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Abstract—An efficient approach to design very large scale the efficiency of a VLSI implementation of the hardware algo-
integration (VLSI) architectures and a scheme for the imple- rithms [4]. This explains why the use of cyclic convolution and
mentation of the discrete sine transform (DST), based on an ¢irear correlation structures provides high computing speed,
appropriate decomposition methpd that uses C|r<_:u_lar correlanon;:, | tati | lexit d low /O bandwidth h
is presented. The proposed design uses an efficient restructuring Ow computational complexity, an ow _an width, as have
of the computation of the DST into two circular correlations, ~already been shown for the discrete Fourier transform (DFT)
having similar structures and only one half of the length of [5] and for the DCT [6]. Due to their simple and regular data
the original transform; these can be concurrently computed flow and their easy implementation through modular and reg-
and mapped onto the same systolic array. Significant improve- ,jar hardware techniques, such as the distributed arithmetic [7]
ment in the computational speed can be obtained at a reduced - . - )
input—output (I/0O) cost and low hardware complexity, retaining and SySt_Ol'C arrayg [8], the conve_r5|on of the DST into a CyCII_C
all the other benefits of the VLSI implementations of the discrete convolution or a circular correlation structure leads to an effi-
transforms, which use circular correlation or cyclic convolution — cient solution for its VLSI implementation.
structures. Th_ese f(_aatures are demonstrated by comparing the In this paper, we propose a new input sequence and appro-
proposed design with some of the recently reported schemes. njate index mappings to arrive at an efficient conversion of a

Index Terms—Discrete sine transform, systolic arrays, VLS| prime-length DST into two parallel circular correlation struc-
algorithms. tures of one half of the original length. Substantial improvement
in the processing speed of the VLSI realization is thus obtained.
This realization preserves all the advantages reported in [6] for
_ _ ) ) the DCT. The two circular correlation structures have the same
T HE discrete sine transform (DST), along with the discretgrycture and length; only the control tags and the input and

cosine transform (DCT), represent the key functions usegput sequences are different. Their data-dependence graphs
in many signal and image processing applications, especiallydign he mapped into systolic arrays, as shown in [9]. The sys-
transform coding. For images with high correlation, the DCiic array implementations can be efficiently unified using the
yields b_e';ter results; howgver, for imag_es with a low correlatiqﬂethod proposed in [10]. There are some differences in the sign
of coefficients, the DST yields lower bit rates [2]. The DST ignat are efficiently managed using the tag control scheme [11].
signal independent and represents a good approximation of thye can obtain a significant speed improvement with a slight
statistically optimal Karhunen-Loeve transform [1]. The DSTncrease in the hardware complexity compared with that of the
constitutes the basis of the recursive block coding technigggnhemes in [6], [12], and [13], preserving all the advantages of
[2] and is used in a fast implementation of lapped orthogongl-nitectural topology, input-output (I/0) cost, and computa-
transforms [3]. tional complexity of the VLSI implementations of the discrete

Since the DST is computationally intensive, the derivatiofansforms that use systolic arrays, based on circular correlation
of new efficient algorithms for its parallel very large scale ingtyctures.

teration (VLSI) implementation is highly desirable. The data
movement and transfer play an important role in determining

. INTRODUCTION

Il. NEW ALGORITHM FOR THEDST
The DST of the input sequende(¢):¢ = 0,...,N — 1} is
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Using appropriate permutations of the new sequences, we tig8ing the equation

decompose the computation of the DST into two half-length ) .
P P Tt (i + k) - 4a] = (=D)LL g 106 4 1) - 4o

