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Abstract

In this paper, we address a new fast DCT-II/DFT/HWT hybrid transform architecture for digital video and fusion mobile 
handsets based on Jacket-like sparse matrix decomposition. This fast hybrid architecture is consist of source coding standard as 
MPEG-4, JPEG 2000 and digital filtering discrete Fourier transform, and has two operations: one is block-wise inverse Jacket 
matrix (BIJM) for DCT-II, and the other is element-wise inverse Jacket matrix (EIJM) for DFT/HWT. They have similar recursive 
computational fashion, which mean all of them can be decomposed to Kronecker products of an identity Hadamard matrix and a 
successively lower order sparse matrix. Based on this trait, we can develop a single chip of fast hybrid algorithm architecture for 
intelligent mobile handsets.

Keyword : DCT-II, DFT, Wavelet, Jacket Matrix, Element/Block-wise Inverse, Sparse Matrix decomposition, Hybrid 
Transform, mobile handsets.

I. Introduction

THE Last Decade has been seen a quiet hybrid fusion 
revolution in digital video technology. Digital video is ev-
erywhere such as DVD, players, computers and mobile 
handsets. Nowadays, many of us are just as likely to catch 
the latest news on the web as on the smart TV and iphone. 
Video compression is essential to all of these applications. 
The discrete cosine transform (DCT-II) is popular com-
pression structures and it is usually accepted as the best 
suboptimal transformation that its performances is very 
close to that of the statistically optimal Karhunen-Loeve 
transform  for MPEG 4  and H.264 standard[1][2]. Discrete 

orthogonal transform has found applications in signal clas-
sification and representation[1-7]. The discrete signal proc-
essing of DFT (Discrete Fourier Transform) is a popular 
transformation for OFDM-4G (Orthogonal Frequency 
Division Multiplexing) and 4 Generation Mobile Commu- 
nication[8-9].The OFDM is a key technology for next-gen-
eration cellular communication (3GPP-LTE, mobile 
WiMAX, IMT-Advanced) as well as wireless LAN. (EEE 
802.11a, IEEE 802.11n) Wireless PAN (Multiband 
OFDM), and a broadcasting (DAB, DVB, DMB) which is 
based on DFT. Furthermore, the discrete wavelet transform 
based on the Haar Transform (HWT) is also very useful 
in JPEG 2000 standard and signal analysis[7][10]. To analyze 
these four different transforms, we now focus on the sparse 
unified matrix factorization for unified chip set based on 
Jacket matrix[11-17][20-22].

The analysis and deco신position of the sparse matrix 
demonstrated as a useful tool to develop the fast computa-
tions and character generalization. The DCT-II, DFT and 
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HWT matrices can be decomposed to one orthogonal char-
acter matrix and a special sparse matrix. The inverse of the 
sparse matrix is from block -wise inverse or element -wise 
inverse (proved in appendix). Mathematically, let  be a ma-
trix,, then the matrix A is a Jacket matrix[15-16]. Obviously 
the special sparse matrix belongs to Jacket matrix. 

We focus on the unified architecture of the sparse ma-
trix decomposition and propose hybrid architecture to 
combine the DCT-II, DFT and HWT together. This pa-
per is organized as follows: in section II, we introduce 
the block-wise inverse sparse matrix decomposition for 
DCT-II matrix. In section III and section IV, we in-
troduce the element-wise inverse sparse matrix decom-
position for DFT and HWT matrices, respectively. In 
section V, the hybrid architecture of the three transforms 
and their relationships are expressed. The conclusion is 
given in section VI.

