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HEVC intra-frame drift cancellation matrix

A. Arige, M. Mitrea, |. Boujelbane

IMT — Telecom SudParis, ARTEMIS Department, Evry, France

Abstract

This paper investigates the possibility of avoiding the HEVC intra-frame drift effect induced by additive modifications of
the luma DCT/DST coefficients. The main novelty consists in solving the intra-drift problem in its general form: starting
from the equations defining the 35 intra-prediction modes and the DCT/DST computation, a mask multiplicative matrix
cancelling the intra-frame drift effect is computed. The relevance of the advanced method with respect to the state of the
art studies is illustrated, discussed and quantitatively assessed.

Keywords HEVC; additive modification; intra-drift free; theoretical computation; masking matrix
1. Introduction

The High Efficiency Video Coding (HEVC, a.k.a. H.265) standard is a joint project of the ITU-T
Video Coding Experts Group (VCEG) and the ISO/IEC Moving Picture Experts Group (MPEG)
standardization bodies. With respect to its ancestor MPEG-4 AVC (a.k.a H.264), the main advantage of
HEVC is to offer about 50% bit-rate reduction for similar perceptual video quality [1].

As its ancestors, HEVC computes the encoded frames by a sequence of four operations. The initial
uncompressed (pix@lrepresentation is first partitioned into blocks and a prediction operation is performed
among and between these blocks. The prediction errors are subsequently transformed (either by DCT —
Discrete Cosine Transform or DST — Discrete Sine Transform), quantized and finally entropic (lossless)
encoded.

HEVC also inherits the structuring of the video sequences into Groups of Pictures (®0d)kseries of
successive frames. Any GOP contains ariea-coded frame I(frame). Additionally, it generally contains
inter-coded frames that may be of two types: unidirectional predicted franieanies), and bi-directional
predicted framesH frames). While an frame contains the complete information required for its decoding,
the P andB frames require references to oth& or I/P/B frames, respectively.

" In HEVC specification, pixels are referred to as samples.
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https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1047320319301531
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1047320319301531

2 Arige/ Visual Communication and Image Represemta®O (2018) 000-000

The relations among prediction blocks of a sarframe are defined by the so-callietra-prediction modes,
see Fig. 1 (left) while the relations among pradittblocks in aP/B frame and prediction blocks in
preceding/succeeding frames are definedirbgr-prediction modes, see Fig. 1. (right). Consequyeritie
modification of one element in an encoded bloclairi frame induces, through decoding, modifications in
both subsequent encoded blocks in tHaame (the so-callethtra-drift effect) and in the subsequéhandB
frames (the so-callechter-drift effect). Such an intra/inter drift effect can beogagated several times
(according to the visual content, encoding configjon, etc.), in a hardly to be predicted way.

The present paper theoretically studies the pdigitnf cancelling the HEVC intra-frame drift effec
generated by additive modifications. It starts lmngidering the equations describing the intra-mtésh
modes and thBCT/DSTcomputation and it derives the drift cancellatioatrix (mask): when multiplying an
additive modification of the encoded block by sacimatrix, the drift effect is cancelled. The reles@ of the
advanced method with respect to the state of this anethodologically discussed and quantitativadgessed
in terms of maximal drift generating error insithe &ltered block as well as in terms of visual dyahpact.

Neighbouring blocks

-

r's

.7-’

Fig. 1 Block prediction principle: intra-predictigleft) and inter-prediction (right)

Current block

The paper is organized as follows. Section 2 ptssan overview of the state of the art drift avoick
solutions and introduces the HEVC stream syntaxetss of interest in drift removal. Section 3 isvated to
method presentation: it first formulates the irdrét effect as a matrix equation, then solves #giation
under the HEVC steam syntax element constraints fanadly theoretically brings to light the so-calle
residual driftinner to the HEVC standard. Section 4 illustrates drift effect and presents the experimental
results (both absolute assessment and relativehb&r&ing against a state of the art solution) wBietion 5
concludes the paper and discusses future worktibinsc

2. State of theart

This section is structured at two levels. Firstefitam 2.1), 9 state of the art studies relatedht® t
drift-avoidance in MPEG-4 AVC and HEVC compresseandins are discussed. Secondly (Section 2.2), the
main HEVC syntax elements of relevance for the HE@t avoidance are presented: coding tree units
(CTU), coding tree blocks (CTB), coding unit (Cigyediction modes, transforms, ...

2.1.Overview of drift free solutions
The alteration of an encoded block can be induddtereby errors occurring during the video

transmission, storage and/or decoding or by votynd@erations, such as compressed-stream watemgarki
applications, where a watermark is imperceptiblyg grersistently inserted into the encoded blocks for
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copyright/integrity verification purposes. Actualithe most recent intra drift-free studies for MRE@VC
[2]-[8] and HEVC [9], [10] standards were conductedelation to watermarking applications.

From the conceptual point of view, intra drift-freudies can be structured into three categoriesesently
referred to asompensation-basefR]-[5], selection-based6],[7],[9],[10] and cancellation-based8], see
Table 1.

The compensation-based methods [2]-[5] consist $timating the drift induced by the considered
modification and in subsequently compensating itcbynplete decoding/re-encoding operations. This, way
the drift can be completely removed at the expefiskastically increasing the computational comjaleand

of modifying the compressed stream parameters.

