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ABSTRACT

This paper elaborates the high speed 8x8x8 3D-DCT/IDCT processor based on CORDIC algorithm for various
DSP applications such as image and video processing coding with reduced size and cost of hardware. In this pa-
per, CORDIC based 3D DCT/IDCT i.e. both forward and inverse computations required for transform has been
presented. By using this algorithm image and video can be processed through the DCT/IDCT for the compres-
sion/decompression data. The number of CORDIC Computational requirement for N=8, N=16 3D DCT/IDCT for
8*8*8 is (N3+16)/12 has been compared with 2D-DCT algorithm. Based on this algorithm a new processor 3D-
DCT/IDCT architecture is designed and simulated in Xilinx ISE 14.7 and FPGA implementation has been done in
Altera Quartus cyclone Il (DE2 board).

Keywords: 3D-Discrete Cosine Transform/Inverse Discrete Cosine Transform, CORDIC Algorithm, XILINX 14.7

INTRODUCTION

Now a day, various digital VLSI signal processing is based on the application such as various transform DCT,
IDCT, DFT, FFT etc [1-3] VLSI based signal processing using HDL and input as image or video is processed
through various transform is simulated using HDL, where compression and decompression is done for signal pro-
cessing of video standard format such as MPEG, JPEG, H.265, HDTYV etc. Far year ago research was done on 1D-
DCT computation for various compression techniques using various methods such as row column Frame (RCF) [4-
5], Distributed Arithmetic [6] and CORDIC algorithm [7] which includes the less complexity in the computation of
transform.

High performance architecture based on computation algorithms, efficiency, power consumption for the 2D-DCT
and IDCT were discussed in [8]. Moreover, conventional the double size Fast Fourier transform (FFT) algorithm
which gives computation time O(log2N+1) where as several computations for the DCT is O(N-log2N) [9-11]. Cod-
ing decoding techniques with throughput for the 2D DCT /IDCT as 118.2 MHz,150MHz,300MHz, with data input
rate [12-14]. Owing to the rapid growth of the three dimensional applications in the field of video processing based
on the VVLSI technology is now very much popular.

Now to achieve near-optimal compression of individual frames widely used standard frames formats are JPEG,
MPEG etc used with the spatial and temporal dimensions is described with the three dimensional DCT. Various
standard format is compared for the compression based output in [15]. The compression technique has been applied
to 3D-DCT data based on 4x4x4 cubes resulting 6:1 compression ratio. The technique of "natural "extension of 2D-
DCT with two stages of 1D-DCT and similarly 3D-DCT with 2D transform followed with 1D-DCT (or vice-versa)
has been used [16].

In this paper we have proposed an algorithm for 3D-DCT/IDCT using CORDIC (Co-ordinate Rotation Digital
Computer). The Fig.1 shows the block diagram of 3D-DCT process with compressed output. In this we have given
video input vector in the hexadecimal form as this video vector coefficient has been converted into hexadecimal
number using MATLAB and then it is processed through 3D DCT to get the compressed output. The description of
Basic CORDIC Algorithm is given in further section. The Algorithm is written for the 3D DCT with the help of
basic CORDIC Algorithm which is explained in next Section.
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Fig. 2 Block diagram of 3D-IDCT Decompressed output using CORDIC Algorithm

Fig.2 shows the block diagram of 3D-IDCT Decompressed output using CORDIC algorithm which has been imple-
mented in Altera Cyclone-1l which has been briefly described in next Section. Further Section has calculated hard-
ware Computation required in the 3D DCT /IDCT comparing with the 2D-DCT processor [18]. Further continues
with the structure using CORDIC algorithm. Synthesis result has been presented in tabular Section. Finally, paper
ends with the conclusion of the 3D DCT/IDCT Algorithm application.

BASIC CORDIC ALGORITHM

The Conventional CORDIC Algorithm was first developed by VOLDER in 1959 [4] for the computation of the var-
ious elementary functions, hyperbolic and trigonometric functions such as sin, cos, tan. Let us consider Fig.3 Vector
Rotation example of CORDIC algorithm and X and Y are the vector component similarly X' and Y"' are another vec-

tor component after the increment of angle.

