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I nt roducti on

Modern vi deo codi ng standards such as Thor [I-D.ful dseth-netvc-thor]
include in-loop filters which correct artifacts introduced in the
encodi ng process. Thor includes a deblocking filter which corrects
artifacts introduced by the bl ock based nature of the encoding
process. |In addition, Thor introduced the constrained | ow pass
filter (CLPF [I-D. m dtskogen-netvc-clpf]), which conpensates for
ringing artifacts not corrected by the deblocking filter, and it

of fers a very favourabl e conpl exity/conpression trade-off.

Sinmlarly, the Daala codec has a deringing filter
[I-D.valin-netvc-deringing]. CLPF and the Daala deringing filter
have been shown to have additive effects, but rather than running
these two filters in cascade after the deblocking filter, they can be
combined into a single filter taking advantage of their simlarities
and reducing the total conplexity, giving what we call the
constrained directional enhancenent filter (CDEF), which will be
described in this docunent. This nerged filter offers better
conpressi on objectively than CLPF or the Daala deringing filter

al one, as well as significantly inproved subjective quality, at the
cost of somewhat higher conplexity than CLPF.

Definitions
Requi rement s Language
The key words "MJST", "MJST NOT", "REQUI RED', "SHALL", "SHALL NOT",

"SHOULD', "SHOULD NOT", "RECOMMENDED', "MAY", and "COPTIONAL" in this
docunent are to be interpreted as described in RFC 2119 [ RFC2119].
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2.2. Term nol ogy

The filter works by dividing the frame to be filtered into filter

bl ocks (FB' s) of 64x64 pixels. This size is fixed regardless of the
codi ng block (CB) size which can range from 8x8 to 128x128.

Different FB's may have different filter paraneters.

If the frane can't fit a whole nunber of FB's, the FB' s at the right
and bottom edges are clipped to fit. For instance, if the frame
resolution is 1920x1080, the size of the FB's at the bottom of the
frame becones 64x56

FB' s that contain only skipped CB' s are never filtered. A CBis
ski pped when it contains no coded residual

The franme is further divided into direction blocks (DB) of 8x8
pixels, and all DB's to be filtered are associated with a direction
and a variance, both cal culated by the encoder and decoder fromthe
reconstructed, deblocked frane. The direction is conputed to nmatch
the edges and patterns within the DB, and the variance is a neasure
of the contrast.

CDEF is a non-separable non-linear 12-tap filter and the taps are

| ocated within a 5x5 area centered around the pixel to be filtered.
One DBis filtered at a tinme, and the locations of the taps depend on
the direction associated with the DB. Furthernore, the taps are
divided into two groups: the primary taps and the secondary taps.

The prinmary taps are associated with a primary strength (S), and the
secondary taps are associated with a secondary strength (S '). The
primary and secondary strengths can differ.

3. Direction search

The search operates on the reconstructed pixels, just after the

debl ocking is applied. Since those pixels are available to the
decoder, no signalling is required for the directions. The direction
search operates on 8x8 blocks (DB s), which is fine enough to
adequat el y handl e non-strai ght edges, while being | arge enough to
reliably estimate directions when applied to a quantized i nmage.
Havi ng a constant direction over an 8x8 regi on al so nakes
vectorization of the filter easier.

For each bl ock we want to determine the direction that best matches
the pattern in the block. This is done by mnimzing the sum of
squared differences (SSD) between the quantized bl ock and a perfectly
directional block. A perfectly directional block is a block for

whi ch each line along a certain direction has a constant value. For
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as shown in

we assign a line nunber k to each pixel

the follow ng figures:
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Figure 2: Line nunber k for pixels following direction 1
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Figure 3: Line nunber k for pixels following direction 2
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Fi gure 4: Line nunber k for pixels followi ng direction 3
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Figure 5: Line nunber k for pixels following direction 4
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Figure 7: Line nunber k for pixels following direction 6
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Fi gure 8:

The direction and variance of a DB are cal cul ated by the foll ow ng

al gorithm
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Initialise all variables to zero
for d = 0to 7 do
for i = 0to 7 do
for j = 0to 7 do
L <- line_table[d][i][]
parial [d][L] <- partial
count[d][L] <- count[d]
end for
end for
for L =0 to 14 do
if count[d][L] > O then
s[d] <- s[d] + partial[d][L]”2 * 840 / count[d][L]
end if
end for
end for
for d = 0to 7 do
if s[d] > s[best_d] then
best d <- d
end if
end for
direction <- best d
variance <- s[best _d] - s[(best_d + 4) nod 8]

]
[d][L] + (pixel[i][j] - 128)
[L] + 1

Figure 9: Direction search algoritm

Functional | y equi val ent al gebraic sinplifications are possible, but
they are not shown here for clarity.