circular correlations of the same structure as follows: (16)
Y (&(k)) =T5(h(k)) - cos [2- (k) - o the symmetry property of the sine function, and taking into con-
+2'(0) -sin[2 - (k) - o (3) sideration (6) and (7), we finally obtain
Y(n(k)) =T (¢(k)) -sin[2 - ¢(k) - o] (N-1)/2 .
/ . ! . (N — 1)
— 2/(0) - cos[2 - p(k) - o] for Tsk) = D, |2/ —a' (¢(it
N-1 =l -
k=1,..., ( 5 ) (4) -sgng(k, i) - sin [1p(i + k) - 4a] 17)
(N=1)/2 -
and . . (N-1
Teo) = 3 [+ (o i+ T 1))
. =1 - i
Y(N) =) =) =='(0) ) g (k. ) - sin[¢(i + k) - 4a], for
=0 (N —1)
where the new output sequences k=l..., 2 (18)
{Tgw(k)); k=1,..., %} and and
_ Y(§(k)) =2 - Ts((k)) - cos[2- (k) - o]
c =L Ty +2'(0) - sin[2 - (k) - o] (19)
are defined as Y(W(k)) =2 jj/C(d)(k)) - sin [2 : d)(k) : Oé]
T4 (k) = { 2 Te(p(h), I ok < OG0 o — 0 cos{z oty el (20
—2-Ts(p(k)), otherwise The sign functions sgy(k, ) and sgp.(k, ) in (17) and (18)
i i W=D are defined as
Te(e(k) = { 2_2T.CT((P((I€()/2§) gtrfe(]:\/)vize S J (e
We h dthe following '(pd e o reorder the gyt 95U SIS (R 21)
e have used the following index mappings to reorder the inpu b i) =(—1)eOL . bi). 29
and output samples: sgny:(k, ) =(=1) sgns(k, %) (22)
(k) it (k) < (N—1) Equations (17) and (18) represent two half-length circular cor-
(k) = { LA (N—1) ¥ = 2 (8) relations, having the same length and structure (excepting the
¢(k) + ==, otherwise sign), and they can be concurrently computed. The differences
o(k) if (k) > (N-1) in the sign can be easily handled using an appropriate control
P(k) = <p(k)7+ (-1 otherwise 2 (9)  mechanism known as the tag control scheme [11]. Due to the
2 ' fact that they have the same form and length, we can obtain
pk)=<g" >y (10)  a significant hardware reduction by using an appropriate hard-
k) =<2k >N (11) ware sharing technique [10].
and
(k) =(Cop)(k) = C(¥(k)) (12) Ill. EXAMPLE
(k) =(Co #)(k) = C(9(k)) (13) In order to illustrate the proposed approach, we use an

whereg represents the primitive root of the Galois field of thexample of the DST with lengtV = 7 and the primitive
indices, andx) i represents moduloV. Now, we can decom- root ¢ = 3. In this case, we can compute the two circular
pose the computation of the DST into two circular correlationsprrelations of length 3 using (17) and (18) in the form

which are defined as Te(3) sin(2a) —sin(a) —sin(3a)
(N=1)/2 . , . (N-1 T5(2) | = | —sinfa) —sin(3a) —sin(2a)
Ts(p(k)) = ; [az (p(i) —= <<p <z i 5 )>>} [T§E1§] [ sin(3(a)) sin(2a)  —sin(a)
-Si; t+ k) -4da 7'(3)—2'(4
(1\7—1[;/02( )l - ’ [xié; - xiES%] (23)
Te(p(k)) = ; (=17 Te(4) sfné(;)a)_ ’ aiin(a) sin(3a)
o , ) TC(5)] = [— sin(a)  sin(3a) Sin(2a)]
X [w (i) + @ <<P <L+ 5 ))} [TC(G) sin(3a) —sin(2a)  sin(a)
-sin [p(4 + k) - 4a] , for 2'(3) +a'(4) (24)
_ | 2(2)+ 2 (5
k:1,...,M. (15) xfgtagixfglg
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Fig. 1. (a) Data-dependence graphs of the hardware kernel of the proposed DST algorithm a¥Menadth(b) Function of the nodes in the data graphs of (a).

wherea = 4. The sign of the termin(k«) in (23) and (24) IV. ALGORITHM ANALYSIS AND
can be analytically computed using the sign functions defined IMPLEMENTATION CONSIDERATIONS
in (21) and (22), respectively, where sd#, ¢) is used to deter-
mine the sign of the sine terms in (23) and ggh, ) for the
sign of the sine terms in (24).

The output samples are computed as follows:

The data dependencies, data operations, and the control
signals used in the new systolic implementation can be easily
obtained from the data-dependence graphs of Fig. 1(a). The
functions of the nodes are described in Fig. 1(b).

