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1 Introduction

The latest generations of 32-bit Intel processors support single instruction, multiple data (SIMD) data
processing. Pentiufrprocessors with MMX™ technology and later generations can execute integer SIMD
instructions. In addition, Pentiubil processors support single-precision floating-point SIMD instructions,
as well as other new instructions, collectively referred t&asaming SIMD Extensions

This application note presents algorithms and code samples of a high-performance implementation of 8x8
Discrete Cosine Transform with precision satisfying IEEE standard 1180-1990. The new algorithm takes
approximately 300 clock cycles per transform on processors with MMX™ technology or Pdiitium
processors.

2 Discrete Cosine Transform

Discrete Cosine Transform (DCT) is widely used in 1D and 2D signal processing. In particular, image
processing applications often use the 8x8 2D DCT. There are many algorithms for the direct computation of
the 8x8 2D DCT as well as algorithms for 8-element 1D DCTs, which you can use in the row-column
method to effectively perform an 8x8 2D DCT [1-9].

2.1 Algorithmic optimization of DCT

Optimization usually focuses on reducing the number of DCT arithmetic operations, especially the number

of multiplications. For example, Feig and Winograd proposed one of the fastest 2D 8x8 DCT algorithms [7].
The Loeffler-Ligtenberg-Moschytz (LLM) algorithm [8] and the Arai-Agui-Nakajima (AAN) algorithm [9]

are among the fastest known 1D DCTs. Table 1 presents the characteristics of the above DCT algorithms.

Table 1: Characteristics of Existing DCT Algorithms

Algorithm Operations per 8-element 1D DCT Operations per 8x8 2D DCT
additions multiplications  additions  multiplications
Feig & Winograd [7] N/A @irect 2D algorithr) 454 94
LLM [8] 28 11 448 176
AAN [9] 29 5 464 144

All integer DCT implementations encounter serious precision problems. This application note is based on
precision requirements for DCTs of 9-bit integer data, set forth in IEEE standard 1180-1990 [12]. Additional
recommendations regarding the precision of scaling 2D DCTs (for both forward and inverse transforms) can
be found in JPEG and MPEG specifications [10, 11].

2.2 Existing SIMD Implementations of DCT

On the latest Intel processors with the MMX technology [13] or Streaming SIMD extensions [14], DCT
code using the new SIMD instructions can run much faster. For example, fast SIMD DCT implementations
(based on the 1D AAN algorithm) are described in [15, 16]. However, these implementations are not
compliant with IEEE standard 1180-1990.

06.04.99 1
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In SIMD implementations of the DCT, non-arithmetic operations (copying and other auxiliary instructions)
have more impact on the overall performance than in scalar implementations. For these reasons, SIMD code
of a direct 2D DCT algorithms turns out to be less efficient than the row-column approach.

3 New Precise DCT Implementation Using SIMD Instructions

This application note presents a new fast algorithm for computing the 8x8 DCT with precision satisfying
IEEE standard 1180-1990. The new algorithm processes 16-bit integer data and imposes the following
restrictions on the input data range:

e input data for the forward DCT must have at most 9-bit values

* input data for the inverse DCT must have at most 12-bit values.

Although the number adirithmeticoperations in the new algorithm is slightly more than that of
[15, 16], itsoverall performancepproximately the same as [15, 16], and precision is significantly better.

3.1 The 8x8 2D DCT: Formulas and Strategy

We used the forward 8x8 2D DCT defined by this equation:

! m(2| +1)  m(2j+1)

—c C, Z Z coS 16 X (1)

and the corresponding inverse 8x8 2D DCT, defined as follows:

! m(2| +1)  7m(2j+1)

ZZ C0S— =G o, 2

wherec, =1/+/2 and c, =1forn=1...7. (There exist alternative DCT definitions in which the output of
forward DCTs is multiplied by certain coefficients; see [7] for more information.)

The new SIMD DCT implementation uses different computations for 1D transforms for rows and columns.
The 1D transform for each row is computed directly, in 32-bit precision. On the other hand, each group of 4
columns is transformed in parallel using 16-bit precision (with additional scaling). Although the 32-bit
transforms for rows are relatively slow, the above combination of 1D transforms for rows and columns
allows us tocavoid the transposition overhead

The forward 2D DCT processes columns first, then rows; the inverse 2D DCT applies the 1D transform to
rows first. The intermediate results are stored as 16-bit integer array; they are shifted to the left in order to
reduce the subsequent computational errors. To increase the performance, we use a scaling algorithm in
which intermediate results are multiplied by scaling coefficients during the 1D row transforms. Effectively,
this does not require additional arithmetic operations.

06.04.99 2
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3.2 The Underlying 1D DCT

The directN-element 1D DCT is defined by the following equation:

N-1
Y, =C, g Cosmxk (3)
= 2N

and the corresponding inverse 1D DCT by this equation:

N-1
X, = ZCOSMCH Yo (4)
2N

wherec, =% andc, = ‘/% forn=1..N-1.

