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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 streaming is dominating today’s 
Internet traffic
● 2024*: 68% (fixed) and 64% (mobile)

○ Video on-demand: 54% / 57% – Live: 14% / 

7%

○ Main applications: YouTube, Netflix (>10%),

○ Tik Tok, Amazon Prime, Disney+ (<10%)

● Video applications are in high 
demand, but future ones will require 
even more bandwidth**

● Streaming now accounts for a larger 
share of total TV viewing than both 
broadcast and cable combined.***

Sources:

* Sandvine Global Internet Phenomena (January 2024)

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

*** Nielsen’s The Gauge (May 2025) 5



Evolution of Video

Era of Streaming

Yuriy Reznik, Christian Timmerer, 20 Years of Streaming in 20 Minutes, Mile-High Video 

2020, https://athena.itec.aau.at/2020/11/20-years-of-streaming-in-20-minutes/
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Early Streaming Systems

● 1993: Multicast Backbone (MBONE)
○ Virtual multicast network connecting several universities & ISPs
○ RTP-based video conferencing tool (vic) is used to stream videos
○ 1994 Rolling Stones concert – first major event streamed online

● 1995: RealAudio, 1997: RealVideo
○ 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

● 1996: VDOnet, Vivo, NetShow, VXtreme, ... 
○ 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

● 1998: RealSystem G2
○ First Adaptive BitRate (ABR) streaming system

Yuriy Reznik, Christian Timmerer, 20 Years of Streaming in 20 Minutes, Mile-High Video 

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
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Source: http://xkcd.com/927/ 9



Early Streaming Standards

• 1996: Real Time Streaming Protocol (RTSP) et al.

• 2000: ISMA – Internet Streaming Media Alliance

• 2006: 3GPP PSS – Packet Switched Streaming / MSS – Multimedia Streaming Service

Server

DESCRIBE rtsp://example.com/mov.test RTSP/1.0

SDP

SETUP rtsp://example.com/mov.test/streamID=0 RTSP/1.0

3GPP-Adaptation:url=

“rtsp://example.com/mov.test/streamID=0”;size=20000;target-time=5000

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

RTSP OK

Client

Time (s)

PLAY rtsp://example.com/mov.test RTSP/1.0

RTSP OK

RTP

RTCP Reports
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Client Buffer

Client Buffer 

Model
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2005+: Video Delivery over HTTP/TCP

○Enables playback 
while still 
downloading

○Server sends the 
file as fast as 
possible

Progressive 
Download

○Enables seeking via 
media indexing

○Server paces 
transmission based 
on encoding rate

Pseudo 
Streaming

○Content is divided 
into short-duration 
chunks

○Enables live 
streaming and ad 
insertion

Chunked 
Streaming

○Multiple versions of 
the content are 
created

○Enables to adapt to 
network and device 
conditions

Adaptive 
Streaming
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Progressive Download

HTTP Request

HTTP Response

Can seek only throughout the 
fetched content

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). DOI:https://doi.org/10.1145/1027527.1027735 

“TCP generally provides good 
streaming performance when 
the achievable TCP 
throughput is roughly twice 
the media bitrate, with only a 
few seconds of startup delay”
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Streaming is Cooler, more Viewer Friendly

● Playback starts when there are just few seconds of data

● Download rate will match the encoding bitrate and downloading pauses if the 

player pauses → less waste

Can seek to anywhere in the 
entire content

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

Implements “pseudo streaming” and 

mimics RTSP-style streaming, but via HTTP
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HTTP Adaptive Streaming 101 Adaptation logic is within the 
client, not normatively specified 

by a standard, subject to 
research and development

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, São Luís, Brazil. ACM, New York, NY, USA, 2 pages. 

https://doi.org/10.1145/3428658.3434574

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. 

