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Upon Attending This Talk, You Will Know About

- Introduction to and Background of HTTP Adaptive Streaming

- Video Coding for HTTP Adaptive Streaming

- Bitrate Ladder Construction for HTTP Adaptive Streaming

- Video Coding Enhancement for Online Video Streaming

- Fast Multi-rate Encoding for HTTP Adaptive Streaming

- Edge Computing Capabilities for Video Transcoding

- Quality of Experience Parameters in Video Coding and Streaming
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Introduction to HTTP Adaptive Video Streaming

Video strea mlng IS Content Category %DSVol  Sub. Volume Content Category %DSVol  Sub.Volume

1  On-Demand Streaming 54% 796GB 1 On-Demand Streaming 57% 900 MB

. . 2 L?ve Strfaaming 14% 20GB 2 File Delivery_ 1% 173 MB

® 2024%:68% (fixed) and 64% (mobile) § F&w AR e SN

o Video on-demand: 54% / 57% — Live: 14% / 5 GcamePiy 28 398 MB 5 Video Call 5% 13MB

7 % 6  Video Call 2% 300 MB 6  Browsing 2% 38 MB

Messagin| 0.6% 81 MB Messagini 2% 29MB

o Main applications: YouTube, Netflix (>10%), : Voice cgaug 05% 74MB ; Voice (?aug 1% 19MB

o TikTok, Amazon Prime, Disney+ (<10%) | jee®® (h (o = on T e e

(] V|deo app“caﬂons are in h |gh 11 Other 10% 14 6B 11 Other 10% 160 MB

demand, but future ones will require

even more bandwidth** The Gauge oo
e Streaming now accounts for a larger o
share of total TV viewing than both  {= e =
broadcast and cable combined.*** woE 15 v

Application requirements In Mbg

Sources:

* Sandvine Global Internet Phenomena (January 2024)

** Cisco Annual Internet Report (2018—2023) White Paper (March 2020)

*+* Nielsen’s The Gauge™ (May 2025) 5
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Evolution of Video

THE PAST:

Invention of camera, still image
photography, color reproduction,
film, moving pictures

Photography
Q@G +ypaer =
drawing with light

1900s

W=7
& ¢

) 1930s
éOZI 18205:18305 %??csiisson’s First
0?)2?:3:2, First photographs Kirietoscope Vs
Alhazen

First movies,

" ik

THE PRESENT:

New delivery methods: TV, recordable media, digital
compressed formats, Internet streaming, mobile.

Increasing degree of realism: immersive video, 3D
(holography, stereoscopic rendering, etc.)

.J.

f’

®

1995+

2000s
1960s 1970s+ Internet streaming Smartphones,
First practical Cable, & Mobile video
holography satelllte
methods

allk g
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Recording & reproduction
systems making rendered
video undistinguishable
from reality.

2000s
3D cinema

2000s
AR & VR systems

Color TV Media 2000s - Video Resolutlans HDR / Brighter displays: o

NTSC: 1941 | | VHS: 1983 Shift from physical K 2012+ iggOTItS %g(ljg+ Ultra realistic video
SECAM: 1956 DVD: 2000 media to VoD and g _ nits: s delivery systems
PAL: 1963 BD: 2006 Internet LIV (2981520005 =Y

SD: 1941-1980s

| 200nits:  1970-1990s

Yuriy Reznik, Christian Timmerer, 20 Years of Streaming in 20 Minutes, Mile-High Video 6
2020, https://athena.itec.aau.at/2020/11/20-years-of-streaming-in-20-minutes/
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Early Streaming Systems

Major MBONE Routers and Links =
[ ]

1 o ‘ s " 3
R A -
Virtual multicast network connecting several universities & ISPs 3 l g;
RTP-based video conferencing tool (vic) is used to stream videos == 4 (& | >l :
1994 Rolling Stones concert — first major event streamed online ==, 00 I | Dot [ESTOT o0 goun, |

O OO

First commercially successful mass-scale streaming system
Proprietary protocols, codecs: PNA, RealAudio, RealVideo
Worked over UDP, TCP, and HTTP (“cloaking” mode)

First major broadcast: 1995 Seattle Mariners vs New York
Yankees

OO OO0

Intervat Ao Minas the Delays
T Setto S on the Web Todey

—=

@)

Many vendors have competed in streaming space initially
Vivo & Xing have been acquired by Real, VXtreme by Microsoft
By 1998, 3 main vendors remained: Real, Microsoft , and Apple

O O

O  First Adaptive BitRate (ABR) streaming system

2020, https://athena.itec.aau.at/2020/11/20-years-of-streaming-in-20-minutes/
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“The nice thing about standards
Is that you have so many to
choose from.”

Andrew S. Tanenbaum, Computer Networks



Hﬂu STF\ND PH i IFEFF’\[ E T \ideo Streaming
(ceE: AC CHARGERS, aﬂﬁmﬂt@ Em:%mm, IN STANT mw@i:m)

IH?! RiDICULoUs)! [ SCON: |
WE NEED To DEVELOP
.|| ONE UNNERSAL STRANDARD
SITUATION: | | Tar COVERS, EVERYONE'S SITUATION:
J?EEE ARE UEE CHSE.S @H ' THERE ARE
|4 COMPETING |5 COMPETING

RT T
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Early Streaming Standards

* 1996: et al.
e 2000: — Internet Streaming Media Alliance
e 2006: 3GPP — Packet Switched Streaming / — Multimedia Streaélnirtlg fo‘»ervice
en urrer
Client Buffi
Server gl L Client
(i
:<;:{ DESCRIBE rtsp://example.com/mov.test RTSP/1.0
SDP =

1
I
:
|
! SETUP rtsp://fexample.com/mov.test/streamID=0 RTSP/1.0
:
|

<}: 3GPP-Adaptation:url=
“rtsp://example.com/mov.test/streamID=0";size=20000;target-time=5000

Setup Session
Al

3GPP-Link-Char: url=“rtsp://example.com/mov.test/streamID=0"; GBW=32

B e e

}i » RTSP OK
:<}:{ PLAY rtsp://example.com/mov.test RTSP/1.0
(@)} 1
c ! » RTSP OK
E <
g I RTP
n : 10
9 +< RTCP Reports |

Time (s)
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| | PRE
2005+: Video Delivery over HTTP/TCP

4 A
oEnables playback

while still
downloading
oServer sends the
file as fast as
possible

\\ /
Progressive
Download

Pseudo
Streaming

oEnables seeking via
media indexing

oServer paces
transmission based
on encoding rate

oContent is divided
into short-duration
chunks

oEnables live
streaming and ad
insertion

Chunked
Streaming

Adaptive
( Streaming |

oMultiple versions of
the content are
created

oEnables to adapt to
network and device

conditions
_J

11
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Progressive Download

HTTP Request

<
<

|nnn I
—H O O - —

HTTP Response

| m— | | s—

“TCP generally provides good
streaming performance when
c oo o the achievable TCP
an seek only throughout the throughput is roughly twice
EEE SR the media bitrate, with only a
few seconds of startup delay”

Bing Wang, Jim Kurose, Prashant Shenoy, and Don Towsley. 2004. Multimedia streaming via TCP: an analytic performance study.
ACM International Conference on Multimedia (MM'04). DOl:https://doi.org/10.1145/1027527.1027735

12
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Streaming is Cooler, more Viewer Friendly

e Playback starts when there are
e Download rate will and downloading pauses if the
player pauses —

n seek to anywhere in th Implements “pseudo streaming” and
“ Seeenti(l?eacgnteﬁte e mimics RTSP-style streaming, but via HTTP

L. De Cicco, S. Mascolo. An Experimental Investigation of the Akamai Adaptive Video Streaming. in Proc of USAB
2010, special session Interactive Multimedia Applications (WIMA), Klagenfurt, Austria, 3-4 November 2010, LCNS 6389,
pp. 447-464, Springer-Verlag, doi:10.1007/978-3-642-16607-5

13
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HTTP Adaptive Streaming 101

Quality ¢
Best

Medium
Low

RREE
I

HTTP Server
with video content

TIITIE

Bandwidth ¢

PRl
Wl

Time

Network
with variable
Bandwidth (Internet)
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Adaptation logic is within the
client, not normatively specified

by a standard, subject to
research and development

Quality ¢
Best !

Mediuml|:
Low

User with
Tablet

Christian Timmerer and Hermann Hellwagner. 2020. HTTP Adaptive Streaming — Where Is It Heading?. In Brazilian Symposium on
Multimedia and the Web (WebMedia '20), November 30-December 4, 2020, Sao Luis, Brazil. ACM, New York, NY, USA, 2 pages.

https://doi.org/10.1145/3428658.34 34574

Christian Timmerer, Hadi Amirpour, Farzad Tashtarian, Samira Afzal, Amr Rizk, Michael Zink, and Hermann Hellwagner. 2025. HTTP
Adaptive Streaming: A Review on Current Advances and Future Challenges. ACM Trans. Multimedia Comput. Commun. Appl. 14
Just Accepted (May 2025). https://doi.org/10.1145/37 36306
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Bitrate Adaptation Schemes
Bitrate
Adaptation
Schemes
Client-based Server-based Net\fvczrl((j- Hybrid
Adaptation Adaptation Azsz:l:lfat(eion Adaptation
1 1
| | I ] ] | ]
Bandwidth- Buffer- Mixed Proprietary | |yt || sDN.based Server and
based based adaptation solutions assisted

A. Bentaleb, B. Taani, A. C. Begen, C. Timmerer and R. Zimmermann, "A Survey on Bitrate Adaptation Schemes for
Streaming Media Over HTTP," in IEEE Communications Surveys & Tutorials, vol. 21, no. 1, pp. 562-585, Firstquarter 2019.
doi: 10.1109/COMST.2018 2862938

15
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MPEG-DASH Data Model

A, ATHENA
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J

4 A 4
MPD r ~ Segment Access
Adaptation Set 1
( Penod |d = 1 start = 100 S BaseURL=http:/abr.rocks.com/ p . { Initialization Segment ]
start=0s P S : http://abr.rocks.com/3/0.mp4
Adaptation Set 0 Representation 1 Representation 3
subtitle turkish __Rate = 500 Kbps RRatIet'= 2 '\_/lt;r;% .
Period id = 2 G p, ) § esolution = fUp Media Segment 1
start = 100 s o Representation 2 stat=0s
Adaptatlon Set 1 L Rate = 1 MbpS Segment Info http://abr.rocks.com/3/1.mp4
video p { Duration =10 s :
( Period id = 3 \ 4 Representation 3 Media Segment 2
start = 300 s e \\ | Rate = 2 Mbps Template: stat=10s
Adaptation Set 2 AN 3/$Number$.mp4 httpy/abr.rocks.com/3/2.mp4
audio english [ Representation 4 | |\
Period id = 4 (___Rate = 3 Mbps =
h . J
start = 850 s Adaptation Set 3
~ J audio german \_ )
\ v J \ v J \ v J \ v J \ v
Splicing of arbitrary Selection of Selection of Well-defined Chunks with addressesg
content like ads components/tracks representations and timing

media format
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MPEG-DASH Status (11/2024)

Event AMD1 AMD4
- vents Server-client NTP sync AuthN/AuthZ Flexible segment &
MPEG DASH Asset Identifier Extended profiles NTP anchor Broadcast TV profile
1st Edition External MPD link MPD chaining
- Period continuity MPD fallback
23009-1:2012 AMD2 Generalized HTTP Preselections
LSJEE ) { header extensions & Data URLs in MPD
oy ] param Inserton queries Labels
2_nd Edition 23009-1:2014 Role extensions 3_"*7I Edition 23009- Switching x adaptation

. ® sets
‘ : NEW!

AMD5 (AMD1 to 3™ edition) AMD1 (to 4t edition) AMD1+2+3 (to 5" ed)

Device information, quality equivalence descriptor, timed text roles, CMAF support, event/timed metadata Preroll, nonlinear playback,

announcing popular content, flexible IOP signaling, early available periods, processing, resynchronization, patch method for EDRAP, seg. seq. for rand.

signaling missing/altemative segments MPD updates, preroll access and switching, CMCD,
content swcening

Segment Server &
Encryption & Network
Authenftication Ass|sted

bdash update to 5t edition
23009-4 23009-5 23009-6 23009-8 23009-9 Additional Tools under
d

Session Redundant
F“'[')E;ﬂex based DASHER Encoding Al _evelgpment

operatlons PaCKag'"g Alternative MPD events

- / el o

\\\\\\\\\\\\\\\\\\
‘m*m
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Common Media Application Format (CMAF)

Media delivery has components:
- Encod

e Media format En?f;)pt(iec:n

e Manifest Packaging

e Delivery @ o] eoe] 0.

deﬁnes the (fragments’ Fr;:gArTAw\Znt Frglgvlrﬁznt FrgngﬁZnt Fr;:ngrégnt
headers, segments, chunks, tracks) CMAF CMAF
Segment Segment

CMAF uses and CMAF Track!File

e CENC means the media fragments can be decrypted/decoded using different DRMs
e CMAF does not mandate CTR or CBC mode
may be used for delivering CMAF content: HTTP, RTP multicast/unicast, LTE
broadcast
CMAF is a prerequisite for (i.e., DASH-LL, LL-HLS)

Abdelhak Bentaleb, Christian Timmerer, Ali C. Begen, and Roger Zimmermann.2020. Performance

Analysis of ACTE: A Bandwidth Prediction Method for Low-latency Chunked Streaming. ACM

Trans. Multimedia Comput. Commun. Appl. 16, 2s, Article 69 (July 2020), 24 pages. 18
DOl:https://doi.org/10.1145/3387921
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High Latency

Low Laten Cy S
Video Streaming

5 H &
o Media
e Media

Near-Real-Time
Latency

Typical Latency Low Latency

Live sports, game streaming, eSports
- o
YA
Social media, messaging

Online gambling,
Cable, IPTV, satellite, betting, auctioning

Ultra-Low Latency

Streaming media
(using 6 s segments)

@ H %

Cloud gaming

over-the-air broadcast @

N

Streaming media
(using 1 s segments)

B H &

Streaming media
(using chunked segments)

@ H %

=
T —-h > D> O3 @B S S H

e Media

Source Camera Contribution Distribution Packager and Origin Content Delivery Media
Encoder Encoder Encrypter Server Network (CDN) Players
Consumption
< Preparation Latency > Delivery Latency ———>»«
Latency
N EZ2E Latency >
A. Bentaleb, M. Lim, M. N. Akcay, A. C. Begen, S. Hammoudi and R. Zimmermann,
"Toward One-Second Latency: Evolution of Live Media Streaming," in IEEE 19

Communications Surveys & Tutorials, doi: 10.1109/COMST.2025.3555514.
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CMCD and CMSD in Video Streaming

What is CMCD? —

e Client = Server reporting during HTTP
adaptive streaming

e Sends playback metrics (buffer level, bitrate,
throughput) with HTTP requests

e Used for delivery optimization, CDN
prefetching, and QoE analytics

e Standard: CTA-5004

Enable more efficient streaming over HTTP/TCP
e Support QoE improvements without intrusive
client instrumentation
e Facilitate data-driven delivery optimization in
modern video services

Tashtarian, Farzad, et al. "ALPHAS: Adaptive Bitrate Ladder Optimization

What is CMSD? —

e Server = Client signaling during HTTP
adaptive streaming

e Provides server state (cache status, load) in
HTTP responses

e Enables informed ABR (adaptive bitrate)
decisions by clients

e Standard: CTA-5006

predicted ALPHAS server CDN edge-
quality metric server logs
----- , mege- g:u:%
mamfest
bitrate ladders
& —) <l
o —]
[e—] encoded ——
live  segments cpN edge requests
encoder server & replies client zone

20

for Multi-Live Video Streaming." I[EEE International Conference on
Complter Commiunications 2025



Media over QUIC

e Evolution of — (based on SPDY) — (QUIC)

o Media over QUIC Transport [draft-ietf-mog-transport-12]
o Low Overhead Media Container [draft-ietf-mog-loc-00]
o  WARP Streaming Format [draft-ietf-mog-warp-00]

e Initial results & available: https://moqtail.dev/

[ Publisher 1 Subscriber 1 ]

4) > Subscriber N ]

[ Publisher N
WebTransport / Raw QUIC

Zafer Gurel, Tugce Erkilic Civelek, Deniz Ugur, Yigit K. Erinc, and Ali C. Begen. 2024. Media-over-QUIC Transport vs. Low-

Latency DASH: a Deathmatch Testbed. In Proceedings of the 15th ACM Multimedia Systems Conference (MMSys '24).
Association for Computing Machinery, New York, NY, USA, 448-452. https://doi.org/10.1145/3625468.3652191

..'UNIVERSITAT /\ ATHENA
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https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-loc/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://datatracker.ietf.org/doc/draft-ietf-moq-warp/
https://moqtail.dev/
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What Matters to the Human Eye?