We use the same notation as in [7] andfd&) = cosfik/16), which allows us to represent the matrix of 8-
element 1D DCT as follows:

@ y@ y@4 v y4 y4 y@d yAo
FO  v® VB KD D -yE -vd -y
y(2) y6) -y6) -¥2 -y2 -y6 y6) Y20
1@ -0 -y -xe  vB v v -vdg
23/(4) -y -y4 y4 y4 -y@ -y& y(4)g
y® -y@ w7 y@ -y@ -y y@® yOQg
%(6) -y vy -y -y6) Y2 -y y(6)g
¥ -v® yd -y@ y@® -yQ v -y(M0o

C, (5)

The operatolC, is orthogonal, therefore we can determine the matrix of inverse 1D DCT by transposing the

matrix of the forward 1D DCTC," = C; . (HereA ™" denotes the inverse & andA” denotes the transpose
of A)

We now factorize the matrixC, as follows:

1
CBZEEPsEMssDD‘a (6)
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(White spaces in matrices denote zero entries.) The opeRtor (6) performs a permutation of elements in

the data vector and does not require arithmetic operations. The symmetric properties of the dgeatgor

allow us to reduce the number of arithmetic operations. (All fast 1D DCTs use the factorization (6) or its
analogs. Our new algorithm differs only in the subsequent representatigh of
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Since C; is orthogonal, the inverse DCT matrix is

Cit=C) =T M [ (10

3.3 Computing the 8-element DCTs for rows

Our direct algorithm for computing forward and inverse DCTs for rows is based on factorizations (6) and
(10). It performs all arithmetic operations involved in the operatdrs and M; — namely, 32
multiplications and 24 additions.

To compute the forward DCT, the algorithm uses the following operations:

Operation MMX™ instructions used
Operator A, on 16-bit integers PADDSWandPSUBSW
OperatorM, (16-bit input, 32-bit results) PMADDWD andPADDD
Rounding and packing the results to 16-bit PADDD, PSRADandPACKSSDW

packed word format.

To compute the inverse DCT, we use the opera\&’b} (similar to Mg, it produces 32-bit intermediate

results). Then, the operato%T (implemented using the MMX™ instructio®ADDD andPSUBD) acts on

the 32-bit data. Finally, the 16-bit output data are obtained by rounding and packing, similar to the forward
DCT.

The algorithm uses real signed constayik3, as defined in the operatdvl, ; see (8). The constants are
scaled as follows:

[(K) 25 +05[ or [ p(k) 2" +05[,

whereX[denotes the integer part ®fThe scaled constants stored in 16-bit integer format in an order
suitable for applying th€ MADDWD instruction (constants for the forward and inverse transform are
stored in different order).

Note that the column DCTs (described in the next section) use a scaling algorithm, which requires
additional multipliers to be used during the row DCTs. Effectively, the operdibysand M; are

multiplied by a constant which depends on the row number. By properly modifying the tabulated constants
once, we avoid additional arithmetic operations in the row DCT.

In addition to arithmetic operations, DCT requires data reordering. This is because the “natural” data storage
order differs from the optimal order for computing the operatdysand AgT . For data reordering, our

algorithm uses the MMX instructioBUNPCKLWDandPUNPCKHWD or, on Pentiurfi 1l processors,
thePSHUFW instructions.
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The auxiliary data reordering operations are the only part of the algorithm that uses new instructions of
Pentiumlll processors (if available).

All the above operations are performed for each row in the data matrix. The total numbers of arithmetic
operations are 256 additions and 256 multiplications; these numbers do not include auxiliary operations.

The forward DCT for rows takes 96 MMX instructions; the inverse transform takes 128 MMX instructions
for arithmetic operations. In addition, it takes approximately 240 instructions to perform auxiliary
operations.

3.4 Computing the 8-element DCTs for columns

To compute the 8-element DCTs for columns, we modified an algorithm published in [2] based on original
works [3,4]. Originally, the algorithm [2] used 26 multiplications and 16 additions; we transformed it into a
scaling algorithm which uses 26 additions and 8 multiplications. (Additional multiplications are now
incorporated in the row DCT).

The DCT for columns uses the following factorization of the operdthy:

Mg = Dy [Bg [E; [F, (11)
where
v(4) 0 0 0 0
[ 0
oo 0 ¥(?2) 0 g
O 0 y(4) 0 0 0
U0 0 0 p2 U
D, = Y 0 (12)
B y@ O 0 OB
0 0 O 0 y(3U
5 Y )D
[ 0 ¥y 0 Og
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1 1 0
1 -1 7
0 y(6) 0
U ¥(2) O]
. y(6) .
0 ¥(2) 7 O
_0 y(7 O
B. = AL 13
s B V) B (13)
O v 0
B y(5)t
0 y(3)
0 y(5) 0
H y(3 H
mo 0 1 O
8) 1 1 0 S
o 0 -1 O
0
1 -1 0
E :%) D 14
8 B 1 10 og (14)
0 0 0 1 1n
E 1 -10 og
0 0 0 1 -1
M 00O O
g) 100 E
M 0 10 O
0
00 1
F :%’ U 15
8 0 1 0 0 o0 (15)
B 0 A(4) A4 OB
B 0 A(4) -A(4) OB
0 0 0 0 1

In the original DCT algorithm, all non-zero elements in the maidix are 1, and all the multiplications by
scaling constants are incorporated in the oper&gprin our algorithm, on the other hand, the 1D column
DCT stage performs only computations corresponding to the operBior&, and ;. Multiplications
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corresponding td, are actually performed during the row-by-row DCT stage. The following multipliers

are used:

» rows 0 and 4 are multiplied by4),

* rows 1 and 7 are multiplied by(1),

* rows 2 and 6 are multiplied by2),

e rows 3 and 5 are multiplied by3).