4. Filtering Process

CDEF is based on a non-linear |owpass filter designed to renove
coding artifacts without blurring sharp edges. This is achieved by
sel ecting taps based on the identified direction, but also by
preventing excessive blurring when the filter is applied across an
edge. The latter is achieved through the use of a non-linear |ow
pass filter that deenphasizes taps that differ too nuch fromthe

pi xel being filtered. This filter can be expressed as:

M dt skogen & Valin Expires April 29, 2018 [ Page 8]



Internet-Draft Constrained Directional Enhancenent Filter Cct ober 2017

\

y(i,j) =round(x(i,j) +g(/__w_mn* f(x(i,j)-x(mm, S, D +
\—
f__w' _mn>* f(x(i,j)-x(mm, ", D))

Figure 10: Non-linear filter

where w and w' are the weights associated with the primary and
secondary taps respectively, S and S' are the prinmary and secondary
strengths, and f, g and the danping value D will be described bel ow

The function f constrains the difference between the pixel to be
filtered and a nei ghbouring pixel. It takes as argunments the
difference d, the strength S and t he danpi ng val ue D

| mn(d, mex(0, S - floor(d/(2"D - floor(log2(S)))))), d >=0
f(d,S,D) =<
| max(d, mn(0, floor(d/ (2D - floor(log2(S)))) - S)), d <0

Figure 11: The constrain function
The function restricts the difference to a maxi mumrange defined by
the strength, then further restricts large differences dependi ng on

t he danping value. The constrain function can be visualised as
fol |l ows

S -
-2"D -S0S 2"D

Figure 12: Gaph 1

The function is anti-symetric around d = 0 and can be expressed by
the follow ng pseudo C code
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sign(x) =x>0?21: -1
f(d,S, D) = sign(d)*mn(abs(d), max(0, S-(abs(d) >> (D-floor(log2(S))))))

Fi gure 13: The constrain function in pseudo C

The function g(d) is defined as:
g(d) =clip(d, mn_mn(x(i,j) - x(mn), mx_mn(x(i,j) - x(mn))

Figure 14: The clip function

whi ch ensures that the filtered pi xel never can attain a val ue hi gher
than or lower than any of the pixels associated with the filter taps.
This has to be done because sum of the weights of the primary and
secondary exceeds unity and we want to avoid overconpensati on and
retain the lowpass quality of the filter

The direction found in the direction search determ nes which filter
taps to use fromthe 5x5 area centered around the pixel to be
filtered. The primary taps with weights w are given bel ow for each
direction:

B
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I I I | b | I
e S
I I | X | I I
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[ bl
i S

lal I | 1 |

e S

Figure 15: Primary taps (W) for direction O
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Figure 16: Primary taps (W) for direction 1
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Figure 17: Primary taps (w) for direction 2
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Figure 18: Primary taps (W) for direction 3
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Figure 19: Primary taps (w) for direction 4
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Figure 20: Primary taps (w) for direction 5
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Figure 21: Primary taps (W) for direction 6
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Figure 22: Primary taps (W) for direction 7
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The values of a and b alternate depending on the strength. For even

strengths, a = 2/16 and b = 4/16.

The secondary taps are as foll ows:

B
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[ I bl | al
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N - O R

e S

For odd strengths,

a

b = 3/16.

Fi gure 23: Secondary taps (w') for direction O and 4
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Fi gure 24: Secondary taps (w') for direction 1 and 5
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Fi gure 25: Secondary taps (w') for direction 2 and 6
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Fi gure 26: Secondary taps (w') for direction 3 and 7
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For the secondary taps, a = 1/16 and b = 2/16. Unlike the primary
taps, there is no alteration.