Just Accepted (May 2025). https://doi.org/10.1145/3736306
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Bitrate Adaptation Schemes

Bitrate 
Adaptation 
Schemes

Client-based 
Adaptation

Bandwidth-
based

Buffer-
based

Mixed 
adaptation

Proprietary 
solutions

MDP-based

Server-based 
Adaptation

Network-
assisted 

Adaptation

Hybrid 
Adaptation

SDN-based
Server and 
network-
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
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MPEG-DASH Data Model

MPD

Period id = 1
start = 0 s

Period id = 3

start = 300 s

Period id = 4

start = 850 s

Period id = 2

start = 100 s

Adaptation Set 0
subtitle turkish

Adaptation Set 2
audio english

Adaptation Set 1
BaseURL=http://abr.rocks.com/

Representation 2

Rate = 1 Mbps

Representation 4

Rate = 3 Mbps

Representation 1

Rate = 500 Kbps

Representation 3

Rate = 2 Mbps

Resolution = 720p

Segment Info
Duration = 10 s

Template:
3/$Number$.mp4

Segment Access

Initialization Segment
http://abr.rocks.com/3/0.mp4

Media Segment 1

start = 0 s
http://abr.rocks.com/3/1.mp4

Media Segment 2

start = 10 s
http://abr.rocks.com/3/2.mp4

Adaptation Set 3
audio german

Adaptation Set 1
video

Period id = 2

start = 100 s

Representation 3

Rate = 2 Mbps

Selection of 
components/tracks

Well-defined 

media format

Selection of 
representations

Splicing of arbitrary 
content like ads

Chunks with addresses 
and timing
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MPEG-DASH Status (11/2024)

AMD2
• SRD

• URL param insertion
• Role extensions

AMD3
• AuthN/AuthZ
• NTP anchor

• External MPD link
• Period continuity
• Generalized HTTP 

header extensions & 
queries 

23009-5 
Server & 
Network 

Assisted 
DASH

23009-6
Full Duplex 

DASH

Additional Tools under 

development
• Alternative MPD events

• CMCD integration

• MV-HEVC support

AMD1
• Server-client NTP sync
• Extended profiles ✓

AMD4
• Flexible segment & 

Broadcast TV profile

• MPD chaining 
• MPD fallback
• Preselections

• Data URLs in MPD
• Labels

• Switching x adaptation 
sets

2nd Edition 23009-1:2014

MPEG-DASH 

1st Edition

23009-1:2012

• Events

• Asset Identifier 

✓ ✓

✓

✓

✓

23009-4
Segment 

Encryption & 
Authentication

23009-8 
Session 

based DASH 

operations

✓

23009-2 Conformance and Reference Software

3rd Edition 23009-
1:2019

3rd Edition

✓

4th Edition 23009-
1:2019 ✓

AMD5 (AMD1 to 3rd edition)
Device information, quality equivalence descriptor, timed text roles, 
announcing popular content, flexible IOP signaling, early available periods, 

signaling missing/alternative segments

AMD1 (to 4th edition)
CMAF support, event/timed metadata 
processing, resynchronization, patch method for 

MPD updates, preroll5th Edition 23009-1:20224th Edition 23009-1:2020✓

✓

AMD1+2+3 (to 5th ed)
Preroll, nonlinear playback, 
EDRAP, seg. seq. for rand. 

access and switching, CMCD, 

content steering✓ 6th Edition 23009-1:20xx

libdash update to 5th edition

23009-9
Redundant 

Encoding and 

Packaging 

(REAP)

NEW!

NEW!

✓
17



Media delivery has three main components:

● Media format

● Manifest

● Delivery

CMAF defines the media format only (fragments, 

headers, segments, chunks, tracks)

Common Media Application Format (CMAF)

Encoder
Encryption
Packaging

CMAF 
Header

CMAF 
Fragment

CMAF 
Fragment

C
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A
F
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CMAF 
Fragment

R
A
P

R
A
P

R
A
P

R
A
P

CMAF 
Fragment

CMAF 
Segment

CMAF 
Segment

CMAF Track FileCMAF uses ISOBMFF and common encryption (CENC)

● CENC means the media fragments can be decrypted/decoded using different DRMs 

● CMAF does not mandate CTR or CBC mode 

Any delivery method may be used for delivering CMAF content: HTTP, RTP multicast/unicast, LTE 

broadcast

CMAF is a prerequisite for low latency HAS (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. 
DOI:https://doi.org/10.1145/3387921
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Low Latency

Video Streaming

● Media Contribution

● Media Ingest

● Media Distribution

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 

Communications Surveys & Tutorials, doi: 10.1109/COMST.2025.3555514.
19



CMCD and CMSD in Video Streaming

What is CMCD? – Common Media Client Data

● Client ➔ Server reporting during HTTP 

adaptive streaming

● Sends playback metrics (buffer level, bitrate, 

throughput) with HTTP requests

● Used for delivery optimization, CDN 

prefetching, and QoE analytics

● Standard: CTA-5004

What is CMSD? – Common Media Server Data

● Server ➔ Client signaling during HTTP 

adaptive streaming

● Provides server state (cache status, load) in 

HTTP responses

● Enables informed ABR (adaptive bitrate) 

decisions by clients

● Standard: CTA-5006

Why do they matter?