—

Overall Media Quality

High resolution, frame rate, bitrate
HDR, wide color gamut

Less resolution switching

Less audio switching

Multi-channel audio
No lip-sync issues

Robust Playback Proximity to Live Edge
Less frequent stalls Latency on par with traditional broadcast
Shorter stalls Low latency to enjoy interaction/social media

Faster startup and seeking

22
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What Matters to the Human Eye?

Overall Media Quality

High resolution, frame rate, bitrate 2

HDR, wide color gamut \

Multi-channel audio
No lip-sync issues

A

8K

7680 x 4320

4K (Ultra HD)

3840 %2160

2K (Quad HD)

2560 x 1440

Full HD

1920 x 1080

1280x 720

ATHENA

Doppler (CD) Laboratory

SD

640 x 480

Low Frame Rate (24 fps)

a4 nn

Eechrbrrhrrbrrhrrbrrherberbrrberbrrhoberhoorchorbrborbokechokecked

High Frame Rate (60 fps)

23
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What Matters to the Human Eye?

&

/

(39

.“;‘ #/

'\, ."/

M1+ Cé+alnilitvs
Quality >tabDllity oA

Less resolution switching \
Less audio switching

24
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What Matters to the Human Eye?

Broadcaster t @
Viewer t [E]

To To+20s T T1+20s

v

Graphic by Restream.io

Proximity to Live Edge ©
Z

Latency on par with traditional broadcast \
Low latency to enjoy interaction/social media

25
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What Matters to the Human Eye?

H "™ ) ooz/221
with video segments in buffer

®
Robust Playback ®
®e
Less frequent stalls <

Shorter stalls \ .
Buffering...

Faster startup and seeking

1 v ) oo02/7221

without video segments in buffer 2
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What Matters to the Human Eye?

Overall quality
Quality stability
Proximity to live edge

Stalls
Startup/seeking delay

v

27
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T — —> L=

SERVER NETWORK PLAYER

28
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e

SERVER

1)
-

Encoder

PLAYER

Playback

/\ ATHENA

Christian Doppler (CD) Laboratory
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SERVER

= o
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PLAYER

'»e-

Encoder

>-

Playback
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SERVER

= o
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PLAYER

'ke-

Encoder

>-

Playback

O=""
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KLAGENFURT

Video Coding for HTTP Adaptive Streaming (HAS)

©="'s

32



..'UNIVERSITAT
KLAGENFURT

Video Coding for HTTP Adaptive Streaming (HAS)

5

O

4K, 60fps

'\ ATHENA
Christian Doppler (CD) Laboratory
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Video Codec Timeline
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AVC HEVC wWC
The most widely adopted It achieves up to 50%bitrate It achieve up to 50% bitrate savings
video codec developed by savings compared to AVC developed compared to HEVC, known for its
JVT: VCEG +MPEG by JVT-VC: VCEG +MPEG versatility. It was developed by JVET:
VCEG+MPEG
VP9 AV1
Aroyalty-free codec developed  Aroyalty-free codec developed by
by googleand it is widely used AOM as a successor to VP9,
in YouTube videos achieving more than 30% bitrate

savings compared to VP9

34
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Video Coding Building Blocks

o=
|

Partition ]—[

A, ATHENA

Christian Doppler (CD) Laboratory

Entropy
Encode

Reconstruct ]—[

Predict Transform
(subtract) °
Predict Inverse
(add) Transform

Entropy /

Decode

35
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Video Coding Building Blocks

/\ ATHENA

L\
a [ Partition ]—[

Predict
(subtract)

J——-[ Transform ]—-[

Entropy
Encode

J~

higs
o

[ Reconstruct ]—[

Predict
(add)

H

Inverse
Transform

H

Entropy
Decode

in Doppler (CD) Laboratory

36
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Video Coding Building Blocks

/N ATHENA

0‘,’, Partition
g [ arti H

Predict

J-—-[ Transform ]—-[

Entropy

J~

(subtract) Encode
Predict Inverse Entropy
[ Reconstruct ’ ‘ (add) ’ ‘ Transform ’ ‘ Decode

in Doppler (CD) Laboratory
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Video Coding Building Blocks

/N ATHENA

0‘,’, Partition
g [ arti H

Predict

J-—-[ Transform ]—-[

Entropy

J~

(subtract) Encode
Predict Inverse Entropy
[ Reconstruct ’ ‘ (add) ’ ‘ Transform ’ ‘ Decode

in Doppler (CD) Laboratory

38



N ATHENA

in Doppler (CD) Laboratory

..' UNIVERSITAT
KLAGENFURT o> predict it
g [ Partition J—[ (subtract) J——-[ Transform ]—-[ Encogz
L] L] L] L]
Video Coding Building Blocks
[} } o,

Predict

Removes redundancy by predicting the
current block from

(a) itself (intra) or
(b) previous/future frames (inter)

Only the difference (“residual”) is coded.
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Partition (sub ) Transform
. . . . g ’ ‘ subtract, ’ ‘ ’ " Encode
Video Coding Building Blocks
[}t P, ) S

Predict
18_ 19 20 2122 2324252627 28 29 30 31 32 33 34 Removes red undancy by prediCting th e
i ! current block from
7 (a) itself (intra) or
(b) previous/future frames (inter)
‘ Only the difference (“residual”) is coded.

Intra coding
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..' UNIVERSITAT
KLAGENFURT o> Predict Entro
g [ Partition J—[ (subtract) J——-[ Transform ]—-[ Enco::
L] L] L] L]
Video Coding Building Blocks
BN eI

Predict

Removes redundancy by predicting the
! current block from

(a) itself (intra) or
(b) previous/future frames (inter)

Only the difference (“residual”) is coded.

Inter coding
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A

°y’>‘ Partition Predict Transfi
g (subtract) FAnSTam

Entropy
Encode

ATHENA

in Doppler (CD) Laboratory

Reconstruct Predict Inverse
(add) Transform

=

Entropy
Decode

Intraframe Compression
Every frame is encoded Individually

Interframe Compression
Only the differences between frames are encoded for each group of frames
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°g [ Partition H (SZ::dr:ét) H Transform H i:tcr:g: ] \
Video Coding Building Blocks

bl
hiss
s

Reconstruct Predict Inverse Entropy /
(add) Transform Decode

Transform
DCT

Packs residual energy into a few coefficients

Original pixel data DCT coefficient data .
114 108 100 99 109 129 152 166 700 200 0 0 0 0 0 0 so most can later be quantlzed to zero.
109 102 95 94 104 124 146 161 -150 0 0 © 0 0 0 ©
99 93 85 B84 94 114 137 151 10 o0 0 0 0 0 0 0
86 80 72 71 82 102 124 138 0o 0 0 0 0 0 0 ©
73 66 58 57 68 88 110 125 o 0 0 ©o 0 0 0 ©
60 53 46 45 55 75 97 112 0 0o 0 ©0 0 0 0 ©
50 43 36 35 45 65 88 102 o 0 0 0 0 0 0 ©
45 38 31 30 40 60 82 97 0o 0 0 0 0 0 0 ©
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Video Coding Building Blocks

P4(39)

B(7) C(6)

List: A(15),B(7),C(6),D(6),E(5)

D(6) E(5)

Code  Subtotal (# of bits)

0 15
100 21
101 18
110 18
M1 15

TOTAL (# of bits): 87

s"’

[

N ATHENA

in Doppler (CD) Laboratory

i Predict Entropy

[ Partition H (subtract) H Transform H Encoda
Predict Inverse Entropy

[Reconstruct ’ ‘ (add) ’ ‘ Transform ’ ‘ Decode

Entropy Encode

Turns runs of quantized coefficients, motion
data, headers, etc. into a compact bitstream.
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reconstructed predicted residual
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Video Codec Timeline
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AVC HEVC wWC
The most widely adopted It achieves up to 50% bitrate It achieve up to 50% bitrate savings
video codec developed by savings compared to AVC developed compared to HEVC, known for its
JVT: VCEG +MPEG by JVT-VC: VCEG +MPEG versatility. It was developed by JVET:
VCEG+MPEG
VP9 AV1
Aroyalty-free codec developed  Aroyalty-free codec developed by
by googleand it is widely used AOM as a successor to VP9,
in YouTube videos achieving more than 30% bitrate

savings compared to VP9
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Video Codec Block Partitioning

AVC HEVC vvC
16x16 Recursive quad tree Recursive
With 4x4 Intra partitons 64x64 10 8x8 coding blocks ACIREC NN e A s Re LT

°' inter partitions
\'4

MXM, MxM/2, MxM/4

prediction blocks
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Video Codec Block Partitioning (AVC)

Frame

16 x 16 8x16 16x8 8.x8

\ /
- LY
Mode Partition Types __‘_,.—" S
_.‘..p"" \\
Inter 16x16, 16x8, 8x16, 8x8, 8x4, 4x8, 4x4 ___,--""" b
Intra 16x16 (Intra_16x16), 4x4 (Intra_4x4), 8x8 (Intra_8x8 in high profile)
Transform 4Ax4 (default), 8x8 (high profile) Bx8§ 4x8 x4 4x4
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Video Codec Block Partitioning (HEVC)

CTU,,

iy ) PP CUpps / Prediction unit (PU) \

_—

e “ ] o
~ CUju16
CUpy Cl.‘\,‘
\
CUyy | €U | CUG, | CUL v.‘ixn[ INxnld nLxIN nll:ZN_/
CUlﬁxlb CUIG:]I\

CUpy | CUgy “{U:.x CUgs /Tnmsrnrm unit (TU)
N
CUs,s ) “qjma I
y . s
(-‘Ullixlb ("Ulbx]l\ CUIﬁ):Iﬂ e —

CUpy | CUpy TU depth 0 TU depih | |

CTUg CTU | /) CTU,,
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Video Codec Block Partitioning (VVC)

ll'UNIVERSITAT A ATHENA

- /’ \\\ -
,////
./’/ ,”
TN ‘_..,Jf—/?-l”“"* [ > i 128x128
# of pixels pixels
o ~ wea ] & 6f1x64 is four time$.
S . pixels
— | I AN ——
mRLeR Each frame is partitioned into CIBroRHENG CTB of WC
P (Partitioning pattern is varied)
CTBs.
A flat texture region is ‘ ‘

coded with large blocks.

Square partitioning

. . In the WC, more block sizes Rectangu]ar partmonlng
A complex texture region is can be used according to
coded with small blocks. texture.

51



l.'UNIVERSITAT
KLAGENFURT

Video Codec Block Partitioning (VWQ)

!!:::;;Z

b * ) 4
3 A4
SN LS
i -
/ s \
7 \ ’ | \
4 ; -
’ ’ n
/

b c | d
a - T
] ]
i i
e; fig| h
] |
-

i n
____________________________ et
J :

----- i o i p
P T
1 1
? : d
(a) CTU partition using QTMT

&——  Quadtree

® ---- Binary tree
®---- Temarytree

\

®
bgb BB B g E SR G
eceee 060 600 o o
cdefg i j klmo p
(b) The corresponding tree repr

/\ ATHENA

Christian Doppler (CD) Laboratory
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Video Codec Evaluation

B

AN

Video-codec trade-offs (subjective 1-5 scale) AVC (H.264)
Quality —— HEVC (H.265)
- VP9
-_— AV1
~—— VVC (H.266)

Licensing fReedom ng speed

Decoding speed

ATHENA

Christian Doppler (CD) Laboratory
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Video Codec Evaluation (compression efficiency)

VMAF (higher = better quality)

95

90

851

80

751

70|

65

Illustrative rate-distortion curves for common video codecs

AVC (H.264)
—e— HEVC (H.265)
—e— VP9
| —— AV1

—o— VVC (H.266)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Bitrate (Mbps)
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Video Codec Evaluation (Implementation)

N,

LIST OF VIDEO CODECS FOR VARIOUS VIDEO CODING STANDARDS: ”E” DENOTES ENCODERS ONLY, ”D” DENOTES DECODERS ONLY, AND ”ED”
INDICATES THAT BOTH ENCODER AND DECODER ARE AVAILABLE.