In order to estimate the speed performance and the paral-

Y(6) 2T5(3) - cos(6a) +2'(0) - sin(6cr) lelism involved in the computation of the proposed algorithm,
Y(4) | = |2T5(2) - cos(da) +2/(0) -sin(4da) | (25) we can use the critical computing path concept, which repre-
| Y(2) ] 2T5(1) - cos(2a) + 2'(0) - sin(2a) sents the longest path necessary for the signal to move from the
[Y()] [ 27c(4) - sin(8a) — #/(0) - cos(8a) ] input to the output in the data-dependence graphs. If we choose a
Y(3) | = | 2Tc(5) - sin(10«) — 2'(0) - cos(10c) systolic array implementation paradigm, then the time necessary
Y (5) 2T¢(6) - sin(12¢) — 2/ (0) - cos(12c) for the signal to pass through the critical computing path equals

(26) (N —1)/2, which is one half of that required by the schemes
given in [6], [12], and [13]. Due to the cyclic property of the
input sequencésin(2a), sin(a), sin(3a), sin(2a), sin(a)}, we
can overlap the first two terms of an input data sequence with
the last two terms of the previous data sequence and thus reduce

Y (7) = 2'(0). (27) the average computing time frofv — 2) to (N — 1)/2.

and
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PE1

Ts2(6) Tc2(1)
Ts2(5) Tc2(2)
Ts2(4) Tc2(3)
Ts1(6) Tc1(1)
Ts1(5) Tc1(2)
Ts1(4) Tc1(3) t=6

xizy tcl tC2

y PE

I

t=1 0s(2a)u1(3)+ul(4) u1(3)-u1(4)
0s(a) u1(2)+u1(5) u1(2)-u1(5)
1.5(3a) u1(6)+u1(1) u1(6)-u1(1)
0 s(2a) u2(3)+u2(4) u2(3)-u2(4)
0s(a) u2(2)+u2(5) u2(2)-u2(5)
1 5(3a) u2(6)+u2(1) u2(6)-u2(1)

(a)
xel’ <=xel; xe2’ <=xe2;
tc’ <=tc;
ifte=1 else(tc=0)
xil’ <=xel; xi2’ <=xe2; xil’<=xil; xi2’ <= xi2;
iftcl=1 iftcl =1
yl’ <=yl —xel *s; yb’ <=yl -xil *s;
else else '
ylI’ <=yl +xel *s; yI’ <=yl +xil *s;
end end
iftc2=1 if tc2 =1 .
y2'<=y2 —xe2 *s; y2' <=y2-xi2 *s;
else else .
y2’ <=y2 +xe2 *s; y2 <=y2+xi2 *s;
end end
end
()

Fig. 2. (@) Linear systolic array of the core hardware of the DST VLSI array of length 7. (b) Function of a processing element in the architecture of (a).

Using the dependence graph-based synthesis procedure [9fhe systolic array that represents the hardware core of the
and the tag control scheme [11], we can obtain two linear sysoposed DST VLSl array is presented in Fig. 2, where we have
tolic arrays of the same structure and length, having a reduaeskd the following notations:
number of I/O channels placed at the two ends of the array. Only7,,s(k), T,.c(k) samples of thenth auxiliary output

the number of control tag lines is dependent on the lengthf sequences;

the array, but we have onyV — 2) such one-control-bit lines.  w,(¢) — 2’(¢)  samples of thenth auxiliary input
We can further obtain a significant reduction in the hardware seguence;

complexity by implementing the two VLSI structures on a single s(ka) signifiessin(ka).

systolic array using the hardware sharing technique presented iExcepting the control lines, the number of input and output
[10], thus doubling the speed using almost the same 1/O costdmnnels in our design is independent of the transform length
in [6], [12] and [13] but with a reduced hardware complexity. N. This allows us to easily extend our design to large values
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of N that are prime numbers, which cannot be achieved by tlimit the speed performance and their expandability. They are
solution proposed in [15]. restricted to transform lengths that are only powerg(af =

Due to its regularity, modularity, simplicity, and local con-2™) and may not be fully operational due to the I/O communica-
nections, the proposed systolic array algorithm is well suitein restrictions, thus causing an inefficient use of the hardware.

for VLSI implementation. Even though they are characterized by a small number of mul-
tipliers due to their low arithmetic complexity, they tend to be
V. COMPARISON AND DISCUSSION replaced by time-recursive structures in low-cost products [19],

_ whereas for high-speed applications, they suffer from the 1/O
The VLSI algorithms proposed for block-orthogonal trans;andwidth bottleneck.