X

b —

Yy

Fig.3 Vector Rotation example of CORDIC algorithm

X = P cos(p)

Y = Psin(p)

X’ =P cos(p+ p)
Y’=P sin (p+ p)

X’ =X cos(p) —Y sin(p)

Y’=Y cos(p) + X sin(p)
X

i+1

Z.,=z—ditan'(27)

cos(tan™(£2")) X; —
Y., = cos(tan™(+2")Y, + X.d 2"

)
O]
©)
(4)
()
(6)
Y]
(®)
©)

Y,d 2"
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X .
[ l: cos.¢ sing] {X} )
Y —sing  cos¢ |LY
R(¢)
Equation (10) can be Rearrange as:
X' 1 —tang || X
= 11
o g Y s
Allowing only iterative rotations so that
tan f =42 12)

In this way number of iteration can be calculated by rotation direction up to equation of the basic CORDIC algo-
rithm of the ith iteration are as follows:

Xin = cos(tan™ (+2" X — Y, d; 2] (13)
Y., = cos(tan™(£2")) [Y,+ X, d, 2] (14)
As cos(tan™(2")) _ cos(tan™(-2"))

Agn-i
cos(tan (2 )) term is the gain Ki of an iteration
1

Ki = cos(arctan™(2"))=
We can compute K offline for all n iterations:
K=T]Ki
n
The gain approaches 0.6037, if n goes to infinity for a single CORDIC micro-rotation the resulting the following
equations

X.,=X —Yd2" (15)
Y,=Y +Xd?2" (16)
Z.,= Z—dtan*(2") 1)

3D-DCT USING CORDIC ALGORITHM

The expression for 3D DCT [1] for an N*N*N is given by the expression
N;—1N, -1 N;-1

F UV, W) = a5 (U, v, W) Y D" D" £y (X, Y, 2) {cosl, Jcos(l,]cos L, ]}

x=0 y=0 z=0

where

and e, (u,v, w)is defined as

/1 .
—, ifu=v=w=0
N, (18)
’2 )
N otherwiseu =#v =w =0
k

~ m(2x+1)u 12— 7(2y+1)v 132 7(2z+)w
2N, 2N, 2N,
To rewrite the discrete cosine transform we need to observe the trigonometric identities.

2j+1 2j+1 2j+1 2j+1 2j+1
uz, Cos V7 COS

ap (U, V, W) =

11

wr and sin 2] +1W7r

vzzrand sin

usz and sin

COS
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We have,
2j+1 P 2)+1
cos N —-uz =(-1)' sin u 19
N ( )7z =(-1) N U7 (19)
. 2]+1 i 2j+1
sin N —u")z =(-1) cos u 20
N ( )7z =(-1) N U7 (20)

if j=%—l—j'K=1,2,4,8,16 ......

whenu =0, k, 2k, 3k......
Similarly, for the v & w above terms can be written

N .
2(—1— j'j+1 ) N
K 2j+1 | o

cos ur =(-1)K cos———u'z
2N 2N
And when =K/2,3K/2,5K/2, ......... K 2 we have
K .
2 —=1-j'[+1 ,
(N Jj+ vk 9 4]
cos ur=(-1) K sin—=——uzx (22)
2N 2N
K .
2 —=1-j'[+1
| (N : j+ K2 9l
sin ur=(-1) K cos=———ur (23)
2N 2N

Now the analysis of Equation (18) and (37) namely Forward 3D-Discrete Cosine Transform and Inverse 3D-
Discrete Cosine Transform can be performed as follows.

ttyp (U,V,W=0)=1/~/2
oy (U, v, W) =1u,v,w=12,........ N-1

Assume N = 2" and %\l = const

foruzvzw=0

Qyp, (U,V,W) = /2/N canbe removed
The Equation (22) can be split into two parts

N2l 2j+1 2j+1
F(u)= ZaaD(u,v,w)cos[ ZJN u;zjcos( ZJN wrj

j=0

2j+1 i Nt 2j+1 j
cos W, f u,V,w)cos u
( 2N ”j (D 2 et (Uvew) ( 2N

cos[zj+1wz]cos[21+lw;rJf(j) (24)
2N 2N

Nt 2j+1 2j+1
= > azp (u,v,w)cos on U Jeos| STV

j=0

2- 1 - u -
cos[ 2jli|_ Wﬂjx[f(j)+(—l) f(N—-1— j):l

For K=1, we can define two sets of functions and to express equation (24) the above function

f () =1 ()="10) j=012..,N~-1 (25)
and for K =2,4,8,16,....... N/2, j=012,.....,N-K/2,
Let f ()= (D) — T, @N /K -1-) (26)
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fie (3) = T (D) + f,, 2N/ K =1— ) @7)
From equation (26) & (27) may be split into two parts. In general, let K=243,...... , N/2, when u=0,
K/2,K,3K/2,2K......, N-K/2, we obtain
N
K" o . .
j+1 2j+1 j (2]+1 )
F(u)= A, (U,V,W)C0S| ———Ux |COS| ———V [COS W7 |X
();30( ) (ZN ”j (ZNﬁ oN
Ny
. u 2N . & 2j+1
{[fK,z(j)+(—1)K fk/z(——l—j)}}+ > aw(u,v,w)cos( J u;z) (28)
K j-N72K 2N
2j+1 2j+1 v 2 2N .
cos(ZJ—Nv;zjcos( ZJN Wﬂj{|:fK/2(j)+(—1)K fk,z(?—l—J)}

observe that the value of the right hand side does not depend on K, but it can only be used to compute the value of
F(u, v, w) for a set of values of u ,v & w which depends on the value of K. For u,v,w = K/2, 3K/2, 5K/2........, N-

