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Abstract—This paper presents an overview of the transform the decoded data in the encoder and decoder). The drift arises
and quantization designs in H.264. Unlike the popular & 8 from the fact that the inverse transform is not fully specified
discrete cosine transform used in previous standards, the ® 4 integer arithmetic; rather it must satisfy statistical tests

transforms in H.264 can be computed exactly in integer arith- f d with a floati int imol tati
metic, thus avoiding inverse transform mismatch problems. The Oof accuracy compared with a floating point implementation

new transforms can also be computed without multiplications, Of the inverse transform (e.g., the inverse discrete cosine
just additions and shifts, in 16-bit arithmetic, thus minimizing transform (IDCT) accuracy specification in H.261 Annex A).
computational complexity, especially for low-end processors. By On one hand, this freedom gives the implementer flexibility
using short tables, the new quantization formulas use multiplica- jy agapting to a particular architecture, but in the other hand
tions but avoid divisions. . T . . .
the cost of this flexibility is the introduction of prediction
_ Index Terms—integer transforms, periodic quantization, quan-  qrift. Several methods have been introduced to control the
tization, transforms, video coding, video standards. accumulation of drift, ranging from the forced intra refresh
requirements to different oddification techniques [13], [14].
|. INTRODUCTION H.264 makes extensive use of prediction, since even the intra

HE NEW H.264 video coding standard provides a Comc_odmg modes rely upon spatial prediction. As a result, H.264 is

pression gain of 1.5 —2.0x over previous standards "€"Y sensitive to prediction drift. In prior standards, prediction

such asi1.263+ and MPEG-4 Part 2 [1]. The H.264 architec_drlf’[ accumulation can occur once per P-frame. In contrast, in

ture has many innovations when comparedit63+ [2], [3], H.264 predl_ctmn drift can occur much more frequ_ently. As an
; S . . illustration, in an I-frame, 4« 4 blocks can be predicted from
such as hybrid predictive/transform coding of intra frames and .~ . - .
their neighbors. At each stage prediction drift can accumulate.

integer transforms. In particular, in this paper we review ﬂ]‘—aor a CIF image, which has a width of 88«4 blocks, predic-

new low-complexity transform and quantization approach%%n drift can accumulate 88 times in decoding one row of an

_that are unique t_o H'.264 [4]_[6]'. T_he fcransfor!’ns empl_oy onlPfframe. Thus, it is clear that as a result of the extensive use of
integer arithmetic without multiplications, with coefficients rediction with H.264. the residual coding must be drift-free
and scaling factors that allow for 16-bit arithmetic computatio% A drift-free de;:odir,1 desian places gxactin re uireme-nts
on first-level transforms. These changes lead to a significant oding gn p o g req

) . : : ; . - upon a decoder implementation, raising the issue of com-
complexity reduction, with an impact in peak Slgntal_to'nOISEJ}Iexity Since all decoders must implement the drift-free
ratio (PSNR) of less than 0.02 dB [4]-[7]. )

. . . inverse transform exactly, the implementation complexity on
In Section Il we present the design requirements for the new . .
. any expected decoder architecture (ASIC, media processor,

transform design and present the length-4 transform adopteggisp’ general CPU) must be considered. The algorithm must

H.264. In Section IV, we consider the quantization procedur 0 plac_:e excessive bu_rdens on any expected_ arch|t_e(_:t_ure.
. . . The main bottlenecks with the inverse transform in the initial
and in Section V we present a design that allows for transform . S .
o : : N . " rafts [2] were the need for 32-bit multiplication and 32-bit
and quantization computations in 16-bit arithmetic. Add|t|one(1]| L .
. . . memory access. A set of criteria were developed to restrict the
aspects are considered in Section VI. . ) .
complexity of the inverse transform [13]. Requirements were
using only 16-bit multiplication and 16-bit memory access.
Two desirable features were an entirely 16-bit implementation;
The structure of H.264 imposes several requirements ewen the arithmetic and logic unit (ALU) is 16-bits, and the
the design of residual coding. In traditional work, residuadossibility of alternate implementations giving mathematically
decoding contains the possibility of drift (mismatch betweegxact algorithms. Additionally, memory requirements were also

considered, particularly for inverse quantization and scaling.