The selection-based methods [6],[7],[9],[10] consisrestricting the blocks (and the elements im lihocks)
subjected to modifications and/or of imposing caaiats on the modification statistics: only thedds which
are not involved in the prediction process andfdy the modifications which are not prone to deiffect are
dealt with. This way, no drift effect occurs, thengputational complexity is kept constant but thelyem is
solved only for some particular cases and notsrgéneral statement. Such approaches already ptoeed
efficiency for avoiding the HEVC intra drift. In ihrespect, the study in [9] considers the 4x4 kdoand
individually investigates 5 typologies of intra-gdietion modes. By considering the HEVC prediction
equations, it is brought to light that 3 or 9 caméints in each block can be modified by a bipaedditive
modification (denoted by or -, wheret is mentioned to be a small integer). It is stateat a similar
approach can be derived for the other block sizekifis indicated that, in the 8x8 block casesp24
coefficients (according to the prediction mode) dan modified without drift effect. The study in [10
reconsiders the results in [9]. It deals only witt blocks and is based on the idea that presetiimgnost-
right column and the bottom row elements would elate the drift. Hence, the 3x3 left-up elementsach
block are individually processed in a way similarthie HEVC encoding procedure so as to identifgit 6f
9) elements that can be modified by a bipolar adslglteration (denoted hy/ -0, whered is also mentioned
to be a small integer). The improvements with respe [9] are evaluated by three image quality rostr
namely the PSNR (Peak Signal-to-Noise Ratio), tB&MS(Structural SIMilarity) and the VIFp (Visual
Information Fidelity in pixel domain).

Table 1: Synopsys of state of the art approaches

compensation selection cancellation

general
high complexity

particular
low complexity

general
low complexity

AVC

Ma [2], Huo [3], Gong [4],
Zhang [5]

Ma [6], Chen [7]

Hasnaoui [8]

HEVC

Chang [9], Gaj [10]

paper challenge

The cancellation-based approach is meant to feétteradvantages of both compensation and seldatised
approaches while getting rid of their disadvantagdse principle consists in pre-processing the taddi
alteration before applying it to the encoded blodksthis respect, the study in [8] advances at&oiu
devoted to the MPEG-4 AVC stream, structured oedhincremental steps. First, the drift propagad¢iffect

induced by the additive modification is expresssddunction of the propagation mode (for eachhef 13
MPEG-4 AVC prediction modes). Then, an algebraiat{ir) based equation for the drift effect, genevith

respect to the prediction modes peculiarities,ésvéd. By solving this equation under the MPEGMQ\
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stream syntax constraints, a cancellation matrifinally obtained. By left/right multiplying the alitive
modification by this cancellation matrix, no drifitra drift effect occurs. Yet, the overall energly the
modification may be amplified, thus inducing strenglterations in the respective block.

Table 1 presents a synoptic view on these threestyd drift-avoidance methods for MPEG-4 AVC and
HEVC standards. It can be noticed that, to the bEsur knowledge, no cancellation-based drift-fieVC
method has been designed. The present paper hagelseoretical and experimental challenge.

2.2.HEVC stream syntax elements overview

This section recalls the HEVC syntax elements][fii], [12] of relevance for the intra-drift removal

As earlier mentioned, the first encoding operatiaress GOP and frame partitioning. Arframe in HEVC is
partitioned into coding tree units (CTUs), each Cdavering a rectangular area up to 64x64 sampigs!§)
depending on the encoder configuration. The CTUawgs information related to the luminance and the
chrominance of the samples, presented as the Inthataoma CTB (coding tree blocks), respectively tihe
present study focuses on the luma drift effecty éim luma related information is presented ingbguel.

Each CTU is divided into coding units (CUs) that aignaled as intra or inter predicted blocks. Ai€ltthen
divided into intra or inter prediction blocks (P&3cording to its prediction mode. For residual ngdHEVC
supports two modes for partitioning a CU: PARNXx2N and PART NxN. The former indicates that the PB
size is the same as the CU size, 2Nx2N, while the latter signals the splitting of the @tio four equal-
sized PBs.

The HEVC intra-prediction is achieved by 35 preidictmodes, numbered by 0 to 34: the planar, theab€
33 different angular (also referred to as diredlprprediction modes. Once the frame is partitiortbe
prediction mode is selected so as to minimize #te-distortion cost. The predicted block is comgutem
the boundary most-right column and bottom row saspff previously encoded blocks.

The Intra—Planar prediction (the so-called ModeuBgs the average values of two linear predictions t
compute the predicted block samples as follows:[11]

ley = (Pny + PHx,y + N) > (log, N + 1) @
PV, =(N—=y) Ryo+ ¥y Ronss
PHX,y = (N - x).RO'y + y. RN+1,0

wherex andy are the coordinates of the sample to be predidted)V is the size of the block while, , and
P,, stand for the reference and predicted samplesecésely.

The Intra—DC prediction (the so-called Mode 1) gssithe average value of reference samples to the
predicted block samples.