● Enable more efficient streaming over HTTP/TCP

● Support QoE improvements without intrusive 

client instrumentation

● Facilitate data-driven delivery optimization in 

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

for Multi-Live Video Streaming." IEEE International Conference on 

Computer Communications. 2025.
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Media over QUIC

● Evolution of HTTP/1.1 → HTTP/2 (based on SPDY) → HTTP/3 (QUIC)

● Media over QUIC (MOQ)
○ Media over QUIC Transport [draft-ietf-moq-transport-12]

○ Low Overhead Media Container [draft-ietf-moq-loc-00]

○ WARP Streaming Format [draft-ietf-moq-warp-00]

● Initial results & testbeds available: https://moqtail.dev/

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
21
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What Matters to the Human Eye?
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What Matters to the Human Eye?
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What Matters to the Human Eye?
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What Matters to the Human Eye?
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What Matters to the Human Eye?

with video segments in buffer

without video segments in buffer
26



What Matters to the Human Eye?
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SERVER NETWORK PLAYER
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SERVER NETWORK PLAYER

Encoder Playback
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SERVER NETWORK PLAYER

Encoder Playback
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SERVER NETWORK PLAYER

Encoder Playback

31



Video Coding for HTTP Adaptive Streaming (HAS)
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Video Coding for HTTP Adaptive Streaming (HAS)

4K, 60fps
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AVC
The most widely adopted 
video codec developed by 

JVT: VCEG +MPEG

VP9
A royalty-free codec developed 
by google and it is widely used 

in YouTube videos

HEVC
It achieves up to 50% bitrate 

savings compared to AVC developed 
by JVT-VC: VCEG +MPEG

2003

2013

2013

2018

AV1
A royalty-free codec developed by 

AOM as a successor to VP9, 
achieving more than 30% bitrate 

savings compared to VP9

2020

VVC
It achieve up to 50% bitrate savings 
compared to HEVC, known for its 

versatility. It was developed by JVET: 
VCEG+MPEG

Video Codec Timeline
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Video Coding Building Blocks
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Video Coding Building Blocks
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Video Coding Building Blocks
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Video Coding Building Blocks
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Video Coding Building Blocks

Removes redundancy by predicting the 
current block from 

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

Only the difference (“residual”) is coded.

Predict
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Video Coding Building Blocks

Removes redundancy by predicting the 
current block from 

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

Only the difference (“residual”) is coded.

Predict

Intra coding
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Video Coding Building Blocks

Removes redundancy by predicting the 
current block from 

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

Only the difference (“residual”) is coded.

Predict

Inter coding
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Video Coding Building Blocks
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Video Coding Building Blocks

Packs residual energy into a few coefficients 
so most can later be quantized to zero.

Transform
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Video Coding Building Blocks

Turns runs of quantized coefficients, motion 
data, headers, etc. into a compact bitstream.

Entropy Encode

44



Video Coding Building Blocks

predicted residualreconstructed

= +
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AVC
The most widely adopted 
video codec developed by 

JVT: VCEG +MPEG

VP9
A royalty-free codec developed 
by google and it is widely used 

in YouTube videos

HEVC
It achieves up to 50% bitrate 

savings compared to AVC developed 
by JVT-VC: VCEG +MPEG

2003

2013

2013

2018

AV1
A royalty-free codec developed by 

AOM as a successor to VP9, 
achieving more than 30% bitrate 

savings compared to VP9

2020

VVC
It achieve up to 50% bitrate savings 
compared to HEVC, known for its 

versatility. It was developed by JVET: 
VCEG+MPEG

Video Codec Timeline
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Video Codec Block Partitioning
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Video Codec Block Partitioning (AVC)
Frame

MB
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Video Codec Block Partitioning (HEVC)
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Video Codec Block Partitioning (VVC)

51



Video Codec Block Partitioning (VVC)
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Video Codec Evaluation
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Video Codec Evaluation (compression efficiency)
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Video Codec Evaluation (Implementation)
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Video Codec Evaluation (Compatibility)
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Video Codec Evaluation (Compatibility)

