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Abstract 
This paper describes a unified VLSI architec- 

ture which can efficiently realize some popular t w e  
dimensional discrete trigonometric transforms (2-D 
DTT). The computation of the 2-D DTT is based on 
the row-column decomposition approach. However, 
in contrast to previous schemes, efficient and unre- 
stricted Clenshaw's recurrence formula along with the 
inherent symmetry of the trigonometric functions are 
adequately employed to render efficient recurrences 
for computing both of the row and column trans- 
forms. As such, the resulting VLSI architecture not 
only provides substantial hardware savings as com- 
pared with previous works, but it can also be applied 
to the 2-D DTT-of urbitruq size. An input buffer 
along with a bidirectional circular shift matrix are 
addressed as well to enable the architecture to oper- 
ate in a fully-pipelined manner. 

1. Introduction 
The 2-D discrete trigonometric transforms includ- 

ing the 2-D discrete Fourier transform (DFT), 2-D 
discrete Hartley transform (DHT), 2-D discrete sine 
transform (DST), and 2-D discrete cosine transform 
(DCT) have found applications in various facet of 
signal processing [l]. To facilitate real-time imple- 
mentations, the development of efficient algorithms 
has been of great interest over the past few decades. 
Various fast algorithms have been advocated to d e -  
viate the computational load involved. Despite their 
efficiency, most of these fast algorithms either place 
severe limitations on the input data size or require 
complex routing schemes [l, 21 which do not allow 
for efficient VLSI implementations. 

*This work was supported by National Science Council of 
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In this paper, we address a new architecture which 
is free of the aforementioned drawbacks. The pro- 
posed approach is based on the row-column decom- 
position method. However, in contrast to previous 
schemes, efficient Clenshaw's recurrence formula [3] 
as well as the inherent symmetry of the trigonomet- 
ric functions [4] have been adequately employed to 
yield succinct and highly structured recurrences for 
computing both of the row and column transforms 
of the 2-D DTT. These recurrences can, in particu- 
lar, be efficiently realized by array structures as those 
of [4]. Consequently, the resulting VLSI architecture 
provides substantial hardware savings as compared 
with previous works. Since the developed recurrences 
are unrestricted, the corresponding structure is thus 
applicable to the 2-D DTT of arbitrary size. 

Furthermore, a bidirectional circular shift matrix 
and an input buffer, which are utilized to carry out 
the transposition of the intermediate results and to 
rectify, if necessary, the input data in a correct or- 
der, respectively, are also introduced to maintain the 
pipelining of the whole architecture. In addition to 
the aforementioned advantageous features, the result- 
ing VLSI architecture is highly regular, modular, and 
locally connected, thus lending it to efficient hard- 
ware implementations. 

2. Recurrences for the Computation 
of 2-D DTT 

In this section, we develop the required recurrences 
for computing the 2-D DTT. For a set of N x N data, 
{z(m,n);O 5 m 5 N - 1,0 5 n 5 N - l}, the 2-D 
DTT axe defined as 

N-1 N-1 

x ~ T T ( ~ ,  1 )  = z(m, n)keri(m, k)kerz(n, 1 )  
m=O n=O 

(1) 
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where keq(m, k)kerz(n, 1 )  is the kernel function with 
kerl(m, I C )  = ker2(m, k) = ker(m, k), and ker(m, k) 
is equal to e - i y ,  c a s ( y )  (cas(.) 3 COS(.) + 
sin(.)), sin(T), and  COS(^) for the 2- 
D DFT, 2-D DHT, 2-D DST, and 2-D DCT, respec- 
tively. 