Il. DESIGN REQUIREMENTS OF THEH.264 TRANSFORM
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development of the transform, the quality range was extendied the frequency index = 0,1, ..., N — 1, and sample index
at the low end by making the smallest quantization step size ame= 0,1,..., N — 1, with ¢y = v/2 and¢j, = 1 for k > 0. The
quarter of its original value. DCT matrix is orthogonal, that is = H™'X = HTX (where
Currently, H.264 supports 8-bit pixel data. It was expectdtie superscripi’ denotes transposition).
during the design that support for 10- or 12-bit data will be A disadvantage of the DCT is that the entridgk,n) are
needed. Initial proposals for higher bit depth were presentediirational numbers. Thus, in a digital computer, when we com-
[4]. At the time of this writing, there is a call for extensions opute the direct and inverse transform in cascade, we may not
the bit-depth of H.264 [16]. get exactly the same data back. When we compute H x
Compression efficiency is the ultimate reason for introducirgndu = round{H7X}, we may not getu(n) = =(n) for
a transform. Thus, the transform must efficiently exploit spatiall » if the direct and inverse transforms are implemented in
correlation to aid in compression. As mentioned above, H.2é#ferent machines with different floating-point representations
relies heavily on prediction before the transform. The use afd rounding. If we introduce appropriate scale factbesd-y
4 x 4 motion segmentation or spatial prediction [2] significantland defineX = round{vy H x} andu = round{H* X}, then
reduces the spatial correlation between4blocks, motivating we can makew(n) = Gx(n) , whereG is an integer, for almost
the choice of a 4« 4 transform. In H.264, the transform codesll n by choosing? large enough andg appropriately. Neverthe-
prediction error signals, which differ from the statistics of naiess, we cannot guarantee an exact result unless we standardize
ural images often used to justify the selection of a transformn rounding procedures for intermediate results.
The compression performance of the transform design must bé&hus, itis desirable to repla&g by an orthogonal matrix with
evaluated on segmented prediction error signals. As we discirdsger entries. For that, two basic approaches can be used: one
briefly in Section Ill, a coding gain analysis [6] has shown thas to buildH with just a few integers, with symmetries similar to
despite the increased complexity, the discrete cosine transfdimse of the DCT, to guarantee orthogonality and approximate
(DCT) does not give better compression than the transform sedniform frequency decomposition [11], for example [5]
lected.
As we mentioned above, one of the new aspects in H.264 is

a a a a
the use of a 4 4 transform block size, whereas previous video H— b ¢ —c —b >
coding standards used thex8 DCT. This smaller block size " la —a —a a 2)
leads to a significant reduction in ringing artifacts. Compression ¢c b b —c

gain is improved by using inter-block pixel prediction for intra-

coded frames [2], so that the transform is applied to predictiGi®r the original H.264 design [2], the choices are- 13, b =

residuals. With that approach, H.264 intra-frame coding leadé, andc = 7. That makedl quite close to a scaled DCT, and

to better compression than systems based»@®CT blocks, also ensures all rows have the same norm, becaws?2 =

and also better compression than state-of-the-art image codérs+ 7°.

