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ABSTRACT

We present a realization of reversible lapped transforms (RevLTs)
with simplified implementations, which are constructed by DCT and
DST matrices, adders, and bit-shifters, for lossy-to-lossless image
coding in this paper. Each DCT or DST matrix is directly used to
each lifting coefficient block and it is called DCT-lifting structure.
The structure is obtained by considering parallel processing of two
‘same’ type LTs and using DCT-lifting factorizations as our previous
work. Furthermore, the Hadamard transform and scaling parts in the
RevLTs are effectively implemented by extending 2D non-separable
lifting structures derived from lifting-based lapped transform (L-LT)
used for JPEG XR, the newest image coding standard. As a result,
the proposed RevLTs achieve not only simplified implementations
with any block size, but also comparable lossy-to-lossless image
coding performance to the conventional RevLTs.

Index Terms— DCT, DST, lapped transform (LT), lifting struc-
ture, lossy-to-lossless image coding.

1. INTRODUCTION

JPEG and H.26x series are DCT [1]-based image/video compression
(image coding) standards [2-5]. Since type-II DCT (DCT-II) has
high energy compaction capability, it is often applied to the trans-
form part in image coding. Type-III DCT (DCT-III) is the inverse
transform of DCT-II. Such facts have provided many fast implemen-
tations for DCTs [6-9]. However, the DCTs generate an unpleasant
blocking artifact for the reconstructed signals in low-bitrate coding
due to the discontinuity between blocks. M-channel (M = 2'“,
k € N) lapped transform (LT) [10] has overcame such a problem.
Let LT in this paper be DCT-based LT well-known as a fast LT.
Several integer-to-integer transforms (integer transforms), mainly
constructed by lifting structures [11], have been researched to
achieve lossy-to-lossless image coding which has the scalability
from lossless to lossy data. A 4 x 8 lifting-based lapped transform
(L-LT) [12] used for JPEG XR [13], the newest image coding stan-
dard, is one of the most popular integer transforms. It has a very
simple 2D non-separable lifting structures with only several adders
and bit-shifters, and achieves low-complexity lossy-to-lossless im-
age coding. Unfortunately, its filter size is too small to perform
sufficient coding. In [14] and [15], we have proposed reversible
LTs (RevLTs) to improve the coding performance with larger filter
size than the 4 x 8 L-LT. The conventional RevLTs were based on
DCT-lifting structures, which are directly applied DCT matrices to
lifting coefficient blocks, i.e., direct-lifting structures of DCTs [16].
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They can also reuse any existing software/hardware for DCTs as the
lifting coefficient blocks. The RevLTs in [14] had very complicated
lifting coefficient blocks in exchange for few lifting steps. Although
the another RevLTs in [15] obtained by considering parallel pro-
cessing of two ‘different’ type LTs have simple lifting coefficients,
they have complicated implementations in exchange for removing
floating-point multipliers.

In this paper, we present a realization of the RevLTs with sim-
plified implementations, which are constructed by DCT and DST
matrices, adders, and bit-shifters, for lossy-to-lossless image coding
than the conventional RevLTs. By considering parallel processing
of two ‘same’ type LTs unlike the RevLTs in [15] and using DCT-
lifting factorizations in [14,17], more parts are implemented by only
simple DCT-lifting coefficients. Furthermore, the Hadamard trans-
form and scaling parts in the RevLTs are effectively implemented
by extending 2D non-separable lifting structures derived from L-LT
in [12]. As aresult, the proposed RevLTs achieve not only simplified
implementations with any block size, but also comparable lossy-to-
lossless image coding performance to the conventional RevLTs.

Notations: 1, J, diag{---}, -7, and ® are an identity matrix, a
reversal identity matrix, a block diagonal matrix, matrix transposi-
tion, and a Kronecker product, respectively.