The new constants (fractions) in the operaByrcan be interpreted as tangents of the corresponding angles,

for example:

y(5) _ cosbri/116)
v(3) - cos@rr/16)

=tan@rr/16)

The inverse 1D DCT operatd is factorized as
Mg =F, [E; (B (D (16)

All computations in (11) and (16) are performed with 16-bit precision by using MMX instructions. The
algorithm uses scaled real coefficients:

ICONST= [const[2'® +0.5] (7)

they are stored as 16-hittegers

To perform multiplications, we use the MMX™ instructié?MULHWhich computes the higher 16 bits of
the signed product. If a real constaanstis greater than 0.5, the correspondi@NSTafter scaling (17)
would contain 1 in the sign bit, which means ICONST would be a negative integer. To compute products
constx correctly, we use the following expression:

constik = PMULHW(ICONST, x) + x

For better accuracy of the forward DCT, the algorithm shifts the input data bits to the left. During the row-
by-row transform, the intermediate results are shifted to the right. The data for inverse column DCT are
already shifted to the left during the row transform. The results are rounded and shifted back to the right.

The DCT of 8 columns requires 208 additions and 64 multiplications. The algorithm processes 4 columns in
parallel. The whole DCT takes 70 MMX instructions for arithmetic operations. In addition, auxiliary
operations take 80-100 instructions.

06.04.99 8
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4 Accuracy: Compliance with IEEE Standard 1180-1990

The IEEE Standard 1180-1990 [12] sets accuracy requirements for the 8x8 inverse DCT in terms of
permissible differences between the actual transform results and the results computed in double-precision
floating-point arithmetic:

* mean absolute difference

» standard deviation (or root-mean-square difference)

« other integral characteristics of differences for a large number of input data matrices.

Compliance tests are performed for a large input data set generated with a random number generator (which
is also specified in the standard).

Our original implementation of the inverse DCT already had relatively high accuracy; however, it did not
comply with the IEEE standard yet. The mean error is 0.004817, whereas the maximum permissible mean
error is 0.0015 (see Table 2).

Table 2: Errors in the original DCT implementation for sample data

-0.0078 -0.0094 -0.0083 -0.0090 -0.0096 -0.0084 -0.0095 -0.0092
-0.0112 -0.0141 -0.0104 -0.0117 -0.0105 -0.0135 -0.0126 -0.0122
0.0113 0.0105 0.0115 0.0101 0.0103 0.0123 0.0139 0.0115
0.0079 0.0100 0.0095 0.0093 0.0105 0.0107 0.0084 0.0097
0.0082 0.0118 0.0108 0.0100 0.0090 0.0100 0.0086 0.0118
0.0079 0.0083 0.0079 0.0071 0.0079 0.0075 0.0089 0.0061
0.0128 0.0108 0.0108 0.0113 0.0094 0.0104 0.0121 0.0116
0.0101 0.0103 0.0091 0.0104 0.0098 0.0084 0.0084 0.0108

As seen from Table 2, the computed transform results are biased (the computed results in the first two rows
are less than the corresponding exact results; the computed results in the other rows are greater than the
corresponding exact results). This bias is because the column transforms used the MMX instruction
PMULHWhich effectively computed all products

x [tonst (18)

by truncating the scaled products as follows:
(X UCONSTO

> 8

wherel CONSTdenotes the integer constant defined in (17). Therefore, in the original implementation of
the algorithm the product (18) was actually replaced Bytonst]

(19)

06.04.99 9
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This is a biased result; in most cases it is less than the exact result. This appears to be the main cause for
errors in the original version of the algorithm.

To reduce the errors in the computed product (18), we could simply use the following formula with round-
off correction:

X Lconst+ 0.5[]

However, the direct implementation of this formula with MMX instructions is inefficient. Below we
describe a correction of the computed results in the improved version of our algorithm.

Suppose that we ug@VULHWhstructions to compute a sum of two products
Ak +BLly.
Without corrections, the actual computed result would be

(A By

The natural correction for the above sum is the following:
[Ak+ By +0.50]

If the input datax andy have independent uniform distributions, then
[ALk+ B0y +0.5F [ALX B L[ with probability 1/8,
[ALk+BLOy+0.5F A BLy#1 with probability 3/4,
[ALk+BLy+0.5F [ALX# BLy[+2  with probability 1/8.

If we just add 1 to computed sums for all datandy:

[ALX3 B L1,

this would considerably reduce the mean error of the sums.

Another correction technique is to increase the computed product (19) by setting the lowest bit of the
product to 1.

06.04.99 10
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We found an optimal combination of the above techniques by computational experiment. As a result, our
algorithm met and even exceeded the precision requirements of IEEE standard 1180-1990. For the same
sample data as in Table 2, our improved algorithm computed the DCT with errors shown in Table 3.

Table 3: Errors in the improved DCT implementation

0.0016 -0.0007 0.0008 -0.0004 0.0005 0.0014 0.0016 0.0006
-0.0004 -0.0014 0.0007 -0.0008 0.0019 0.0010 0.0007 -0.0001
-0.0020 0.0001 -0.0003 -0.0007 -0.0011 -0.0007 0.0002 -0.0004
-0.0020 -0.0001 -0.0006 -0.0002 0.0008 -0.0003 -0.0008 0.0002
-0.0003 0.0012 -0.0001 0.0007 0.0002 -0.0001 -0.0005 0.0010
0.0008 0.0013 0.0011 -0.0015 -0.0002 -0.0006 0.0005 -0.0005
-0.0008 -0.0010 0.0001 0.0014 -0.0001 -0.0001 0.0003 0.0002
-0.0005 0.0001 0.0014 0.0019 -0.0008 0.0001 -0.0013 -0.0005

Now the mean error is 0.00039, which is much less than the permissible mean error 0.0015 specified in the
standard.