such as JPEG2000 [8]. Another approach is to round the scaled entries of the DCT
The length-4 transform originally proposed in [2] is an integePatrix to nearest integers [6]

orthogonal approximation to the DCT, allowing for bit-exact

implementation for all encoders and decoders, thus solving the H = round {aHpcr} (3)

drift problem discussed above. The new transform, proposed in

[4] and adopted in the standard, has the additional benefit\hereHpr is the DCT matrix. If we setv = 26, then we get

removing the need for multiplications. exactly the same solution as in the original TML design in [2].
For improved compression efficiency, H.264 also employs The main problem with théa = 13,b = 17,¢ = 7} choice

a hierarchical transform [9] structure, in which the DC coefs the increase in dynamic range.itfax{|z(n)|} = A, then

ficients of neighboring 4« 4 transforms are grouped inxd4  max{|X (k)|} = 52 A, i.e., the transform has a dynamic range

blocks and transformed again by a second-level transform. Thigin of 52. Since we compute two-dimensional transforms by

hierarchical transform is discussed further in Section VI. transforming rows and columns, the total gairs#8 = 2704.

Sincelog,(2704) = 11.4, we need 12 more bits to stofé(k)

than to storer(n). That would lead to the need of 32-bit arith-

metic to compute transforms and inverse transforms in the orig-
The DCT [10] is commonly used in block transform codingnal design [2]. To overcome that limitation, we proposed the

ofimages and video, e.g., JPEG and MPEG, because it is a clo¥rix obtained by setting = 2.5 in (3), which leads to the

approximation to the statistically optimal Karhunen—Loéveew set of coefficient$a = 1,6 = 2,¢ = 1}, thatis

transform, for a wide class of signals [9], [10]. The DCT

[ll. NTEGER TRANSFORM DESIGN

maps a lengthV vectorx into a new vectoiX of transform 1 1 1 1

coefficients by a linear transformatiaX = H x, where the H= |2 1 -1 =2 4

element in thé;th row andnth column ofH is defined by 1T -1 -1 1 |° “)
1 -2 2 -1

Hy, = H(kn) = 2 . 1\ km ) That way, the maximum sum of absolute values in any row of
kn = M=\ NSNS N H equals 6, so the maximum dynamic range gain increase for a
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2-D transform idog,(62) = 5.17, i.e., storage of{ (k) needs X(0)
only six more bits than:(n).

With the design in (4), the rows & are orthogonal but do
not have the same norm. However, that can be easily compen-
sated for in the quantization process, as we discuss in Section IV.
From a compression standpoint, the transform coding gdih of
is 5.38 dB, whereas the original TML-1 design or the DCT have
a coding gain of 5.39 dB, for a stationary Gauss-Markov input
with correlation coefficienp = 0.9. Since the input to the trans-

XQ2)

X(1)

X(3)

form are prediction residuals, in practice the correlation coeffi- X(0) x,(0)
cientis less than 0.9, so the loss in coding gain is even less than

0.01 dB, which is negligible in practice. Even if inter-block pre- X(2) o x (1)
diction is not used, the 0.01 dB coding gain difference means

that there is no noticeable performance penalty in using the new X(1) o x(2)
design in (4).

X(3)o 3
A. Inverse Transform B 172 x,3)

In the decoder, we could use just the transposHoh (4), Fig. 1. Fast implementation of the H.264 direct transform (top) and inverse
as long as we take care of scaling the reconstructed transfdrnsform (bottom). No multiplications are needed, only additions and shifts.

coefficients appropriately, to compensate for the different row
norms. However, in order to minimize the combined rounding IV. QUANTIZATION
errors from the inverse transform and reconstruction, we nee

to reduce the dynamic range gain. The problem is in the Od&@nal loss, for better compression. For a given step &ize

symmetric basis functions, whose peak value is two. I ; h f L
Thus, we proposed in [4] scaling the odd-symmetric bastljsS ually an integer, the encoder can perform quantization by
}IX(M)I + /(@)

functions by 1/2; that is, replacing therofd 1 -1 -2] . . .

and [I -2 2 -1 by [1 1/2 —1/2 —1] and Xq(i,j) = sign{X (i, ) Q.