57
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VVC Extensions (Machine Learning)

End-2-End Deep Video Coding

Neural Network based Video Coding 

Next-generation Video Coding Standard
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VVC Extensions (Machine Learning)

End-2-End Deep Video Coding

Neural Network based Video Coding 
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Next-generation Video Coding Standard

● 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

● Complexity bump, but ASIC-friendly – ≤ 64 kB weights per model; extra NN 

accelerator block plus existing video core

● 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

62

In-Loop Filter

A Neural-network Enhanced Video Coding Framework beyond VVC, CVPRW 2022



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)

● Needs heavy AI 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

64NeRV: Neural Representations for Videos, NeurIPS 2021



Next-generation Video Coding Standard

65HiNeRV: Video Compression with Hierarchical Encoding-based Neural Representation, NIPS 2023



Next-generation Video Coding Standard

66



Next-generation Video Coding Standard

67Neural Representations for Scalable Video, ICME 2025



Next-generation Video Coding Standard
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Next-generation Video Coding Standard

69Towards Practical Real-Time Neural Video Compression, CVPR 2025



Next-generation Video Coding Standard

70CMC-Bench: Towards a New Paradigm of Visual Signal Compression,  2025



Next-generation Video Coding Standard

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



Video Coding for HAS
What is a bitrate ladder?
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Bitrate Ladder Construction
Fixed set of bitrates

Simple

Sub-optimal
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Bitrate Ladder Construction
Fixed set of bitrates

Simple

Sub-optimalContent-dependency

Network-dependency
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Bitrate Ladder Construction
Network-aware bitrate ladder construction

SERVER NETWORK PLAYER
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Bitrate Ladder Construction
Network-aware bitrate ladder construction

SERVER NETWORK PLAYER

[Reznik, et al 2019, PV]
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Bitrate Ladder Construction
Network-aware bitrate ladder construction

SERVER NETWORK PLAYER

[Reznik, et al 2019, PV]
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Bitrate Ladder Construction
Network-aware bitrate ladder construction

SERVER NETWORK PLAYER

Encoding

Bitrate

Rep. #01 1 Mbps

Rep. #02 300 kbps

Rep. #03 600 kbps

Rep. #04 900 kbps
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Bitrate Ladder Construction
Network-aware bitrate ladder construction (LALISA)

Player

ABR 

ABR

Buffer

Bandwidth

4.8 Mbps

2.4 Mbps

1.2 Mbps

0.8 Mbps

max bps
-
-

-
-

-
-
-

-
-

-
-
-

-
-

-
-

min bps

X=1.8Mbps

1.8 Mbps

1.2 Mbps

Desired Bitrate

Selected Bitrate

79

LALISA, NOMS 2023



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

- Clients send their desired bitrate at each instance using CMCD

- The server selects bitrates to construct the bitrate ladder

based on the probability of desired bitrates

- This approach requires modification in the player

Encoding computation: 24%
Bandwidth: 18%

80



bitrates requested by 
the players

0.24 Mbps

0.36 Mbps

5.0 Mbps

3.4 Mbps

2.8 Mbps

. . .

Mega-Manifest

0.14 Mbps

0.09 Mbps

0.24 Mbps

0.36 Mbps

0.5 Mbps

2.8 Mbps

3.4 Mbps

4.5 Mbps

5.0 Mbps

7.0 Mbps

OTL

0.24 Mbps

5.0 Mbps

2.8 Mbps

at most ℓ (e.g., 3) representations

chosen for the OTL

served to 
the players
at the desired or 
lower bitrate

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

- The concept of Mega Manifest is introduced

- The clients select their desired bitrate from the Mega Manifest

- Based on probability of the requested bitrate, the optimized

ladder is constructed

Encoding computation: 24%
Bandwidth: 18%

82

ARTEMIS, NSDI 2024



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

Are they perceived differently?
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Bitrate Ladder Construction

Original Video 18Mpbs

100% of people perceive them as similar
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Bitrate Ladder Construction

Original Video 12Mpbs

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

Are they perceived differently?
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

Are they perceived differently?

JND
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)
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

Are they perceived differently?

JND
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)

similar quality with 

adjacent bitrates 
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

Are they perceived differently?