The strengths S and S’ and danpi ng val ue D nust be set high enough
to smooth out coding artifacts, but |ow enough to avoid blurring
important details in the image. For 8-bit content S can have

i nteger val ues between 0 and 15, and S’ can be 0, 1, 2 or 4. D can
be set to 3, 4, 5 or 6 for luma, and the danping value for chroma is
al ways one | ess. The danping val ue shall never be |ower than the

|l 0g2(S) to ensure that the shift value used to conpute
2"(D-floor(l10g2(S))) in the constrain function never becones
negative. For instance, if for chroma S = 15 and the |uma danpi ng
is 3, the chroma danping shall also be 3 (and not 2) because
floor(log2(S)) = 3.

For higher bit depths (nore than 8 bits), S and S’ are scal ed
according to the extra bit depth, and Dis offset accordingly. For
exanpl e, 12-bit content can have S values of 0, 16, 32, ..., 240,
and the valid D values are 7, 8 9 and 10. The weight alteration for
the primary taps, which depends on whether the strength is odd or
even, are preserved, so for 12-bit content strengths of 16, 48, 80,
etc are still considered "odd", and 32, 64, 96, etc are stil

consi dered "even".

Pi cking an optimal danping value is less critical for conpression
gains than picking the optimal strengths. S and S’ are chosen
i ndependently for |uma and chroma.

The primary strength S is adjusted for luma using a variance v (see
the algorithmgiven in the previous section) for the 8x8 bl ock (DB)
as foll ows:

S adj =
| floor((S *(4+m n(floor(log2(floor(v/65536)),12))+8)/16), v >= 2”10
<
| O, otherwi se

Figure 27: Luma strength adjustnent
This adjustment is not applied for chroma, nor for the secondary

strength S’. The adjustnent reduces the snoothing for bl ocks
wi thout a clear directional pattern.
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5.

Si gnal i ng

Sone CDEF paraneters are signaled at the frame | evel, and some
paraneters nmay be signaled at the FB level. The following is
signaled at the frane level: the danping D (2 bit), the nunmber of
bits used for FB signaling (0-3, 2 bits), and a list of 1, 2, 4 or 8
presets. One preset contains the luma primary strength (4 bits), the
chroma primary strength (4 bits), the luma secondary strength (2
bits), the chroma secondary strength, a luma skip condition bit, and
a chroma skip condition bit (a total of 14 bits per preset). The
filtering is applied one FB at a tinme. For each FB, the 0 - 3 bits
are read to indicate the preset that will be used for this FB. The
filter paraneters are only coded for FB's that are not conpletely
ski pped. Such skipped FB's have CDEF disabled. Sinilarly, any
skipped CB within a FB has filtering disabled unless the skip
condition bit is set for that FB

Since the skip condition flag woul d be redundant in the case when
both the primary and secondary filter strengths are 0, this

combi nati on has a special nmeaning. |In that case, the block shall be
filtered with a primary filter strength equal to 19 and a secondary
filter strength equal to 7. The skip condition flag is still to be

regarded as 1.

When the chronma subsanpling differs horizontally and vertically, e.g.
4:2:2 video, the filter is disabled for chroma, and the chroma
primary strength, the chroma skip condition flag and the chroma
secondary strength are not signal ed.

Results

CDEF has been tested in Thor and AVl codecs using the Are W
Conpressed Yet [AWY] online testing tool and the objective-1-fast
test set [I-D. daede-netvc-testing]. The tests were run using

di fferent encoder configurations: in high and | ow | atency
configurations for three different conplexity configurations. The
git SHA used for Thor was b5e5cc5 [Thor-git] and for AV1 it was
e200b28 [AV1-git].

The filter is nore effective for low latency configurations than high
| at ency configuration, and also nore effective for |ow conplexity
configurations. This nakes the filter particularily suited for real-
ti me videoconferencing when | ow transm ssion delay is required and
expensi ve conpression tools can't be afforded. For encoders
requiring a very |ow conplexity, however, CLPF

[1-D. mdtskogen-netvc-clpf] nmay still be an attractive alternative.
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The tabl es bel ow show the Bjontegaard Delta Rate (BDR [BDR]) by
different metrics, roughly corresponding to bitrate reductions in
percent, achieved by CDEF on top of the deblocking filter only (i.e.
CLPF al ways di sabl ed).

