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Abstract—We generate nonuniform quantization parame- improves the perceptual quality of AVC/H.264 compressed
ter(QP) matrices to improve the perceptual quality of recon- video sequences.
structed video in the AVC/H.264 standard. The resulting9 QP
matrices are indexed to the9 intra-frame prediction modes of the Il. INTRA-FRAME PREDICTION
4 x 4 blocks and can be applied to thel6 x 16 macroblock(MB)s
which engage only the first4 out of the 9 intra-modes. We also Intra-frame prediction is a new feature in AVC/H.264 which

studied how the nonuniform QP matrices are affected by the contributes to6 — 9% in bit saving by removing the spatial
local luminance level and the video frame rate. Two subjective redundancy in neighboring x 4 blocks or16 x 16 MBs. If a
experiments exploiting the luminance, texture, and temporal 5ok or MB is encoded in intra mode, a prediction block

masking properties of the human vision system are conducted to . .
generate the results. A third subjective experiment is conduct is formed based on previously encoded and reconstructed

to evaluate the derived scheme. The data we collect from this SUrrounding pixels. The prediction block is subtracted
experiment show that using the QP matrices instead of a uniform from the current block prior to encoding. For the luminance
QP considerably improves the perceptual quality of AVC/H.264 samples,P may be formed for each x 4 sub-block or for a
compressed video sequences. Some implementation details arg6 x 16 MB. There are a total of optional prediction modes
discussed. for each4 x 4 luminance block as shown in Fig. 1 and
optional prediction modes (modeto 3 in Fig. 1) for a16 x 16

I. INTRODUCTION )
luminance MB.

The recently finalized Advanced Video Coding(AVC) stan-
dard, designated ITU-T H.264 and MPEG-4 Part 10, offers
a coding efficiency improvement by a factor of two over
previous standards and its network abstraction layer (NAL)
transports the coded video data over networks in a more
“network-friendly” way [5]. Because of these two featurtee
AVC/H.264 standard is very likely to emerge as the method
of choice for the next generation video networks.

In this paper we investigate the visibility of quantization
errors in different frequency coeffocients after the ieteg
transform, as a function of the intra-mode, local luminance
and frame rate. Two subjective experiments are designed and
conducted to explore the luminance, texture and temporal Fig. 1.
masking of the human vision system (HVS) [4] and the The exact integer transform (1) instead of the discrete
perceptually optimal QP matrices are calculated from tha daosine transform(DCT) is used to avoid the mismatch between
collected in the experiments. A third subjective experitrien encoder and decoder in the discrete cosine transform (DCT)-
conducted to evaluate the derived scheme. The data we tcollggsed codecs, as
from this experiment and other simulation results show that
using the QP matrices instead of a uniform QP considerably 1111 12 1 1
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The intra prediction modes fdrx 4 blocks in AVC/H.264.
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When a MB is predicted using one of tHeintra-modes, the  We therefore designed and conducted a subjective experi-
residuall6 x 16 block is broken intol6 4 x 4 blocks and the ment (details in Appendix I) to measure the QPs of each fre-
transform and quatization process is the same as the résidpegency coefficient, i.e., each entry Wi, for each intra mode,
4 x 4 block after intra-frame prediction using one of the at threshold when the quantization error is just noticedbbe
intra-modes. each image, each subject and each intra-mode, we get4a
The quantized! x 4 block Y is post-scaled by the com-matrix which contains the QPs at threshold for all the 16rerro
ponents inE; and then inverse transformed to get the recompatterns, respectively. Correlations among all the 4x4ioes
structed residual boX: are computed and the averages are calculated across all the
subjects and all the tested images, as shown in Fig. 4.9The
11 1 3 1 1 points on the left are the averages of correlations among the
Lo 1o- ]Ymi[ } @
| I 1
1

[u

same intra-modes and the point on the right is the average
of correlations across the intra-modes. We can see that good
correlation is achieved between the same intra-modes,hwhic
shows the consistency of the QP matrices of each intra-mode
I11. N ONUNIFORM QP MATRICES INDEXED TO in all the subjects and tested images. Only $hiatra-modes
INTRA-MODES for the 4 x 4 blocks are tested in this experiment and the
QP matrices indexed to intra-modesto 3 can be used for

We are interested in the visibility of the error in th&pe 4 » 4 plocks in the residue block derived from x 16
reconstructed residuk caused by quantizing the component,,_nredictions. The@ QP matrices are presented in Table II.
of Y. Therefore we first set only one entry ¥i to a nonzero

value and get ad x 4 individual error block using Eq. (2).
We repeat this process for all the entries¥inand normalize

all the 16 error patterns so that they have the same mean
squared values. Thi normalized quantization error patterns
are shown in Fig. 2, wheré = 4, J = j means this error
pattern is obtained when only the entiy;) of Y is nonzero.
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(a) stephan.cif (b) No quantization error
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(c) Same quantization error |=@l) Same quantization error 1=2
=4 =1 =1 =2 =4 =3 =4 J=4 J=2 QP=38 added only t6 x 4 J=2 QP=38 added only t& x 4
blocks coded by intra-mode 2 blocks coded by intra-mode 4

Fig. 3. The same quantization error is texture-masked by rdifteintra-
modes to different levels.