Codec

Software Implementation

Hardware Implementation

H.264

x264 [e], Nero Digital [ed]
MainConcept [ed], OpenH264 [ed]

Intel Quick Sync [ed], AMD Video Coding Engine (VCE) [e]
AMD Video Core Next (VCN) [ed], Nvidia NVENC [e], Nvidia NVDEC [d], Nvidia PureVideo [d]
Intel Quick Sync Video [ed], ARM (Media Foundation) [ed]

H.265

x265 [e], OpenHEVC [ed], Turing [ed], Aurora5 [ed]

AMD Video Core Next (VCN) [ed], Nvidia NVENC [e], Nvidia NVDEC [d]
Intel Quick Sync Video [ed], AMD Video Coding Next (VCE) [d],

VP9

libvpx [ed], SVT-VP9 [e], ffvp9 [d], and Eve [e]

Nvidia NVENC (e), Nvidia NVDEC (d)
Intel Quick Sync Video

AV1

Libaom [ed], ravle [e], SVT-AV1 [ed]
davld [d], Cisco AV1 [ed], libgavl [d]

AMD Video Core Next (VCN) [ed], Nvidia NVENC (e), Nvidia NVDEC (d)

vvC

VVenC [e], VVdeC [d], uvg266 [e], openVVC [d]
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Video Codec Evaluation (Compatibility)

S, c
O - N\
e ™ 195) Llfp C) e"
g =
— ¢
H.264 Version 4 and onwards Version 3.2 and onwards Version 35 and onwards Version 12 and onwards
H.265 Not Supported by default Version 13 and onwards Not supported Not Supported by default
VP9 Version 70 and onwards Not supported Version 67 and onwards Not supported
AV1 Version 70 and onwards Not supported Version 76 and onwards Not supported
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Video Codec Evaluation (Compatibility)

79%

6%
13%

H.264/AVC H.265/HEVC VP9 AV1 H.266/VVC VP8 MPEGS/LCEVC MPEGS/EVC
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Jan 2019 2020 2021 2022 2023 2024

MPEG meeting: 125 126 127 128 139 130 131 132 133 23% 235 136 137 138 139 140 241 142 143 44 145 146 147 48 149

Versatile Video Coding : 2 wc Extensions (Machine Learning)

al Volumetric Video-Based Coding (V3) 'Dynamic esh Compression

ymetry Poit Cloud Compression (G-PCC) Geometry PCC v.2 i

e 6 DoF Audio

Neural Network Compression for Multimedia ¥ NNC for Multimedia v.2
~ Video Codig for Machines i > VCMv.2

: MFv.3 Systems
dT |?
an 00I5

Network-Based Media Processing

N, / ;

hN e OMAF v.2

PCC Systems Support

%Beyond

enome Compression s

Genome Annotation Co ession
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Next-generation Video Coding Standard

_’S End-2-End Deep Video Coding

g VVC Extensions (Machine Learning) <

Neural Network based Video Coding
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(1x1024)

Input (EDA signfal with motion artifact)

16 x 512

ZIS % 9T

‘Convolution + Rell + batch normalization

Deconvolution + RelU + batch normalization

(bzorx 1)
ndino parannsusa) 320

End-2-End Deep Video Coding

\
\

.

Split into CTUs

Y Output Video

mepr Coded Bits

Deep Inira-Picture
Prediction
Deep Cross-Channel
Prediction

Em‘ling
Dequant. & W

Inv. Transform

Deep Inter-Picture
Prediction
Deep Probability

Distribution Prediction
Deep Transform

Deep In-Loop Filtering
Deep Post-Loop Filtering

Deep Down- and Up-

Tntrlater

" Selection 00p
Sampling Select " Filters
Deep Encoding

Optimization

Intra Prediction

Post-Loop o

Filters

A\ ATHENA

Christian Doppler (CD) Laboratory
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Next-generation Video Coding Standard

o $B Keeps VVC syntax, swaps tools — small CNNs for in-loop filtering, intra prediction,

motion refinement, RDO decisions
° -12-25 % BD-rate over VVC with ECM-14 configuration; gains vary by content and

how many NN tools are enabled

e & Complexity bump, but ASIC-friendly — < 64 kB weights per model; extra NN
accelerator block plus existing video core

e «— Backward path — bit-stream largely VVC-compatible; legacy decoders can ignore
the extra NAL/SEI units
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Next-generation Video Coding Standard
In-Loop Filter

Co

Ci|Ca|C3 Co
Ci| Cs|Ce|cC7|Cs Cp | C2|cC3
Cg [ C10( C11| C12| C11 | C10 C9| |C4 Cs | Cg | C5 | Ca4
Cg | C7| Ce | C5 | Ca C3 | C2| C1
cz || Ca

Co

Fig. 2. ALF filter shapes.

0

¥

Conv 3x3
2
Conv 3x3
Conv 3x3

F

0
UPred 8‘
[a0] (a0] m
5‘ B "4 4 i

VPred

RB
v
RB
v
Conv 3x3

r@

(a) Network structure for luma component. (b) Network structure for chroma components.

A Neural-network Enhanced Video Coding Framework beyond VWC, CVPRW 2022 62
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Next-generation Video Coding Standard

® Pure learned codec — transformer/CNN auto-encoder replaces the entire hybrid
pipeline; only a thin bit-stream wrapper remains

° -40-60 % BD-rate vs. VVC on HD/4K test sets (best lab numbers, 2025)

e &7 Needs heavy Al silicon — real-time today only on datacentre GPUs or flagship
NPUs; both encoder and decoder are GPU-class workloads

° Training-data now part of conformance — models, checkpoints and dataset IDs
must be signalled in the spec

+| Standardisation — JVET “EE-1" test model v10; first full neural CfE expected late-

2025; commercial deployment realistically = 2028
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Next-generation Video Coding Standard

1
1
Pixel (R,G,B) :
Coordinate: _— —> —>» —> 1
(z,9,t) : Input

1

1 (C,H,W)
1

] Pixel-wise  Pixel concat & ! Convolution
Embedding FC FC FC Output Reshape Frame Output : e
. .. . . . f 4 !
(a) Pixel-wise implicit representation (e.g, SIREN) : E———
1
N 1
> 1
1 Activation Layer
Frame o 1 . ,
Index: —>» > g —> 1 (C,5«H,5+W)

1
(t) .
\ 1
1

:
Embedding FC FC NeRV block NeRV block Frame Output :

(b) NeRV: Image-wise implicit representation (ours) ' (c) NeRV block

Figure 2: (a) Pixel-wise implicit representation taking pixel coordinates as input and use a simple MLP to output
pixel RGB value (b) NeRV: Image-wise implicit representation taking frame index as input and use a MLP +
ConvNets to output the whole image. (c) NeRV block architecture, upscale the feature map by S here.

NeRV: Neural Representations for Videos, NeurIPS 2021 64
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N x HiNeRYV Blocks

[Patch Index] :E X 0 X 1
o e L]
(4,4, t) <]
\
L4 LRERIER 1% SURCRNE € § WS € ¥ € CSURn § € G § | SOt £ SERSENE § | SSNINAS & § GORAA § SASS0EG « x wenes
Bilinear > > >
X n—1 Interpolation 8 g g —>
ol |e|o -
||l = Yn(-)
Ay A 1o A
Gt l— 2| © SIIE| |8
' Iy 3G = b=
L J
2
Dyx

Figure 2: Top: The HiNeRV architecture. Bottom left: The HiNeRV block. HiNeRV block take feature maps
Xr—1 and patch index (i, j, t) as input, upsample the feature maps, enhances it with the hierarchical encoding,
then computes the transformed maps X,,. Bottom right: The local grid. In HiNeRYV, the hierarchical encoding is
computed by performing interpolation from the local grid, where the modulo of the coordinates is being used.

HiNeRV: Video Compression with Hierarchical Encoding-based Neural Representation, NIPS 2023 65
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Table 2: Video representation results with the UVG dataset [38] (for S/M/L scales). Results are in PSNR. FPS is

the encoding/decoding rate.

Model Size  MACs  FPS Beauty Bosph.  Honey.  Jockey Ready. Shake. Yacht.  Avg.

NeRV 331IM 227G 32.4/90.0  32.83 32.20 38.15 30.30 23.62 33.24 26.43 30.97
E-NeRV 3.29M 230G 201759 3313 3338 38.87 30.61 24.53 34.26 26.87 3175
PS-NeRV 3.24M 538G 14.71426 3294 3232 38.39 30.38 23.61 33.26 26.33 3113
HNeRV 3.26M 175G 24.6/93.4  33.56 35.03 39.28 31.58 25.45 34.89 28.98 32.68
FFNeRV 3.40M 228G 19.0/49.3  33.57 35.03 38.95 31.57 25.92 34.41 28.99 3263
HiNeRV 3.19M 181G 10.1/35.5  34.08 38.68 39.71 36.10 31.53 35.85 30.95 35.27
NeRV 6.53M 228G 32.0/90.1  33.67 34.83 39.00 33.34 26.03 34.39 28.23 3278
E-NeRV 6.54M 245G 20.5/74.6  33.97 35.83 39.75 33.56 26.94 35.57 28.79 33.49
PS-NeRV 6.5TM 564G 14.6/42.0  33.77 34.84 39.02 33.34 26.09 35.01 28.43 3293
HNeRV 6.40M 349G 20.1/68.5  33.99 36.45 39.56 33.56 27.38 35.93 30.48 3391
FFNeRV 6.44M 229G 18.9/49.3  33.98 36.63 39.58 33.58 27.39 3591 30.51 33.94
HiNeRV 6.49M 368G 8.4/29.1 3433 40.37 39.81 37.93 34.54 37.04 32.94 36.71
NeRV 13.01M 230G 31.7/89.8  34.15 36.96 39.55 35.80 28.68 35.90 30.39 34.49
E-NeRV 13.02M 285G 21.0/68.1 34.25 37.61 39.74 3545 29.17 36.97 30.76 3485
PS-NeRV 13.07TM 608G 14.1/41.4 3450 37.28 39.58 35.34 28.56 36.51 30.28 34.61
HNeRV 12.87TM 701G 15.6/52.7  34.30 37.96 39.73 3547 29.67 37.16 3231 35.23
FFENeRV 12.66M 232G 18.4/493 3428 38.48 39.74 36.72 30.75 37.08 3236 35.63
HiNeRV 12.82M 718G 5.5/199  34.66 41.83 39.95 39.01 37.32 38.19 35.20 38.02

N x HiNeRV Blocks
N

[Patch Index]
(i,4:t)

Figure 2: Top: The HiNeRV architecture. Bottom left: The HiNeRV block. HiNeRV block take feature maps
Xn—1 and patch index (4, j, t) as input, upsample the feature maps, enhances it with the hierarchical encoding,
then computes the transformed maps X,. Bottom right: The local grid. In HiNeRYV, the hierarchical encoding is
computed by performing interpolation from the local grid, where the modulo of the coordinates is being used.
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| >
1x Resolution; Quality Level 1 1x Resolution; Quality Level 1
-
Frame _| 1x Resolution; Quality Level2 ~ Frame
Index S Index

2x Resolution; Quality Level 1

Mx Resolution; Quality Level N Mx Resolution; Quality Level N

(a) Single-stream NeRV in other methods. (b) Multi-stream NeRV in our proposed NSVC.

Neural Representations for Scalable Video, ICME 2025 67
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70
- ;._;a'm ndex  Neural Representation . Compressed Scalable

! H Bitstresm Bitstzeem Bitstream Size 60

T L, & S

; (]
1x nmlmi?n; Quality Level 1 | g E BE 1x m.mnﬂu.uq Level 1 50
ECL © Model
1% RHnIIII_IM'A: Quality Level 2 ‘ Compression ERL 1x Rﬁulmioﬂulllty Level 2 E 40
| >
: - 3 ir-: e 30 -~ 270p LQ SVC
! 2 Resolution; Quality Level 1 , 2 Resolution; Quality Level 1 ----- 270p LQ SHVC
E I- 20 ---- 270p LQ NSVC (Ours)
> —— 270p HQ SVC
M Resolution; Quality Level N M Resolution; Quality Level ¥ 10 —— 270p HQ SHVC
............................... - —— 270p HQ NSVC (Ours)
Encoder Decoder
0 1000 2000 3000 4000 5000
. . . Bitrate (kbps)
Fig. 2: The proposed Neural representations for Scalable Video Coding (NSVC) framework.
sSvC SHVC NSVC (Ours) RAW
LQ HQ LQ HQ Video Jockey
270p
@ 800 kbps

540p
@ 1200 kbps

1080p
@ 2000 kbps

Fig. 5: Visual comparison of among cropped reconstructed frames from SVC, SHVC, and NSVC (Ours). 68
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BD-Rate 1080p Coding Speed / FPS T
against x265
onUVG ! Device Enc. Dec.

Video
Codecs

Cross  Rate
Device Control

Traditional Codecs

NVEnc-HEVC -7.9% RTX 4090 4180 BS028 v 2V
Motion
Efficis -Dri Desij
, e VTM-17.0 RO 0C 001 288 |/

W Estimation Implicit temporal
. s : modelling AMD EPYC
eomrro [ eadm | 002 34V
> 7V13 P : i
Latent representation 1S Praceesey
at single low resolution Feature

Extractor Neural Codecs

Motion
Compensation

Feature

Extractor Towards Practical Real-Time NVC Snapdragon

l l MobileNVC 50.8% aGarno
Integerization for 2 s
cross-device sync. 1. 1 ‘ ELFVC 26.1% TitanV 10 18 Y
l (l f 1 T T 5 Dec. g
Module-bank-based
rate-control
Xt Enc. Dec. for e C3 -29.0% A100 0.0004 15.6

Practical Techniques

s

3 389

(a) Paradigm of motion-based NVCs (b) Proposed practical real-time NVC
DHVC-2.0 -56.9% RTX 3090 4.3 7451
Figure 2. Paradigm shift. To enhance efficiency, we eliminate explicit motion-related modules and adopt implicit temporal modeling.
‘We also propose learning latent representations at a single low resolution, replacing the traditional progressive downsampling approach. DCVC-FM - A100 5.0 5.9
Additionally, DCVC-RT supports integerization for cross-device consistency and incorporates a module-bank-based rate-control mechanism.
RTX 2080Ti 40 34
DCVC-RT RTX4090 119 105 '
A100 125 113

Towards Practical Real-Time Neural Video Compression, CVPR 2025 69
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Traditional Compression
Encoder: Low-level Transform
Decoder: Low-level Reconstruct
Compression rate: 10 ~ 100

Cross Modality Compression :
Encoder: Image-to-Text Model .
Decoder: Text-to-Image Model
Compression rate: 1000 ~ 10000

Beautiful

lady with

) i EEEp
hair and a
red hat

: Ground truth =» I2T: GPT-40,Q-Wen ... $ Benchmark evaluation

[ e "
. . . . .
@) q = [ T2 SD1.5, SDXL .|| through an objective @ :  inspire

Image collection

Subjective preference annotation

: Compression

((ee) )
: Consistency Perception

Figure 1: Overview of CMC-Bench. We demonstrate the superiority of Cross Modality Compression
over traditional codecs, and subjective and objective evaluations of compression results on Consistency
and Perception. This benchmark can motivate it to become the future codec paradigm.

<

CMC-Bench: Towards a New Paradigm of Visual Signal Compression, 2025 70
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Text: The I2T model converts images to text and is directly restored by the T2I model. Due to its
reliance on the text modality only, this approach achieves a CR of 10,000, ideal for ELB situations.

Pixel: Each 64 x 64 blocks from ground truth are merged and quantized into one pixel. Beyond
the Text mode, these pixels initialize the T2I process. The pixel representation is relatively compact,
offering a CR of around 5,000, suitable for less rigorous ELB but higher demands on consistency.

Image: Traditional codecs are employed to compress the image, which serves as input for the T2I
model for enhancement. Unlike the previous two, it omits the time-consuming I2T process by leaving
the text input of the T2I model empty. This approach can achieve a CR of 1,000, suitable for ULB
bandwidth but with high real-time requirements.

women with .

playing soccer

Full: Extending the Image mode, the T2I is guided by text content, encompassing the full pipeline b
12T mode!

of I2T, traditional codec, and T2I. It also has a CR of approximately 1,000, suitable for the most
demanding performance scenarios.

Figure 3: Illustration of 4 working modes of CMC. Text mode roughly reconstructs the semantic
information, Pixel mode slightly improves low-level consistency, /mage mode provides a similar
structure towards ground truth but a different character, and Full mode has the best performance.