The sample prediction equation for horizontal modes angular modes 2-17, is defined as follows [11]:

Px,y = ((32 - Wx) * Ri_() + w, * Ri+1,0 + 16) > 5 (2)

G =(@x*d)y>»5
x = (x*xd)&31
i=y+c,

The sample prediction equation for vertical moides angular modes 18-34, is defined as follows [11]:
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P, = ((32 —wy) * Ry + Wy * Ripp + 16) » 5 3
c,=@=*d)>»5
wy, = (y * d)&31

i=x+g
In equations (2) and (3Ro andR.1 o represent the reference samples, whestands for reference sample
index andP, ,represents the sample to be predicted, wkeyeare the spatial coordinates, andw, are the
weighting between the two reference samples coorefipg to projected subpixel location Ry oandR.q, o,
which are calculated based on the projection digplentd. c, and c, represent pixel parameters
corresponding tax andy coordinates. The parametegsandw, depend only oy coordinate in vertical mode
andc, andw, depend only ox coordinate for horizontal modes:>' denotes a bitwise shift operation to the
right and & denotes logical AND operation.

The prediction errors are subsequently transforbyedT transforni calculated as follows [12]:
T(Y) = (Cf Y % Cft) » 27 (ra+St2) (4)
where :
. Y is the prediction errors matrix to be transformiegisize can be 4x4, 8x8, 16x16, 32x32.

. Cf is the HEVC forward multiplier matrix. For the tigform blocks of size different from
4x4, the elements of the core transform matri¢cgsre derived by approximating scale@€T basis
functions, under constraints such as limiting thgainic range for transform computation or
maximizing the precision and closeness to ortholifgnahen the matrix entries are specified as
integer values. For the transform blocks of sizd,4%f is derived by approximating scal&@BT
basis functions.

. t denotes the matrix transposal operation.

. S;1 Is calculated aéB + M — 9), whereB is the video bit-depthV is equal tdog,(N) and
N X N is the transform block size.

. S;, Is calculated aéM + 6), whereM is equallog,(N) andN X N is the block size.
The HEVC core transform matrix is based on theofeihg approximation [12]:

2= (St1+5¢t2) ~ I (5)

Cft = Cf * 25t3
wherel yxv is theNxN identity matrix (should not be taken for hframe) ands,; is 5, 4, 3 or 2 according to
the transform block sizes: 4x4, 8x8, 16x16, 32x3%hectively. Note that although tBévalues are different
for DCT and DST, equation (5) holds for both typésransforms.

Equations (1) to (5) bring to light that althougmigar in their principles, MPEG-4 AVC and HEVC are
different in their computation, and that conductmtheoretical study on HEVC drift avoidance is adativial
extension from MPEG-4 AVC case: HEVC has a mordaiated hierarchical structure, allows different

"In HEVC, both DCT (Discrete Cosine Transform) and DST (Discrete Sine Transform) can be alternatively used; in
order to ensure a unitary presentation through the paper, the transform will be denoted by 7.
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block sizes to be defined, extends the definitidnit® prediction modes, changes the definition loé t
transforms, ... All these structural modificatiosisould be reflected into a new theoretical driftidance
study, as presented in Section 3.

3. Method presentation

The presentation of the drift-avoidance methodtiactured in three sub-sections: the intra-drift
problem formulation as a matrix equation (Sectioh),3its solving under the HEVC stream syntax eleime
constraints (Section 3.2) and a discussion onrtipact of the built-in HEVC approximation (Sectioi33

3.1. Matrix representation of intra drift effect
Consider a distortion matrb¥ to be added to the transformed residual bi®cthe altered block,,
is obtained as:
R,=R+W (6)
At the decoder side, after applying the inversesfarm|IT (be it IDCT or IDST), the altered pixel-domain
residual blockr,, is computed as following:
R, =IT(R+W) (7)
The linearity of the inverse transform functiondedo:
R,=R+W (8)

whereR is the initial pixel-domain residual block aidis the pixel domain representation of the distorti
matrix.

Depending on the selected intra-prediction mode,pifedicted bloclP is computed according to one of the
equations (1), (2) or (3); then, it is added todttered residual block to obtain the altered po@main block
X'

X, =P+R+W 9)
=X+W

For a block of siz&V X N, X andW can be expressed in matrix form:

Xoo o Xoxor ]

x=| o (0
Xyoro oo oo oo Xyoinid
Woo oo o o Wonn |

w=| 5o an
va;Lo e Wy

In order to avoid the drift effect, the additivestdirtion/¥ should be preprocessed in such a way that it would
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not result in any changing in the most-right coluamdl bottom row of the host block in the pixel dimas
illustrated in Fig. 2. B&;; a current block anB, j.1, B+ j.1 andB;,,; a set of neighboring blocks that may use
the blockB;; in their prediction. The drift does not take plageen the values at the most-right column and
the bottom row elements &f; are kept unchanged.