JND
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)

similar quality with 

adjacent bitrates 

30% Bitrate Saving
[Menon, Amirpour, et al, 2022, IEEE ICME]

[Menon, Amirpour, et al, 2022, IEEE ICME]
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Just Noticeable Difference (JND)

SRC QP=0 QP=51

…

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

SRC QP=0 QP=51

…

…

m

N1 2 3
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Just Noticeable Difference (JND)

SRC

…

1 2, ,...,m m m m

NJ j j j =  

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

N1 2 3

m

( )
1

1
( ) (VW-JND ) 1

N
m m

i

i

p x P x j x
N =

= = = =

Probability Mass Function (PMF) of         
:

mJ
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Just Noticeable Difference (JND)

SRC

…

N1 2 3

m

m

empCDF ( ) (VW-JND ) ( )m

x

x P x p





=  =

Cumulative Distribution Function (CDF) 
can be calculated from the PMF:
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Just Noticeable Difference (JND)

SRC

empSUR ( ) 1 CDF ( )
emp

m mx x= −
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Just Noticeable Difference (JND)

SRC

• Satisfied: didn’t perceive difference

• Not satisfied: perceived a difference

0.75
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Just Noticeable Difference (JND)

…

.

.

.

Content

Subjects
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Just Noticeable Difference (JND)

.

.

.

Content

Subjects
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Just Noticeable Difference (JND)

.

.

.

Content

Subjects
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Just Noticeable Difference (JND)

.

.

.

Content

Subjects
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Uncertainty

QP =33 QP =30

103



Bitrate as a function of SUR

Exponential
Relationship
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Bitrate Ladder Construction
Quality-aware bitrate ladder construction

JND for VMAF

Netflix: 6

RheinMain Univ: 2

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

JND for VMAF

Netflix: 6

RheinMain Univ: 2

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

JND for VMAF

Netflix: 6

RheinMain: 2

[Zhu, Amirpour, et al, 2023, IEEE VCIP]

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

[Zhu, Amirpour, et al, 2023, IEEE VCIP]

[Amirpour, et al, 2022, QoMEX]
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Bitrate Ladder Construction

Encoding

Bitrate

Rep. #01 145 kbps

Rep. #02 300 kbps

Rep. #03 600 kbps

Rep. #04 900 kbps

Rep. #05 1600 kbps

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

Quality-aware

Network-aware
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Bitrate Ladder Construction

Encoding

Bitrate
Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kbps 768x432

Rep. #03 600 kbps 960x540

Rep. #04 900 kbps 960x540

Rep. #05 1600 kbps 960x540

Rep. #06 2400 kbps 1280x720

Rep. #07 3400 kbps 2180x720

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
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Bitrate Ladder Construction
Per-title Encoding
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Bitrate Ladder Construction

720p

1080p

1080p

1080p

1080p
1080p

1080p

1080p

Per-title Encoding
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Bitrate Ladder Construction

270p

360p

432p

540p

540p

540p

720p

720p
Per-title Encoding
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Bitrate Ladder Construction

270p

360p

432p

540p

540p

540p

720p

720p

720p

1080p

1080p

1080p

1080p

1080p

1080p

1080p

[De Cock, et al, 2016, IEEE ICME]

Per-title Encoding
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Bitrate Ladder Construction
Per-title Encoding
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Bitrate Ladder Construction
Per-title Encoding
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Bitrate Ladder Construction
Per-title Encoding
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Bitrate Ladder Construction

Encoding

Bitrate
Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kbps 768x432

Rep. #03 600 kbps 960x540

Rep. #04 900 kbps 960x540

Rep. #05 1600 kbps 960x540

Rep. #06 2400 kbps 1280x720

Rep. #07 3400 kbps 2180x720

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
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Bitrate Ladder Construction

Encoding

Bitrate
Resolution FR

Rep. #01 145 kbps 640x360 60

Rep. #02 300 kbps 768x432 60

Rep. #03 600 kbps 960x540 60

Rep. #04 900 kbps 960x540 60

Rep. #05 1600 kbps 960x540 60

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)

[Amirpour, et al, 2022, IEEE ICME]

Bitrate Savings:
Resolution: 16%
Resolution+Framerate: 33%
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Bitrate Ladder Construction