II. BLOCK-WISE Inverse sparse matrix 
Decomposition for DCT-II Transform

The DCT-II[1][3][20-21][23-25] matrix can be expressed as: 

[ ] ,,

2 (2 1) 2cos
2

1/ 2 , 0 , 0,1,..., 1
1 , 0

N m N m nm n

m

m nC c
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mc m n N
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The basic matrix is 2×2 matrix, which is given as fol-
lows:
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C é ù
= =ê ú-ë û

C (2)

                                                 
The N×N DCT-II matrix can be given as: 
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where

cos( / ), 1, 2 1, 0,1, , 2, 0,1, , 1k
l i jC k l k i j i N j Np= = + F = + = - = -L L

We can build a Jacket-like matrix to decompose the 
DCT-II matrix easily by multiplying some permutation 
matrices. Thus, we can define a row permutation matrix 
[10] as

[ ] ,

1, 2 mod ,0 / 2 1
Pr 1, (2 +1) mod , / 2 1 , 0,1 , 1

0,
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if i j N j N
Pr if i j N N j N i j N
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Furthermore, we can also define a reversible permutation 

matrix, the column permutation matrix as follows
  

[ ] /2

/2

0
,

0
N

N
N

I
Pc

I
é ù

= ê ú
ë û

(5)
  

                                                         
where is identity matrix, and is opposite identity matrix.

From Eq. (4) and Eq. (5), note that 

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]1 1
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I Pc I Pc Pc- -= = = = (6)

        
Fortunately, by multiplying and matrices on the both 

sides of DCT-II matrix, respectively, we can get the 
Jacket-like matrix and decompose the DCT-II in an easy 
method.  

The permuted 2×2, 4×4 and 8×8 DCT-П matrices are

° [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

° [ ] [ ] [ ]

° [ ] [ ] [ ]

2 2 2 2 2 2 2 22

2 2 2
4 4 44 2 2 2

4 4 4
8 8 88 4 4 4

Pr P

02 1Pr
04 2

02 1Pr
08 2

C C c I C I C

C I I
C Pc

B I I

I I
C Pc

B I I

é ù = = = =ë û

é ù é ùé ù = = ê ú ê úë û -ë û ë û

é ù é ùé ù = = ê ú ê úë û -ë û ë û

C

C

C
C

(7)



784 방송공학회논문지 2011년 제16권 제5호

Generally, the permuted DCT-II matrix [ ]NC~  can be re-

cursively formed by using 
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where [ ] 2/NB  can be calculated by
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where }2/,...,2,1{, Nnm Î .
The inverse form of (8) can be simply computed by
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Then, we have the block-wise inverse Jacket sparse ma-

trix 
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Furthermore, it was provided in [24] that the submatrix 

[ ]NB can be represented by 
     

[ ] [ ] [ ] [ ]N N N NB L D= C (12)  

                                              
where  
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Proof the expression of Eq. (12): 
Obviously, by using the relationship of sum and differ-

ence formulas of cosine function, we have 
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By taking Eq. (13) and into the right hand side of Eq. 
(12), we have 
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According to Eq. (9), the left hand side of Eq. (12) ma-

trix [ ]NB  from [ ]2NC  can be represented by 
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So we can obtain Eq. (14) and Eq. (15) are the same 

and the expression of Eq. (12) is correct.            ■
  Thus the permuted DCT-II matrix can be written by 
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그림 1. N×N DCT 고속신호처리도
Fig. 1. Butterfly data flow graph of the proposed  computation of the N×N DCT-II transform

The DCT-II general recursive form is shown as follow
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The Eq. (17) can be represented by
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The Eq. (18) of butterfly data flow graph is shown as 
in Fig 1. 

III. Element-wise Inverse Sparse Matrix 
Decomposition for DFT Transform

The DFT is a Fourier representation of a given sequence,  
 , ≤ ≤ and it is defined by [3-4].
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where 




,   . The N-point DFT matrix can 
be denoted by   . 
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Similar to the section П, we can write a permuted 4×4 

DFT matrix by using 
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그림 2. N×N DFT 고속신호처리도
Fig. 2. Butterfly data flow graph of the proposed computation of the N×N DFT transform
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The permuted 8×8 DFT matrix is
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Generally, the N×N permuted DFT matrix has
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Its inverse from can be obtained by using EIJM, which 
is attached in the appendix
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Just like in 4×4 permuted DFT matrix, we can get the 
inverse of submatrix by Jacket matrix as below
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The submatrix  can be written by 
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where and  is the complex unit for 2N-point DFT matrix. 
Similar to (16), we can rewrite the permuted DFT matrix 
by using