By,
Bi 1
Xoo + Woo Xo1 + Wo1 Xoz + Woi Xo3 + W3 A n le l¢
—>

X10 + Wio X33 + Wii Xip + Wi Xi3 + Wi4 3 |u g h
—» i i k I

X0 + Wao Xo1 + Way Xpp + W|Xp3 + W,
m n o p

X30 + Wag X31 + Waq Xp3 + Wad X33 + Wis
a b ¢ d a b ¢ d a b ¢ d
e f g h e f g h e f g h
i j k | i j k | i j k |
m n o p m n o p m n o p
Biy1,j-1 Bii1,j Bit1,j+1

Fig. 2 Intra-frame drift avoidance principle

Consequently, the block distortion system considgthe drift free condition in the compressed donwan
be formulated according to (12):

( R,=R+W
4 [ Woo o Won-2 0]
: 0
IT(w) =| ol (12)
|k lWN—z 0 o Wyoan—2 OJ
0 0 O 0 0
W can be expressed as matrix multiplication:
W=E W, *E (13)
[1 0 .. 0 0]
0 1 -~ : o]
where W; € Myyyand E=10 =~ =~ : 0
0O .. .. 10
0 0 0 0 O

Thus, the compressed domain solution space coigidire drift free distortion (denoted by furttfs) can
be expressed as:

Se={W | W=T(E=W,+E)} (14)
3.2.Intra drift-free matrix

The domain solution spa& described by (14) should be further restrictetheoHEVC DCT/DST
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computation formulas.

Consider W belonging toS; by applying the HEVC transform computation formui4), W can be
expressed as:

W = (Cf * (E W, * E) % Cft) » 2~ (St1+5t2) (15)

By considering equations (15) and (5§ can be expressed as:

2= (St1+S¢2) 2= (St1+5¢2)

W~ Cf*E*(Cft*Cf*ZST>*W1*(Cft*Cf*T>*E*Cft (16)

2—(St1+St2)

2—(St1+S¢2)
25t3 )

25¢t3

z(Cf*E*CfT* )*(Cf*Wl*CfT*Z_(Sf1+Sf2))*(Cf*E*CfT*

From equations (4) and (18}, can be expressed as:

. T(E) T(E)
E __ E
~ o5 Wit gse
Therefore, the HEVC compressed domain solutionesgiacan be defined according to:
I E __ E
I( WlW:ﬁ*WI*ZSB \I
[1 0 .. 0 0]
Se = 0 1 ~ : o] (18)
where W; € Myyyand E=10 =~ =~ : 0
[ 0 . .1 oJ
0 0 0 0O

Thus, in order to prevent the intra-drift effette tdistortion induced in the compressed domain ldhoe! left
and right multiplied by the matrid, = E /253, prior to its addition to the host transformediaaal block.
Note thatM,; acts as a drift masking matrix: it does not eliat@icorrect the additive modification but it
ensures that its effect will be restricted to tbergpted block.

3.3.Residual intra drift

While equations (16) — (18) are derived solely gtnm computations on HEVC specifications, they
also consider equations (5) which is an approxiomatin order to obtain beneficial properties (likaiting
the dynamic range for transform computation or mmézing the precision and closeness to orthogonality
when the matrix entries are specified as integéneg), the HEVC transform computation relies on one
approximation. Consequently, the intra-drift catat@n (18) we derived may eventually allow modifiions
of the values at the most-right column and thedmttow elements in the block and, implicitly, aides
(un-cancelled) drift effect. Yet, such modificatioarea priori expected to be imperceptible. Actually, the
HEVC transform computation approximation does noiucea priori any visual artifacts (criterion essential
to its very acceptance in the standard). Moreother, prediction operations are linear with respecthie
distortions, as demonstrated hereafter by equa(@dps and (22): hence, very small modifications also
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expected to have very small visual impact.

The prediction modes 0 and 1 are linear by thedry definitions (average values over linear prexitor
over samples, respectively).

Considering now a modificationin the reference pixel values used for predictimg pixel samplé, ,, . and
apply (2) for sample prediction with horizontal afey modes?, , . can be computed according to:

Poye = ((32=wy) * (Rig +&) + Wy * (Ripao+€) +16) » 5
= (B2 = wy) ¥ Ryg + Wy * Riyyo +16) » 5+ 3252 5 (19)
ThereforgP, ,, . can be expressed as:
Poye= Py te (20)

whereP, ,, is the predicted pixel value if no modificationimsiuced on the reference pixel values.

A similar behavior can be identified for the vealiprediction modes, defined by equation (3):

Peye= ((32 —wy) * (Rig+ &) +wy * (Riyrp+ )+ 16) > 5

= ((32 = wy) * Rig + Wy *Rippo + 16) > 5+ 3252 » 5 21)
yielding the same relation as in (20):
Poye= Py te (22)

4. [llustrations and experimental results

While the main contribution of the paper consisttheoretically computing the drift cancellation
(masking) matrix expressed by (18), the presentisedias as objectives to illustrate the drift effeto
objectively evaluate the effectiveness of the adeamethod and to benchmark it against the statheo&rt
solutions.

The experimental results reported in this Sectioard carried out on corpus of 8 video sequences, at
3840x2160 resolution, encoded by the HEVC main ifgofThese 8 video sequences processed in the
experiments sum-up to 375rames: this size ensures the 95% statisticalaglee of the results (as detailed
for each experiment here-after). They are encodéti the following configuration: Rate Control /
gCompress: CRF-28.0 / 0.60, Keyframe min / maxehecut / bias: 5/5 /40 / 5.00. The rest of theoding
parameters are left to the encoder choice, thusrieigsa variety of the block sizes, prediction medad
quantizing steps. The processed video content sdweterogeneous indoor and outdoor scenes, wilge |
variety of motion content as well as with arbithadighting conditions, as illustrated in Fig. 31 brder to
cross-check the generality of our results with eespo the type of content, a second (cross-chggkiarpus

of the same size, resolution and encoded principlgsrepresenting a different content is considered
Section 5. Concerning the content choice, the daterogeneity principle is kept, as illustratedrig. 4.