. Fommm e - Fommm e - Fomme e oo . Fommm e - o e oo +
| PSNR| PSNRCb | PSNRCr | PSNR HVS | SSIM| Ms SSIM| Cl EDE 2000]
oo Fome e o Fome e o oo oo Fome e o oo +
|-6.1689 |-10.4772 |-11.2394 | -4.1280 |-7.6027 | -6.1057 |  -10.3280]
Fommm oo Fommm oo Fommm oo oo Fommm oo Fommm oo oo +

Figure 28: BDR gains in Thor for the | ow conmpexity, |ow |atency
configuration

Fomee o Fomme oo - Fomme oo - Fommm oo Fomee o Fomme oo - oo e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS | SSIM| Ms SSIM| Cl EDE 2000
Femmmmm—a Fecmmmmm—- Fecmmmmm—- Fecmmm e e Femmmmm—a Fecmmmmm—- B +
|-4.0168 | -6.3353 | -6.6232 | -1.6408 |-5.3347 | -2.9643 | -6.3557

Fomm e e o Fomm e o Fomm e o Fomm e Fomm e e o Fomm e o Fomm e +

Figure 29: BDR gains in Thor for the | ow conpexity, high | atency
configuration
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|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| Ms SSIM| Cl EDE 2000
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|-4.8637 | -7.8556 | -8.0799 | -2.6514 |-5.5668 | -4.0526 | -7. 6489
oo Fome e o Fome e o oo oo Fome e o oo +

Figure 30: BDR gains in Thor for the medi um conpexity, |ow |atency
configuration

B Fomm e o Fomm e o Fomm e B Fomm e o Fom e e +
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|-3.9115 | -5.1303 | -4.9574 | -1.6244 |-5.1654 | -2.9807 | -5. 3456

Femmmmm—a Fecmmmmm—- Fecmmmmm—- Fecmmm e e Femmmmm—a Fecmmmmm—- B +

Figure 31: BDR gains in Thor for the medi um conpexity, high | atency
configuration
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. Fommm e - Fommm e - Fomme e oo . Fommm e - o e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| MS SSIM| Cl EDE 2000
oo Fome e o Fome e o oo oo Fome e o oo +
|-3.1898 | -5.2852 | -5.4605 | -1.3447 |-3.3103 | -2.2294 | -5.1828|
Fommm oo Fommm oo Fommm oo oo Fommm oo Fommm oo oo +

Figure 32: BDR gains in Thor for the high efficiency, |ow | atency
configuration

Fomee o Fomme oo - Fomme oo - Fommm oo Fomee o Fomme oo - oo e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| Ms SSIM| Cl EDE 2000
Femmmmm—a Fecmmmmm—- Fecmmmmm—- Fecmmm e e Femmmmm—a Fecmmmmm—- B +
|-2.2629 | -2.7290 | -2.5596 | -0.4865 |-2.7491 | -1.3874 | -3.1324]
Fomm e e o Fomm e o Fomm e o Fomm e Fomm e e o Fomm e o Fomm e +

Figure 33: BDR gains in Thor for the high efficiency, high |atency
configuration

Fomme oo Fomme oo Fomme oo o e oo Fomme oo Fomme oo o e +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| Ms SSIM| Cl EDE 2000
Fomme o Fommm e - Fommm e - Fommm oo o Fomme o Fommm e - Fommm e +
|-3.6819 | -3.2943 | -4.3394 | -2.4961 |-4.1543 | -3.0463 | - 4.5402

oo Fome e o Fome e o oo oo Fome e o oo +

Figure 34: BDR gains in AVl for the |low conplexity, |ow |atency
configuration

B Fomm e o Fomm e o Fomm e B Fomm e o Fom e e +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS | SSIM| MS SSIM| Cl EDE 2000
Fomee oo Fomme oo - Fomme oo - Fommm oo Fomee oo Fomme oo - o me e +
|-1.9320 | -2.4224 | -3.6913 | -0.8598 |-1.9586 | -1.1803 | -2.8803]
Femmmmm—a Fecmmmmm—- Fecmmmmm—- Fecmmm e e Femmmmm—a Fecmmmmm—- B +

Figure 35: BDR gains in AVl for the high effiency, |low |l atency
configuration
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. Fommm e - Fommm e - Fomme e oo . Fommm e - o e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| MS SSIM| Cl EDE 2000
oo Fome e o Fome e o oo oo Fome e o oo +
|-1.0813 | -2.1425 | -2.7425 | -0.1487 |-1.1106 | -0.4353 | -2.1103]
Fommm oo Fommm oo Fommm oo oo Fommm oo Fommm oo oo +