06.04.99 11
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5 Performance

The performance characteristics of the new 8x8 2D DCT algorithm for 16-bit signed integer data are shown
in Table 4. The algorithm's implementation with MMX instructions and Streaming SIMD Extensions is 3 to
3.5 times faster than the implementation that does not use SIMD instructions of either type.

Table 4: 8x8 2D DCT Performance (in clock cycles)

Integer MMX™ MMX™ instructions and
Transform type implementation instructions Streaming SIMD Extensions
2D DCT 8x8 970 280 250
2D iDCT 8x8 970 320 290

6 Comparison to Other Fast DCT Algorithms

Other existing fast DCT algorithms optimized for the latest generations of Intel processors are based on the
1D AAN algorithm and take about 250 clock cycles per 8x8 2D DCT [15,16]. However, the results of
transform algorithms [15, 16] are presentedransposedormat. Note also that if the user needs an inverse
DCT for the algorithms in [15, 16], this would require auxiliary operations on top of the 250 cycles per
transform. These auxiliary operations include shifting the inverse DCT input data to the left, as well as
scaling the results of the forward DCT. An estimated overhead for these auxiliary operations in transforms
defined in (1) and (2) is 50 to 70 clocks.

Thus, the algorithm presented in this application note has approximately the same performance as those in
[15, 16]. At the same time, the new algorithm is compliant with the precision requirements of IEEE standard
1180-1990.

Note that on older processors which do not support SIMD instructions the new algorithm is inferior to

existing DCT algorithms: the number of additions is 464, and the number of multiplications is 320 per
transform.

06.04.99 12
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7 Code Examples

These examples contain code fragments for first stage iDCT 8x8
; (for rows) and first stage DCT 8x8 (for columns)

mword typedef qgword
mptr equ mword ptr
BITS_INV_ACC =14 ; 4 or 5 for IEEE

SHIFT_INV_ROW = 16 - BITS_INV_ACC

SHIFT_INV_COL = 1 + BITS_INV_ACC

RND_INV_ROW = 1024 * (6 - BITS_INV_ACC) ; 1 << (SHIFT_INV_ROW-1)
RND_INV_COL = 16 * (BITS_INV_ACC - 3) ; 1 << (SHIFT_INV_COL-1)
RND INV_CORR = RND_INV_COL -1 ; correction -1.0 and round
BITS_FRW_ACC 3

SHIFT_FRW_COL = BITS_FRW_ACC
SHIFT_FRW_ROW = BITS_FRW_ACC + 17

; 2 or 3 for accuracy

RND_FRW_ROW = 262144 * (BITS FRW_ACC - 1) ; 1 << (SHIFT_FRW_ROW-1)
.data
Align 16

one_corr sword 1, 1, 1, 1

round inv_row dword RND_INV_ROW, RND_INV_ROW

round_inv_col sword RND_INV_COL, RND_INV_COL, RND_INV_COL, RND_INV_COL
round_inv_corr sword RND_INV_CORR, RND_INV_CORR, RND_INV_CORR, RND_INV_CORR

round_frw_row dword RND_FRW_ROW, RND_FRW_ROW
tg_1 16 sword 13036, 13036, 13036, 13036 ; tg * (2<<16) + 0.5
tg_2 16 sword 27146, 27146, 27146, 27146 ; tg * (2<<16) + 0.5
tg_3_16 sword -21746, -21746, -21746, -21746 ; tg * (2<<16) + 0.5
cos 4 16 sword -19195, -19195, -19195, -19195 ; COs * (2<<16) + 0.5
ocos_4_16 sword 23170, 23170, 23170, 23170 ; COs * (2<<15) + 0.5

; The first stage iDCT 8x8 - inverse DCTs of rows

; The 8-point inverse DCT direct algorithm

; static const short w[32] =

; FIX(cos_4 16), FIX(cos_2_16), FIX(cos_4 16), FIX(cos_6_16),
; FIX(cos_4 16), FIX(cos_6_16), -FIX(cos_4 16), -FIX(cos_2_16),
; FIX(cos_4 16), -FIX(cos_6_16), -FIX(cos_4_16), FIX(cos_2_16),
; FIX(cos_4 16), -FIX(cos_2_16), FIX(cos_4_16), -FIX(cos_6_16),
; FIX(cos_1 16), FIX(cos_3_16), FIX(cos_5 16), FIX(cos_7_16),
; FIX(cos_3_16), -FIX(cos_7_16), -FIX(cos_1_16), -FIX(cos_5_16),

; FIX(cos_5 16), -FIX(cos_1_16), FIX(cos_7_16), FIX(cos_ 16)
; FIX(cos_7_16), -FIX(cos_5_16), FIX(cos_3 16), -FIX(cos_1_16) }

; #define DCT_8_INV_ROW(x, V)
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;o
; int a0, al, a2, a3, b0, bl, b2, b3;
a0 = x[0] * w[ O] + x[2] * w[ 1] + x[4] * w[ 2] + x[6] * w[ 3];
al = x[0] * w[ 4] + x[2] * w[ 5] + x[4] * w[ 6] + x[6] * w[ 7];
a2 = x[0] * w[ 8] + x[2] * w[ 9] + x[4] * w[10] + x[6] * w[l1];
a3 = x[0] * w[12] + x[2] * w[13] + Xx[4] * w[14] + Xx[6] * w[15];
b0 = x[1] * w[16] + Xx[3] * w[17] + X[5] * w[18] + Xx[7] * w[19];
bl = x[1] * w[20] + x[3] * w[21] + X[5] * w[22] + X[7] * w[23];
b2 = x[1] * w[24] + Xx[3] * w[25] + X[5] * w[26] + X[7] * w[27];
b3 = x[1] * w[28] + Xx[3] * w[29] + X|[5] * w[30] + Xx[7] * w[31];
y[0] = SHIFT_ROUND ( a0 + b0 );
y[1] = SHIFT_ROUND ( al + b1l );
y[2] = SHIFT_ROUND ( a2 + b2 );
y[3] = SHIFT_ROUND ( a3 + b3 );
y[4] = SHIFT_ROUND ( a3 - b3 );
= SHIFT_ROUND ( a2 - b2 );
y[6] = SHIFT_ROUND ( al - bl );
y[7] = SHIFT_ROUND ( a0 - b0 );
;)