Fig. 2. Normalized quantization error patterns in AVC/H.264 For the inter-coded blocks/MBs, the residual blocks/MBs

Texture masking refers to the reduction in visibility of on@re generated after motion estimation. No intra-modes are
image component caused by the presence of another imagkulated. Nevertheless by calculating the intra-modes o
component with similar spatial location and frequency eant the to-be-inter-coded blocks/MBs the basic texture in the
[4]. By comparing the 16 individual error patterns to thdlock/MB is detected and thg QP matrices can be applied.

9 intra-prediction blocks in Fig. 1, we conjectured that th&he quantization error has different perceptual effecterwh
guantization error is texture-masked by the image conntresented in a video sequence than when presented in still
different levels depending on the similarities betweendahrer images, and it also depends on the local background lumi-
pattern and intra-prediction mode co-existing in ohex 4 nance.

block. For example, as shown in Fig. 3, when the sameA second subjective experiment (details in Appendix II)
guantization errorl = 2 J = 2 is added only to thel x 4 exploited the three other masking types — luminance masking
blocks coded with intra-mod (Fig. 3(c)) or only to thel x4 baseline contrast masking and temporal masking, as well as
blocks coded with intra-modd (Fig. 3(d)), the error with texture masking as in the first subjective experiment. Wadou
diagonal pattern is considerably masked by intra-médieat out that the correspondence between intra-modes and the QP
also has a diagonal pattern while not masked by intra-n2odematrices in experiment 2 is similar to that in experiment 1,
that has a monotone pattern. except that QP values in experiment 2 are much smaller than



TABLE |
QUANTIZATION STEP SIZES INAVC/H.264 CODEC.

QP 0 i 2 3 [ 4] 5 6 7 8 9 [10] 11 | 12

QStep |[ 0.625| 0.6875] 0.8125] 0.875| 1 | 1.125| 1.25| 1.375| 1.625| 1.75| 2 | 2.25| 25 ...
QP 18 24 [ ... 30 | ... ] 36 [ ... | 42 ]..] 48 ]..[51
QStep || ... 5 10 |...| 20 | ... | 40 | ... | 80 | ... | 160 | ... | 224

the QP values obtained in experiment 1 because of tempdrdér-coded frames, one being coded using uniform QP and
error propagation in experiment 2. So we only looked at thhe other being coded using nonuniform QP matrices when
average QP values across all intra-modes and all subjeets 6 x 16 intra-modes are calculated.

function of local luminance and frame rate, which are plbtte

in Fig. 5. From this experiment we can draw the conclusic 30 : :
that visibility of the error increases as the backgroundifum E? +;ps=§g

i o : e fps=
nance increases, and decreases, although less signyficstl 28 +fgs:30 1

the frame rate increases.
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mode 0 mode 1 mode 2 mode 3 mode 4 mode 5 mode 6 mode 7 mode 8 ;cross the mode; Fig. 5. The average st for error pattern 1=1 J=1 over all rlillm'coding
modes.
Fig. 4. Averages of correlations among all QP matrices in tisedikperiment.

V. RESULTS AND IMPLEMENTATION TABLE Il

. ) P
All the QP matrices are embedded in both the encoder and ~ CENERATED NONUNIFORMQPMATRICES INDEXED TO
decoder. For the intra-coded frames, the intra-modes fcin ea INTRA-PREDICTION MODES

4 x 4 block or eachl6 x 16 MB are already calculated and [35 58 3 a8 [0 o8 50 a8
transmitt_ed from the enco_der to t_h_e decoder, so t_he nomamifo QFo = | 30 33 36 40 | 9QP1=| 31 39 34 39 |°
QP matrices do not require additional rate. In Fig. 6 we show L 34 36 38 43 | L 33 36 38 42 |
that using nonuniform QP matrices results in better petmept 31 30 31 36 31 33 35 37