2. REVIEW AND DEFINITION

2.1. Lapped Transform (LT)

M-channel LT in this paper is based on polyphase structure from
components with well-known fast-computable algorithms and a scal-
ing coefficient s like L-LT in [12]. One of the most elegant solutions
is shown in Fig. 1 and expressed as [14, 15]

E(z) = P diag{I, S v Crir WA (2)W diag{Cyr,Crv }SWI
(1)

where

A(z) = diag{I, 2 'I}, S = diag{sI,s 'I}

wegb Yol

z is a delay element, and the (m, n)-element of permutation matrix
Pas

1 (n<M/2—1andm = 2n)
Pl,.=41 (n>M/2andm =2n—-M +1),
0 (otherwise)
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Fig. 1. Lattice structure of M -channel LT.

respectively. Also, Crr, Cirr, Crv, and Sy are DCT-1I, DCT-III,
type-IV DCT (DCT-1V), and type-IV DST (DST-1V) matrices with
N x N (N = M/2) size. The (m,n)-elements of C;; and C v are
defined as

ol =y B cos (mint 1)
(T, :\/%COS ((m + 1/2)]5;1 +1/2) 7r)

where ¢, = 1/v/2 (m = 0)or 1 (m # 0), Cy = Ch, = Cyrv,
and Crrr and Sy are established as Crrr = Cp;' = CHyand Spv =
DCwvJ=JCrwD ([Dlmn = (—1)" (m =n)or0(m # n)),
respectively. The optimal s is experimentally-determined in each
block size M, e.g., s = 0.8981 and 0.9360 in cases of M = 8 and
16, respectively. It is clear that the LTs with the scaling coefficient
s = 1 are lapped orthogonal transforms (LOTs) with type-II lattice
structure in [10].

2.2. DCT-Lifting Structure

The block-lifting structure [18], a special class of standard lifting
structure [11], achieves an effective lossy-to-lossless image coding
by merging many rounding operations. In Fig. 2, the analysis input
signal vectors x; and x;, the analysis output and synthesis input
signal vectors y; and y;, the synthesis output signal vectors z; and
z;, and the lifting coefficient blocks Tz, and Ty are presented by

y; = X; + round{Trx;}
vi = %; + round{Tvy;}
z; =y; —round{Tvy;} = x;
z; =y; —round{T_ry;} = x;.

In this case, the matrices and their inverse matrices are expressed by
I 0 I o' [T o
T, I|” |To 1 =T I
I Ty I Ty]' 1 —-Ty
o I|” |0 I |0 I |

When the lifting coefficient block is directly expressed by a DCT or
DST matrix, e.g., Tr, = Cjyz, the structure is termed DCT-lifting
structure, a special class of direct-lifting structure [16], in this paper.
The structure allows any DCT algorithm and software/hardware in
the block.
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Fig. 2. Block-lifting structures (white circles mean rounding opera-
tions).

3. SIMPLIFIED DCT-LIFTING-BASED REVLT

We introduce a realization of RevLTs with simplified implementa-
tions in this section. When an image X is 2D-transformed to Y by
an 1D transform T = Tx_; --- T1To, the 2D-transformed image
Y is expressed by

Y =Tkg_1 - T1ToXTET] - T _,.

It means that X is 2D-transformed by Tr4+1 (0 < k < K — 2,
K € N) after 2D transform by Tx. With the fact, the proposed
RevLTs are obtained by each 2D transform of I, W, S, P, and the
residual part in Eq. (1). The parts I and P are not discussed any
more because they just only reorder signals.

3.1. 2D Non-Separable Lifting Factorization of Hadamard
Transform Part

The first Hadamard transform part W in Eq. (1) is effectively im-
plemented by extending a 2D non-separable transform in [12]. Con-
sider an image that has been 2D-transformed by Wap, which is the
2D transform of W, as

T T
[YEL YgL YEH YITIH] =Wap [X%:L XEL XEH qu}H]

where Xy s are the top-left, top-right, bottom-left, and bottom-right
N x N blocks of an M x M image, and Y x« s are their respective
output blocks. We extend the 4 X 4 2D non-separable transform
in [12] to 2M x 2M 2D non-separable transform as

I I I
-I I -I
I -1 -1y’
-I -I 1

1
W2D:W®W=§

L B ]
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and its lifting structures are expressed by

Wyp =
I 00 0J[I 0 0 O][I -I 0 —I
0 0I of|l0 I I offo I 0 o
0 I 0o0o0f|0 0TI O f0 o0 I O
0 00 IJ]loooO TI]lO 0 0 I
T 0 0o 07[I 0 0 O]fI 0 0 ©
L]0 T 0 03I I 0 o0f|0 I 00
00 0 -Ilfo oI of|0I I O
0 0 -T oJ|o o o0 I|Jl0o I 0TI
[T o0 o o]fT T 0 I77I 0 0 O
|3 T o ofjo I 00 0TI —T 0
0 0 I of/|0 0O I of|0 O I 0O
|0 0 0 I|Jlo oo IJ]l0o 0 0 I

The lifting structure has very simple operations with only 5M
adders, M bit-shifters, and permutations. It is easier processing than
the implementation for the Hadamard transform part in [15].