; In this implementation the outputs of the iDCT-1D are multiplied
for rows 0,4 - by cos_4 16,
for rows 1,7 - by cos_1 16,
for rows 2,6 - by cos_2 16,
for rows 3,5 - by cos_3 16
; and are shifted to the left for better accuracy

; For the constants used,
FIX(float_const) = (short) (float_const * (1<<15) + 0.5)

=
el

IF _MMX : MMX code

; Table for rows 0,4 - constants are multiplied by cos 4 16

tab i 04 sword 16384, 16384, 16384, -16384 ; movg-> w06 w04 w02 w00

sword 21407, 8867, 8867, -21407 ; w07 w05 w03 w01
sword 16384, -16384, 16384, 16384 : wl4 wl2 wl0 w08
sword -8867, 21407, -21407, -8867 : wl5 wil3 wll w09

sword 22725, 12873, 19266, -22725 ; w22 w20 wl8 wil6
sword 19266, 4520, -4520, -12873 : w23 w21 w19 wl?
sword 12873, 4520, 4520, 19266 ; w30 w28 w26 w24
sword -22725, 19266, -12873, -22725 ; w31l w29 w27 w25

; Table for rows 1,7 - constants are multiplied by cos_1_16

tab i 17 sword 22725, 22725, 22725, -22725 ; movg-> w06 w04 w02 w00
sword 29692, 12299, 12299, -29692 ; w07 w05 w03 w01
sword 22725, -22725, 22725, 22725 ; wld wl2 wil0 w08
sword -12299, 29692, -29692, -12299 ; wl5 wl3 will w09
sword 31521, 17855, 26722, -31521 ; w22 w20 wl8 wlb6
sword 26722, 6270, -6270, -17855 ; w23 w21 wil9 wl7
sword 17855, 6270, 6270, 26722 ; w30 w28 w26 w24
sword -31521, 26722, -17855, -31521 ; w31l w29 w27 w25
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; Table for rows 2,6 - constants are multiplied by cos 2 16

tab i 26 sword 21407, 21407, 21407, -21407 ; movg-> w06 w04 w02 w00

sword 27969, 11585, 11585, -27969 ; w07 w05 w03 w01
sword 21407, -21407, 21407, 21407 ; wl4 wl2 wl0 w08
sword -11585, 27969, -27969, -11585 ; wl5 wil3 will w09

sword 29692, 16819, 25172, -29692 ; w22 w20 wl8 wil6
sword 25172, 5906, -5906, -16819 ; w23 w21 w19 wl7
sword 16819, 5906, 5906, 25172 ; w30 w28 w26 w24
sword -29692, 25172, -16819, -29692 ; w31l w29 w27 w25

; Table for rows 3,5 - constants are multiplied by cos 3 16

tab_i_35 sword 19266, 19266, 19266, -19266 ; movg-> w06 w04 w02 w00

sword 25172, 10426, 10426, -25172 ; w07 w05 w03 w01
sword 19266, -19266, 19266, 19266 ; wld wl2 wil0 w08
sword -10426, 25172, -25172, -10426 ; wl5 wil3 will w09

sword 26722, 15137, 22654, -26722 ; w22 w20 wl8 wil6
sword 22654, 5315, -5315, -15137 ; w23 w21 w19 wl7
sword 15137, 5315, 5315, 22654 ; w30 w28 w26 w24
sword -26722, 22654, -15137, -26722 ; w31l w29 w27 w25

DCT_8_INV_ROW_1 MACRO INP:REQ, OUT:REQ, TABLE:REQ

movq mmO, mptr [INP] ; 0 ; X3 x2 x1 x0

movq mml, mptr [INP+8] ;1 ; X7 X6 x5 x4

movq mm2, mmO ;2 ; X3 x2 x1 x0

movq mm3, mptr [TABLE] ;3 ; w06 w04 w02 w00

punpckivd  mmO, mml ; X5 x1 x4 x0

movq mm5, mmO 7 b ; X5 x1 x4 x0

punpckldg mmO, mmO ; X4 x0 x4 x0

mov(q mm4, mptr [TABLE+8] ;4 ; w07 w05 w03 w01

punpckhwd mm2, mml ; 1 ; x7 x3 x6 x2

pmaddwd mm3, mmO ; X4*w06+x0*w04 x4*w02+x0*w00
movq mm6, mm2 ; 6 ; X7 X3 X6 x2

movq mml, mptr [TABLE+32] ;1 ; w22 w20 wl8 wil6

punpckldg mm2, mm2 ; X6 X2 x6 x2

pmaddwd mm4, mm2 ; X6*WO7+x2*w05 x6*w03+x2*w01
punpckhdg mm5, mm5 ; X6 x1 x5 x1

pmaddwd mmO, mptr [TABLE+16] ; X4*wl1l4+x0*wl2 x4*w10+x0*w08
punpckhdg mm6, mme6 i X7 X3 X7 X3