The block modification under HEVC stream syntaxgtoaint is achieved by software tools we develoiped
C/C++ so as to complement the HEVC reference soéhasailable at [13].
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Fig. 4 lllustration of the content included in tb@rpus processed in Section 5, for cross-checkiagdsults presented in
Section 4

4. 1. lllustrations

The drift cancellation mechanism is illustratedFig. 5 by representing the absolute difference
between the luminance components of the origihélame and of the decoded modified frame; these
differences are illustrated as dark-blue to lighllgw pseudo-color images (the so-callgatula colormap,
available in both matlab and python). Hence, a thuk pixel in Fig. 5 indicates no difference atttlocation
between the original HEVC and the drift affected\Esequences. Conversely, a light yellow pixel ig. 5
indicates a large local difference (up to 255) leetwthe two investigated HEVC sequences.

Consider anl frame and a transformed block of fixed size (tlases 4x4, 8x8, 16x16 and 32x32 are
successively investigated) that is randomly chdsem the processed video corpus. Blethe maximum
value of this block. Consider a distortion matrixtbe same size as the considered block, sampted &
Gaussian generator, whose mean value and standaiation are set to O ardV /3, respectively. In other
words, with a 99.7% probability, the modification8l be smaller tharmM. In illustrations in Fig. 5¢ = 0.1.
Assume such a distortion is directly added to thwesidered transformed block, see the left columRign 5:
even a small alteration (smaller then a tenth efrttaximal value in that block) of a unique transfed block
results in an avalanche of modifications in theodied frame. As expected, the larger the block shze,
larger the drift effect. Assume now the case inaluhthe alteration is left and right multiplied Byetdrift
cancellation matrix (18) prior to its addition toet considered block. The results are presenteteirrigght
column of Fig. 5: this time, the modifications &ept inside the considered block and the driftaffean no
longer be perceived. The only exception occurshian ¢ase of 32x32 blocks, where a small residudt dri
appears.

Note that the usefulness of the drift-avoidanceho@tadvanced with this paper is even higher wheliptel
blocks (of possible different sizes) are affecteside a samé frame, as illustrated in Fig. 6: by its very
principle, the drift-masking matrix (18) ensures tieparability of the drift effects in case of niplkt block
errors. While Fig. 6 considers the same type ofasgntation (the parula colormap) and the same aype
random modification (sampled from a Gaussian géoerahose mean value and standard deviation ate se
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0 andM/30) as in Fig. 5, it illustrates the case in whichx& and a 32x32 blocks are modified inside a same
| frame. In the case in which the drift is not aesldthe effects of the two individual effects candven
amplified (see Fig. 6 left). However, when applyitig drift avoidance method, the modification can b
localized and no mutual drift amplification is enotered (see Fig. 6 right).

4x4 block

8x8 block

16x16 block

32x32 block

Fig. 5 lllustration of drift (left column) and dtifree (right column) modification of one transfarchblock in arl frame;
theparula colormap is considered, with dark blue the loveest light yellow the largest value
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4x4 block
& 32x32 block

Fig. 6 lllustration of drift (left column) and dtifree (right column) modification of two transfoeah block in arl frame;
theparula colormap is considered, with dark blue the loveest light yellow the largest value

4.2.Method performances

The evaluation targets two different criteria. Eifsfocuses on the residual drift effect and asse
the maximal value in the most-right column and tleétom row elements in the modified block (see the
discussion in Section 3.C and the illustrationthef32x32 blocks in Fig. 5). Secondly, it evaludtesoverall
visual quality effect of the advanced drift-freethw; in this respect, the three quality metricasidered in
[10] are considered, namely the PSNR, the SSIMthad/IFp.

4.2.1 Assessing the maximal value in the most-dghtmn and the bottom row of the modified block

As discussed in Section 3.3, the only approximatien deriving the noise cancellation matrix (18)
comes from the very HEVC transform computation, egeation (5). Such an approximation can result (in
some cases) in a residual drift effect, as illusttan Fig. 5 for the 32x32 block. Hence, the fasperiment is
devoted to assessing the maximal value preseiieimiost-right column and the bottom row in a preeds
block: in the absence of the residual drift, sucfalae is 0.

In this respect, for eadhframe, the cases of 4x4, 8x8, 16x16 and 32x32kklace successively investigated.
The distortion matrix has the same size as thegssmd block and is sampled from a Gaussian generato
whose mean value and standard deviation are sét daaodaM /3, respectively. In the experiments, 10
differenta values, evenly distributed between 0.1 and 1saceessively considered.

The maximal values in the most-right column andlib#om row of the modified block are plotted irgFv,
as a function ofr. In Fig. 7, the values corresponding to the un-masked (drift) case are labeled by
“U” and plotted in circles * while the values corresponding to the advanced method (drift-free) are
labeled by “M” and plotted in up-triangles a . The color of the plots differs according to the size of
the block: blue for 4x4, orange for 8x8, green for 16x16 and purple for 32x32.

Fig. 7 shows that the residual drift results in modifications that depend, as expectedon both the a
value and, for a fixed a value, on the size of the block.