Before carrying out the row-column decomposition, 
some input data reordering schemes can be employed, 
which enable the derived recurrences to have a sim- 
ilar form for the aforementioned 2-D DTT so that 
a unified architecture is feasible. In addition, the 
symmetry of the trigonometric functions can be ad- 
equately exploited without inducing extra computa- 
tions. More specifically, for the 2-D DST, after some 
manipulations the transform can be reexpressed as 

(2m+l) kn (Zrn+l)krr 

N - 1  N - 1  
7r(2m+ 1)k sin x(2n + 1)Z 

x ~ ( ~ c , z )  = Cz(m,n)s in  2N 2N 
m=O n=O 

~ ( 4 m  + 1 ) k  sin ~ ( 4 n  + l)E 
2N 2N 

N - 1  N-1 

= ~ ( m , n ) s i n  
m=O n=O 

(2) 

z( 2m, 2n) (m,n) E Rl 
-2(2m, 2N - 2n - 1) (m,n) E % 
-42N-2m- 1,2n) (m,n) E 7z3 

(3) 
with RI, Rz, R3, and R4 corresponding to the in- 

dices of { O  5 m 5 % - 1 , O  5 n 5 $ - I } ,  { O  < m < 
f - l , $ s  n 5 N -  l } ,  {$I m 5 N - 1 , O  5 n 5 
% - l } , a n d { $  < m < N - l , $ < n < N - l } ,  
respectively. 

Similarly, the 2-D DCT can also be reexpressed as 

where 

4 2 N  - 2772- 1,2N - 2n - 1) (m,n) E 7& 

- 

{ Z ( m ,  n) = 

N - 1  N - 1  
7r(2m+ 1)k 7r(2n+ 1)Z 

2N cos 2N xc (k, 1 )  = z(m, n) cos 
m=O n=O 

n(4m + 1)k 
2N 

n(4n + l)E 
2 N  

N-1 N - 1  

cos = Z(m,n)cos 
m=O n=O 

( 4 )  
where 

Notice that the above data reordering scheme has also 
been employed in [5] for the computation of the 2D 
DCT. The approach of [5] ,  however, is via the 2-D fast 
Fourier transform and thus involves complex arith- 
metic operations and complicated routine. 

As such, the 2-D DTT can then be rewritten as 

m=O n=O 

N - 1  N - 1  

= C[Cy(m,n )ker ' (m ,k ) ]ker ' (n ,Z )  (6) 
n=O m=O 

where y(m, n) = z(m, n) and ker'(m, k) = ker(m, k) 
for both of the 2-D DFT and 2-D DHT, and y(m, n) = 
5(m,n), ker'(m,k) = s i n 7  and y(m,n) = 
5(m, n), ker'(m, k) = cos for the 2-D DST 
and 2-D DCT, respectively. Using Clenshaw's re- 
currence formula together with the symmetry of the 
trigonometric functions [4], the computation of both 
the row and column transform such as  Xh$,(Ic) = 
Cf;: y(n)ker'(n, k), where ker'(n, k) is the same as 
that of (6), the procedure can be summarized as fol- 
lows: 

s ( 4 m f l ) k  

where ct = e j w k ,  ,L3 = X = - 1 ,  and y = e--lwt for the 

for the DHT, a = -sin(awk), ,L3 = -sin(pk),  
y = Cos(fwk) and X = -cos(iwk) for the DST, 
and a = cos(&&), ,L3 = -Cos($&), y = -sin(+k) 
and X = -sin(awk) for the DCT, with Wk = y. 
The auxiliary variable pn involved in the above re- 
currences satisfies the following recurrence 

DFT, CY = CUS(-Q), ,8 = X = -1 ,  and 7 = ca$wk) 

(Pn = 2 cos(wk)(Pn-l +y(n), n = 0, * * .  , N -  1 
(9) 

3. A Unified VLSI Architecture to 
Implement the 2-D DTT 

This section addresses a unified VLSI architecture 
to implement the recurrences of the 2-D DTT devel- 
oped above. The overall architecture, as depicted in 
Fig. 1 ,  contains an input buffer (only required for the 
2-D DCT/DST), two array processors for the row and 
column transforms, and a bidirectional circular shift 
matrix. 

Fkom above, we can find that both the row and 
column transforms of these 2-D DTT can be ingenu- 
ously realized by the same processor as addressed in 
[4] ,  which, as shown in Fig. 2, consists of a cascade of 
f + 1 preprocessing elements (PRES) and a postprc+ 
cessing element (POE). The PIU3 is to compute the 
recurrence of (9) and is the same for all types of 2-D 
DTT, whereas the POE is to carry out the transfor- 
mations of (7) and (8), and is different for each spe- 
cific 2-D DTT. Consequently, the same architecture 
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(except some minor modifications of PO&) is appli- 
cable to all 2-D DTT and thus the overall design cost 
can be reduced. 