forms can be broadly classified into the following groups: The VLSI architectures that use algorithms based on direct

—  algorithms based on recursive computation; computation through matrix decomposition [15], [23] make use
—  fast glgorlthms based.on butterfly structures; of a different approach to split the matrix-vector formulation of
—  algorithms based on direct computation through matrige trigonometric transforms into two half-length matrix-vector
decomposition; _ _ _ products. This approach does not have the same regularity fea-
—  algorithms using cyclic convolution or circular corréy e a5 provided by the proposed algorithm, and the number of
lation computational structures. . transform kernels i©)(IV2) instead ofO(N), which leads to
The algorithms from each category have specific advantaggsh 1/0 costs and/or complicated data flow. For example, in
and drawbacks, such that the selection of the appropriate alPPS], the I/O problems are left unsolved, and thus, the resulting
rithm and implementation depend on the specific applicatioy; g array cannot be easily extended to higher valued of

the speed, the cost, the 1/0O requirements, and the transfor . .
Iengtfl13 They are implemented L?sing different implementationrq_he design approaches that are based on appropriate refor-
' lation of the transforms into cyclic convolution or circular

styles so that significant improvements can also be mader%&:relation [5], 6], [13], [24], due to their regular and simple

the implementation level, especially at the arithmetic operatﬁata flow. lead to simple and efficient hardware imolementa-
level. Because of the hardware limitations, in practical appli- o pie. . P .
tions with low I/O complexity, lower computational complexity,

cations, only small block-transform sizes (typically<® or . .
16x 16) are used, causing blocking artifacts. With the rap@°Cd architectural topology, and a high degree of embedded
rallelism. In this paper, we have tried to further develop

pace of advances in the VLSI technology, we can expect i i i . .
soon, it would be possible to transform a whole image, aﬁ adyantages offered by th's design technique. The imple-
entation styles could be different, and for a chosen style,

not just a small block, in a VLSI structure without blockinin A . :
artifacts, but most of the VLSI algorithms and architecturegrther optimizations can be made at the implementation level
' even at the layout level. However, we feel that the most

are not appropriately designed for such an extension of e €V . ; L
transform-pISngFt)hN zor Iargge values ofV. the VLSI im- significant improvements can be achieved at the algorithmic

plementations of these algorithms tend to be communicatilerYel' In this paper, the systolic array paradigm has been used
illustrate the advantages offered by our approach.

bound, and there is a waste of the hardware due to the |
bottleneck. Hence, special techniques have to be used to reca¥it the proposed design as compared with [14], whereas the
the VLSI algorithms as stated in [6] and [16] to reduce the l/@umber of multiplications required is the same, the number
bandwidth and the number of I/O channels. In addition, f&f processing elements has been reduce@io- 1)/2 from
the same reason, the transform kernels are generated insidé the 1)- Theimplementation style used in [14] is the distributed-
array as in [12], with the price of an increase in the hardwagéithmetic (DA-style), which cannot be easily extended for
complexity. Thus, the I/O problems [6] can seriously limit théarge values ofN, due to the fact that the sizes of the
applicability of a VLSI solution for practical applications, but€ad-only memories (ROMs) increase exponentially with
sometimes, these problems are not taken into consideratibiese structures are difficult to pipeline due to the feedback
The VLSI implementations based on recursive algorithmi$ed in the ROM and accumulator (RAC) structures. The
[17]-[20] are suitable for applications to low-cost consumdtoposed method doubles the speed using almost the same
products due to their compact and simple structure, but thegrdware complexity.
are very slow. These structures are difficult to pipeline due to Comparing the proposed design with the one presented in
their inherent recursive structure and do not allow two-lev§l5], we see that the number of multipliers is reduced frdm
pipelining so that the hardware complexity reduction is traded (N — 1), whereN is the transform length and the number
off with the speed performance. These structures also suftéradders fron2 - N to N + 1. However, the most significant
from the numerical inaccuracy and instability problems that cémprovement is in the 1/O cost. Comparing the matrix-vector
lead to a bit-width explosion. product formulations of the two algorithms, it can be seen that
Although efforts have been made recently to improve thhe number of transform kernels has been significantly reduced
regularity of implementations that use fast algorithms basé@m O(N?) to O(N). In addition, the number of the input
on butterfly structures [4], [21], [22], they are characterizechannels is reduced frofx - N to 4 - Li + N and the number of
by a data flow with a low degree of regularity and modularitputput channels fromii- N +2Lo to 2Lo, whereli andLo are,
that has a direct impact on their VLSI implementations, reespectively, the number of bits used to represent the input and
sulting in complex data routing or address computation, corutput data samples. In [15] the latency time is better, but the
plex layout, timing, and reliability problems that can severeljyO problems were left unsolved, and hence, additional latency
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TABLE |
COMPARISON OF THEHARDWARE COMPLEXITY OF VARIOUS DST/DCT DESIGNS