In order to assess the effectiveness of the addamethod in the reduction of the modifications, thgo of
the initial (unmasked) values to the correspondirifi-masked values is computed and representédgng
as a function ofr (the block-size is considered as parameter). It is thus brought to light that for 4x4
blocks, the dynamics is reduced 20 to 80 times (depending on the « value). For the other sizes of
the blocks, the reduction ratio ranges between 5 and 12. It should also be noticed that the reduction
is more effective in the most disturbing cases, namely for large a values.
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Note that the values in Fig. 7 are obtained by ayieg the values obtained for eddiname. The experiments
show thatall the 95% confidence intervals (regardless the a value or the size of the block) are
smaller than 1 (i.e., the 95% absolute error is always smaller than 0.5), thus ensuring the statistical
relevance of the values reported in Fig. 7.
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Fig. 7 Maximal distortion values in the most-rigllumn and the bottom row of the modified blocle tiot color differs
with the size of the block: blue for 4x4, orange 88, green for 16x16 and purple for 32x32
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Fig. 8 The reduction ratio of the maximal valueshia most-right column and the bottom row of thedified block; the
plot color differs with the size of the block: blt@ 4x4, orange for 8x8, green for 16x16 and paifpk 32x32

4.2.2 Assessing the visual impact of the advanetod

In addition to the residual drift, the advanced hoet also modifies the power of the additive
modification (by left/right multiplication). In theequel, the combined effect of these two impaitném



14 Arige/ Visual Communication and Image Represemta®0 (2018) 000-000

visual quality is evaluated.

In order to assess the visual impact of the advneethod, the three quality metrics consideredhindtate

of the art study [10], namely the PSNR, the SSIM #e VIFp are computed. In this respect, for ahthe
three metrics, the unmasked and masked drift &ifeEtEVC sequences are compared against the referenc
HEVC encoded sequence. The results are presenkgsn9, 10 and 11.

The experimental conditions are kept the same Bgin7:

« the same 8 video sequences are processed,;

* the cases of 4x4, 8x8, 16x16 and 32x32 blockswreessively investigated;

e the distortions are sampled from a Gaussian geserh0 mean andM /3 standard deviation;
e 10 differenta values, evenly distributed between 0.1 and 1¢cansidered.

The plots in Figs 9, 10 and 11 are organized theesaay as Fig. 7:

» the values plotted im and labeled by “U” represent the drift, un-maskade while the values in up-
trianglesa and labeled by “M” represent to the advanced nustho
» the same color mapping is considered blue for éxdnge for 8x8, green for 16x16 and purple for
32x32.
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Fig. 9 Assessing the visual impact of the advamoethod: PSNR values; the plot color differs with siwe of the block:
blue for 4x4, orange for 8x8, green for 16x16 antpfe for 32x32
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Fig. 10 Assessing the visual impact of the advameethod: SSIM values; the plot color differs wittetsize of the block:
blue for 4x4, orange for 8x8, green for 16x16 antpfe for 32x32
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Fig. 11 Assessing the visual impact of the advameethod: VIFp values; the plot color differs wittetsize of the block:
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By investigating the Figs. 9, 10 and 11 it can lnticed that, as a general trend, the image quiity
decreasing function af and, for fixed values of a, of the block size. Yet, the advanced method
ensures lower limits (corresponding to @ = 1 and 32x32 blocks) for PSNR, SSIM and VIFp of 33.5
dB, 0.985 and 0.985, respectively.

When compared to the initial (unmasked drift) c&$gs. 9, 10 and 11 bring to light that the advanecethod
ensures:

e« gains in PSNR of 16 dB, 12 dB, 11 dB and 10 dBtf@ 4x4, 8x8, 16x16 and 32x32 blocks,
respectively; note that these gains are quite eohsdith a (variations lower than 10% being
encountered);

15
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e gains in the SSIM (expressed by the closenesstaltal 1 value) that vary with bothand the size
of the block, from 0.005 (corresponding to 4x4 lB®anda =0.1) to 0.05 (corresponding to 32x32
blocks andx = 1);

« gains in VIFp (also expressed by the closeneshdddeal 1 value) having the same trend as the
SSIM and varying in the same limits

All the values reported in Figs. 9, 10 and 11 d&aimed as average over the 8 video sequencegaebrof
the 10 studied values and for each of the 4 block sizes definetlBVC, the length of the 95% confidence
interval for PSNR is always lower than 1 while thegths of the 95% confidence intervals correspamdd
SSIM and VIFp are always lower than 0.01. Hencéha®5% absolute errors are lower than 0.5 an@b0i0
can be stated that the values reported in Fighd @nd 11 are statistical relevant.

We emphasize that the image quality evaluationgmtesl in this Section 4.2.2 considers the diffeeanc
between unmasked/masked drift affected sequencgstremninitial, HEVC encoded sequence. The quite
unusual high PSNR values can be explained by ttelat the experimental conditions consider gsigarse
modifications (a single block péframe).

4.2.4 Benchmarking the advanced method againgt#tie of the art method in [10]

As mentioned in the state of the art section, &ltbst of our knowledge, the most effective HEVC
drift avoidance state of the art method is advarme®. Gajet. al. in [10]: therefore, the drift-free method
advanced in the present paper is compared to it.