Figure 36: BDR gains in AVl for the high effiency, high |atency
configuration

Experiments running both CDEF and the existing CLPF have shown to
give only small gains over running CDEF al one, and running both adds
a risk of excessive snoothing, so CDEF shoul d be considered a

repl acenent for CLPF, possibly except for encoders with very strict
comput e budget. Subjective tests of videos encoded in a high
efficiency configuration have shown a preference for CDEF for five
out of five sequences in the test set. However, the preference was
only statistically significant for the | ow delay configuration

bj ectively, CDEF al so gives gains when it replaces CLPF as shown in
the tables below. The subjective gains appear to be significantly
larger. Results are only shown for Thor, as CLPF was not nmai ntained
in AVl during the recent devel opnent.

. Fommm e - Fommm e - Fomme e oo . Fommm e - o e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| MS SSIM| Cl EDE 2000
oo Fome e o Fome e o oo oo Fome e o oo +
|-0.8304 | -4.0167 | -3.6906 | -0.7987 |-1.3478 | -1.1405 | -2.1609|
Fommm oo Fommm oo Fommm oo oo Fommm oo Fommm oo oo +

Figure 37: BDR over CLPF gains in Thor for the | ow compexity, |ow
| at ency configuration

Fomee o Fomme oo - Fomme oo - Fommm oo Fomee o Fomme oo - oo e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| Ms SSIM| Cl EDE 2000
Femmmmm—a Fecmmmmm—- Fecmmmmm—- Fecmmm e e Femmmmm—a Fecmmmmm—- B +
|-0.9475 | -2.8048 | -2.4094 | -0.7117 | -0.9714] -0.7862 | -1.8283]
Fomm e e o Fomm e o Fomm e o Fomm e Fomm e e o Fomm e o Fomm e +

Fi gure 38: BDR gains over CLPF in Thor for the | ow compexity, high
| at ency configuration
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. Fommm e - Fommm e - Fomme e oo . Fommm e - o e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| MS SSIM| Cl EDE 2000
oo Fome e o Fome e o oo oo Fome e o oo +
|-0.8168 | -3.5619 | -3.4433 | -0.7391 |-1.1946 | -1.0011 | -1.9809|
Fommm oo Fommm oo Fommm oo oo Fommm oo Fommm oo oo +

Fi gure 39: BDR gains over CLPF in Thor for the nedium compexity, |ow
| at ency configuration

Fomee o Fomme oo - Fomme oo - Fommm oo Fomee o Fomme oo - oo e oo +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| Ms SSIM| Cl EDE 2000
Femmmmm—a Fecmmmmm—- Fecmmmmm—- Fecmmm e e Femmmmm—a Fecmmmmm—- B +
|-0.7453 | -2.6455 | -2.5650 | -0.4544 |-0.7912 | -0.4843 | -1.6164]
Fomm e e o Fomm e o Fomm e o Fomm e Fomm e e o Fomm e o Fomm e +

Fi gure 40: BDR gains over CLPF in Thor for the medi um conpexity, high
| at ency configuration

Fomme oo Fomme oo Fomme oo o e oo Fomme oo Fomme oo o e +
|  PSNR| PSNRCb | PSNRCr | PSNR HVS| SSIM| Ms SSIM| Cl EDE 2000
Fomme o Fommm e - Fommm e - Fommm oo o Fomme o Fommm e - Fommm e +
|-0.5777 | -2.6286 | -2.3601 | -0.5300 |-1.0664 | -0.8435 | -1.5601

oo Fome e o Fome e o oo oo Fome e o oo +

Fi gure 41: BDR gains over CLPF in Thor for the high efficiency, |ow
| at ency configuration

S oo oo oo - S oo oo +
|  PSNR| PSNRCb | PSNRCr | PSNRHVYS| SSIM| Ms SSIM| ClEDE 2000|
Fommme oo Fommme oo Fommme oo Foee e Fommme oo Fommme oo Fomm e e oo +
|-0.4942 | -1.6534 | -1.5278 | -0.4858 |-0.9091 | -0.7584 | -1. 0541
R — o o S R — o o +

Fi gure 42: BDR gains over CLPF in Thor for the high efficiency, high
| at ency configuration

7. | ANA Consi der ati ons

Thi s docunent has no | ANA considerations yet. TBD
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8.

10.

10.

10.

Security Considerations
Thi s docunment has no security considerations yet. TBD
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