Design Multipliers | Adders RAC | Registers |Control complexity| Scalability
Fang [25,26] N/2+3 N+3 11N+4 small excellent
Yang [20] 2N-2 3N+2 3N’ medium good
Guo [6] (N-1)/2 (N-1)2 5(N-1)/2 small excellent

Guol 141 (N-1) small excellent
Chiper [13] (N-1)/2 } (N=D/2 S(N-1)/2 small excellent

Pan[ 15] N 2N 3N small low
Proposed N-1 N+1 5(N-1)/2 small excellent

* To the number 3N we have to add the number of registers used to store the coefficients of the multipliers.

TABLE I
COMPARISONS OF THESPEED AND OTHER FEATURES OFVARIOUS DST/DCT DESIGNS

Design | No. loops Throushout | Latency | Cycle Time| Ny * B |Pipelining| Two-level pipelining
Fang [ 25,26] 1/N 7/2NT T, +2T, | OWN) ves difficult
I/N 2NT T, +2T O(N) no no
_X&JE [20] N M A
Guo [14] 1/(N-1) 2N-DT | 7,+T,.. | oV) difficult [ 10
Guo[6] 1AN-1) GBN-DT | T,+T, | o) ves easy
Chiper [13] ‘ 1/(N-1) (BN2)T | T, +T, | O(N) ves easy
Pan [15] 2/N NT T, +T, | ow? yes easy
Provosed 2/(N-1) 2IN-DT | T, +T, O(N) yes easy
and hardware complexity have to be taken into consideration. In VI. CONCLUSIONS

addition, the throughput is more important than latency, and the

initial delay can be neglected in the case of co_ntlnuous StreaMRms into cyclic correlation or convolution structures are now
Onthe other hand, the produ¥y -5, whereNiy is the number 5, 4ijahje and have been found to be very efficient for hardware
andB the bandwidth of the input F:hannels, directly depe”ds_%plementation using VLSI technology. In this paper, a new
Fhe \{olume c_)f data tq be loaded into the VL.SI.structure, Wh"iﬂbsign approach for a systolic array implementation of the
in this case iD(/V?) instead ofO(XV), and this is a feature of giscrete sine transform using circular correlation structures,
the algorithm and not of its implementation. ThUS, if we try t(based on an efficient way to convert the DST into two cir-
reduce the number of the input channels by some implemefijar correlation structures, has been presented. Using two
tation techniques, it is necessary to increase their bandwidbarallel circular correlation structures with the same struc-
Thus, due to the pin number and bandwidth limitations, and thgre and length and efficiently unifying them, a substantial
necessity of re-evaluating the parameters involved for differeiniprovement in the processing speed can be obtained with
data length, this structure is difficult to extend for larger valuagduced hardware complexity and low I/O cost. The improve-
of V. ment in the processing speed as well as the low hardware
Compared with [6] and [13], the speed is doubled in the preomplexity has been demonstrated by comparing these features
posed design, and the arithmetic complexity is reduced whildth those of the recently reported schemes. The proposed de-
maintaining the circular correlation structure with all its advarsign preserves all the other advantages related to architectural
tages in terms of the architectural topology, the 1/O cost, and tigology, computational complexity and I/O cost, specific to
simplicity in hardware implementation. systplic array implementations using circular correlation, and
The time-recursive structure [20] and the systolic arraf@clic convolution structures.
based on the Clenshaw’s recurrence formula [25], [26] have
one half of the throughput and do not allow two-level pipelining REFERENCES
due to the feedback, with a comparable hardware complexny[l] A. K. Jain, “A fast Karhunen-Loeve transform for a class of random
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