[1/2 -1 1 -1/2], respectively. That way, the sum of ) ) o

absolute values of the odd functions is halved to three. Thus, Wgere: and,j are the row and column indices affi¢c..) con-
maximum sum of absolute values for any basis function ndi§!s the quantization width near the origin (the “dead zone”).
equals four (the sum for the even functions), which reducage decoder can perform inverse quantization (reconstruction)

the dynamic range gain for the 2-D inverse transform fi@m bY simply scaling the quantized data Q¥
to 42. Sincelog,(4%) = 4, we reduce the increase in dynamic

qn lossy compression, quantization is the step that introduces

()

range from 6 bits to 4 bits. The inverse transform matrix is then Xe(1,7) = Qs Xq (i, 7). ®)
defined by [4] A disadvantage of the quantization formula (7) is that it re-
1 1 1 1/2 quires integer divisions at the encoder. To avoid divisions, the
R 112 -1 -1 original H.264 proposal in [2] replaces the formulas by
Hinv = . (5)
1 -1/2 -1 1 .. . .. ..
Y Xy(i.3) =sign{X (. DHIX (. DIAQ) + f25) > L]
~ X, (i 1) =X, (i 1) B(Q)
where the tilde indicates th&;,, is a scaled inverse d{ , i.e., x, =(H"X, +2" " 'e) > N 9)
i, diag {} 11 1} H-TL (6) Wheree=[111 1]7, the new parametep varies from zero to
my 4’574’ 5 Qmax, and the association of quantization parametgr3) and

B(Q) are such that zero corresponds to the finest quantization
NdQmax the coarsest quantization. Thus, the param@tgr,
chosen for fine enough granularity. In the initial proposal in
, Qmax = 31. Note that the dead-zone control paramgfter

The multiplications by 1/2 can be implemented by sign-pr
serving 1-bit right shifts [4], so all decoders produce identic
results. A key observation is that the small errors caused by

right shifts are compensated by the 2-bit gain in the dyna n be set differently for different encoders; it typically lies in

rar|1:ge (.‘)Lf tne mpflljt to ther:nvefrfhe t:ja_lnsf?rm(.j . t ¢ the range 0 to 1/2. The integer values in the quantization table
ig. 1 shows flowgraphs of the direct and inverse transform Q) and reconstruction tablB(Q) must satisfy

as described above, which are applied to rows and column
of each 4x 4 block. The complexity of these transforms is so A(Q)B(Q)G? = 214N (10)
low that the only way to reduce complexity any further would

be to remove the shifts, which would turn the transforms intehereG is the squared norm of the rows Hf.

Hadamard transform& = b = ¢ = 1) [9], [10], with a signifi- In (9), the L-bit right shift is equivalent to a division b3",
cant reduction in coding gain and a significant increase in visuailus avoiding an actual division operation. TNebit right shift
coding artifacts. approximates closely a division ", since an/V-bit shift is
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actually equivalent to division with rounding toward minus infor (i,7) = {(1,1),(1,3),(3,1),(3,3)} andr = 2 otherwise,
finity instead of toward zero (the ter@¥ e is an offset that with
minimizes the effect of rounding toward minus infinity). The

. 13107 5243 8066 10 16 13
values ofL and N are chosen by a compromise: larger values
. . : 11916 4660 7490 11 18 14
reduce the approximation error in (10), whereas small values re- cr
. o . 10082 4194 6554 13 20 16
duce the dynamic range df, and|X (i, 5)|A(Q). Inthe orig- M = ronr | 3 S =
inal H.264 desi 2 — N — 20 Th | | 9362 3647 5825 14 23 18
inal H. esign [2]L = = 20. These values are large 8192 3355 5243 6 25 20

enough so that the error in thB product is negligible, while 7982 2893 4559 18 29 923
keeping all variables within the limits of 32-bit signed integers. (13)