mov(q mm7, mptr [TABLE+40] ;7 ; w23 w2l wil9 wil7

pmaddwd mml, mm5 ; X5*W22+x1*w20 x5*w18+x1*w16
paddd mm3, mptr round_inv_row ; +rounder

pmaddwd mm7, mme6 ; XT*W23+x3*w21 X7*w19+x3*wl7
pmaddwd mmz2, mptr [TABLE+24] ; X6*wW15+x2*w13 x6*wll+x2*w09
paddd mm3, mm4 ; 4 ; al=sum(evenl) aO=sum(evenO0)
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pmaddwd mm5, mptr [TABLE+48] ; X5*w30+x1*w28 x5*w26+x1*w24
movq mm4, mm3 ;4 ; al a0
pmaddwd mm6, mptr [TABLE+56] ; X7T*W31+x3*W29 X7*w27+x3*w25
paddd mml, mm?7 ; 7 ; bl=sum(oddl) bO=sum(odd0)
paddd mmO, mptr round_inv_row ; +rounder
psubd mm3, mml ; al-bl a0-b0
psrad mm3, SHIFT_INV_ROW ; y6=al-bl y7=a0-b0
paddd mml, mm4 ; 4 ; al+bl a0+b0
paddd mmO0, mm2 ; 2 ; a3=sum(even3) a2=sum(even2)
psrad mm1, SHIFT_INV_ROW ; yl=al+bl y0=a0+b0
paddd mm5, mm6 ; 6 ; b3=sum(odd3) b2=sum(odd2)
movq mm4, mmO ;4 ; a3 a2
paddd mmO0, mm5 ; a3+b3 a2+b2
psubd mm4, mm5 ; 5 ; a3-b3 a2-b2
psrad mmO, SHIFT_INV_ROW ; y3=a3+b3 y2=a2+h2
psrad mm4, SHIFT_INV_ROW ; y4=a3-b3 y5=a2-b2
packssdw ~ mml, mmO ; 0 ; y3y2yly0
packssdw  mm4, mm3 ; 3 ; y6 y7 y4 y5
movq mm7, mm4 ;7 ;Y6 y7 y4 y5
psrid mm4, 16 ; 0y6 0vy4
pslid mm7, 16 ;y7 0y5 0
mov(q mptr [OUT], mml ; 1 ; save y3 y2 yl y0
por mm7, mm4 ;4 y7 y6 y5 y4
mov(q mptr [OUT+8], mm7 ; 7 ; save y7 y6 y5 y4

ENDM

ELSE ; code for Pentium IlI

; Table for rows 0,4 - constants are multiplied by cos 4 16

tab_i 04 sword 16384, 21407, 16384, 8867 ; movg-> w05 w04 w0l w00

sword 16384, 8867, -16384, -21407 ; w07 w06 w03 w02
sword 16384, -8867, 16384, -21407 ; wl3 wl2 w09 w08
sword -16384, 21407, 16384, -8867 ; wl5 wl4 wil wil0
sword 22725, 19266, 19266, -4520 ; w21 w20 wl7 w16
sword 12873, 4520, -22725, -12873 ; w23 w22 w19 wil8
sword 12873, -22725, 4520, -12873 ; w29 w28 w25 w24
sword 4520, 19266, 19266, -22725 ; w31l w30 w27 w26

; Table for rows 1,7 - constants are multiplied by cos 1 16

tab i 17 sword 22725, 29692, 22725, 12299 ; movg-> w05 w04 w0l w00

sword

22725,

12299, -22725, -29692 ; w07 w06 w03 w02
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sword 22725, -12299, 22725, -29692 ; wl3 wl2 w09 w08
sword -22725, 29692, 22725, -12299 ; wl5 wl4 wll wl0
sword 31521, 26722, 26722, -6270 ; w21 w20 wl7 wl6
sword 17855, 6270, -31521, -17855 ; w23 w22 w19 wil8
sword 17855, -31521, 6270, -17855 ; w29 w28 w25 w24
sword 6270, 26722, 26722, -31521 ; w31l w30 w27 w26

; Table for rows 2,6 - constants are multiplied by cos 2 16

tab i 26 sword 21407, 27969, 21407, 11585 ; movg-> w05 w04 w0l w00

sword 21407, 11585, -21407, -27969 ; w07 w06 w03 w02
sword 21407, -11585, 21407, -27969 ; wl3 wl2 w09 w08
sword -21407, 27969, 21407, -11585 ; wl5 wl4 will wil0
sword 29692, 25172, 25172, -5906 ; w21 w20 wl7 w16
sword 16819, 5906, -29692, -16819 ; w23 w22 w19 wil8
sword 16819, -29692, 5906, -16819 ; w29 w28 w25 w24
sword 5906, 25172, 25172, -29692 ; w31l w30 w27 w26

; Table for rows 3,5 - constants are multiplied by cos 3 16

tab_i 35 sword 19266, 25172, 19266, 10426 ; movg-> w05 w04 w0l w00

sword 19266, 10426, -19266, -25172 ; w07 w06 w03 w02
sword 19266, -10426, 19266, -25172 ; wl3 wl2 w09 w08
sword -19266, 25172, 19266, -10426 ; wl5 wl4 will wil0
sword 26722, 22654, 22654, -5315 ; w21 w20 wl7 w16
sword 15137, 5315, -26722, -15137 ; w23 w22 w19 wil8
sword 15137, -26722, 5315, -15137 ; w29 w28 w25 w24
sword 5315, 22654, 22654, -26722 ; w31l w30 w27 w26