K2, oy (u,v,w) =1, using formula (22) and (26), the above expression reduces to

2j+1 2j+1 2j+1 _,.
€oS| ———ux |cos| ——Vx |cos| ——wz | f (j)+
N 2N 2N 2N
— 1
2K u-K/2 . . .
. 2)+1 . 2)+1 . 2)+1
F(u,v,w) = -1) K xsin us)sin vrr)sin W, 29
( ),-Zo() xsin(= =ur)sin(= =) sin(= = wr) (29)
_,N .
fK(E_l_J)
Foru=v=w=0,K, 2K, ...., N-K, using formulas (22) and (27), then (28) becomes
N
—1
2K 2j+1 2j+1
F(u)= Zaw(u,v,w)cos(J—u;zjcos( J v;z]
0 2N 2N (30)

2j+1 . v N .
coS wr [ x{f ()+(D)X[f (—-1-
(21w et 0+ L G2 )
Which again can be split as in (28) until there is only one term left in the sum (i. e. for K=N/2), allowing the compu-
tation of F(0) and F(N/2). Note that

a3D(0):1/ﬁ=cos(ﬁ/4):sin(n/4),

Therefore,
F(0)= cos(%j fr,(0)+sin (%) fr.@) (31)
For u = K= N/2 we get from (30)
N T, . T o
F (Ej = —{cos (Zj fu@ —sm(z) fN,Z(O)} (32)

We can replace u in formula (29) with N-u', using formulae (19) and (20), when K = 2, 4, 8, ...., N/2, so for u' =
K/2,3K/2, 5K/2, .....,N-K/2, we have an alternative expression:

. (Zj +1
sin
2
) u'-K/2
-1
2j+1
2N

cos(

u'z |sin
uesin 208

2j+1

cos
( 2N

2j+1 , . (2j+1 .
J V”jSIn(Zj—NW nij(J)

2j+1
2N

u'z)cos( V')

W' ) X fK_(%—l— J)
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Because -sin 6 = sin (-0), cos 6= cos (-0), the sign term (-1)(u-K/2)/K in formulas (13) and (17) may also be moved
u-K/2

— K i

into the sin function. The angles D (2' +huz/2N) may be thus expressed as follows:

u—-K/2

(-1) K @j+Dux/2N =m(j,u)z+0(j,u)

m(j,u):O,J_rl,iZ,...,—%<6’(j,u)<%
So we have
u-K/2 1 u-K/2 H
(-1) « sinzHlu;z:sin(—l)T21+1 7 =(-1)""sin6(j,u)
2N (34)
1 u-K/2 i
C032J+1U7Z':COS(—1) K 2]+1u7z=( )" cos 4 j,u)

For a given value of K the two expressions (29) and (33) can compute the same set of values F(u) when u ranges
over u = K/2, 3K/2, 5K/2, ....., N-K/2. So with u from half the range, u = K/2, 3K/2, 5K/2, ... .., (N-K/2), F(u) and
F(N-u) together then provide the complete set of values:

S Qm“w{fKGymSQU¢D+fKQE—i—DﬁnHUJD} (35)
j=0
i W

2K

. . J+U_K/2+m(j,u) _,N 1 . e ..
=2 (-1 « x fic (o —1= 1) eos0j,u)— fi Msin G, ) ¢ (30
j=0

when u = K/2, 3K/2, .....(N-K)/2 and K = 2,4,8,.... N/2, F(0) and F(N/2) are calculated according to the formulas
(15), (16). Comparing the above formulae with the CORDIC algorithm, it is found that the N = 2u DCT F(u)
(u=0,1,2,3,...., N-1) can be computed using the CORDIC algorithm. Therefore

F(U)—\/ELN%_lY(J u) 37)

j:

1 N/2K-1

K, <

for u=K/2, 3K/2, 5K/2, ...., (N-K)/2, K = 2,4.8,...., N/2, and

Hm_%%%wmmF() J?—Nmm

X(j,u) (38)