CMC-Bench: Towards a New Paradigm of Visual Signal Compression, 2025 71



..'UNIVERSITAT
KLAGENFURT

Video Coding for HAS
What is a bitrate ladder?

Vancouver 2010

Encoding  Resolution

™ Bitrate
> 5 Rep.#1  3.45Mbps 1280 x 720

©="'s

Rep.#2  1.95 Mbps 848 x 480
Rep.#3 125 Mbps 640 x360
Rep.#4 900 Kbps 512 x 288

Rep.#5 600 Kbps 400 X 224

Rep.#6 400 Kbps 312X 176

Rep. #
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7

Encoding
Bitrate

3.45 Mbps
2.2 Mbps
1.4 Mbps
900 Kbps
600 Kbps
400 Kbps
200 Kbps

Source: Vertigo MIX10, Alex Zambelli’s Streaming Media Blog, Akamai, Comcast

Resolution

1280 x 720
960 X 540
960 X 540
512 x 288
512 X 288
340 X192
340 x 192

Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

Encoding
Bitrate

18 Mbps
12.2 Mbps
4.7 Mbps
3.5 Mbps
2 Mbps
1.2 Mbps
750 Kbps
500 Kbps
300 Kbps

200 Kbps

ATHENA

Christian Doppler (CD) Laboratory

Resolution

4K (60p)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 X 360
512 x 288
320 x180

320 x 180
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Bitrate Ladder Construction
Fixed set of bitrates

Encoding Resolution
Bitrate
_’5 00 ] Rep. #1 18 Mbps 4K (60p)
e _’_’G b Slmple Rep.#2 122 Mbps 2560x1440 (60p)
o—i
° Rep.#3 4.7 Mbps 2K (60p)
_’G Rep.#4  3.5Mbps  1280x720 (60p)
—>B Rep. #5 2 Mbps 1280 x 720
~ Rep.#6 1.2 Mbps 768 x 432
Rep. #7 750 Kbps 640 x 360
@ Rep. #8 500 Kbps 512 x 288
S Ub'Optimal Rep.#9 300 Kbps 320x 180
Rep.#10 200 Kbps 320 x 180
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Bitrate Ladder Construction
Fixed set of bitrates

5 \ | Simple

©="'s

Content-dependency Sub-optimal @

Network-dependency

Rep. #
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

Encoding
Bitrate

18 Mbps
12.2 Mbps
4.7 Mbps
3.5 Mbps
2 Mbps
1.2 Mbps
750 Kbps
500 Kbps
300 Kbps

200 Kbps

ATHENA

Christian Doppler (CD) Laboratory

Resolution

4K (6op)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320 x180
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Network-aware bitrate ladder construction

ot B o @& o 1

— o SERVER NETWORK PLAYER

N

—

"a
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Bitrate Ladder Construction
Network-aware bitrate ladder construction

=

il

O=";. ==

N SERVER

2019, PV]

Probability

=

NETWORK

Network model p(R)

ATHENA

Christian Doppler (CD) Laboratory

A

0.020

0.015 p; = probability of load
of i-th rendition

0010

0.005

ok
0o 2 4 6 8 10 12
Bandwidth [Mbps]

— p(R) EEP, EEP, =Hp, P,

PLAYER
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Bitrate Ladder Construction
Network-aware bitrate ladder construction

=

il

O=";. ==

N SERVER

2019, PV]

Probability

=

NETWORK

Network model p(R)

ATHENA

Christian Doppler (CD) Laboratory

A

0.020

0.015 p; = probability of load
of i-th rendition

0010

0.005

ok
0o 2 4 6 8 10 12
Bandwidth [Mbps]

— p(R) EEP, EEP, =Hp, P,

PLAYER
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Bitrate Ladder Construction
Network-aware bitrate ladder construction

0=

il

=

SERVER
Encoding
Bitrate
Rep. #01 1 Mbps
Rep. #02 300 kbps
Rep. #03 600 kbps
Rep. #04 900 kbps

=

NETWORK

Network model p(R)

0.020

0015

Probability
e
(=}
S

0.005

o NN :
0 2 Rl 6 8 10 12

A

ATHENA

Christian Doppler (CD) Laboratory

p; = probability of load
of i-th rendition

Bandwidth [Mbps]

— p(R) EEP, EEP, P, pJI

PLAYER
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Bitrate Ladder Construction
Network-aware bitrate ladder construction (LALISA)
max bps

4.8 Mb - Buffer
5 _

[
O=""5 3 on

_'G - Bandwidth

\ [ X=18Mbps-
Netwgr:( model p(R) 1.2 MbpS )
o01: p: = probability of load = %
g of i-th rendition
2o -
. - ABR o
_ -'__,;-—._#
’ ZBax:dwidfh [Msbps]w % 0 8 M bps - P Iaye r

[—p(R) Wy EEp, P, P,

= 79

LALISA, NOMS 2023 min bps
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|| P
Bitrate Ladder Construction
Network-aware bitrate ladder construction (LALISA)

Clients send their desired bitrate at each instance using CMCD

'5 - The server selects bitrates to construct the bitrate ladder
e _:’G based on the probability of desired bitrates
i _,G - This approach requires modification in the player
ﬂ LALISA Analytics (LA) Server LALISA Origin
@) (LO) Agent
Net K del (R) CDN Servers @_
elwork modadel p E== =0o9] )
LALISA Player CMCEDF
-aware . ‘Live Encoder
_o. p; = probability of load P )Agend Clients (dash.js) Ce T\ server
= of i-th rendition SN K
2o I = = e {%}4
i Eﬁrij - &= "7~ Distribution Network =
CMCD-aware CDN Servers Encoding
Packaging

Clients (dash.js)

0 2 4 6 8 10 12
Bandwidth [Mbps]

Media <——CDNlog <«---- LALISAmessage <—— CMCD

PO

80
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Bitrate Ladder Construction
Network-aware bitrate ladder construction (ARTEMIS)

7.0 Mbps
chosen for the OTL

T - 5.0 Mops

4.5 Mbps

3.4 Mbps served to

the players
2.8 Mbps . 2.8 Mbps —  atthe desired or

lower bitrate

0.36 Mbps —» 0.36 Mbps _l
0.24 Mbps » 0.24Mbps |~ *--~----------- —+| |_0.24 Mbps ——
0.14 Mbps bitrates requested by
OTL
0.09 Mbps the players
81

7 Mega-Manifest at most 2 (e.g., 3) representations
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Bitrate Ladder Construction
Network-aware bitrate ladder construction (ARTEMIS)

- The concept of Mega Manifest is introduced

'5 - The clients select their desired bitrate from the Mega Manifest
° _:’B - Based on probability of the requested bitrate, the optimized
)} _,57 ladder is constructed
ARTEMIS Origm @ ARTEMIS Analytics
AO) Agent ER{Iial ™ .~ AA) Server
Network model p(R) (A0) Ag a:;rsizz {é} (A4
S pEr——— CDN Log Mega-Manifest
_gom Pt & Hth rendition @ (\) —8 1
0010 > — > HTTP Req. + CMCD
g ' : = Encoded P S— D—_._—D
L o — Segments HTTP Res.
o il Live Camera Origin Server CDN Media Players
[—p(r) P mmp, op, P
82
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction
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Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

Encoding
Bitrate

18 Mbps
12.2 Mbps
4.7 Mbps
3.5 Mbps
2 Mbps
1.2 Mbps
750 Kbps
500 Kbps
300 Kbps

200 Kbps

ATHENA

Christian Doppler (CD) Laboratory

Resolution

4K (6op)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320 x180
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction
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Bitrate

Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

Encoding
Bitrate

18 Mbps
12.2 Mbps
4.7 Mbps
3.5 Mbps
2 Mbps
1.2 Mbps
750 Kbps
500 Kbps
300 Kbps

200 Kbps

ATHENA

Christian Doppler (CD) Laboratory

Resolution

4K (6op)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320 x180

84



..'UNIVERSITAT
KLAGENFURT

Bitrate Ladder Construction
Quality-aware bitrate ladder construction

0=

Are they perceived differently?

&0
P
y J

—T —TTT— T  E— T T —T

Bitrate

Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

Encoding
Bitrate

18 Mbps
12.2 Mbps
4.7 Mbps
3.5 Mbps
2 Mbps
1.2 Mbps
750 Kbps
500 Kbps
300 Kbps

200 Kbps

ATHENA

Christian Doppler (CD) Laboratory

Resolution

4K (6op)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320 x180
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Original Video

[ 100% of people perceive them as similar ]
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Bitrate Ladder Construction

Original Video

[ 98% of people perceive them as similar ]
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

0=

Are they perceived differently?

&0
P
y J

—T —TTT— T  E— T T —T

Bitrate

Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

Encoding
Bitrate

18 Mbps
12.2 Mbps
4.7 Mbps
3.5 Mbps
2 Mbps
1.2 Mbps
750 Kbps
500 Kbps
300 Kbps

200 Kbps

ATHENA

Christian Doppler (CD) Laboratory

Resolution

4K (6op)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320 x180
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

©="'s

Are they perceived differently?

The minimum visual difference
that can be perceived by HVS,
i.e., the difference between two
adjacent perceptual distortion
levels, refers as to one Just
Noticeable Difference (JND)

—-— -

__f
’.
”
P
'
Pl
/.
P g
7/
,.
7
s’
Bitrate

Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

Encoding
Bitrate

18 Mbps
12.2 Mbps
4.7 Mbps
3.5 Mbps
2 Mbps
1.2 Mbps
750 Kbps
500 Kbps
300 Kbps

200 Kbps

ATHENA

Christian Doppler (CD) Laboratory

Resolution

4K (6op)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320 x180
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Quality-aware bitrate ladder construction

Q="+

The minimum visual difference
that can be perceived by HVS,
i.e., the difference between two
adjacent perceptual distortion
levels, refers as to one Just
Noticeable Difference (JND)

Are they perceived differently?

——
-

’.

similar quality with
adjacent bitrates

Bitrate

Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

/\ ATHENA

Encoding
Bitrate

1.2 Mbps
750 Kbps
500 Kbps

so@@ops

200 Kbps

Christian Doppler (CD) Laboratory

Resolution

4K (60p)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320x180
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

Are they perceived differently?

——
-

95 =
Q="+ 90
e Lo
< 80
S X =

-~ 75

The minimum visual difference 70 S|m|lar uallt Wlth

. JND q y

that can be perceived by HVS, 65

i.e., the difference between two
adjacent perceptual distortion
levels, refers as to one Just
Noticeable Difference (JND)

[Menon, Amirpour, et al, 2022,

[Menon, Amirpour, et al, 2022,

adjacent bitrates

Bitrate

30% Bitrate Saving

IEEE ICME]

IEEE ICME]

Rep. #1
Rep. #2
Rep. #3
Rep. #4
Rep. #5
Rep. #6
Rep. #7
Rep. #8
Rep. #9

Rep. #10

/\ ATHENA

Encoding
Bitrate

1.2 Mbps
750 Kbps
500 Kbps

so@@ops

200 Kbps

Christian Doppler (CD) Laboratory

Resolution

4K (60p)
2560x1440 (60p)
2K (60p)
1280x720 (60p)
1280 x 720
768 x 432
640 x 360
512 x 288
320x180

320x180

91



'.' UNIVERSITAT A ATHENA
| K DT Christian Doppler (CD) Laboratory

KLAGENFURT

Just Noticeable Difference (JND)

4 )

SRC QP=0 QP=51

- J

92



l.'UNIVERSITAT A ATHENA
Christian Doppler (CD) Laboratory

KLAGENFURT

Just Noticeable Difference (JND)
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Just Noticeable Difference (JND)

m-

SRC QP=0 QP=51

(
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Just Noticeable Difference (JND)

=
(=]

o
o

=4
o

SRC

JND distribution

e
B

For video content m, VW-JND
annotations for N reliable subjects :

[=] [=]
o N
i

Jm _ jm jm jm o
1 2J2 9 **5JN : 5 10 15 20 25 30 35 40 45 50

Probability Mass Function (PMF) of J” ‘ ‘ ‘ ‘

:pm(x)zP(VW-JND:x):%il(ji’”:x) dah 4 A& A
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Just Noticeable Difference (JND)

=
(=]

It
o

g
o

SRC

JND distribution

o
s

[=] [=]
o N
i

Empirical CDF
5 10 15 20 25 30 35 40 45 50

Cumulative Distribution Function (CDF) | or
can be calculated from the PMF:

CDE" (x)= P(VW-IND<x) = p" (o) ® ) o o
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Just Noticeable Difference (JND)

=
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It
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g
o

SRC

JND distribution

o
B

0.2

mmz
223

mpirical CDF

0.0
QP

SUR, (x)=1-CDF" (x)

emp
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Just Noticeable Difference (JND)

1.0
0.8 L‘—‘_\_L
c
& 0.75
SRC 206
g
5
[m)]
£04
0.2
- P
—/ E
T
0.0
5 10 15 20 25 30 35 40 a5 50

QP

C== - Satisfied: didn’t perceive difference
e==. Not satisfied: perceived a difference
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Just Noticeable Difference (JND)

A

Content
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Just Noticeable Difference (JND)

A

Content

35.0 ~ o e

32.5 1

30.0 A

27.51

25.0 4

QP

22.51

20.0 [ (1]

17.5 A

15.0 A L]

-1 »  Subjects
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Just Noticeable Difference (JND)

Content

A
100
95
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=
=
85 -
e * 8
80 -
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Bitrate as a function of SUR

Avg biltratelus. SUR threshold for all the 220 sequences Avg bitrate i increase vs. 5% SUR threshold increase for AVC
30 1 =%- AVC 1st JND with 95%C| O T | 1 107 4 - 1st ]ND
~%- AVC 2nd JND with 95%C| ms 2nd JND
- =§= AVC 3rd JND with 95%CI mm Grd JND
i =
II a 1,00
20 } g
= ' a
w | £
%154  Exponental - 3
a Relationship \ § 101
E| (%]
< 104+ I | N I S S I S S E—— — E
e
s ol
- + 102
. —i—;-* : 'i_-k_ _.1_4»--3--?'
0 ..,_.!..;-_.=T=_ =k :i: =3=3 —1—1-— . -

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
SUR threshaold (%)

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
SUR threshold (%)

(a) (b)
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

5 Netflix: 6
e -——"’B JND for VMAF

) G RheinMain Univ: 2

105
[Amirpour, et al, 2022, QoMEX]
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

30
B Netflix: 6 =20
e = g JND for VMAF 3
e 10
— G RheinMain Univ: 2
- 0

0 5 10 15 20
DVMAF
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

30
> B Netflix: 6 -
€ 20
3
-——"’B JND for VMAF 3
° 10
_’G RheinMain: 2
0
e | 0 5 10 15 20
DVMAF
(a) (b) _
£3
s
= S~ VMAF -
= SSIM 2
Feature % 1. AvMAE,, . PSNR S AVMAF, .,
ke PRA| extraction 5 ¥ = VDP & ’
— = 2 _ &
Original £F
Video E-B
6 - ‘n’ represents the optimal QP
[Amirpour, et al, 2022, QoMEX]
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