lity of the images than using a uniform QP, which isQP: = sl 30 32 8T QP = 53 35 3640
quality 9 gau » v 2= 32 32 35 39 | 3= | 34 36 37 40 |°
set as the average of all the values in the nonuniform QP | 34 36 37 43 | L 36 38 41 44 |
matrices, when eithed x 4 block or 16 x 16 MB intra- [35 34 35 387 [34 34 35 387
prediction is involved. For the inter-coded frames/MBsicei QP = gg g? gg ﬁ , QPs = 3‘2 2(75 gg i; ,
the intra-modes are not available eith_er at the en_coder or | 38 40 42 46 | | 36 39 41 46 |
at the decoder, we can calculate the intra-modes just as is 34 34 35 387 r34 33 34 371
done for the intra-coded frames/MBs and send the intra-sodeyp, — | 34 35 36 41 Qp, = | 33 33 35 39
f th der to the decoder. Th tati 4 6 35 36 38 41 |° 7 34 35 37 41 |°
from the encoder to the decoder. The computation consume | 35 36 33 43 | | 36 38 39 44 |
in calculating the intra-modes is negligible compared te th r33 31 33 357
computation involved in motion estimation. Spending extrggp, - | 32 34 34 38
bits, averaging around bits per4 x 4 block to send the o g‘; gg 5

intra-modes, however, is unrealistic since the number &f bi
consumed by each x 4 block is really small, usually under To evaluate the perceptual quality improvement using the
15 in AVC/H.264. Therefore, it is advisable to calculate theéerived QP matrices, a third subjective experiment is con-
intra-mode of each inter-coded MB even when smaller bloducted (details in Appendix 1ll). Figure 8 plots five human
sizes are engaged in motion compensation so that less teahjects’ opinion scores of the quality of the compressed
2 bits need to be sent for each MB, which results in a ratédeos on a scale from 0 to 100 (Figure 10(a)), compared to the
increase of less tha2f% for low motion videos and even lessuncompressed videos. It shows that for all the tested 4 video
for medium and high motion videos. In Fig. 7 we show twsequences at 4 different bit rates, our scheme inceases the



average opinion scores by 10 to 20. Table 11l lists five huma
subjects’ opinion scores of the quality of the video segasnc
compressed with 9 non-uniform QP matrices compared to th}
corresponding video sequences compressed with one unifo
QP on a scale from -3 to 3 (Figure 10(b)). It shows that th
new scheme considerably increases the perceptual quélity
paris.cif, silent.cif, both of which are of low motion, atl al

tested bit rates and one of the two high motion videos stefan.
at medium bit rate.

(a) Using uniform QP

(b) Using nonuniform QP matrices

Fig. 7. Comparison of inter-coded frames with average QP = 30
WORLD 00 e 7 o T o]
o + E
80 a0 H
No quantization error X S R o
80 + + ] B0 + + o
I o
70 o o 70 + +
+ N + o o
80 + £ B0 8+ ®
o+ < < @
50 + o] &0
o o °
0F o 40
30F © 30
20 20 4
100 150 200 250 300 350 400 450 500 550 GO0 200 300 400 500 600 700 800 900 1000 1100 1200
(a) paris.cif (b) stefan.cif
100 o+ 100 + + ok
o R o °
90 + Q Ell + o]
+ ) a o]
80 ) 80 + )
+ +
70 + oF 70 g
* 8
60 + o] B0 ¢
¢) Using uniform QP and x 4 block Using nonuniform QP matrices | ¥ & sl
intra-modes and4 x 4 block intra-modes ol 8 wlho
30r0 30
202 L L 1 L L 0 L L L L L L L L 3
50 100 150 200 250 300 200 300 400 500 B00 700 800 900 1000 1100
(c) silent.cif (d) football.cif

Using nonuniform QP matrices

e) Using uniform QP and6 x 16
and16 x 16 MB intra-modes

MB intra-modes

Fig. 6. Comparison of intra-coded frames with average QP = 32

REFERENCES

[1] ITU-R Recommendation BT.500-11, “Methodology for the mdive
assessment of the quality of television pictures,” (2002).

[2] ITU-T Recommendation H.264, “Advanced video coding fomeec
audiovisual services,” (2003).

Fig. 8. Five human subjects’ opinion scores of the qualityhef compressed
videos compared to the uncompressed videos. (X axis — bit maképs, Y
axis — opinion scores, '+ — using non-uniform QP matrices,—6 using
one uniform QP)

[3] H.264/AVC Software Coordination, Version JM10.1,
http:/liphome.hhi.de/suehring/tml/, (2005).

[4] T. N. Pappas and R. J. Safranek, “Perceptual criteridrfage quality

evaluation,”in Handbook of Image & Video Processing (A. Bovik eds.),

Academic Press, (2000).

T. Wiegand, G. J. Sullivan, G. Bjgntegaard and Ajay LatHiOverview

of the H.264/AVC video coding standardEEE Transactions on Cir-

cuits and Systems for Video Technology, vol 13, pp. 560-576, (Jul. 2003).