/ 2 /2/2

/2 /2/2 /2 /2

/2 /2 /2 /2
2 /2

/2 /2 /2 /2

0
0 Pr

0 0
0 Pr 0

N NN
N

N NN N N

N N N N
N

N N N N

I IF
F

I IF W

I I I I
I F

W I I

é ù é ùé ù = ê ú ê úë û -ë ûë û
é ù é ù é ùé ù= Äê ú ê ú ê úë û -ë û ë û ë û

%
%

%

%

(28)

As a result, the general recursive form DFT matrix can 
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be expanded as  

[ ] [ ] [ ] [ ]1 /2 2
/2 /2 2

/2 2

/2 /2 /22 2 2
/2 /2

/2 /2 /22 2 2

0 0
Pr Pr ...

0 Pr 0 Pr

00
...

00

N
N NN N NN N

N N N
N N

N N N

I I
F F I I F

I I II I I
I I

W I IW I I

- é ùé ù é ùé ù= = Ä Äê úê ú ê úë û ë ûë û ë û
é ù é ù é ù é ùé ù é ù

Ä Äê ú ê ú ê ú ê úê ú ê ú --ë û ë û ë û ë ûë û ë û

%

(29)

  

The Fig.2 shows the butterfly data flow graph of Eq. (29). 

IV. Element-WISE Inverse Sparse Matrix 
Decomposition for HWT Transform

The discrete wavelet transform based on the Haar matrix 
(HWT) [7], from N components of the signal to N wavelet 
coefficients, is expressed by a N×N matrix S. Here come 
the two directions: Synthesis in discrete time:  , 

Analysis in discrete time:  , where    . 
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(31)

where:

[ ] / 2

/ 2

0
0
N

N
N

I
Pi

I
é ù

= ê ú
ë û , 

[ ] [ ] / 2

/ 2

0
Pr

0
N

N N
N

I
Pj

I
é ù

= ê ú-ë û
(32)

Moreover, set

[ ] [ ] [ ] [ ] [ ] [ ]1 1 /2

/2

0
, Pr

0
N

N N N N N N
N

I
Pa Pi Pi Pb r Pj r

I
- - é ù

= = = = ê ú-ë û
(33)

  

Similar to the section II, we can write a permuted 4×4 

HWT matrix by using 

° [ ] [ ] [ ]

°

4 4 44
2 2 2 2

2 2 2 2
2 2

2 2

22 2 2 2 2
1 1

22 2 2 2 22 2

0 0 1 0 1 0 0 0
0 0 0 1 0 0 1 0
1 0 0 0 0 1 0 00 0
0 1 0 0 0 0 0 10 0

00
0 0

H Pi H Pj

r r r r
I Ir r r r r
H Hr r

r r

II I I I I
r r

H I I I IPi H Pj- -

é ù =ë û

é ùé ù é ù
ê úê ú ê ú- é ù- -ê úê ú ê ú= = ê úê úê ú ê ú -- ë ûê úê ú ê ú

-ê ú-ë û ë ûë û
é ùé ù é ù é

= = ê úê ú ê ú ê- -ê úë û ë û ëë û

ù
ú
û

  °
22 2 2 2

22 2 2 2

00 0
0 00

II rI I I
Pa Pb I IH

é ùé ù é ù é ù
= ê úê ú ê ú ê ú-ë û ë û ë ûë û

(34)

        
For the 8-point HWT, the permuted 8×8 HWT is 

° [ ] [ ] [ ]

°

4 4 4
8 8 88 4 4 4

4 4 4
1 1

4 4 44 4

0
0

0

0

I I I
H Pi H Pj r

H I I

I I I
r

I IPi H Pj- -

é ù é ùé ù = = ê ú ê úë û -ë û ë û
é ù é ù

= ê ú ê ú-ê ú ë ûë û

°

4
64 6 4 4 4

2
24 2 4 4 4

2

0
00 0 0

00 0 00

I
II I rI I I

rI
Pa Pa Pb I IH Pb

é ù
é ùé ù é ù é ù é ùê ú= ê úê ú ê ú ê ú ê úê ú -ë û ë û ë û ë ûë û ê úë û

(35)