DCT_8_INV_ROW_1 MACRO INP:REQ, OUT:REQ, TABLE:REQ

movq mmO, mptr [INP] ; 0 ; X3 x2 x1 x0

movq mm1, mptr [INP+8] ;1 ; X7 X6 x5 x4

movq mm2, mmO ;2 ; X3 x2 x1 x0

movq mm3, mptr [TABLE] ;3 ; w05 w04 w01l w00

pshufw mmO, mmO, 10001000b ; X2 x0 x2 x0

movq mm4, mptr [TABLE+8] ;4 ; w07 w06 w03 w02

mov(q mm5, mml 7 5 7 X7 X6 x5 x4

pmaddwd mm3, mmO ; X2*wW05+x0*w04 x2*w01+x0*w00
movq mm6, mptr [TABLE+32] ; 6 ; w21 w20 wl7 w16

pshufw mml, mml, 10001000b ; X6 x4 x6 x4

pmaddwd mm4, mml ; X6*WO7+x4*w06 x6*w03+x4*w02
movq mm7, mptr [TABLE+40] ;7 ; w23 w22 wl9 wi8

pshufw mm2, mm2, 11011101b ; X3 x1 x3 x1

pmaddwd mm6, mm2 7 X3*W21+x1*w20 x3*wl7+x1*wl6
pshufw mm5, mm5, 11011101b ; X7 x5 X7 x5

pmaddwd mm7, mm5 ; XT*W23+x5*w22 x7*w19+x5*w18
paddd mm3, mptr round_inv_row ; +rounder

pmaddwd mmO, mptr [TABLE+16] ; X2*w13+x0*wl12 x2*w09+x0*w08
paddd mm3, mm4 ; 4 ; al=sum(evenl) aO=sum(evenO0)
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pmaddwd mm1l, mptr [TABLE+24] ; X6*w1l5+x4*wl4 x6*wll+x4*wl0
movq mm4, mm3 ;4 ; al a0
pmaddwd mmz2, mptr [TABLE+48] ; X3*W29+x1*w28 x3*w25+x1*w24
paddd mm6, mm7 ; 7 ; bl=sum(oddl) bO=sum(odd0)
pmaddwd mm5, mptr [TABLE+56] ; X7*W31+x5*w30 X7*w27+x5*w26
paddd mm3, mm6 ; al+bl a0+b0
paddd mmO, mptr round_inv_row ; +rounder
psrad mm3, SHIFT_INV_ROW ; yl=al+bl y0=a0+b0
paddd mmO0, mml ; 1 ; a3=sum(even3) a2=sum(even2)
psubd mm4, mme6 ; 6 ; al-bl a0-bO
movq mm7, mmO 07 ; a3 a2
paddd mm2, mm5 ; 5 ; b3=sum(odd3) b2=sum(odd2)
paddd mmO0, mm2 ; a3+b3 a2+b2
psrad mm4, SHIFT_INV_ROW ; y6=al-bl y7=a0-b0
psubd mm7, mm2 ; 2 ; a3-b3 a2-b2
psrad mmO, SHIFT_INV_ROW ; y3=a3+b3 y2=a2+h2
psrad mm7, SHIFT_INV_ROW ; y4=a3-b3 y5=a2-b2
packssdw ~ mm3, mmO ; 0;y3y2yly0
packssdw ~ mm7, mm4 ;o 4, Y6 y7 y4 y5
mov(q mptr [OUT], mm3 ; 3 ; save y3 y2 yl1 y0
pshufw mm7, mm7, 10110001b ; Y7 y6 y5 y4
mov(q mptr [OUT+8], mm7 ; 7 ; save y7 y6 y5 y4
ENDM
ENDIF ;

The first stage DCT 8x8 - forward DCTs of columns

The outputs are multiplied
for rows 0,4 - on cos_4 16,
for rows 1,7 - on cos_1 16,
for rows 2,6 - on cos_2 16,
for rows 3,5 - on cos 3 16
and are shifted to the left for rise of accuracy

The 8-point scaled forward DCT algorithm (26a8m)

#define DCT_8 FRW_COL(X, y)

short t0, t1, t2, t3, t4, t5, t6, t7;
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short tp03, tm03, tpl2, tml2, tp65, tme65;
short tp465, tm465, tp765, tm765;

t0 = LEFT_SHIFT ( x[0] + Xx[7] );

t1 = LEFT_SHIFT ( x[1] + x[6] );

t2 = LEFT_SHIFT ( x[2] + x[5] );

t3 = LEFT_SHIFT ( x[3] + x[4] );

t4 = LEFT_SHIFT ( x[3] - x[4] );

t5 = LEFT_SHIFT ( x[2] - x[5] );

t6 = LEFT_SHIFT ( x[1] - x[6] );

t7 = LEFT_SHIFT ( x[0] - x[7] );

tp03 = t0 + t3;

tm03 = t0 - t3;

tpl2 = t1 + t2;

tml2 = t1 - t2;

y[0] = tp03 + tpl2;

y[4] = tp03 - tpl2;

y[2] = tm03 + tml2 * tg_2 16;
y[6] = tm03 * tg_ 2 16 - tml2;

tp65 = (t6 + t5 ) * cos_4 16;

tmé5 = (6 - t5 ) * cos_4 16;

tp765 = t7 + tp65;

tm765 = t7 - tp65;

tp465 = t4 + tm65;

tm465 = t4 - tm65;

y[1l] = tp765 + tp465 * tg 1 16;
y[7] = tp765 * tg_1 16 - tp465;

y[5] = tm765 * tg_3 16 + tm465;

y[3] = tm765 - tm465 * tg_ 3 16;