3.2. 2D Non-Separable Lifting Factorization of Scaling Part

In the same way as Section 3.1, Sop, which is the 2D transform of
the scaling part S, is also implemented by using a 2D non-separable
lifting structure as [12]

T T
[YEL YgL YEH YIEH] = Sap [Xﬂ XEL XEH XEH]
where

Sop =S ® S = diag{s’I, LI, s *I}

0 0 0 I I 0 0 O
o 1T 0 0of|0 I 0O
“lo o I olf|0 0TI 0
-I 0 0 0] |s’T 0 0 I
I 0 0 —s?2I|][I o0 o0 O
L]0 T 0 0 0O I 0O
0 0 I 0 0 0 I o
0 0 O I s’ 0 0 1

Since s% and s~ 2 are floating-point coefficients which cause high
complexity, they are experimentally approximated to dyadic coeffi-
cients as a/2” (a, B € N) to delete multipliers, e.g., diag{s?, s~} =
diag{413/2°,317/2%} and diag{449/2°,292/2%} in cases of
M = 8 and 16, respectively.
3.3. Simplified DCT-Lifting Factorizations of Residual Part
Let I'(z) be

I‘(z) = diag{L C[[[}WA(Z)W diag{Cu, I} (2)

which is a part of the residual part. After WA (z)W in Eq. (2) is
factorized into simple lifting structures as

WA(2)W = E ﬂ [(I) _I%I} A(z) [(I) %II} {_II (1)}

by interchanging the scaling coefficients v/2 and 1/+/2 between two
Ws, Cir in Eq. (2) is moved from the right to the left as

I'(z) = diag{Cm,Cur}

I 0][I —icm I ic I O
. {cn 1} {0 T | Ao 1| e 1)

3
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3,

Fig. 3. 1D separable block-lifting structure of I'(z) (white circles
mean rounding operations).

The last part diag{C,Crr} in Eq.
tomized direct-lifting structures as [16]

' 0 —I I o][I C I o
diag{C,Crur} = [I 0] {,CH I} {0 iU} |:*CH I}

“)

(3) is factorized into cus-

By substituting Eq. (4) into Eq. (3), I'(z) is simplified as

= [to] et b5 an o] e,

and shown in Fig. 3. Consequently, two redundant lifting-based W's
required in [15] are grouped into the DCT-lifting structures with 1
bit-shifters. Moreover, the 1D separable block-lifting-based I'(2) is
2D-implemented by using 2D non-separable block-lifting structures
in [17] for better coding.

Next, we consider the parallel processing of two LTs in Eq. (1)
as with the RevLTs in [15], where the two LT's are completely ‘same’
types unlike those used in [15]. It means that when a row (column)
signal vector X; is processed by one of two LTs, other row (column)
signal vector x; is processed by another one. The DCT-IV and DST-
IV matrices Cry and Sy in Eq. (1) are processed by direct-lifting
structures in each combination of Cr and Sy stepping over the
two LTs. The direct-lifting structures are presented as [14, 15]

s =[% (2, 96 T8 ¢

. o I[1 o] -8 I 0
diag{Sr,8v} = {—I 0} [SIV I} {0 IIV} {SIV Il

The resulting lattice structure of RevLT is shown in Fig. 4. The
matrices I, W, S, I'(z), and P are 2D-implemented as already de-
scribed. Note that the RevLTs in [15] required two ‘different’ type
LTs, whereas the proposed RevLTs require two ‘same’ type LTs.
They produce a simpler implementation than the RevLTs in [15].
Also, they have simpler lifting coefficients than those of the RevLTs
in [14].