Model Features qgp MAE
P " Jan et al. [19] AVMAFgug (750 = 2 - 429 30
’ A Kah er al. [20] AVMAFgug(75%)= 6 - 2.59
> S . Amirpour et al. [16] SI, TLE, h, L, c, fr - 2.01
Ridge regression vmaf, ssim, vdp, psnr, ms-ssim 30 1.77 c 20
Ridge regression vmaf, ssim, vdp, psnr 30 1.77 g
e Ridge regression vmaf, ssim, vdp 29 1.78 O
® Ridge regression vmaf, vdp 29 1.78 10
| > G Ridge regression vmaf 29 1.80
"'._ XGBoost vmaf, ssim, vdp, psnr, ms-ssim 28 1.73 0
XGBoost vmaf, ssim, vdp, psnr 28 1.74
s _’G XGBoost vmaf, ssim, vdp 28 1.73 0 5 10 15 20
“ i XGBoost vmaf, ssim 28 167 @ DVMAF
< XGBoost vmaf 28 1712 T .
(a) o TS
£3
s
k-
= = VMAF z
B SSIM =
£ w
! Feature £ [~ AVMAE, ., PSNR £ L AVMAE,,, .,
] extraction = & ) 8
s R o = VDP i
— = 2 =
Original &7
Video ’g-g
-3 - ‘n’ represents the optimal QP
[Amirpour, et al, 2022, QoMEX]
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Bitrate Ladder Construction

Encoding
Bitrate
Rep. #01 145 kbps
5 Rep. #02 300 kbps
_,—»G Rep. #03 600 kbps
¢ Rep. #04 900 kbps
—Td
Rep. #05 1600 kbps
\ _’G , Rep. #06 2400 kbps
Rep. #07 3400 kbps
Rep. #08 4500 kbps
Rep. #09 5800 kbps
Rep. #10 8100 kbps
Rep. #11 11600 kbps
Rep. #12 16800 kbps

Bitrates

A, ATHENA

Christian Doppler (CD) Laboratory

Quality-aware

Network-aware
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Bitrate Ladder Construction

Eg?t‘:ad ti:g Resolution

Rep. #01 145 kbps 640x360
_’5 Rep. #02 300 kbps 768x432
__,—»B Rep. #03 600 kbps 960x540
o Rep. #04 900 kbps 960x540
_’G Rep. #05 1600 kbps 960Xx540

Y _’B y Rep. #06 2400 kbps 1280X720

) ‘ Rep. #07 3400 kbps 2180x720

Rep. #08 4500 kbps 1920x1080

Rep. #09 5800 kbps 1920x1080

Rep. #10 8100 kbps 25601440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16800 kbps 3840x2160
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Bitrate Ladder Construction
Per-title Encoding

Q="+

Bitrate(kbps)
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Per-title Encoding
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Bitrate Ladder Construction
Per-title Encoding

_._
461 .-

— -e-
— 424 -e-
S -e-
° -E 40-
o— =
o

= 38+
o

-e- .
341 ~®- 1080p .

PSNR (in dB)

s i &

S - 32 4 e=—=—" === =-=0

T T T

e o] o S (8] (8] )
¥ ) S 9 S S S
. voey 588

Bitrate(kbps)

Bitrate(kbps)
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Bitrate Ladder Construction

Per-title Encoding

Input  BaeEr e
i

/N ATHENA

Christian Doppler (CD) Laboratory

Dlnverse(VMAF) = m

Encoding parameters

i i
[
; H-—P Encode f-----=---==-
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ElFuente, Frames 197-824, VP9 encoding

\\\\\

Bitrate Ladder Construction N\ T T o
Per-title Encoding ‘

+410x216
< 512x270
* 684x360
© 1024x540

Distortion
i

ﬂ ElFuente, Frames 197-824, VP9 encoding - Convex Hull

3, ’ » 0 o0 30000

* 274x144

= 342x180

~410x216
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Distortion

Bitrate (kbps)
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Per-title Encoding

Q="+

DynOpt vs. Fixed-Q

0.00% W VMAF

B PSNR
-10.00%

20.00%

-30.00%

-40.00%
AVC-High (x.264) VP9 (libvpx) HEVC (x.265)

Codec

VMAF

/\ ATHENA

Christian Doppler (CD) Laboratory

Shot
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Lowest (average) bitrate
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ElFuente - VP9 encoding
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Bitrate (kbps)
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Bitrate Ladder Construction

Eg?t‘:ad ti:g Resolution

Rep. #01 145 kbps 640x360
_’5 Rep. #02 300 kbps 768x432
__,—»B Rep. #03 600 kbps 960x540
o Rep. #04 900 kbps 960x540
_’G Rep. #05 1600 kbps 960Xx540

Y _’B y Rep. #06 2400 kbps 1280X720

) ‘ Rep. #07 3400 kbps 2180x720

Rep. #08 4500 kbps 1920x1080

Rep. #09 5800 kbps 1920x1080

Rep. #10 8100 kbps 25601440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16800 kbps 3840x2160

118



..'UNIVERSITAT A ATHENA

K L A G E N F U R T Christian Doppler (CD) Laboratory

Bitrate Ladder Construction

Eg?t‘:ad ti:g Resolution FR

Rep. #01 145 kbps 640x360 60

_’5 Rep. #02 300 kbps 768x432 60

__,—»B Rep. #03 600 kbps 960x540 60

o Rep. #04 900 kbps 960x540 60
TS

Rep. #05 1600 kbps 960Xx540 60

Y _’B y Rep. #06 2400 kbps 1280x720 60

‘ Rep. #07 3400 kbps 2180x720 60

Rep. #08 4500 kbps 1920x1080 60

Rep. #09 5800 kbps 1920x1080 60

Rep. #10 8100 kbps 2560X1440 60

Rep. #11 11600 kbps 3840x2160 60

Rep. #12 16800 kbps 3840x2160 60
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Bitrate Ladder Construction
Per-title Encoding using Spatio-Temporal Resolutions (PSTR)

- ~, 1} | ’—‘~
/ ) : Spatially | Temporally m
EE— | downscaling | downscaling —
. 1080p, 60fps. . 540p, 60fps . 540p, 30fps

s _,_’B Calculate objective metrics: Encozeégecode
& PSNR, VMAF (H.26x)
| [
Ty .||

\, / )4—4 [— 7'7. [
) g |  Spatially | Duplicating 4‘

1080p, 60fps | P9 | 540p, 60fps | @M | 540p, 30fps

Table 1: Bitrate saving (BD-rate (%)) against encoding with 1080p, 120fps.

. . Video characteristics BD-Rate (PSNR) BD-Rate (VMAF)

Bitrate Savin g S: Source ST TI State-of-the-art__PSTR | state-of-the-arl PSTR
Beauty UVG 1689 721 120 26.38 28.15 3205 ~48.06
A 169 Bosphorus | UVG 2976 470 120 1372 -17.06 -15.00 2941
Resolution: 16% Flowers | BVILHFR 5601 3.1 120 -11.85 -37.54 972 2416
. . 9 Golf BVIHFR 5125 308 120 -17.01 4217 892 3301
Resolution+Framerate: 33% HoneyBee | UVG 2504 238 120 309 1538 | 931 2928
Jockey UVG 2571 2095 120 -34.36 3471 3774 3774
Pond BVI-HFR 7003 165 120 -12.60 -45.90 634 -38.80
Typing | BVILHFR 2928 375 120 -19.87 3535 -17.16 2225
YachiRide | UVG 4783 1202 120 -11.25 -11.74 -14.56 -35.84

average -16.68 -29.82 -16.75 -33.18 12 0

[Amirpour, et al, 2022, IEEE ICME]
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Bitrate Ladder Construction

Eg?t‘:ad ti:g Resolution FR

Rep. #01 145 kbps 640x360 60
_>5 Rep. #02 300 kbps 768x432 60
__,—»B Rep. #03 600 kbps 960Xx540 60
¢ Rep. #04 900 kbps 960x540 50
_’G Rep. #05 1600 kbps 960Xx540 50

. _’B y Rep. #06 2400 kbps 1280X720 50

‘ Rep. #07 3400 kbps 2180x720 30

Rep. #08 4500 kbps 1920x1080 30

Rep. #09 5800 kbps 1920x1080 30

Rep. #10 8100 kbps 2560X1440 30

Rep. #11 11600 kbps 3840x2160 24

Rep. #12 16800 kbps 3840x2160 24
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Bitrate Ladder Construction

En<_:oding Resolution FR Preset
Bitrate
Rep. #01 145 kbps 640x360 60 veryslow
5 Rep. #02 300 kbps 768x432 60 veryslow
_,—»G Rep. #03 600 kbps 960x540 60 veryslow
¢ Rep. #04 900 kbps 960x540 50 veryslow
—Td
Rep. #05 1600 kbps 960Xx540 50 veryslow
x ﬂ ; Rep. #06 2400 kbps 1280x720 50 veryslow
Rep. #07 3400 kbps 2180x720 30 veryslow
Rep. #08 4500 kbps 1920x1080 30 veryslow
Rep. #09 5800 kbps 1920x1080 30 veryslow
Rep. #10 8100 kbps 2560X1440 30 veryslow
Rep. #11 11600 kbps 3840x2160 24 veryslow
Rep. #12 16800 kbps 3840x2160 24 veryslow
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Bitrate Ladder Construction
Energy Consumption

urfast (0) 100 {76 uwrotan @

1.0

= =
supertast £ o Superfas g =48
sl 2 g% =ty =¥
© 3) 3 geoe gg | @ rmea & =F§‘
€ © 3 oe® @ & fast (4} ’&
2o08{® m (5) & e ?g. © mecum (5 %,
o B 8 o slow =
@ siower (1) +8& © siower
E [2imn, [jesesestis 801 50, V.
- ~ I H o
’ \ é 0.6 i jgeeoe o "g’
Bitrate + 25
— > @ < 5 5;.
g 2 yole
g o4 60 /e
¢ /:
=] @
© 50
o—i §o2 1 b1
@ @ & ? f’@
i e -3 ©
— 0.0 S=c@us@us@eaenmmabmnlu=@==8=" ¢
O L P P IS PSS S H H O P L O DS L LS
WSS LSS S ¥ LS PSSP P
_’G R A S N PN P N\ MRS o «}b ‘»@ A M I N I S '»"b ‘\b‘b
\ ; Bitrate (in kbps) Bitrate (in kbps)
N .

preset name ctu | min-cu-size | bframes | ref | me | merange | rc-lookahead

0 ultrafast | 32 16 3 1 | dia 57 5

1 superfast | 32 8 3 1 | hex 57 10
2 veryfast | 64 8 4 2 | hex 57 15
3 faster 64 8 4 2 | hex 57 15
4 fast 64 8 4 3 | hex 57 15
5 medium | 64 8 4 3 | hex 57 20
6 slow 64 8 4 4 | star 57 25
7 slower 64 8 8 5 | star 57 40
8 veryslow | 64 8 8 5 | star 57 40
9 placebo | 64 8 8 5 | star 92 60
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Energy Consumption

Q="+

Preset Selection:
Energy Saving: 70%
Quality drop: 0.2 VMAF

[Amirpour, et al, 2023,

IEEE ICME]

Relative Energy Consumption

1.0 1
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©
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900009
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/\ ATHENA

Christian Doppler (CD) Laboratory

ultrafast (0)
superfast (1)
veryfast (2)
faster (3}
fast ()
medium (5)

90900Q

slow (6}
@ slower (7)
verysiow (8)

/

/
)}f
’ o

‘f
[}

N O O L Q O QS O QS O O O
B S I I S S S 0,05 ,\b@
Bitrate (in kbps)

Model X 0.5 1 2 6

av BD-VMAF | -0.22 | -0.51 | -1.53 | -2.91
2 Esaving(%) | 6833 | 83.49 | 90.94 | 97.75
RE BD-VMAF | -0.15 | -0.39 | -0.86 | -1.92

Eqauing(%) | 71.08 | 82.35 | 90.86 | 97.20
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Energy Consumption

100 2 100
|z < —— 2160p,60fps 00! 2160p, 60fps
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- (a) RD curve for video #58. (b) RD curve for video #52.
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(c) relative decoding energy consumption for video #58. (d) relative decoding energy consumption for video #52.
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Bitrate Ladder Construction
Energy Consumption
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40
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@] (a) RD curve for video #38. (b) RD curve for video #65.
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Y
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VMAF
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s
_’G %» 0.6 /// g 0.6 7
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(¢) relative decoding energy consumption for video #38. (d) relative decoding energy consumption for video #65.
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|| P
Bitrate Ladder Construction
Energy Consumption

Per-title Encoding
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N
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FIGURE 4. The workflow of ESTR.
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(a) HLS bitrate ladder. (b) Basic per-title Encoding. (c) ESTR approach.
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(d) HLS bitrate ladder. (e) Basic per-title Encoding. (f) ESTR approach.
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BDDE %
T BD-Rate % BD-VMAF Device 1 (Apple Mac) Device 2 (Lenovo Linux) Device 3 (Lenovo Windows)
4 ™, FFmpeg HM FFplay | FFmpeg HM FFplay | VLC (Hardware Accelerated)
> 0.50 -2.44 0.27 -21.37 -22.50  -19.58 -20.54 -21.56  -18.03 -22.35
0.75 -2.12 0.21 -2494 2680 -23.79 -23.30  -2576  -21.21 -27.14
1.00 -1.54 0.13 -27.69  -30.10  -27.04 <2526 -29.01  -2340 -31.93
O 1.25 -0.73 0.00 -31.18  -3454 -31.15 -28.11 <3327 -26.60 -36.75
, 1.50 0.09 -0.15 -33.84 -37.55 -34.25 -30.07 -36.20  -28.80 -40.00
—}G 1.75 1.09 -0.30 -3644  -4031  -37.15 -31.93 -38.90  -30.72 -43.35
2.00 2.52 -0.49 <3920 -43.25 -4022 <3396 -41.86  -32.87 -46.37
i TABLE 4. The perf of ESTR pared to the basic per-title encoding across various codecs.
- AVC (FFmpeg libx264) HEVC (FFmpeg libx265) VVC (VVdeC)
BD-Rate % BD-VMAF BDDE % | BD-Rate% BD-VMAF BDDE % | BD-Rate % BD-VMAF BDDE %
0.50 -5.01 0.83 -14.46 -2.44 0.27 -21.37 -0.70 0.08 -17.24
0.75 -4.83 0.79 -15.29 -2.12 021 -24.94 -0.01 0.00 -20.97
1.00 -4.46 0.74 -15.73 -1.54 0.13 -27.69 0.93 -0.11 -24.40
1.25 -4.17 0.64 -16.23 -0.73 0.00 -31.18 1.86 -0.23 -26.89
1.50 -4.02 0.57 -16.52 0.09 -0.15 -33.84 348 -0.39 -29.53
1.75 -3.65 0.47 -17.08 1.09 -0.30 -36.44 5.36 -0.56 -31.69
2.00 -2.99 0.37 -17.47 2.52 -0.49 -39.20 7.02 -0.73 -33.59
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Bitrate Ladder Construction

