement using cosine
transform filtering,” presented at the Image, Science, and Mathematics
Symp., Monterey, CA, Nov. 1976.

S. A. Martucci, “Symmetric convolution and discrete sine and cosine
transforms,”IEEE Trans. Signal Processingol. 42, pp. 1038-1051,
May 1994.

J.B.LeeandB.G. Lee, “Transform domain filtering based on pipelining
structure,"EEE Trans. Signal Processingol. 40, pp. 2061-2064, Aug.
1992.

D. Kim and B. G. Lee, “Transform domain IIR filtering/EEE Trans.
Signal Processingvol. 43, pp. 2431-2434, Oct. 1995.

] A. Neri, G. Russo, and P. Talone, “Inter-block filtering and down-

sampling in DCT domain,’Signal Processing: Image Commupp.
303-317, June 1994.

N. Merhav and V. Bhaskaran, “Fast algorithms for DCT-domain image
downsampling and for inverse motion compensatiéBEE Trans. Cir-
cuits Syst. Video Technpliol. 7, pp. 408-476, June 1997.

S. A. Martucci, “Image resizing in the discrete cosine transform do-
main,” Proc. IEEE ICIP’95 vol. 3, no. 2, pp. 244-247, 1995.

T. Fjallbrant, “A wide-band approach to adaptive transform coding of
speech signals a tms 320 signal processor implementatiorRtda.
|IEEE ISCAP-85Kyoto, Japan, 1985, pp. 312—-324.

S. Y. Kung,VLSI Array Processors Englewood Cliffs, NJ: Prentice-
Hall, 1988.

W. Kou and T. Fjallbrant, “A direct computation of dct coefficients for a
signal block taken from two adjacent block$£EE Trans. Signal Pro-
cessingvol. 39, pp. 1692—-1695, July 1991.

——, “Fast computation of transform coefficients for a subadjacent
block for a transform family,1EEE Trans. Signal Processingol. 39,

pp. 1695-1699, July 1991.



714 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 10, NO. 5, AUGUST 2000

[21] W.Kouand Z. Hu, “Several methods of constructing discrete orthogon ™ s
transforms,”Acta Electron. Sinicavol. 14, pp. 95-102, May 1986.

W Alexandros Eleftheriadis (S'88—M’95) was born in

s Athens, Greece, in 1967. He received the Diploma
in electrical engineering and computer science from
the National Technical University of Athens, Athens,
Greece, in 1990, and the M.S., M.Phil., and Ph.D. de-
grees in electrical engineering from Columbia Uni-
versity, New York, in 1992, 1994, and 1995, respec-
tively.

Since 1995, he has been on the faculty of the De-

Jae-Beom Lee(M’'99) was born in Pusan, Korea,
in 1965. He received the B.S. degree in electronic
engineering from Yonsei University, Seoul, Korea
in 1988, and the M.S.E. degree from Seoul Natic_m partment of Electrical Engineering, Columbia Uni-
University, Seoul, Korea, and Columbia University, versity, currently as an Associate Professor, where he
NY, in 1990 and 1996, respectively. He is currentlyjs |eading a research team working on media representation, with emphasis on
pursuing the Ph.D. degree in the Department ofultimedia software, video signal processing and compression, video commu-
Electrical Engineering, Columbia University, wherenijcation systems (including video-on-demand and Internet video), and the math-
he is a Graduate Research Assistant with thematical fundamentals of compression. He is also Co-Principal Investigator of
ADVENT Group. the ADVENT Project (http: //www.ee.columbia.edu/advent), an industrial affil-
He has been a Senior Engineer, working on videgates program at Columbia University that is performing research on all aspects
processing/compression at the C-Cube/DiviCom, NY (NYDC), a DiviCom uni digital video representation, communication, and description. He is a member
of C-Cube Microsystems, since July 1999, where digital video networking/sysf the ANSI NCITS L3.1 Committee and the ISO-IEC JTC | /SC29/WG | |
tems issues are focused. In 1998, he was a Summer Technical Employee YtPEG) Group, who develop national and international standards for audio and
the Video Compression Systems Lab, Samoff Corporation, working on MPEGyigieo coding. He has served as the Editor of the MPEG-4 Systems (ISO/IEC
compressed domain logo Insertion. In 1990-1991, he w as a Member of Tegh496-1) specification and has authored more than 60 publications in interna-
nical Staff with the Advanced Television Group, Samsung Electronics R&%naﬂ journa|s and conferences and holds six patents (11 pending).
Center, Suwan, Korea, working on subband-based HDTV proposals. His repr. Eleftheriadis is on the Editorial Board of théultimedia Tools and Ap-
search interests include MPEG-2/MPEG-4 video and very low bit-rate videgications Journal and has served as a Guest Editor, Committee Member, and
coding technology and its systems issues, 3-D depth camera applications to ®iyanizer for several international journals and conferences. He is a member of
low bit-rate video coding, and compressed-domain video manipulation with efae ACM, the AAAS, and the Technical Chamber of Greece, and the recipient
phasis on transcoding. of a National Science Foundation CAREER Award.