In general, we can write that

° [ ] [ ] [ ]

°

/2 /2 /2

/2 /2 /2

/2 /2 /2
1 1

/2 /2 /2/2 /2

0
0

0

0

N N N
N N NN

N N N

N N N

N N NN N

I I I
H Pi H Pj r

H I I

I I I
r

I IPi H Pj- -

é ù é ùé ù = = ê ú ê úë û -ë û ë û
é ù é ù

= ê ú ê ú-ë ûë û

°
/2/2 /2 /2 /2

/2/2 /2 /2 /2

00 0
0 00

NN N N N

NN N N N

II rI I I
Pa Pb I IH

é ùé ù é ù é ù
= ê úê ú ê ú ê ú-ë û ë û ë ûë û

(36)

    
The Eq. (36) of general recursive form for HWT matrix 

can be rewritten as
    
[ ] [ ] ° [ ]1 1

N N NN
H Pi H Pj- -é ù= ë û

[ ] °

4 4
2/2 3 /4 2

2 2 2
2/2 /4 2

2 2 2

0 0
00 0 01

0 0 0 00 0

N N
NN N N

N
N N

I I
II I I

Pa rI I I
Pa Pa Par H Pb I I

- -
--

é ù é ù
é ùé ù é ù é ù ê ú ê ú= ê úê ú ê ú ê ú ê ú ê úë ûë û ë û ë û ê ú ê ú-ë û ë û

L

[ ]
/2 /2

/2 /2 /2
/4 /4 /4

/2 /2 /2
/4 /4 /4

0 0
0

0 0 0

N N
N N N

N N N N
N N N

N N N

I I
rI I I

rI I I Pb
Pb I I

Pb I I

é ù é ù
é ù é ùê ú ê ú
ê ú ê úê ú ê ú -ë û ë ûê ú ê ú-ë û ë û

L

(37)
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°
4

Hé ùë û

/2P Na

2P a
1-

°
2

Hé ùë û

1

1

-

-

2 2

2 2

I I
I I
é ù
ê ú-ë û

/4P Na

L

L

L

L

L

L

L

L

L

L

/4 /4

/4 /4

N N

N N

I I
I I
é ù
ê ú-ë û

/2 /2

/2 /2

N N

N N

I I
I I
é ù
ê ú-ë û

L

L

L

L

L

L

L

L

L

L

1

1
1

-

-
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1
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1
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1
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-
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-
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그림 3. N×N HWT 고속신호처리도
Fig. 3. Butterfly data flow graph of the proposed computation of the N×N HWT transform

Corresponding to Eq. (37), we can draw the butterfly da-
ta flow graph in Fig 3. 

V. proposed Hybrid architecture

In this paper, we derive the recursive formulas for 
DCT-II /DFT and wavelet matrices. The results show that 
the DCT-II /DFT and wavelet matrices can be unified by 
using the same sparse matrix decomposition algorithm 
based on Jacket matrix, and recursive architecture within 
some characters changed.

Clearly, the butterfly data flow graphs corresponding to 
the Eq. (18), (29) and (37) have the similar recursive flows



 
 




 . What’s more, all of the three graphs have   

  log  steps, and we can derive Fig. 2 and 

3 from Fig. 1 by the following steps after input the similar 
recursive partas Eq. (38).

To get the equation of (29) as same as that of (18), we 
change from Pr,  to Pr and   to , 
with the parameters {∈}, and then we can 

get the DFT matrix as we need. For the equation (37), we 
can change the switching from Pr L  to  and 
  to , after input the data, multiply   at 

the first h steps, and when the last h steps coming, multiply 
the   and   matrices. 