Eg?:ad ti:g Resolution FR Preset Bit depth
Rep. #01 145 kbps 640x360 60 veryslow 10
_>5 Rep. #02 300 kbps 768x432 60 veryslow 10
__,—»B Rep. #03 600 kbps 960x540 60 slower 10
¢ Rep. #04 900 kbps 960x540 60 slow 10
TS |
Rep. #05 1600 kbps 960Xx540 60 medium 10
. ﬂ y Rep. #06 2400 kbps 1280x720 60 medium 10
‘ Rep. #07 3400 kbps 2180x720 60 fast 10
Rep. #08 4500 kbps 1920x1080 60 faster 10
Rep. #09 5800 kbps 1920x1080 60 veryfast 10
Rep. #10 8100 kbps 2560X1440 60 veryfast 10
Rep. #11 11600 kbps 3840x2160 60 superfast 10
Rep. #12 16800 kbps 3840x2160 60 ultrafast 10
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Bitrate Ladder Construction
Energy Consumption

Factor 8-bit 10-bit

5 File size Smaller Slightly larger (5-20%)
e o——’_’G Banding risk High Low

_’G Color fidelity Limited Much better
_’G ; Compatibility Higher Needs modern devices/codecs
Processing load Lower Slightly higher
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Q="+
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Bitrate Ladder Construction

Eg?:ad ti:g Resolution FR Preset Bit depth
Rep. #01 145 kbps 640x360 60 veryslow 8
_>5 Rep. #02 300 kbps 768x432 60 veryslow 8
__,—»B Rep. #03 600 kbps 960Xx540 60 slower 9
¢ Rep. #04 900 kbps 960x540 60 slow 9
TS |
Rep. #05 1600 kbps 960Xx540 60 medium 9
. ﬂ y Rep. #06 2400 kbps 1280x720 60 medium 10
‘ Rep. #07 3400 kbps 2180x720 60 fast 10
Rep. #08 4500 kbps 1920x1080 60 faster 10
Rep. #09 5800 kbps 1920x1080 60 veryfast 10
Rep. #10 8100 kbps 2560X1440 60 veryfast 10
Rep. #11 11600 kbps 3840x2160 60 superfast 10
Rep. #12 16800 kbps 3840x2160 60 ultrafast 10
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Bitrate Ladder Construction
CPU vs GPU devices

Eg?t‘::ti:g Resolution Egti:tl::gg Resolution #

- ~ Rep. #01 145 kbps 640x360 Rep. #01 100 kbps 480x270
> Rep.#02 300 kbps 76 8x432 Rep.#02 200 kbps 480x270
Rep.#03 600 kbps 960X540 Rep.#03 400 kbps 640x360
e .——,_’G Rep.#04 900 kbps 960x540 Rep.#04 700 kbps 640x360
° Rep. #05 1600 kbps 960X540 Rep.#05 1200 kbps 76 8x432
—}G Rep.#06 2400 kbps 1280x720 Rep.#06 1800 kbps 960X540
Rep.#07 3400 kbps 1280x720 Rep.#07 2500 kbps 960x540
\ _’E Y Rep.#08 4500 kbps 1920x1080 Rep.#08 3500 kbps 960 X540
) ’ Rep.#09 5800 kbps 1920x1080 Rep.#09 4500 kbps 1280x720
Rep.#10 8100 kbps 2560X1440 Rep.#10 6400 kbps 1280x720

Rep. #11 11600 kbps 3840x2160 Rep. #11 9200 kbps 1280x720 #

Rep.#12 16800 kbps 3840x2160 Rep.#12 13000 kbps 1920x1080 ‘
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CPU vs GPU devices

Eg?t‘::,::g Resolution

- ~ Rep.#01 145 kbps 640x360
> Rep.#02 300 kbps 76 8x432

Rep.#03 600 kbps 960 X540

Rep.#05 1600 kbps 960Xx540

—PG Rep.#06 2400 kbps 1280x720
—PG Rep.#07 3400 kbps 1280x720
Rep.#08 4500 kbps 1920x1080

Rep.#09 5800 kbps 1920x1080

Rep.#0 00 kbps 60X540
e _,—DG p.#04 900 kbp 960x54

Rep.#10 8100 kbps 2560X1440
Rep. #11 11600 kbps 3840x2160

Rep.#12 16800 kbps 3840x2160

Challenges

[Amirpour, et al, 2023, IEEE TSV]

A, ATHENA
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Encoding .
Bitrate Resolution #

Rep. #01 100 kbps 480x270
Rep.#02 200 kbps 480x270
Rep.#03 400 kbps 640x360
Rep.#04 700 kbps 640x360
Rep.#05 1200 kbps 76 8x432
Rep.#06 1800 kbps 960X540

Rep.#07 2500 kbps 960x540
Rep.#08 3500 kbps 960 X540

Rep.#09 4500 kbps 1280x720

Rep.#10 6400 kbps 1280x720 I
.
Rep. #11 9200 kbps 1280x720 #

Rep. #12 13000 kbps 1920x1080

Backward Compatibility

Increasing cost

DNN Reliability 137
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Bitrate Ladder Construction

Segmentation | video

Encoding

Bitrate Resolution

- N Rep. #01 145 kbps 640x360
> 5 Rep.#02 300 kbps 76 8x432

Rep.#03 600 kbps 960X540

Rep.#0 00 kbps 60 X540

e _,—DB ep.#04 9 p 960x54

Rep. #05 1600 kbps 960X540 ] ) ;
_’G Rep.#06  2400kbps  n80ox720 e {5 g e
Rep. #07 3400 kbps 1280x720 g“’ 7 ‘{/ e
\ _’G Y, Rep.#08 4500 kbps 1920x1080 % z: °
) ’ Rep.#09 5800 kbps 1920x1080 24
Rep.#10 8100 kbps 2560X1440 22:,

&S
Bitrate(kbps)

Rep.#11  mn6ookbps  3840x2160 e

Per-title encoding

Rep.#12 16800 kbps 3840x2160

Backward Compatibility
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CPU vs GPU devices (DNN training)

Eg(i:tor;it:g Resolution
- ~ Rep. #01 145 kbps 640X360 ==,
> G Rep.#02 300 kbps 76 8x432
Rep.#03 600 kbps 960X540
° .——’_’G Rep.#04 900 kbps 960X540
Rep. #05 1600 kbps 960X540
—}G Rep.#06 2400 kbps 1280x720
Rep.#07 3400 kbps 1280x720
\ _’E S/ Rep.#08 4500 kbps 1920x1080
) ’ Rep.#09 5800 kbps 1920x1080
Rep.#10 8100 kbps 2560X1440
Rep.#11 11600 kbps 3840x2160
Rep.#12 16800 kbps 3840x2160

/\ ATHENA

Christian Doppler (CD) Laboratory

Original Video

Encoded Video

v
Training
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding

Bitrate Resolution

- ~ Rep. #01 145 kbps 640x360
> Rep.#02 300 kbps 76 8x432

Rep.#03 600 kbps 960X540

Rep.#05 1600 kbps 960Xx540

—PG Rep.#06 2400 kbps 1280x720 g
—DG Rep.#07 3400 kbps 1280x720
Rep.#08 4500 kbps 1920x1080

Rep.#09 5800 kbps 1920x1080

Rep.#0 00 kbps 60 X540
e _,—DB ep.#04 900 kbp 960x54

Rep.#10 8100 kbps 2560X1440
Rep. #11 11600 kbps 3840x2160

Rep.#12 16800 kbps 3840x2160
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Bitrate Ladder Construction

CPU vs GPU devices (DNN Compression)

Encoding

Bitrate Resolution

- ~ Rep. #01 145 kbps 640x360

> 5 Rep.#02 300 kbps 76 8x432

Rep.#03 600 kbps 960X540

e .__I—DG Rep.#04 900 kbps 960x540
° Rep.#05 1600 kbps 960Xx540
—}G Rep.#06 2400 kbps 1280x720

Rep.#07 3400 kbps 1280x720

\ _’G Y Rep.#08 4500 kbps 1920x1080

) ’ Rep.#09 5800 kbps 1920x1080
Rep.#10 8100 kbps 2560X1440
Rep. #11 11600 kbps 3840x2160
Rep.#12 16800 kbps 3840x2160

Compression
A

A, ATHENA

Christian Doppler (CD) Laboratory

1- Pruning
2- Bit Precision
3- Quantization
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. % Fig. 1: Overview of proposed video compression pipeline. Videos are encoded into two bitstreams: content stream and model
stream. Content stream encodes LSTR video with existing codec. The model stream encodes a small portion of parameter
updates for the DNN model which is capable of interpolating and super-resolve decompressed video. Note that we only show

two input LR frames from a long sequence in this figure for better illustration.
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FSRCNN ESPCN CARN WDSR
BealeTnctas: | fetond ‘ Patches ‘ PSNR VMAF | PSNR VMAF | PSNR VMAF | PSNR VMAF
agDNN [] 0% | 2615 7972 | 3240 8212 | 3541 88.90 | 35.83 8949
NAS [2] 10000% | 3474 8461 | 3396 8346 | 3612 8914 | 3672  90.10
x2 LiveNAS[11] | 1750% | 33.60 8001 | 3327 83.14 | 3576 8895 | 3627 8947
—_— EMT[ 1] 1750% | 3426 8513 | 3449 8452 | 3589 89.03 | 3671  90.02
EPS(ows) | 17.50% | 3485 8571 | 34.61 8508 | 3642 8991 | 3678  90.19
agDNN [] 0% | 2415 4795 | 2944 4301 | 3086 6409 | 3069 6392
o NAS [1] 10000% | 2999 5175 | 2990 5077 | 3189 6971 | 3187  69.66
o— x4 LiveNAS[11] | 2678% | 2927 4837 | 2065 4775 | 30.93 6467 | 3120 6753
EMT[ 1] 2678% | 30.09 5271 | 2986 5135 | 3121 6834 | 3148  69.07
EPS(ous) | 2678% | 30.16 5417 | 3006 5204 | 3177 6925 | 3179 6955
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37.8% 25.5%

I’ ~\\
Not curently using, \ Yes, using
> no plans to add it content-aware
encoding

Q="+

36.7%

Planning to begin using
in the next 12 months

The majority of video professionals aren't using

H content-aware encoding but adoption plans
Are you USIng or continue to grow. Even so, we've seen similar
N
plannlng to use numbers for the past couple of years, indicating

that respondents aren't following through on

conte nt-aware their plans to implement it. We attribute this
encodin g tech nology to economic pressures, despite the fact that

content-aware encoding would deliver cost

(i.e., Per'TitIe)? efficiencies in the long run.
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- The state-of-the-art spatial and temporal complexity feature is SI-TI.

> Sobel Filter —--....

Spatial Compelxity Temporal Complexity

SI = stdspace(Sobel (Fy))

TI = stdspace|F; (i, j) — Fr—1(i, j)]

- The correlation with ground truth spatial and temporal complexity is low!!! 161
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Video Complexity Analzyer (VCA)

- VCAintroduces DCT-based spatial-temporal complexity features

Temporal Complexity

- Spatial complexity correlation has increased, but the temporal complexity remains [ow.

[Menon, Amirpour, et al, 2022, ACM MMSys]
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Video Complexity Analyzer (VCA)

> The state-of-the-art spatial and temporal complexity feature is SI-TI [1,2].

[11ITU-T P910 Subjective video quality assessment methods for multimedia applications. 163
[2] SITI source code: https://github.com/Telecommunication-Telemedia-Assessment/SITI
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Video Complexity Analyzer (VCA)

> The state-of-the-art spatial and temporal complexity feature is SI-Tl [1,2].

» The correlation with encoding bitrate and encoding time is low!

[11ITU-T P910 Subjective video quality assessment methods for multimedia applications. 164
[2] SITI source code: https://github.com/Telecommunication-Telemedia-Assessment/SITI
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Where C represents the number of blocks per frame.
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- EVCArefines the definition of the temporal complexity feature

Spatial Complexity Temporal Complexity

- Temporal complexity correlation has increased.

170

[Amirpour, et al, 2024, ACM MMSys]
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Table 2: Performance of spatial complexity features.

Metric | Features
SI(SITI) | E (VCA) | SC (EVCA)
pcC 72 93 93
Feature Extraction SRCC 78 95 95
SITI VCA EVCA
1538 fps | 1502 fps | 1250 fps

Table 3: Performance of temporal complexity features.

Metric ‘ Features

TI(SITI) | h (VCA) | TC (EVCA)
PCC 62 61 77
SRCC 73 77 85

171
[Amirpour, et al, 2024, ACM MMSys]
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Unsupervised

SITI VCA EVCA
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Unsupervised

[Amirpour, et al, 2024, IEEE TCSVT]
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Deep Video Complexity Analyzer (DeepVCA)

TABLE I: Comparison of spatial complexity metrics.

| X265, QP=22 | X265, QP=37 | X265, QP=12 | X264, QP=22
Metric PCC | SRCC | KRCC PCC | SRCC | KRCC | PCC | SRCC | KRCC PCC | SRCC | KRCC
Unsupervised SI 0.72 0.76 0.56 0.82 0.87 0.69 0.71 0.76 0.56 0.74 0.80 0.61
pe E 091 | 093 078 | 095 [ 095 083 | 091 | 093 078 | 093 | 095 0.82
AlexNet 0.83 0.83 0.63 0.81 0.83 0.64 0.83 0.83 0.65 0.83 0.83 0.64
Spervised VGGI1 092 | 092 076 | 0.89 | 091 074 | 092 | 092 076 | 092 | 092 0.76
(Dpe veA) ResNet-18 094 | 095 0.81 094 | 096 083 | 094 | 0095 0.81 095 | 095 0.82
eep MobileNetV?2 0.97 0.98 0.87 0.95 0.96 0.83 0.97 0.97 0.86 0.95 0.95 0.82
EfficientNet-b0 0.97 0.98 0.88 0.95 0.96 0.84 0.97 0.98 0.87 0.97 0.98 0.88
TABLE II: Comparison of temporal complexity metrics.
| X265, QP=22 | X265, QP=37 | X265, QP=12 | x264, QP=22
Metric PCC | SRCC | KRCC | PCC | SRCC | KRCC | PCC | SRCC | KRCC | PCC | SRCC | KRCC
U tsed TI 043 | 046 | 032 | 021 | 0.39 027 | 057 | 053 068 | 042 | 045 032
nSUpervIse h 046 | 052 037 | 024 | 047 032 | 058 | 056 041 | 045 | 052 0.37

MobileNetV2 (block 11) 0.79 0.83 0.64 0.49 0.64 0.46 0.84 0.86 0.68 0.77 0.81 0.63
MobileNetV?2 (block 4) 0.80 0.83 0.65 0.54 0.65 0.47 0.84 0.87 0.69 0.79 082 0.64
EfficientNet-b0 (block 6) | 0.77 0.81 0.63 0.49 0.59 0.43 0.78 0.84 0.66 0.74 0.79 0.61
EfficientNet-bO (block 4) | 0.81 0.84 0.66 0.55 0.65 0.48 0.83 0.86 0.68 0.79 0.83 0.65
EfficientNet-bO (block 2) | 0.81 0.85 0.68 0.57 0.67 0.50 0.83 0.87 0.68 0.80 0.84 0.67
3D CNN: R(2+1)D-18 0.84 0.86 0.69 0.64 0.73 0.54 0.84 0.87 0.69 0.83 0.85 0.68

Supervised
(DeepVCA)
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Figure 5: The examples of images in IC9600 database, and corresponding text prompts generated by InstructBLIP [11] (Vicuna- E
78). The video frames are sampled from three state-of-the-art image-to-video models (i.c., CogVideoX [66], CogVideoX1.5 [66),
and Vgen [69].) Image-to-text
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Table 1: Results of OPTE against fixed bitrate ladder approach.