The main difference appears at the methodolog®all The Gaj method belongs to the selection type:
considers only the 4x4 blocks and only the caseghich 2 out of the 9 top-most coefficients are eiféel by a
bipolaré and- § alteration, wheré is a small integer. Although not addressing theegal drift problem,
such an approach can meet its objective, namelyngpthe drift issue for watermarking. Note thatlenthe
watermarking framework, the modification dynami@igected to be small (so as to ensure transpgrandy
the modified positions in a block to be sparse (bmpressed domain watermarking generally feamne |
data payload [10], [14]).

The method advance in the present paper belontgetoancellation category and solves the probleitsin
generality: any block size, any number of modifeefficients, any type of modifications (not onlipblar)
and any dynamic (no restriction to “small integéisin be dealt with.

For the experimental comparison, the Gaj method al&s implemented in C/C++ (in addition to the HEVC
reference software) and the following set-up isstdered for benchmarking:

e as restricted by the Gaj method, only 4x4 blockspapcessed;

« the Gaj method is applied for a bipolar, 2 valuedrim, § / —8; in the experiments, 10 values&f
ranging from 1 to 10, are successively considered;

« the drift-free method is applied to an arbitragtyucture matrix, with the same average power @s th
Gaj matrix; actually, in order to grant more gefigrao the results, for each value, 50 random
distortion matrices are generated and the valyssrted in this section for the drift-free methoe ar
obtained by averaging the values obtained on thah&trices.

The experiments follow the same criteria as in i8act.2, namely assessing the maximal value imtbst-
right column and the bottom row of the modified dddsee Fig. 12) and assessing the visual impatieof
residual intra-frame drift (see Fig. 13, 14 and. Mte that this time the abscissa correspondédo thalue
while the ordinates are the same as in Figs. Z0@&nd 11, respectively.
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Fig. 14 Benchmarking the drift-free method agaihst$. Gaj method [10]: the visual impact expresse8SIM values;
the plot in blue corresponds to the state of thea@ution while the plot in orange to the methddanced in the paper
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Fig. 15 Benchmarking the drift-free method agaihst$. Gaj method [10]: the visual impact expressed|Fp values;
the plot in blue corresponds to the state of thea@ution while the plot in orange to the methdganced in the paper

Fig. 12 considers the maximal modification in thestaright column and the bottom row. It should bstf
noticed that the Gaj constraint of choosing “smaalalues” is very restrictive in practice and conssdenly
very small modifications (very small power for theodifications generating the drift): the ordinatesies
from 1 to 70 in Fig. 7 while it is restricted ta®1.23 in Fig. 12. Fof values of 1, 2 3 and 4, the Gaj method
and the advanced drift-free method provide equatlgd performances. Yet, forvalues larger than 5, the
drift-free method outperforms the state of thenagthod, by factors ranging between 10 and 30 (tfeaters
are computed as the ratio of the maximal valuethéotwo methods). The 95% error corresponding ¢ th
results reported in Fig. 12 is lower than 0.05.

Fig. 13, 14 and 15 bring to light a quite similahlvior as in Fig. 12: while the two methods haweilar
performances for the smallestalues, the advanced drift free method outperfdimasstate of the art method
after a certai limit. For instance, when considering the PSNRdtgrion in image quality evaluation, Fig.
13 shows that the two methods provide similar perémces fors = 1 ando = 2. While the PSNR value
difference is only of 2dB fod = 3, it increases from 5 dB to 24dB wh&waries from 4 to 10. Note that the
95% error corresponding to the results is lowenth® in Fig. 13 and lower than 0.001 in Fig. 14 46.

As a final quantitative result, the variation ire thitstream size is also investigated. In thiseesghe relative
variation with respect to the original (unmodifiebifstream is computed for both the advanced défe
method and for the state of the art method in [&6]jllustrated in Fig. 16. Fig. 16 shows that déldeanced
method does not practically impact the stream simerelative differences between the original #redrift
compensate HEVC streams are lower than 0.4%. Fopadson, the same relative differences reach 0.18%
for the investigated the state of the art methd@].[1
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Fig. 16 Benchmarking the drift-free method agaihst$. Gaj method [10]: the relative bitstream senéation; the plot
in blue corresponds to the state of the art saiti®] while the plot in orange to the method adyexhin the paper

5. Conclusion and per spectives

The present study considers the HEVC compressiandatd and investigates the possibility of
cancelling the intra drift effect induced in theframes by additive alterations. Starting from tHEVC
formulas describing the intra-prediction modes &mel DCT computation, a drift cancellation (masking)
matrix is derived: by left-right multiplying the dilive alteration prior to its addition, the driffffect is
theoretically cancelled. This theoretical contribntis complemented with experimental illustraticeusd
results related to the gain obtained with respethé basic, no-drift elimination case.

With respect to MPEG-4 AVC drift cancellation mediso[8], the main novelty consists in solving a teta
yet different theoretical problem: as HEVC has aranelaborated hierarchical structure and a conlglete
different definition for its syntax elements (diffémt block sizes, extended prediction modes, chaiige
definition of the transforms, ...), a new demortftrais required so as to derive the mask multgilan
matrix (18).