[ ] [ ] 1
2 2

/2
2 2

M
h h

h
h h

N

I I
I

I I+

é ù
= Ä ê ú-ë û

(38)

[ ] [ ] [ ] [ ]( ) [ ]1 11 2 / 2

1
1 /2 /2h hh h NN NM I II Pa- -

-
-= Ä ÅÅ (39)

[ ] [ ] [ ] [ ]12 2 2 2h h hN
M I r I I+

-
= Å Å (40)

[ ] [ ] [ ]1 13 / 2 2

2 2
1

2 2
h h

h h

N
h h

M I I
I I

I I
+ +-= Å

-é ù
Ä ê ú
ê úë û

(41)

where ⊗ is Kronecker product and ⊕ is the diagonal sum
As illustrated in Fig.1, Fig.2, Fig.3, we find that the DFT  

computation can be from the computation of the DCT-II 
matrix by replacing the submatrix   to , 
and the permutation matrix Pr  to Pr. As to the 

HWT, we /not only need to replace submatrix   
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Table I. omputational Complexity

 Addition Multiplication

 Directly Proposed Directly Proposed

DCT-II

( 1)N N -

2(3log 1) / 4N N N+ -
2N

2 2
2( / 32 2 ) log /16 / 2N N N N N+ - -

DFT 2logN N 2(log 1/ 2)N N -

HWT 2log (2 / 2) / 2N N N+ - 2(3 3 / 4) log 1N N N+ + +

/2PrN NL /2PrN /2NPa /2N ND Pc /2NW /2NPb 3M

DCT-II

DFT

HWT

Multiply
MPEG-4

JPEG-2000

OFDM-4G
switching

M

1M

2M

그림 4. 하이브리드 DCT-Ⅱ/DFT /HWT 구조 블록이어그림
Fig. 4. A simple DCT-II /DFT/HWT hybrid     architecture block diagram

by , and the permutation matrix Pr  by 
, but also multiply some special matrices at the out-
put of HWT. As a result, a simple generalized block dia-
gram for DCT-II /DFT/HWT hybrid architecture and its 
fast algorithm can be shown in Fig.4, which is also mathe-
matically perfectly proved in aforementioned. The compu-
tation complexity is shown in Table I.

VI. Conclusion 

In this paper, we derive the fast hybrid transform of 
DCT-II, DFT and HWT matrices for hybrid fusion video 
coding or mobile handset. The results show that the 
DCT-II, DFT and HWT matrices can be unified by using 
the same sparse matrix decomposition algorithm based on 
Jacket matrix, and recursive architecture within some char-
acters changed. This algorithm is useful to develop the uni-
fied orthogonal transform for video transcoding and 

OFDM-4G. In future work, source-channel Reed Solomon 
coding for B4G handsets [27-31].
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Appendices
Inverse Jacket Matrix 
① Element-wise Inverse Jacket Matrix (EIJM)
In mathematics, a jacket matrix is a square matrix 

   of order N if its entries are non-zero and real, 
complex, or from a finite field, and

[ ] [ ] [ ] [ ] [ ]1 1

N N N N N
J J J J I- -= = (A-1)  

where  is the identity matrix, and

[ ] 11 T

ijN N
J a

N
-é ù= ë û (A-2)

where T denotes the transpose of the matrix.
In other words, the inverse of a Jacket matrix is de-

termined its element-wise. The definition above may also 
be expressed as:

1

1

1,
, {1,2, , }: , 0,

0,

n

iu iv iu iv
i

u v
u v n a a a a

u v
-

=

=ì
" Î ¹ = í ¹î

åL (A-3)

The jacket matrix is a generalization of the Hadamard 
matrix [14-15] [26]. 

Example
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[ ] [ ] 1

4 4

1 1 1 1 1 1 1 1
1 2 2 1 1 1/ 2 1/ 2 11,
1 2 2 1 1 1/ 2 1/ 2 14
1 1 1 1 1 1 1 1

J J -

é ù é ù
ê ú ê ú- - - -ê ú ê ú= =
ê ú ê ú- - - -
ê ú ê ú

- - - -ë û ë û

(A-4)

 
or more general

[ ] [ ] 1

4 4

1/ 1/ 1/ 1/
1/ 1/ 1/ 1/1,
1/ 1/ 1/ 1/4
1/ 1/ 1/ 1/

a b b a a b b a
b c c b b c c b

J J
b c c b b c c b
a b b a a b b a

-

é ù é ù
ê ú ê ú- - - -ê ú ê ú= =
ê ú ê ú- - - -
ê ú ê ú

- - - -ë û ë û

(A-5)