Dataset Video f SI TI E h ||s¢ —sll2 | BDRy | BDRp

MCML Bunny 30 | 2338 | 643 | 23.03 | 4.88 0.01 30.48% | -3225%

MCML |  Characters | 30 | 5043 | 20.85 | 41.44 | 29.21 0.04 -51.90% | -68.81%

MCML Crowd 30 | 3376 | 10.13 | 3301 | 12.22 0.01 20.82% | -14.18%

100 MCML Dolls 30 | 1688 | 1991 | 1047 | 027 0.02 143% | -8.49%

SITU | BundNightScape | 30 | 48.82 | 7.06 | 54.90 | 11.62 0.02 61.22% | -60.86%

80 SITU Fountains 30 | 4337 | 1142 | 60.90 | 23.02 0.02 32.93% | -8.49%

. SITU TrafficFlow | 30 | 33.57 | 13.80 | 5893 | 15.83 0.02 -50.54% | -40.90%

£ SITU TreeShade | 30 | 52.88 | 529 | 80.19 | 8.83 0.01 47.76% | -38.55%

> 60 VQEG CrowdRun | 50 | 50.77 | 22.33 | 96.55 | 3333 0.01 8.50% | -1.90%

VQEG | DucksTakeOff | 50 | 47.77 | 15.10 | 119.12 | 30.88 0.01 299% | -2.79%

40 — Default 40 — Default VQEG IntoTree 50 | 24.41 | 12,09 | 7445 | 21.95 0.03 -26.50% | -5.75%
T OFTE T OFTE VQEG | OldTownCross | S0 | 29.66 | 11.62 | 92.75 | 22.06 0.02 3091% | -22.53%

0 5 10 15 1] 5 10 15 VQEG ParkJoy 50 | 62.78 | 27.00 | 102.80 | 52.15 0.02 -12.08% | -2.62%
Bitrate (in Mbps) Bitrate (in Mbps) JVET CatRobot 60 | 4445 | 11.84 | 5636 | 14.25 0.01 13.43% | -5.95%

. JVET | DaylightRoad2 | 60 | 40.51 | 1621 | 66.40 | 20.13 0.02 27.52% | -9.35%

(a) BundNightScape (b) Bunny IVET | FoodMarkett |60 | 3826 | 1768 | o1 | 2071 | o002 | 18.1% | 274%
Average 0.02 28.45% | -20.45%

[Amirpour, et al, 2022, IEEE ICME]
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Feature extraction

(first GOP) Framerate
F
) Eh set (F)
4% First-pass encoding ‘ : Resciution CRF prediction Bitrate
: set (R) set (B)
: Encoder analysis log 1 é.(.r'-, 6, f,reRbeEB fEF

’ Input video H Second-pass encoding H Output bitstreams ‘ Input segment H Video encoder H Output bitstreams

Fig. 2: ETPS architecture. The dashed blue line represents
the first-pass while the video encoder block represents the
second-pass encode.

Fig. 1: Two-pass encoding architecture.
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Table 1:

Results of ETPS against Constant Bitrate (CBR) encoding and two-pass average bitrate encoding schemes.

Constant bitrate (CBR) Two-pass average bitrate

Dataset Video E h ||lcc—¢éll: | 7, (nms) | BDR. | BDRy | AT | BDRp | BDRy AT
MCML [18] Basketball 1575 | 9.69 0.86 8 -17.80% | -14.36% | 0.43% | -048% | 0.50% | -45.15%
MCML Bunny 23.03 | 4.89 1.58 7 9.92% | -9.09% | 0.78% | 0.04% | -1.14% | -43.88%
MCML Crowd 3311 | 7.03 1.58 7 -163% | -147% | 0.56% | 075% | 1.05% | -43.34%
MCML Dolls 1991 | 1222 0.86 8 S573% | -405% | 1.01% | 121% | 1.97% | -45.26%
MCML Flowers 12.01 | 1047 0.50 7 BM% | -712% | 059% | 0.38% | 049% | -43.90%
MCML Park 26.07 | 27.34 0.71 9 -5.16% | -2.62% | 1.10% | 0.16% | 087% | -44.27%
SITU [19] BundNightScape 5490 | 11.62 1.93 8 -14.63% | -13.51% | -1.62% | -1.11% | -1.27% | -40.91%
SITU CampfireParty 51.50 | 42.38 1.58 8 -4.66% | -3.66% | -1.72% | 051% | -0.35% | -43.04%
SITU Runners 104.30 | 17.44 1.32 7 -8.14% | -244% | -1.34% | 0.77% | -1.08% | -42.69%
SITU TallBuildings 9435 | 7.70 1.65 8 -17.30% | -12.54% | -1.02% | 0.89% | 0.59% | -43.37%
SITU TrafficAndBuilding | 60.54 | 11.55 1.87 8 -1541% | -991% | -043% | 0.06% | -242% | -43.96%
SITU TrafficFlow 58.93 | 8.61 1.32 8 -15.66% | -1.17% | 0.74% | 1.19% | 1.43% | -43.86%
SITU TreeShade 80.19 | 15.83 0.50 8 -11.82% | -6.85% | -0.79% | 0.52% | 0.59% | -44.75%
SITU Wood 114.26 | 8.83 0.71 8 -10.14% | -21.58% | 0.52% | 1.34% | 1.88% | -44.50%
Average .02 B -10.89% | 8.60% | 0.65% | 0.26% | 0.38% | -43.78%

/A

20

a

al8

=

£16

9

© 14

E 12 —— 8 Mbps

=y —— 12 Mbps

510 — 17 Mbps

z 5 —— 20 Mbps
0 4 8 12 16 20 24 28 32

Time (in seconds)

Fig. 4: The average bitrate in a streaming session where
MCML sequences (cf. Table 1) are encoded using ETPS and
are streamed at intervals of four seconds for target average bi-
trates 8, 12, 17, 20 Mbps.
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Fig. 1. The workflow of LiveESTR method.

Energy-Aware
Bitrate Ladder

>

METHODS IN DIFFERENT THRESHOLDS

Encoding

THE PERFORMANCE COMPARISON OF LIVEESTR METHOD WITH A STATIC BITRATE LADDER AND GROUND TRUTH

- BD-Rate (%) BD-VMAF BDDE (%) BDEE (%)
Static ladder ~ Ground truth ~ LiveESTR | Static ladder ~ Ground truth  LiveESTR | Static ladder ~ Ground truth  LiveESTR | Static ladder ~ Ground truth  LiveESTR
Lo 50.4 -6.4 -0.9 -6.0 L5 0.8 =307 -25.7 -29.4 =372 -16.1 -18.6
20 504 =22 2.1 6.0 L0 0.3 -30.7 -30.0 -29.7 =372 =225 -226
30 504 1.7 59 -6.0 04 -0.3 =307 -335 -326 -372 -278 -285
4.0 504 52 1.0 -6.0 0.2 =11 -30.7 -36.0 -36.9 =372 =319 =337
5.0 50.4 9.8 16.0 6.0 0.9 -1.8 -30.7 =373 -38.2 -37.2 -34.1 =353
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Table 5. Performance comparison in YPSNR / VMAF of the considered models on the proposed dataset with HEVC encoder. The top
result for each encoder type is highlighted in boldface.

Encod HEVC softway di
er type software encoding NN Backbons' Fawn
Model \ Metric R2T SROCC T PLCC T Accuracy T BD-BR vs EEL | BD-BRvsSL |
. ExtraTrees 0.6479/0.4929 0.6730/0.6286 0.8154/0.7131 0.8852/0.8685 1.776% / 2.545% -5.997% / -5.583%
I RandomForests 0.6079/0.4293  06452/06087 07847 /06679  08314/0.8626  2365%/2.670%  -5.886% /-5.721% i o
% XGBoost 0.5659 /03877 06312/ 05867  0.7767/06541  0.8775/0.8606  2.909% /3331%  -5.524% / -4.943% Pp— 1 v
# LightGBM 0.5487 /04095 06436/ 0.5762 07518 /06496  0.8665/ 0.6397  2.023% / 3.841%  -5.293% /[ -4.785% g = c
., ExtraTrees 0.2700 /03250 04941705341  0.5411/05832  0.8354/0.8396  3.448%/ 4037%  -4.805% /-5.179% z 3 T
7 RandomTForests 0.2627/02301 05083/05363 05303 /05060  08329/0.8303  3870%/4310%  -4784% / -4.803% Un e U,
L XGBoost 0.2507/0.1920  05181/0.4978  0.5317/0.4471 08303 /08299  3.866% / 4.041%  -4.828% / -4.585%
= LightGBM 0.2438/0.1687  05172/0.4279  0.5088 /04169  0.8315/0.8149  3.840%/ 4.188%  -4.889% / -4.531%
¢ DensNetléy — 0.3306/03130  0.3778/05374  05703/05250  0.8793/0.8395 3300%/5.181%  -4915%/ -4.823%
i VGGI6 0.2787 /02511 03832/ 05531  0.5767/05083  0.8637/0.8227 3.378%/3329%  -4.845% / -4.751% Spatial Pooling 7, T 21 Pooling /.
S ResNet-50 0.5652/0.3204  05057/05802  0.6340/05400  0.8805/0.8539 2755%/2.999%  -5.387%/-5.012% PRSI O0NIR Y SPOLA S 00Lg L4
£ ConvNeXtBase 03188/02321 04788/04650  05884/05005  08756/08252 3600%/3.434%  -4892% / -4712% i 9
i .
Encoder type HEVC hardware encoding y" é é o o U2 E E o 7 ‘k Py
o IR G 5
Model \ Metric R21 sRoCC T PLCC T Accuracy?  BDBRVSEEL]  BDBRwsSL| =CECE : & =@ g .
o ExtraTrees 0.4728/0.3822 05927/ 0.4424  0.7027/0.6452 0.8373/07815 2.644%/4850% -5319% /-5.068% ~ 2 32 ir 2 3 Py
I RundomTorests 04113/03481 05475/0.3934  0.6527/06057  08278/0.7800  3.292%/ 4724%  -4.896%/ -4.932% Vi
3 XGBoost 0.4139/02794 05219/ 03452 0.6536 /05462  0.8228/0.7669  3.880%/5370%  -4.916% / -4.472%
Z LightGBM 0.3039/0.1876 05304/ 03347  0.6428 /04816  0.8029/0.9371  4.501%/5915%  -4.922%/-3.728%
ExtraTrees 0.3188/0.2321  0.4788/0.4650  05884/05005  0.7894/07715 4.610%/5.100% -4.209% / -3.533% Fig. 6. The overall framework of the proposed DNN methods. The feature extraction module extracts spatial features y; from patches
% RondomForests 0.2854/0.1866  04879/03980  05612/04020  07841/07613  5.205% /5921%  -3.951%/-3258% o Th ial and I pooli dul P : final 1. Finally. th : dul he final
% XGBoost 0.2490/0.1391  0.4843/03629  0.5293/04686 07793/ 0.7627  5049%/5.930%  -4.094% [ 2.807% ;- The spatial and temporal pooling modules aggregate features into a final vector §. Finally, the regression module uses the fina
“ LightGBM 0.3039/0.1876 05304/ 03347  0.6428/0.4816  0.8029/07371  4501%/5915%  -4.922% / -3.728% vector  to predict the cross-over bitrates Py.
¢ DensNetle9 0375004408 05710/0.5477 06109/07133 08272/0.8143  3.059% / 4333%  -4.967% / -5.018%
Z VGG16 0.3422/03550 05584/ 0.4899  0.6159/06239 07649 /07529  3.750%/5335%  -4.807% /-3.931%
G ResNet-50 0.3466 /04229 0.5965/05251 0.6354/07025  0.8278/0.8003  2811%/4.150% -5.139%/ -5.533%
S ConvNeXtBase 0.2440/03490 05013/05127 05284/06253 07420/ 07544  3.916% /5417%  -4.745% / -3.590%
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Table 5. Performance comparison in YPSNR / VMAF of the considered models on the proposed dataset with HEVC encoder. The top
result for each encoder type is highlighted in boldface.

Encod HEVC softway di
er type software encoding NN Backbons' Fawn
Model \ Metric R2T SROCC T PLCC T Accuracy T BD-BR vs EEL | BD-BRvsSL |
. ExtraTrees 0.6479/0.4929 0.6730/0.6286 0.8154/0.7131 0.8852/0.8685 1.776% / 2.545% -5.997% / -5.583%
I RandomForests 0.6079/0.4293  06452/06087 07847 /06679  08314/0.8626  2365%/2.670%  -5.886% /-5.721% i o
% XGBoost 0.5659 /03877 06312/ 05867  0.7767/06541  0.8775/0.8606  2.909% /3331%  -5.524% / -4.943% Pp— 1 v
# LightGBM 0.5487 /04095 06436/ 0.5762 07518 /06496  0.8665/ 0.6397  2.023% / 3.841%  -5.293% /[ -4.785% g = c
., ExtraTrees 0.2700 /03250 04941705341  0.5411/05832  0.8354/0.8396  3.448%/ 4037%  -4.805% /-5.179% z 3 T
7 RandomTForests 0.2627/02301 05083/05363 05303 /05060  08329/0.8303  3870%/4310%  -4784% / -4.803% Un e U,
L XGBoost 0.2507/0.1920  05181/0.4978  0.5317/0.4471 08303 /08299  3.866% / 4.041%  -4.828% / -4.585%
= LightGBM 0.2438/0.1687  05172/0.4279  0.5088 /04169  0.8315/0.8149  3.840%/ 4.188%  -4.889% / -4.531%
¢ DensNetléy — 0.3306/03130  0.3778/05374  05703/05250  0.8793/0.8395 3300%/5.181%  -4915%/ -4.823%
i VGGI6 0.2787 /02511 03832/ 05531  0.5767/05083  0.8637/0.8227 3.378%/3329%  -4.845% / -4.751% Spatial Pooling 7, T 21 Pooling /.
S ResNet-50 0.5652/0.3204  05057/05802  0.6340/05400  0.8805/0.8539 2755%/2.999%  -5.387%/-5.012% PRSI O0NIR Y SPOLA S 00Lg L4
£ ConvNeXtBase 03188/02321 04788/04650  05884/05005  08756/08252 3600%/3.434%  -4892% / -4712% i 9
i .
Encoder type HEVC hardware encoding y" é é o o U2 E E o 7 ‘k Py
o IR G 5
Model \ Metric R21 sRoCC T PLCC T Accuracy?  BDBRVSEEL]  BDBRwsSL| =CECE : & =@ g .
o ExtraTrees 0.4728/0.3822 05927/ 0.4424  0.7027/0.6452 0.8373/07815 2.644%/4850% -5319% /-5.068% ~ 2 32 ir 2 3 Py
I RundomTorests 04113/03481 05475/0.3934  0.6527/06057  08278/0.7800  3.292%/ 4724%  -4.896%/ -4.932% Vi
3 XGBoost 0.4139/02794 05219/ 03452 0.6536 /05462  0.8228/0.7669  3.880%/5370%  -4.916% / -4.472%
Z LightGBM 0.3039/0.1876 05304/ 03347  0.6428 /04816  0.8029/0.9371  4.501%/5915%  -4.922%/-3.728%
ExtraTrees 0.3188/0.2321  0.4788/0.4650  05884/05005  0.7894/07715 4.610%/5.100% -4.209% / -3.533% Fig. 6. The overall framework of the proposed DNN methods. The feature extraction module extracts spatial features y; from patches
% RondomForests 0.2854/0.1866  04879/03980  05612/04020  07841/07613  5.205% /5921%  -3.951%/-3258% o Th ial and I pooli dul P : final 1. Finally. th : dul he final
% XGBoost 0.2490/0.1391  0.4843/03629  0.5293/04686 07793/ 0.7627  5049%/5.930%  -4.094% [ 2.807% ;- The spatial and temporal pooling modules aggregate features into a final vector §. Finally, the regression module uses the fina
“ LightGBM 0.3039/0.1876 05304/ 03347  0.6428/0.4816  0.8029/07371  4501%/5915%  -4.922% / -3.728% vector  to predict the cross-over bitrates Py.
¢ DensNetle9 0375004408 05710/0.5477 06109/07133 08272/0.8143  3.059% / 4333%  -4.967% / -5.018%
Z VGG16 0.3422/03550 05584/ 0.4899  0.6159/06239 07649 /07529  3.750%/5335%  -4.807% /-3.931%
G ResNet-50 0.3466 /04229 0.5965/05251 0.6354/07025  0.8278/0.8003  2811%/4.150% -5.139%/ -5.533%
S ConvNeXtBase 0.2440/03490 05013/05127 05284/06253 07420/ 07544  3.916% /5417%  -4.745% / -3.590%
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Light-weight Transcoding N N N
- Transcoding is expensive:
- Optimal Encoding Decision ‘ - = E
- Quantization and Entropy Encoding eh
bitstream =[1010010100010, ~