With respect to the state of the art HEVC drift igamce methods [9], [10], the main contribution sists in
solving the intra-drift problem in its general farthe advanced drift elimination matrix holds faryeblock-
size, any prediction mode and any structure / dynahthe modification. It is also experimentalliiosvn
that when restricting the advanced method to thmicgiive perimeter of the state of the art methogiL0],
equally good or better results are obtained.

The experimental results reported in Section 4osétained by processing a video corpus whose sigetiso

as to ensure their statistical relevance (in theseeof their 95% errors). Yet, in order to alsoakhéhe
stability of the results with respect to the vidamtent itself, a second corpus (of the same sidewdth the
same encoding principles) is composed by sequesa@pled from [15]. The comparison between the-drift
free cancelation method and the S. Gaj [10] statéh® art method is resumed on the new corpus. No
statistical relevant differences are encounterdaidmn the results reported in Section 4 and the gteained
results when considering (1) maximal values in niest-right column and the bottom row of the modifie
block — see Fig. 12, (2) the SSIM metric — see Eyand (3) the VIFp metric — see Fig. 15. Althoulga
PSNR results obtained on the new corpus are #tatlgtdifferent with respect to the ones reporiedig. 13,
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the same trend is kept: the state of the art mefh@pand the new advanced method features eqgalbygl
results fors = 1 ando = 2, while the new advanced method outperformsstate of the art method by gains
between 3 and 20 dB for larggéwralues.

As a final quantitative result, it can be statedttthe advance drift cancelation method does npaanthe
stream size, Fig. 16: the relative differences ketwthe original and the drift compensate HEVCastie are
lower than 0.4% while the same relative differenaa reach 0.18% for the investigated the statdefatt
method [10].

Note that the study we carried out takes placdéncompressed domain and is independent with respec
any pre- and post-processing operations carried befibre, during or after HEVC encoding/decoding.
Consequently, our results are independent and earséd in conjunction with respect to the recemdies
[16], [17] carried out in pixel (uncompressed domyair at an intermediate encoding step and denatirsdr
the possibility of using neural networks for incsiea the overall HEVC compression efficiency. Sfeally,
while our study allows intra-drift elimination, tletudies in [16], [17] rather consider generic gisartifacts
the lossy encoding standards are likely to inducairfly at low rates) like blocking, blurring, rinyg, ...

Future work will be done in order to integrate tihéft cancelation matrix (18) under the watermagkin
applicative framework and to complete this studghvain investigation of the inter-drift effect.

Watermarking [18] aims at persistently and percalptuassociating some extra information (a watekhar
with some original content. By subsequently recimgethe watermark from modified (attacked) replicds
the watermark content, several applications caartseired, like propriety right identification, pisatracking
down or video authentication, to mention but a f&vhile the insertion procedure itself can be ofimas
types (spread spectrum, side informatiett,) it was shown that it can be explicitly or imgtig modeled by
the addition of a white, Gaussian noise [18]. Itisgrthe mark directly into a compressed conteng.(
MPEG-4 Part 2, MPEG-4 AVC, HEVC) ensures faster amte flexible solutions. Yet, as a compressed
stream is a priori expected to feature no visudunelancy, and as its content observes to strictagyn
constraints, any modification of its elements igpented to result in visual artifacts, thus turnitig
watermarking imperceptibility into a hot researopit. Under this framework, the present study mlesia
solution for ensuring drift free watermarking: teft simulations presented in this paper corresptmthe
additive, white Gaussian noise addition modeling thark insertion while the 10 values mfcover the
targeted watermark dynamics. Moreover, the drifskiieg matrix (18) is known both at the mark insmrti
and detection, and the study in [14] demonstraled inserting a watermark following raQIM (multiple
Quantization Index Modulation) method can ensurBustness against matrix multiplication operations;
hence, although the inserted value is modified by drift avoidance mask, it cans still be detected.
Consequently, we target an end-to-end HEVC watedimgustudy, in which the drift avoidance mask matri
(18) will be considered as a transparency optirorabol.

A second direction of our future work will be taidy the possibility of avoiding the inter drift efft. In this
respect, the joint intra- and inter-drift effectositd be modeled as a multidimensional matrix probte be
solved under O-borders constraints. Of course,ctiraplexity of the problem is much higher: the intra
prediction mode number is to be multiplied by thtei-prediction mode numbers, the various possilzes
for the blocks in, P andB frames should also be considered, etc.

Beyond these two future work directions, our resaén also be considered as a ground for studgmatra-
drift problem for compression standards relatetiE/C, as the multiview and 3D HEVC extensions [19],
[20]. At a glance, such an encoder considers indtion describing the multi-views, the associategthle
maps and the camera parameters. The encodingustrustcomposed of a base (independent) view, wikich
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coded independently of other views using a coneeati HEVC encoder and of several dependent views,
which can be coded with additional coding tools][28ence, while our study covers the intra-driffeet
related to the base view, extensions are requbeabdo deal with its effects on the depend vid\e that

the difficulty of the extension is twofolded. Firstt the theoretical level, the study should dtarh equation
(14) and reconsider its instantiations (15)-(18). tbe other hand, in order to ensure coding effiye the
statistical dependencies between video texturedapth are exploited in the multiview and 3D HEVQ@][1
hence, an in-depth quality evaluation should balaoted for the reconstructed multi-view content.
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