% f

F(N-u)

. K2 )
Here the values X(j,u)= (—l) K Xq X(0,0)=—
Y(j!u):(_l)m(j’U)Yq! Y(0,0) =Yq
are computed from results of CORDIC computations yielding the values Xq and Yq after g steps, using suitable

initial values (for K =0, X0 = fnr @ , YO0 = fu12(0) and for K =248, ....., N/2, X0 = fie (N/K=1-]) ,

Y0 = fK (1) and rotation through angles 6( i, u).
3D-IDCT USING CORDIC ALGORITHM
The one dimensional even inverse discrete cosine transform (IDCT) [4] is defined by

Inverse 3D-DCT
N;~1 N, 1 Ng—1
fO6Y,2) =D D {asp (U, v, W)F (u,v,w) cos(l,) cos(l,) cos(l,)}
u=0 v=0 w=0
where
_ (2x+1u | 2y +1lv | _r(2z+D)w

|, = = A= 39
. 2N, 2N, P 2N, 39
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j=0,1,2,3,.....N-1
i (0) =1/2, a5 (U, v, W) =1,
u=v=w=12,..,N-1

We will initially not consider the constant for simplicity. The above formula is also divided into two parts, then

replacing u with N-u' for the second term, using formula (20), f (i) becomes
N/2-1N/2-1N/2-1

f(x.y.z2)=> > D a_(u,v,w)cos(l,)cos(l,)cos(l,)
F(u,v,w)+ IS a5 (U, v, w) cos(l,) cos(l,) cos(l,)F (u, v, w)

z

/2 v=

z
N

/

z

u= w=N/2

j+1

o cos(11) cos(12) cos(I3)F (u, v, w)
:F\/(_O)+(—1){ 2 }F(\NF/Z)+ Z +(=1) sin(11) sin(12) sin(13)
2 2 T IE(N —u)F(N —=Vv)F(N —w)

z
<
iN
iR
z
<
N
N
z

_ S 93, wa (i v)g(j,w)
— (40)

i

c
I
o
<
I
o
H

Where foru,v,w=1,2, ....,N/2 and all j

i 0)—cos| Z e (2 (N
9(1,0)—008(4JF(0)+( 1) Sm(4jF( j

2
g(j,u) :cos(zzj;l_lu;er(u)Jr(—l)j sin(zzj:lluzer(N —u)

Similarly for g(j,v) and g (j,w) can be write
Similar to the DCT, let K =1, 2, 4, 8. ...., N/2 using formula (22), (23), when u=K, 2K, 3K, ....., we get

o[ -1-du =) {cos(zzj;lusz(UF(—l)j sinf 21tz | F(u —u>}=(—1>““ 9(iv)

(41)

=K/2,3K/2,5K/2, .....,letK=2,4,8, ...., N/2, we get:
N ) L (241 Y 2j+1 ol
g(K 1 J,u)_( 1) « {sm( N u”jF(u)+( 1) cos( N u;er(N u)}_g (j.u)

(42)

Where we define g'(i, u) as follows (note that there is a relation between u and K)

9'(0,0) :sin(Zj F (0)—005(;[] F(':j =-g(L0)

. wkiuk | . [2]+1 j 2]+1
g‘(],u):(—l)( ) {sm[ZJI:UnJF(u)—(—l) cos[zj;‘u;r)F(N—u)}

Exploiting the symmetries a complete set of values g(j,u) ,9(j,v) & g(j,w) needed for the computation of (f (x,y,z)
according to (19), using (20) and (21), can be calculated from (N3 +16)/12 (g(, u), g'(j, u))
,(93.,v),9'G,v)),9(,w),g'(,w) pairs of values. Results of all g(j,u) g(j,v),g(j,w) for N=16, uv=0,1,2,....,7, j=0,1,2,....,
15 is calculated. Similar to calculating the DCT using CORDIC, we move the sign (-1)j to the sin function. The an-
gle (-1)j(2j+1)/u /2N can be expressed by

(Dj2j+1)u /2N =h (j, u) + (j, u),

h(, u)=0,1,2,.... j - 12< (ju)< 12 (43)
9'(j,u) = (~1)XU™ —*{cos A(j,u)F (u) +sin B(j,u)F (N —u)}

So we have Lu=ks2
9’ wy = (D' k"M —xfcos A(j,u)F (u) +sin B(j,u)F ()}
g(0,0) =cos(z/4)F(0)+sin(z/4)F(N/2)

g'(0,0) = —{cos(r / 4)F (N / 2) —sin(sz / 4)F (0)}

a(,u),g'(,v),a(,v),g'(j,v) and g(j,w),g'(j,w)and(g(0,0),9'(0,0)) can be computed using q steps of the CORDIC algo-
rithm.