These matrices were designed to maximize dynamic range and
to satisfy a similar relationship to that in (10), namely
V. 16-BIT ARITHMETIC AND PERIODIC QUANTIZATION TABLES
~ 021
Although the quantization formulas in (9) are relatively M(Qar,7)S(Qar, r)u(r) =2 (14)
simple, we can simplify the implementation complexity furthe\fvhereu(r) = {42,524 x 5}. The final scaling after reconstruc-
by using formulas that allow for 16-bit arithmetic, with nG;qn pecomes
penalty in PSNR performance. To achieve that goal, we reduce
the values ofB(Q) and the parameters and N. X, = (ﬁinvxr 4 25e) > 6 (15)
Another aspect of the original H.264 quantization design in
(9) is that the values oB(Q) increase in approximately equalwheree = [1111]7.
steps in an exponential scale, roughly doubling for every in- Note that in the final draft standard [3] only the reconstruction
crease of six ir). That allows for a closer to linear relationshigformulas (12) and (15) are specified, since the standard specifies
between PSNR and the step size control paranggter only the decoder, but not the encoder. Thus, we can look at (11)
By forcing B(Q) to exactly double for every increase of 6 inas a preferred way of performing quantization, given the require-
Q [12], we can reduce the size of the quantization and recafient of reconstruction via formula (12), which corresponds to
struction tables. That also helps to compensate for the needd¥ula (8-267) in the draft standard [3]. Similarly, (15) corre-
using three different tables in view of the different row normsgponds to formula (8-278) in the draft standard [3].
of H (that need comes from the fact that the 2-D version of (6) With the transform operators defined in Section IV and the

has three different scaling factors4®, 1/5°, and 1/20). quantization and reconstruction formulas above, we see that all
Thus, in our proposal to H.264 [4] we proposed the use of tiperations can be computed in 16-bit arithmetic, for input data
following quantization formula: with 9-bit dynamic range. We recall that the inputs to the trans-

form are prediction residuals, and thus they have a 9-bit range
for 8-bit pixel data. There is one exception, though: in the quan-
Xq(4,7) =sign{X (¢,5)} [(|X (¢, )| A(Qar, 8, 5) tization (11), the produdtX (3, j)| A(Q, 1, 5) has a 32-bit dy-
+f217+QE) > (17 + QE)] (11) namic range, but the final quantized value is guaranteed to fall
’ within a 16-bit range. Analysis of the transform dynamic range

where @y, = Q mod 6 andQr = /6. We see that for IS Provided in [17].
every increase of one in the “exponef}z, the denominator in
(11) doubles, with no change in the scaling factor multiplying VI. ADDITIONAL ASPECTS
|X (4,7)|. This periodicity enables us to define a large range The inverse transform and reconstruction specifications in
of quantization parameters without increasing the memory 18-264 cover additional aspects. For blocks with mostly flat pixel
quirements. The quantization range has been extended rela{ifRies, there is significant correlation among transform DC co-
to the original H.264 design. The paramefeis chosen by the efficients (i.e.,i = j = 0) of neighboring blocks. Therefore,
encoder, and is typically in the range 0 to 1/2. The correspondipg coefficients can be grouped in blocks of size 4 for the
reconstruction formula that we proposed [4] is luminance channel and blocks of sizex2 for the luminance
channels. This two-level transformation is usually referred to
as a hierarchical transform [9]. In the original H.264 design
X, (4,7) = X, (4,5) B(Qn,4,5) € Q (12) the second-level 4 4 transform was the same as the first-level
transform. The final standard specifies just a Hadamard trans-
where we have explicitly indicated the use of a shift operator form (that is, the transform in (2) with = b = ¢ = 1), though,
replace multiplication by2@=. because no performance loss was observed over the standard
We note that the quantization and reconstruction fagideo test sets 0, and dynamic range and complexity are re-
tors A(Qur,i,j5) and B(Qu,i,7) depend on the trans-duced.
form coefficient position{i,j} inside the block. That is With respect to chrominance coding, usually the same step
necessary to compensate for the different scaling factire as that for luminance is used. However, to avoid visible
in the 2-D version of (6). Their values are given byolor quantization artifacts at high quantization step sizes, the
A(Qnr,1,J) = M(Qur,r) and B(Qar,4,7) = S(Qar,7), current draft limits the maximum value 6J for chrominance
wherer = 0 for (i,5) = {(0,0),(0,2),(2,0),(2,2)}, = 1 to about 80% of the maximum value for luminance; according
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to the final draft of the specification the maximum valugpis [8] D. S. Taubman and M. W. Marcellin)PEG2000 Image Compres-