The optimal CU partitioning

. —
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Light-weight Transcoding

- Transcoding is expensive:

- Optimal Encoding Decision

- Quantization and Entropy coding

Entropy coding Decision

Decision ; Entropy coding ;
G G

=  —r

Time Bitrate
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Light-weight Transcoding

- Finding the optimal CTU partitioning takes the majority of the encoding time

- Signaling the optimal CTU partitioning in bitsream requires minimal bits

Entropy coding Decision

Decision ; Entropy coding ;
™ G

=  —r

Bitrate
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- The optimal CTU partitioning are stored as metadata in Edge servers “

The optimal CU partitioning

- During the transcoding, they are used to avoid the brute-force search process
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Light-weight Transcoding
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Light-weight Transcoding
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VQM4HAS: A Real-time Video Quality Metric for HAS
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VQM4HAS: A Real-time Video Quality Metric for HAS
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TABLE I: Description of encoding statistics when —csv-log-level is greater than or equal to 1.

g N Parameter Description Used for evaluation Name

S ——— Encode Order The frame order in which the encoder encodes. No
Type Slice type of the frame. No
POC Picture Order Count - The display order of the frames. No

QP Quantization Parameter decided for the frame. Yes qp

pa— Bits Number of bits cc d by the frame. Yes bit
Scenecut 1 if the frame is a scenecut, 0 otherwise. No
@ RateFactor Applicable only when CRF is enabled. No
_;G BufferFill Bits available for the next frame. Includes bits carried over from the current frame. No
BufferFillFinal Buffer bits available after removing the frame out of CPB. No
UnclippedBufferFillFinal | Unclipped buffer bits available after removing the frame out of CPB only used for csv logging purposes. No
—’G Latency Latency in terms of number of frames between when the frame was given in and when the frame is given out. No
\ ; Ref lists POC of references in lists 0 and 1 for the frame. No
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i Used for
Parameter Description avalustion Name
Analysis statistics
CU Statistics Percentage of CU modes. No
Distortion Average luma and chroma distortion. Yes luma_dist, chroma_dist
Psy Energy Average psy energy calculated as the sum of absolute difference between source and recon energy. Yes Ppsy_energy
Residual Energy Average residual energy. Yes TeS_energy
Luma/Chroma Values [[ mini maximum and average luma and chroma values of source for each frame. Yes luma_avg, cr_avg,ch_avg
PU Statistics Percentage of PU modes at each depth. No
Performance statistics

DecideWait ms number of milliseconds the frame encoder had to wait. No
Row0Wait ms number of milliseconds since the frame encoder received a frame to encode before its first row of CTUs is allowed to | No

begin pressi
Wall time ms number of milliseconds between the first CTU being ready to be compressed and the entire frame being compressed and | No

the output NALs being completed.
Ref Wait Wall ms number of milliseconds between the first reference row being available and the last refe ow b 1 ilabl No
Total CTU time ms the total time (measured in milliseconds) spent by worker threads compressing and filtering CTUs for this frame. Yes _time
Stall Time ms the number of milliseconds of the reported wall time that were spent with zero worker threads, aka all compression was | No

completely stalled.
Total frame time Total time spent to encode the frame. Yes frame_time
Avg WPP the average number of worker threads working on this frame, at any given time. No
Row Blocks the number of times a worker thread had to abandon the row of CTUs it was encoding. No
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1 \ TABLE IV: PCC for VOM4HAS when predicting per-segment VMAF scores.
—T g

Representation 1D 1 2 3 4 5 6 7 8 9 10 11 12

Model Linear 083 | 0.86 | 0.90 | 091 | 093 | 095 | 0.95 | 095 | 095 | 094 | 0.92 | 0.90
e o _,_’B Random Forest 0.87 | 0.90 | 094 | 094 | 095 | 095 | 0.95 | 096 | 095 | 095 | 0.95 | 0.94

S oo
High High
4 =®=qp y_psnr - - ssim e g
=y psor h_org R P
~#— yuv_psnr ap bl h_rec e«
—&— ssim ssim - E_rec B et
. y 3 luma_dist cbavg  eedh- res_energy -t
.. A o —— chroma_dist cpu_time -+ chroma_dist B
g —— luma_avg yuv_psnr — . h_org .. o °
© cr_avg E_rec - 2 E_org e 2
g 2 —— cb_avg luma_avg -9 = cpu_time » :
2 —e— psy_energy E_org +— 3 yuv_psnr - H
13 —— res_energy h_re P E cravg - 5
- cpu_time psy_energy &= luma_dist +
= chroma_dist - bit -4
1 frame_time
& cravg + psy_energy +
_org frame,time + y_psnr +
—4+— h_org bit + b_avg 4
—4— E_rec luma_dist ) luma_avg 4
0 —4— h_rec res_energy t frame_time 4
1 2 3 4 5 6 7 8 9 10 11 12 5 0 5 10 15 20 o Zs a4 <2 o 1 v
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() (©)

(@

Fig. 4: (a) The feature importance of the features used to predict VMAF scores for all representations. SHAP summary plot
for (b) the lowest and (c) highest bitrate representations.
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VQM4HAS: A Real-time Video Quality Metric for HAS

5.6 7. 8
Representation ID

767.3 08
- ~ %0 07
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> & 500 305
£ 400 g 04

£ #
300 03
200 168.0 02
o - - >

28
0 00
VOMaHAS vMAF P1204.3 REEES

—’57 (@) ®)
Resolution | 540p | 1080p | 2160p Hlll“m
PSNR 0.32 0.56 0.51 © @
SSIM 0.46 0.68 0.66
Method VMAF 0.73 0.89 0.83 Fig. 9: (a) The time complexity of different methods when
P12043 0'9 yi 0'9 7 0'90 computing 12 representations of a 5-second video encoded
> : . i . with the HLS ladder parameters. The complexity breakdown
VQM4HAS 0.96 0.93 0.93 across representations for (b) VOM4HAS, (c) VMAF, and (d)

P.1204.3.
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Impact of Viewing Distance [In-Lab Subjective Test]
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Fig. 5: Normalized Pearson correlation with subjective ratings
: for different objective quality metrics as function of distance
. (PCC at d1= 100%).
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What Matters to Human Eye?

- The analysis results
demonstrate a preference for a
longer stall event over stall
events with high frequency but
with the same total duration as
the longer stall event.

Stall Events’ Patterns

A A
INTENSE: In-Depth Studies on Stall Events and THENA

Quality Switches and Their Impact on the Quality
of Experience in HTTP Adaptive Streaming

ian Doppler (CD) Laboratory

BABAK TARAGHI -, (Member, IEEE), MINH NGUYEN, (Member, IEEE),
HADI AMIRPOUR ', (Member, IEEE), AND CHRISTIAN TIMMERER -, (Senior Member, IEEE)
Chistian Dappler Laborstory ATHENA, Alpen-Adriz-Usiversis ofur am Wintbersee, Austria
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What Matters to Human Eye?

It can be seen that stall events
have a minor penalty on the
QoE when the quality of videos
is low.

for the middle and high-quality
videos, the stall event
occurrence  has a higher
penalty on the perceived QoE
than the same stall event at a
low-quality video.

Average VMAF
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Current & Future Work + Open Challenges

e HTTP adaptive streaming: DASH, HLS, CMAF

e \ideo coding for HAS (bitrate ladder optimizations) has been extensively
researched, some niche problems seeking for solutions A\

e Media over QUIC needs more attention in the multimedia research
community !!

e New (immersive) modalities & coding formats in its infancy wrt streaming !!
e (Generative) Al for video streaming !
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Video Coding for HAS
Fast Multi-rate Encoding

5 The same video
e °——'_’G Encoded independently

' G Encoding decisions can be reused
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Fast Multi-rate Encoding
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Efficient Multi-Rate Video Encoding for HEVC-Based Adaptive HTTP Streaming, TCSVT 2016
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Table 1. Comparison of encoding results

Sequence BD-rate | BD-PSNR AT

PeopleStreet (2560 x 1600) 0.85% -0.04% -19.02%
Kimono (1920x1080) 0.75% -0.02% -43.10%
ParkScene (1920x1080) 0.43% -0.01% -35.79%
BQOMall (832x480) 0.57% -0.02% -28.60%
PartyScene (832x480) 0.26% -0.01% -22.10%
BasketballPass (416x240) 0.62% -0.03% -35.12%
BlowingBubbles (416x240) | 0.43% -0.02% -20.03%
RaceHorses (416x240) 0.55% -0.03% -12.67%
Average 0.56% -0.02% -27.05%
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Fast Multi-rate Encoding
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(a) QP 22

Sequence BD-rate BD-PSNR AT

BlueSky 0.07% —0.003 dB —4.17%
CrowdRun —0.08% 0.003dB —4.89%
DucksTakeOff —0.09% 0.002 dB —5.60%
Kimono —0.06% 0.002dB —6.25%
ParkJoy —0.20% 0.008 dB —5.71%
ParkScene —0.05% 0.002dB —2.73%
PedestrianArea —0.19% 0.006dB —8.75%
Riverbed —0.05% 0.002dB —11.58%
RushHour —0.09% 0.002dB —6.16%
Sunflower —0.52% 0.016dB —6.25%
Average —0.12% 0.004dB —6.21%

(b) QP 24
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Video Coding for HAS
Fast Multi-rate Encoding
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Efficient Multi-Rate Video Encoding for HEVC-Based Adaptive HTTP Streaming, TCSVT 2016 =
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Fast Multi-rate Encoding
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Video Coding for HAS
Fast Multi-rate Encoding
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dependent encoding
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+ MaxPool Layer Vector (Y. U,orv) Yuv

Fig. 2: Network architecture used for depth 0 classifier. The numbers in the boxes are in the following format from left to
[ — right: Channel count @ Widthx Height of channel for convolution layers, output size for fully connected and softmax layers,
._,_> and input size for the feature vector. Red dotted section is removed in the depth 1 classifier due to variance in the input size.
o—

Y, U, and V input sizes and intermediate channel sizes vary depending on the depth level (halved for depth 1 classifier).

T
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Fig. 3: Normalized average time-complexities in different QP
levels using different methods.
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Fast Multi-rate Encoding

dependent encoding

-

Texture Processing CNN

@ Conv + RelLU IFully Connected lsuhmax [ Input Feature . CNN Input - Concatenated
+ MaxPool Layer Vector (Y, U,orV) Yuv

Fig. 2: Network architecture used for depth 0 classifier. The numbers in the boxes are in the following format from left to

right: Channel count @ Widthx Height of channel for convolution layers, output size for fully connected and softmax layers,

and input size for the feature vector. Red dotted section is removed in the depth 1 classifier due to variance in the input size.

Y, U, and V input sizes and intermediate channel sizes vary depending on the depth level (halved for depth 1 classifier).

TABLE I: Encoding Results for Test Sequences Using the Lower Bound and the FaME-ML

Lower Bound FaME-ML
Sequence BDRy | BDRp 7/ AT | BDRy | BDRy 7 AT AT BDRy | BDRp 7 &7
DucksTakeOff 0.346 % 3.51 0.092 % 0.93 3642 % | 0.305 % 0.84 0.119 %
InToTree 0.368 % 11.83 0.688 % 22.12 54.59 % 1. % 0511 % 093
OldTownCross 0.457 % 10.95 0.191 % 4.58 52.89 % 0.955 % 0.077 % 0.14
Parkloy 0.404 % 0.083 % 0.39 36.04 % [ 0.920 % 0.250 % 0.69
RedKayak 0.764 % 0.282 % 2.21 2298 % | 0.525 % 0.184 % 0.81
RushFieldCuts 0471 % 0.101 % 0.56 40.60 % | 1214 % 0.456 % L12
ControlledBurn 0.703 % 0.146 % 6.34 46.91 % 0.679 % 0.493 % 1.05
ParkRunning3 0.475 % 0.086 % 0.51 39.67 % 1.178 % 0.507 % 1.27
Average 10T % | 0.498 % 0.208 % 470 a1.26 % | 0.887 % 0324 % 0.79

Fast multi-resolution and multi-rate encoding for HTTP adaptive streaming using machine learning, OJSP 2021
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. < = Lower Bound FaRes-ML
I e O O I n g O r a AT BDRp _BDRy BDpsni_ BDvaiar | AT BDRp _BDRv _BDpsni _ BDvaar
Buskelball | 442 % 285 % 335 %  0.084 0412 347% 208% 2.0 % 0.068 0312
Bunny 364% 144%  110% 0051 0.165 64 391% 415 % -0.139 -0.520
. . ssa0caiqp | Chamcters | 262%  692%  484% 0193 % 276% 144%  -0071 0,079
3340:2 Contsruction | 167 % 170 %  208%  -0.047 408% 503%  -0.095 -0.357
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