4. EXPERIMENTAL RESULTS

The proposed 8 and 16-channel RevLTs were designed and com-
pared with the conventional methods in lossy-to-lossless image cod-
ing simulation by the lossless bitrate (LBR) [bpp] and peak signal-

ICIP 2014



ii:w:s ST S »Pi
: A > A z :
7 7 7 w¢ $’w ¢t - w¢ $’w ¢f - —

el lew][en] w8 [sw]
RN I A N
T W s ¥ ¥ 7&%%) ¥ ¥ /&%PH
LI R N N v v N v v 0 LE

diag{Cr,Crv}

diag{Sn .S}

Fig. 4. Lattice structure of the proposed RevLT (white circles mean rounding operations).

Table 1. Lossless image coding results (LBR [bpp]).

Table 2. Lossy image coding results (PSNR[dB]).

Test L-LT 8 x 16 RevLTs 16 x 32 RevLTs Rate L-LT 8 x 16 RevLTs 16 x 32 RevLTs
Images [12] [14] [15] Prop. [14] [15] Prop. [bpp] [12] [14] [15]  Prop. [14] [15]  Prop.
Baboon | 623 621 621 621 621 622 621 Barbara
Barbara | 495 486 490 484 479 482 478 025 | 27.01 2805 28.03 28.04 2893 2891 2802
Boar | 521 5.4 516 513 513 515 512 0.50 | 30.85 32.14 3208 32.12 32.86 32.80 32.86
Elaine | 526 523 526 523 519 520 518 1.00 | 36.00 37.04 3685 37.03 3740 3721 37.40
Finger | 589 582 584 582 573 575 5.73 Finger
Finger2 | 561 553 555 552 549 551 548 025 | 2295 23.73 2373 23,74 2402 2401 24.02
Goldhill | 510 512 515 511 512 514 5.11 0.50 | 2631 2697 2693 2696 27.35 2734 27.36
Grass | 609 607 608 6.07 607 607 6.06 1.00 | 30.12 30.87 30.82 30.88 31.51 3145 31.52
Lena | 4.63 462 466 461 464 466 463 —
Pepper | 499 493 496 493 496 498 4.96 025 | 2963 2970 2969 2971 2971 2969 29.71
0.50 | 32.02 3229 3222 3229 3231 3225 3232
1.00 | 35.17 3546 3530 3548 3548 3533 35.48
Lena
025 | 32.76 3294 3289 32901 32.87 3284 3285
0.50 | 3590 3620 3608 36.19 3606 3598 36.05
1.00 | 38.62 3893 3855 3896 38.80 38.54 3886
Pepper
025 | 3253 3242 3239 3241 32.16 32.14 32.14
0.50 | 34.71 34.82 3472 3481 3443 3435 3442
1.00 | 3639 3675 3652 3680 3660 3642 36.67

Fig. 5. Comparison of a particular area of an image Barbara (bitrate:
0.25[bpp]): (left-right) 4 x 8 L-LT, 16 x 32 RevLT in [14], 16 x 32
RevLT in [15], and 16 x 32 proposed RevLT.

to-noise ratio (PSNR) [dB] as follows:

Total number of bits [bit]

LBR[bpp] =
[bpp] Total number of pixels [pixel]

2
PSNR[dB] = 10log,, (1%55515)

where MSE is the mean squared error. To fairly evaluate the perfor-
mance of transforms, we used several 512 x 512 8-bit grayscale test
images and a wavelet-based coder SPIHT [19] to encode the trans-
formed images as discussed in [20].

Table 1, Table 2, and Fig. 5 show lossless and lossy image cod-
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ing results. Although the RevLTs in [14] show good results by few
lifting steps on the surface, they have very complicated lifting coef-
ficient blocks as already discussed. The proposed RevLTs achieved
not only simplified implementations with any block size, but also
comparable coding performance to the conventional RevLTs.

5. CONCLUSION

We have presented a realization of RevLTs with simplified DCT-
lifting structures in this paper. The RevLTs were achieved by using
two ‘same’ LTs unlike our previous work and extending 2D non-
separable lifting structures derived from L-LT used for JPEG XR.
As a result, they achieved not only simplified implementations with
any block size, but also comparable lossy-to-lossless image coding
performance to the conventional RevLTs.
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