51 for luminance, and 39 for chrominance [3]. sion  Boston, MA: Kluwer, 2002.
L o . .__[9] H. s. Malvar, Signal Processing With Lapped Transform8oston,
In some applications, it is desired to reduce the quantiza-™" \a: Artech House, 1992.

tion step size to improve PSNR to levels that can be consideredo] K. R. Rao and P. YipDiscrete Cosine Transform: Algorithms, Advan-
visually lossless. To achieve that, the current H.264 draft ex- _ tages, Applications Boston, MA: Academic, 1990. -

ds th . . b dditi | héll] W. Cham, “Development of integer cosine transforms by the principle of
tends the quantlzatl_on step sizes y_tWO a |t|0r_16_1 octaves When " qyadic symmetry, Proc. Inst. Elect. Engpt. 1, vol. 136, pp. 276-282,
compared to the original proposal in [2], redefining the tables  Aug. 1989.

and allowing@ to vary from 0 to 51. Compared tH.263+, [12] L.Kerofsky and S. Lei, “Reduced bit-depth quantization,” in Joint Video
. L - Team (JVT) of ISO/IEC MPEG and ITU-T VCEG, Sept. 2001, Doc.
for example, H.264 allows for finer quantization; the minimum VCEGFNZO). P

QP = 0in H.263+ corresponds approximately @ = 6 in [13] Y. Katayama, “Protection From IDCT Mismatch,” Tech. Rep. MPEG
H.264. For smal itional care m ken void ex- 93/283, ISO/IEC JTC1/SC2/WG11, 1993.
6. ors aQ’ addto. al care must be take t.o a_o de £14] Yagasaki, “Oddification Problem for IDCT Mismatch,” Tech. Rep.
c_eedmg the 16-bit dynamic range. Thus_ the quantization equa- ~ \pgG 93/283, ISO/IEC JTC1/SC2/WG11, 1993.
tion may need to be rescaled, as noted in [3]. [15] L. Kerofsky, “H.26L transform/quantization complexity reduction Ad
During the transform specification, there was an interest in ~ Hoc Report” in Joint Video Team(JVT) of ISO/IEC MPEG and ITU-T

havi . ltioly i | . ke ad £ VCEG, Nov. 2001, Doc. VCEG-009.

aV'ng_ a mamx'mu tiply imp ementat'.on to take advantage o [16] G. Beakley, “Requirement for bit depths above 8 bits,” in Joint Video
the efficient multiply/accumulate architecture of many proces- ~ Team (JVT) of ISO/IEC MPEG and ITU-T VCEG, Mar. 2003, Doc.

sors. Such a definition allows both the efficient shift/add imple- _ JVT-G044. o
. . . . . 17] L. Kerofsky, “Notes on JVT IDCT,” in Joint Video Team (JVT) of
mentation in Fig. 1 and a separable matrix-multiply implemen-""" |so/ec MPEG and ITU-T VCEG, May 2002, Doc. JVT-C24.

tation that produces identical results. In particular, for mathef18] —, “Matrix IDCT,” in Joint Video Team (JVT) of ISO/IEC MPEG
matical agreement for low values of the quantization parame- ~ and ITU-T VCEG, Oct. 2002, Doc. JVT-E033r2.

ters, the matrix multiply implementation requires inclusion of

shift and rounding offsets [4], [18].
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