Encoding

Bitrate
Resolution FR

Rep. #01 145 kbps 640x360 60

Rep. #02 300 kbps 768x432 60

Rep. #03 600 kbps 960x540 60

Rep. #04 900 kbps 960x540 50

Rep. #05 1600 kbps 960x540 50

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

121



Bitrate Ladder Construction

Encoding

Bitrate
Resolution FR Preset

Rep. #01 145 kbps 640x360 60 veryslow

Rep. #02 300 kbps 768x432 60 veryslow

Rep. #03 600 kbps 960x540 60 veryslow

Rep. #04 900 kbps 960x540 50 veryslow

Rep. #05 1600 kbps 960x540 50 veryslow

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

[Amirpour, et al, 2023, IEEE ICME]
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Bitrate Ladder Construction
Energy Consumption

[Amirpour, et al, 2023, IEEE ICME]

Preset Selection:
Energy Saving: 70%
Quality drop: 0.2 VMAF
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Bitrate Ladder Construction
Energy Consumption
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Bitrate Ladder Construction
Energy Consumption
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Bitrate Ladder Construction
Energy Consumption
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Bitrate Ladder Construction
Energy Consumption
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Bitrate Ladder Construction
Energy Consumption
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Bitrate Ladder Construction

Encoding

Bitrate
Resolution FR Preset Bit depth

Rep. #01 145 kbps 640x360 60 veryslow 10

Rep. #02 300 kbps 768x432 60 veryslow 10

Rep. #03 600 kbps 960x540 60 slower 1o

Rep. #04 900 kbps 960x540 60 slow 10

Rep. #05 1600 kbps 960x540 60 medium 10

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
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Bitrate Ladder Construction
Energy Consumption
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Bitrate Ladder Construction
Energy Consumption
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Bitrate Ladder Construction

Encoding

Bitrate
Resolution FR Preset Bit depth

Rep. #01 145 kbps 640x360 60 veryslow 8

Rep. #02 300 kbps 768x432 60 veryslow 8

Rep. #03 600 kbps 960x540 60 slower 9

Rep. #04 900 kbps 960x540 60 slow 9

Rep. #05 1600 kbps 960x540 60 medium 9

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
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160

Encoding
Bitrate

Resolution

Rep. #01 10 0 kbp s 480x270

Rep. #02 20 0 kbp s 480x270

Rep. #03 400 kbps 640x360

Rep. #04 70 0 kbp s 640x360

Rep. #05 1200 kbps 76 8x432

Rep. #06 18 00 kbps 960 x540

Rep. #07 2500 kbps 960 x540

Rep. #08 3500  kbps 960 x540

Rep. #09 4500 kbps 1280x720

Rep. #10 6400  kbps 1280x720

Rep. #11 9200 kb ps 1280x720

Rep. #12 13000 kbps 19 20x1080
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160

Encoding
Bitrate

Resolution

Rep. #01 10 0 kbp s 480x270

Rep. #02 20 0 kbp s 480x270

Rep. #03 400 kbps 640x360

Rep. #04 70 0 kbp s 640x360

Rep. #05 1200 kbps 76 8x432

Rep. #06 18 00 kbps 960 x540

Rep. #07 2500 kbps 960 x540

Rep. #08 3500  kbps 960 x540

Rep. #09 4500 kbps 1280x720

Rep. #10 6400  kbps 1280x720

Rep. #11 9200 kb ps 1280x720

Rep. #12 13000 kbps 19 20x1080

Challenges Increasing cost

Backward Compatibility

DNN Reliability
[Amirpour, et al, 2023, IEEE TSV]
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160

Backward Compatibility
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Bitrate Ladder Construction
CPU vs GPU devices (DNN training)

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160

Original Video

Training

Encoded Video
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160
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Bitrate Ladder Construction
CPU vs GPU devices (DNN Compression)

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160

1- Pruning

3- Quantization

2- Bit Precision

4- …

Compression
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Bitrate Ladder Construction
CPU vs GPU devices (DNN Compression)

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160

Compression

60kB

12kB
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160
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Bitrate Ladder Construction
CPU vs GPU devices

Encoding
Bitrate

Resolution

Rep. #01 145 kbps 640x360

Rep. #02 300 kb ps 76 8x432

Rep. #03 600  kbps 960 x540

Rep . #04 900  kbps 960 x540

Rep . #05 16 00 kb ps 960 x540

Rep. #06 240 0 kbps 1280x720

Rep . #07 3400 kb ps 1280x720

Rep. #08 4500 kbps 19 20x1080

Rep . #09 5800 kbps 19 20x1080

Rep. #10 8100 kbps 2560x1440

Rep. #11 11600 kbps 3840x2160

Rep. #12 16 800 kbps 3840x2160
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Bitrate Ladder Construction
CPU vs GPU devices (Compression Efficiency)
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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Bitrate Ladder Construction
CPU vs GPU devices
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SERVER NETWORK PLAYER

Encoder Playback
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Playback

Feature 
Extraction

Video Encoding Complexity Prediction

• Where to encode?
• What bitrate ladder to select?