In addition, a bidirectional circular shift matrix 
and an input buffer are also required to maintain the 
pipelining of the whole architecture. First, note that 
a transposition operation is required for the interme- 
diate results between the row and column transforms. 
The traditional transposition circuit as that of [SI can 
not finish itlin real time, thus destroying the overall 
pipelining. To overcome this, we address a new bidi- 
rectional circular shift matrix, as shown in Fig. 3 
with N = 8, which switches the data flow direction 
between the horizontal and vertical directions every 
N 2  time steps. This implies that the intermediate re 
sults stored in the matrix rowwise (columnwise) will 
pump out columnwise (rowwise) and thus eliminate 
any extra delay between the two transforms. 

Also, we can note that the input data needs to 
be shuf€led before performing the 2-D DST and 2-L 
DCT. For this, we address an input buffer which, as 
shown in Fig. 4 with N = 8, is composed of a circu- 
lar shift matrix and three arrays of shift registers. It 
performs the data permutation schemes of (3) and ( 5 )  
by splitting the 2-D data into even-indexed and odd- 
indexed components in both the row a d  column di- 
rections. The circular shift matrix consists of shift 
registers. In the initial stage, after $ intermediate 
results feed in, the multiplexer followed sequentially 
selects from the IT to the 1;’ arrays, and then it is 
back from the 1: to the If arrays in the reverse order, 
with N consecutive time steps for each selected row. 
This order repeats every N 2  time steps so that the 
2-D intermediate data can be split into even-indexed 
and odd-indexed rows. The row selected by the mul- 
tiplexer will then feed the data sequentially to 1; or 
If while at the same time I: is ready to receive the 
next input data without any delay. The data fed into 
I$ or IF (each of which consists of 4j shift registers) 
alternates as depicted in [4] to split each coming row 
in into even-indexed and odd-indexed column com- 
ponents. After N time steps, the contents in If and 
If are then transferred simultaneously to the adja- 
cent array of shift registers I3 and then pumped out 
sequentially. The parameters ml and m2 are chosen 
as ml = 1 and m2 = -1 in the first $ time steps 
and then ml = -1 and m2 = 1 in the next f time 
steps for the 2-D DST, whereas ml = 1 and m2 = 1 
for the 2-D DCT at any time steps. As such, the 
data reordering schemes of (5) and (3) can be done 
in red-time and thus allows for continuous movement 

of data. 

4. Comparison and Discussion 
In this section, we compare the proposed architec- 

ture with some previous works for computing the 2- 
D DCT. The comparison with other 2-D DTT yields 
similar results. 

As we can observe from Table 1, the proposed 
architecture requires the minimal number of multi- 
pliers. On the other hand, the implementatlons of 
[2], despite offering higher throughput, call for lots 
of multipliers, more complex control schemes, and 
global routings. The 1/0 style involved is single 
in-singleout (SISO), as contrasted to the serial-in- 
parallel-out (SIPO) of [7] and parallel-in-parallel-out 
(PIPO) of [2]. The data transmission is simple 
and does not require any global communication and 
broadcasting. After an initial delay, the transformed 
results will come out every N 2  time steps thereafter, 
i.e. throughput=&, due to the pipelining of the 
whole architecture. As a whole, the proposed archi- 
tecture is modular, versatile, locally-connected, and 
fully-pipelined, thus offering a viable alternative to 
other schemes for efficient VLSI implementations. 
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Figure 2: The structure of the array processor. 

Throughput 1 F F 
Interconnection global - locd local 
Broadcasting Yes Y e s  no 
of I/O 
1/0 style P I P 0  SIP0 SISO 
Continuous n0 Y e  Yes 
data flow 

Table 1: Comparison of various architectures for com- 
puting the 2-D DCT of size N x N .  

Figure 1: The overall architecture. 
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Figure 4: The input buffer with N=8. 
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