947



Masram and Karule Euro. J. Adv. Engg. Tech., 2017, 4(12): 941-950

'+U_K/2+h(j,u) )

g'(j,u)=(-1)" « X., 9'(0,00=-X;,
g(j,u) = (=", g'(0,0)=Y,.
v j+w+h(j,u) ' ' .
g'(iv)=(-1)" « Xy 9'(0,0) =X,
9(j,v) = (=D, g'(0,0)=Y,.

-M‘F j.u ! , .
g'(jow)=(-1)" « "X 9'(0,0)=-X;,
9(Jw) = ()"0, 910,0)=Y,

X|'+1 = xll _51Y1IX271
Y|I+1 = Yll — §1Y1'X2_1

Ba=p+oa 1=01,..,q-1,

Where 8: is chosen such that g1 converge to the angle B(i, u), using initial values X's=F(N-u), Y'o=F(u), for u=0
X'0=F(N/2), Y'o:=F(0).

CORDIC COMPUTATIONS OF 3D-DCT/IDCT ALGORITHM

In this section, we will see how many CORDIC computations are needed in this algorithm [18] for DCT/IDCT. Con-
sider the values of K and u=v=w=K/2,3K/2,5K/2,.....(N-K)/2 j will change from 0 to N/2K-1,hence there are
N*N*N/(2K*2K) CORDIC Computations .Now including computations required for F(0) and F(N/2) for 3D DCT
is (N3+8) /12. Table -1 shows number of CORDIC computations required for the 3D DCT and can be calculated.
We can have observed that depends upon the iterations required the CORDIC computations goes on increasing from
44 to 342 for N=8 and N=16, that may lead to the increase Of course area size but obviously reduces the complexity
in the computations of the DCT/IDCT transform that will lead to the less power consumptions in the digital signal

processing application.
Table -1 CORDIC Computations

Computations Formula Algorithms N=8 N=16
(N2+8) /12. 2D-DCT 6 22
(N3+16) /12. 3D-DCT 44 342

3D-DCT/IDCT STRUCTURE USING CORDIC ALGORITHM

From the above Table -1 using CORDIC computation, the structure for the 3D DCT/IDCT would be used for N=8
Computations required 44 and for N=16 Computations required is 342. The parallel computations is needed for cal-
culation of latency, area and speed. The block diagram of 3d-DCT/IDCT structure can be drawn from the computa-
tions as shown in Fig.4, the Image Inputs vectors in the form of coefficients are given to the Selector, which will
select the binary '0' or '1' generated by the select line. When the selector will Select '0' then the processor will work
as DCT i.e Discrete Cosine Transform And when '1' then processor will work as Inverse discrete transform .The
RAM buffer is used to store the output vector from the selector and proceed to the Processor .The complex compu-
tation required in the DCT/IDCT is computed by the CORDIC algorithm. This will not only lead to the area minimi-
zation but also speed boosting from the following synthesis result.

CORDICROTATOR

¢ [ )
INPUTS

I

RAM BUFFER
ip-ncr/iocrT .
g
processor

SELECT

Fig. 4 Block diagram of 3D-DCT/IDCT structure
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SYNTHESIS RESULT AND DISCUSSION

Based on this algorithm a new processor 3D-DCT/IDCT architecture is design and synthesis results with the help of
Xilinx ISE 14.7 tools and FPGA implementation has been done with Altera Quartus cyclone-11 (DE2 board). The
results have been compared with [19,20] 2D-DCT /IDCT structure. we can observe the improvement in working
frequency in proposed work hence area wise decrement as shown in the given Table -2.

Table -2 Comparative Analysis and Synthesis Results

Parameters Proposed 3D-DCT/IDCT structure 2D-DCT/IDCT structure[13,19]
Number of Slices 447 727
Occupied LUT's 1412 1181
RAM 32 -

Working Frequency 310MHz 111.08MHz

Dynamic Power 10mw Imw
Total ON chip power 458mwW 1.198W

CONCLUSION

This paper has presented the algorithms of 3D-DCT and IDCT using CORDIC which leads to reduce the complex
computation required in the Discrete Cosine Transform and Inverse Discrete Cosine transform. Using CORDIC
algorithm frequency has been increased. Faster CMOS based Architecture is very much useful in the today's era of
technology. Comparing 2D-DCT [21,22] and 3D-DCT[proposed] we found that CORDIC computation has been
incremented by 38% for N=8, whereas for N=16, large number of computations are required for the 3D-DCT algo-
rithm.
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