DCT_8_FRW_COL_4 MACRO INP:REQ, OUT:REQ

LOCAL X0, x1, x2, x3, x4, x5, x6, x7
LOCAL v0, v1, v2, y3, v4, y5, y6, y7

x0
X1
X2
X3
X4
x5
X6
X7

equ [INP + 0*16]
equ [INP + 1*16]
equ [INP + 2*16]
equ [INP + 3*16]
equ [INP + 4*16]
equ [INP + 5*16]
equ [INP + 6*16]
equ [INP + 7*16]
equ [OUT + 0*16]
equ [OUT + 1*16]
equ [OUT + 2*16]
equ [OUT + 3*16]
equ [OUT + 4*16]
equ [OUT + 5*16]
equ [OUT + 6*16]
equ [OUT + 7*16]
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movq mmO, x1 ; 0 ; X1

movq mml, x6 - ; X6

movq mm2, mmO ;2 7 x1

movq mm3, x2 ;3 ;X2

paddsw mmO0, mml ; 11 = x[1] + x[6]
mov(q mm4, x5 ;4 ; X5

psllw mmO, SHIFT_FRW_COL il

movq mmb5, x0 ) ; X0

paddsw mm4, mm3 ; 12 = x[2] + Xx[5]
paddsw mm>5, X7 ; 10 = x[0] + X[7]
psllw mm4, SHIFT_FRW_COL ; 12

movq mm6, mmoO ; 6 ; t1

psubsw mm2, mml ; 1; t6 = x[1] - X[6]
movq mml, mptr tg_2_ 16 ;1 ; tg_2 16

psubsw mmO0, mm4 ; tml2 = t1 - t2
movq mm7, x3 ;7 ; X3

pmulhw mm1, mmO ; tml12*tg 2 16
paddsw mm7, x4 ; 13 = x[3] + X[4]
psllw mm5, SHIFT_FRW_COL ; 10

paddsw mm6, mm4 ; 4 ; tpl2 = t1 + t2
psllw mm7, SHIFT_FRW_COL ; 13

movq mm4, mmb5 ;4 ; t0

psubsw mm5, mm7 ; tm03 = t0 - t3
paddsw mml, mm5 ; y2 = tm03 + tml2*g 2 16
paddsw mm4, mm7 ; 7 ; tp03 = t0 + t3
por mm1, mptr one_corr ; correction y2 +0.5
psllw mm2, SHIFT_FRW_COL+1 ; 16

pmulhw mm5, mptr tg_2 16 ; tm03*tg 2 16

movq mm7, mm4 07 ; tp03

psubsw mm3, x5 ; 15 = X[2] - Xx[5]
psubsw mm4, mme6 ; y4 = tp03 - tpl2
movq y2, mml ; 1 ; save y2

paddsw mm7, mme6 ; 6 ; yO = tp03 + tpl2
movq mm1l, x3 - ; X3

psllw mm3, SHIFT_FRW_COL+1 ; 15

psubsw mml, x4 ;14 = X[3] - x[4]
movq mm6, mm2 ; 6 ; 16

mov(q v4, mm4 ; 4 ; save y4

paddsw mm2, mm3 ; 16 + t5

pmulhw mmz2, mptr ocos_4 16 ; tp65 = (t6 + t5)*cos_4 16
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psubsw mm6, mm3 ; 3 ;16 -15

pmulhw mm6, mptr ocos_4 16 ; tm65 = (t6 - t5)*cos_4 16
psubsw mm5, mmoO ; 0 ; y6 = tm03*tg 2 16 - tml2
por mm5, mptr one_corr ; correction y6 +0.5

psllw mml, SHIFT_FRW_COL ; 14

por mmz2, mptr one_corr ; correction tp65 +0.5

mov(q mm4, mml i 4 ; t4

movq mm3, x0 ;3 ; X0

paddsw mml, mm6 ; tp465 = t4 + tm65
psubsw mm3, X7 ; 17 = x[0] - Xx[7]

psubsw mm4, mm6 ; 6 ; tm465 = t4 - tm65

movq mmO, mptr tg_1 16 ; 0 ; tg_1 16

psllw mm3, SHIFT_FRW_COL ; 17

movq mm6, mptr tg_3_16 ; 6 ; 9.3 16

pmulhw mmO0, mml ; tp465*tg 1 16

movq y0, mm7 ; 7 ; save y0

pmulhw mm6, mm4 ; tm465*tg 3 16

movq y6, mmb5 ; 5 ; save y6

movq mm7, mma3 07 ; 7

movq mm5, mptr tg_3_16 ) ; 9.3 16

psubsw mm7, mm2 ; tm765 = t7 - tp65

paddsw mm3, mm2 ; 2 ; tp765 = t7 + tp65

pmulhw mm5, mm7 ; tm765*tg_3 16

paddsw mmO0, mm3 ; yl = tp765 + tp465*tg 1 16
paddsw mm6, mm4 ; tm465*tg 3 16

pmulhw mm3, mptr tg_1 16 ; tp765*tg 1 16

por mmO, mptr one_corr ; correction yl +0.5

paddsw mm5, mm7 ; tm765*tg 3 16

psubsw mm7, mme6 ; 6 ; y3 = tm765 - tm465*tg_3 16
movq yl, mmO ; 0 ; save yl1

paddsw mm5, mm4 ; 4 ; y5 = tm765*tg 3 16 + tm465
movq y3, mm7 ; 7 ; save y3

psubsw mm3, mml ; 1 ; y7 = tp765*tg_1 16 - tp465
mov(q y5, mm5 ; 5 ; save y5

movq y7, mm3 ; 3 ; save y7

ENDM
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