We have

[ ] [ ] [ ]1

N N N
J J I- = (A-6)

           
② Block-wise Inverse Jacket Matrix (BIJM)
If we instead the element of Eq. (A-5) to block matrix, 

then we can get the BIJM. Set a and b are the 2×2 identity 

matrices, and c is the 1/ 2  times of the lowest order 
Hadamard matrix,.i.e,

[ ] [ ] [ ] [ ] [ ]2 2 2 2 2
, / 2A B I C H= = = (A-7)

where [ ]2

1 1
.

1 1
H é ù

= ê ú-ë û

The lowest order BWJM of order 8 is defined[16-18] to be

[ ] [ ]
2 2 2 2

2 2 2 2
8 2 4

2 2 2 2

2 2 2 2

I I I I
I C C I

J J
I C C I
I I I I

´

é ù
ê ú- -ê ú= =
ê ú- -
ê ú

- -ë û

(A-8)

With each block being 2×2 submatrices .Since 

[ ] [ ] [ ]2 2 2

1 1 1 11 1
1 1 1 12 2

T
TC C Ié ù é ù
= =ê ú ê ú- -ë û ë û

(A-9)
  

[ ] [ ]1

2 2

1 11
1 12

TC C- é ù
= = ê ú-ë û

(A-10)  

  We have

2 2 2 2 2 2 2 2 2
1 1

2 2 2 2 2 2 2 2 2
81 1

2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2

4 0 0 0
0 4 0 0

4
0 0 4 0
0 0 0 4

I I I I I I I I I
I C C I I C C I I

I
I C C I I C C I I
I I I I I I I I I

- -

- -

é ù é ù é ù
ê ú ê ú ê ú- - - -ê ú ê ú ê ú= =
ê ú ê ú ê ú- - - -
ê ú ê ú ê ú

- - - -ë û ë û ë û

(A-11)

The inverse of (A-8) is
 

[ ] [ ]
2 2 2 2 2 2 2 2

1 1
1 1 2 2 2 2 2 2 2 2

1 18 2 4
2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2

1 1
4 4

T T

T T

I I I I I I I I
I C C I I C C I

J J
I C C I I C C I
I I I I I I I I

- -
- -

- -´

é ù é ù
ê ú ê ú- - - -ê ú ê ú= = =
ê ú ê ú- - - -
ê ú ê ú

- - - -ë û ë û

(A-12)

Certainly,

[ ] [ ] [ ]
2

1 2
8 8 8

2

2

4 0 0 0
0 4 0 01
0 0 4 04
0 0 0 4

I
I

J J I
I

I

-

é ù
ê ú
ê ú= =
ê ú
ê ú
ë û

(A-13)

This choice of block weighting was indicated, to a large 
extent, by requirement of digital hardware simpicity. With 
the aid of Kronecker product and Hadamard matrices, the 
higher order of BIJM is given by the following recurive 
relation:

[ ] [ ] [ ]2 2
, 2

N N
J J H Nº Ä ³ (A-14)

We are able to show that

[ ] [ ]1

2 2

1 T

N N
J J

N
- = (A-15)

We can use the induction method to prove this assertion. 
From (A-12) and (A-15) hold for 2N=8. Assume that (A-9) 
holds for N,i.e.,

[ ] [ ] [ ] [ ] [ ]1 2,
2

T T

N N N N N

NJ J I J J
N

-= = (A-16)
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Now we show that (A-16) holds for 2N

[ ] [ ] [ ] [ ] [ ]2 2 2 2
(2 )

2
T

N N N N

NJ J I I N I= Ä = (A-17)

Hence, (A-15) holds. Therefore, BIJM is a class of trans-
forms which are simple to calculate and easily invert- 

ed.Further, the inverse of BIJM can be written as follows:

[ ] [ ] [ ] [ ] [ ]1

2 2 2 2 2

1 T

N N N N N
x J y J y

N
-= = (A-18)

 Certainly, the BIJM is the dimension extending of 
EIJM.
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