(5]

APPENDIX |
SUBJECTIVE EXPERIMENT1

The first subjective experiment measures the QPs of each

frequency coefficient, i.e., each entry M, for each intra-



TABLE IlI
FIVE HUMAN SUBJECTS OPINION SCORES OF THE QUALITY OF THE VIDEO SEQUENCES COMPRSEED WITH 9 NON-UNIFORM QP MATRICES COMPARED
TO THE CORRESPONDING VIDEO SEQUENCES COMPRESSED WITH ONEIB®NRM QP ON A SCALE FROM-3 TO 3 (SCALE SHOWN IN FIGURE 10(B)).

paris stefan silent football
Bit rate (kbps)| 595 | 370 | 219 | 129 | 1155 | 692 | 360 | 200 | 299 | 175 | 104 | 60 | 1020 | 618 | 385 | 236
Subjectl 2 1 1 1 0 1 1 0 2 3 2 1 0 0 -1 2
Subject2 1 1 1 1 0 1 0 0 -1 1 1 1 0 0 1 0
Subject3 1 1 1 2 0 2 -1 -1 0 1 3 2 0 1 1 -1
Subject4 1 1 2 2 0 0 2 -1 0 3 1 2 0 0 0 -1
Subjects 1 1 1 2 0 1 2 0 1 2 2 1 0 0 -1 2

prediction mode, at threshold when the quantization esor methods [1] are used in both phases, where two video se-
just noticeable. This experiment involved three subjectd aquences of the same content were presented to the subfets si
three images from the news, sports and sceneries categotigsside and played simultaneously. In phase | the compressed
Only the4 x 4 blocks which are intra-coded using one of the video was presented together with the uncompressed video
intra-prediction modes in the image are chosen at one timeand the subjects were asked to pick a number representing
add only one out of thé6 distortion patterns. The magnitudethe perceptual quality of the compressed video compared to
of the distortion is decided by QPs which keep increasing unthe uncompressed (perfect) video from the continuous tyuali
the distortion becomes perceivable to the subject and then scale (Figure 10(a)). In phase Il the compressed videogusin
QPs at threshold are recorded. The three images are allboth schemes were presented together and subjects wetk aske
Common Intermediate Format(CIF) format. The experimem pick a number representing the perceptual quality of the
was conducted on B inch monitor with resolution152x864 compressed video on the right compared to the compressed
pixels and average background luminand®cd/mm?. The video on the left from the Adjectival categorical Companiso
viewing distance is about times the height of the images. Scale (Figure 10(b)). 25% of the video sequences appeag twic
in this experiment to test the consistency of the subjects’
decisions. Five naive subjects participated in this expenit
APPENDIX I and only one of them participated in the first two experiments

SUBJECTIVE EXPERIMENTZ2

Mode O #= Mode 8

In the second subjective experiment an artificial vide | minance
sequence is generated for each error pattern and a certain leveflow
value. Figure 9 shows the first frame in the artificial vide
sequence for the error pattefin=1 J = 1 and QP = 30.
All 9 intra-prediction blocks at 6 different average lumica
levels are generated as the background image, which is
same for every frame in every video sequence. For each vic
sequence, only one error pattern at one QP value is added,
this error propagates spatially and temporally by intarrfe
motion estimation and compensation. All the video sequ&nc
were played one by one at three different frame r&e20, 30 Luminance
frames per second(fps). The subjects were asked to record th_ ' "é"

QPs at thres.h0|d for each error pattern and each Im.ra_mogie.’ 9. One frame in subjective experiment 2— error patterneddd=1
at each luminance level and each frame rate. Subjects %Qgg, QP=30. Columns from left to right: intra-prediction msdto 8. Rows
the viewing conditions were kept the same as in subjectit®m top to bottom: average local luminance from low to high.
experimentl.

APPENDIXIII
SUBJECTIVE EXPERIMENT3
] o ] ) 100 1 -3 Much worse

A third subjective experiment is conducted to evaluatg Excellent 5 Worse
the derived scheme where 4 video sequences of differe 80 T _
content are coded at 4 different bit rates, using both the no Gaod | -1 Slightly worse
uniform QP matrices generated and one uniform QP as us Fair 0 The same
in AVC/H.264. All sequences are generated using modifie 40 + 41 Slightly better
H.264 reference software JM10.1 [3]. No rate control schem Poor
is used in either case. To set up a fair comparison, the b ot 207 2 Better
rates are tuned by adjusting the average QPs to achieve o 4 +3 Much better

fluctuation of less thar-10kbps in each bit rate range tested.

This experiment consists of two phases. Stimulus-con‘qnaris (a) continuous quality scale  (b) adjectival categorical Comparison

Scale

Fig. 10. Quality scales used in experiment 3