• What encoding parameters to set?

Video

Internet

Bitrate ladder

Inference

Bitrate Ladder Construction
Feature Extraction for Live Video Streaming
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- The state-of-the-art spatial and temporal complexity feature is SI-TI.

- The correlation with ground truth spatial and temporal complexity is low!!!

Bitrate Ladder Construction
SI-TI

Sobel Filter
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- VCA introduces DCT-based spatial-temporal complexity features

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

Bitrate Ladder Construction
Video Complexity Analzyer (VCA)

[Menon, Amirpour, et al, 2022, ACM MMSys]
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➢ The state-of-the-art spatial and temporal complexity feature is SI-TI [1,2].

[1] ITU-T P910 Subjective video quality assessment methods for multimedia applications. 

[2] SITI source code: https://github.com/Telecommunication-Telemedia-Assessment/SITI

Bitrate Ladder Construction
Video Complexity Analyzer (VCA)
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➢ The state-of-the-art spatial and temporal complexity feature is SI-TI [1,2].

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

[1] ITU-T P910 Subjective video quality assessment methods for multimedia applications. 

[2] SITI source code: https://github.com/Telecommunication-Telemedia-Assessment/SITI

Bitrate Ladder Construction
Video Complexity Analyzer (VCA)

164



p

p

k w

w

𝐷𝐶𝑇(𝑖, 𝑗) is the (𝑖, 𝑗)𝑡ℎ DCT component,          𝑖 + 𝑗 > 0
0,                                                                   otherwise

𝐻𝑝,𝑘 = ෍

𝑖=0

𝑤−1

෍

𝑗=0

𝑤−1

𝑒
(
𝑖𝑗
𝑤2)

2−1
𝐷𝐶𝑇(𝑖, 𝑗)

Bitrate Ladder Construction
Video Complexity Analyzer (VCA)
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Where C represents the number of blocks per frame.

𝐸 = ෍

𝑘=0

𝐶−1
𝐻𝑝,𝑘
𝐶.𝑤2

Bitrate Ladder Construction
Video Complexity Analyzer (VCA)
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p

k

p-1

p

w

w

p-1

k w

w

k

ℎ = ෍

𝑘=0

𝐶−1
𝑆𝐴𝐷(𝐻𝑝,𝑘 , 𝐻𝑝−1,𝑘)

𝐶.𝑤2

Bitrate Ladder Construction
Video Complexity Analyzer (VCA)

167



Spatial Complexity (E) Temporal Complexity (h)

Bitrate Ladder Construction
Video Complexity Analyzer (VCA)
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Average time to compute E-h for 2160p (with x86 SIMD and multi-threading).

Bitrate Ladder Construction
Video Complexity Analyzer (VCA)
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- EVCA refines the definition of the temporal complexity feature

- Temporal complexity correlation has increased.

Bitrate Ladder Construction
Enhanced Video Complexity Analyzer (EVCA)

[Amirpour, et al, 2024, ACM MMSys]
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Bitrate Ladder Construction
Enhanced Video Complexity Analyzer (EVCA)

[Amirpour, et al, 2024, ACM MMSys]
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Bitrate Ladder Construction
Feature Extraction for Live Video Streaming

SITI VCA EVCA

17
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Bitrate Ladder Construction
Feature Extraction for Live Video Streaming

SITI VCA EVCA

Unsupervised
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Bitrate Ladder Construction
Feature Extraction for Live Video Streaming

SITI VCA EVCA

Unsupervised Supervised

Labels?

DeepVCA

Sp
at

ia
l C

o
m

p
le

xi
ty

Te
m

p
o

ra
l C

o
m

p
le

xi
ty

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

SC1
SC

predictor

SC
predictor

SC
predictor

TC
predictor

TC
predictor

TC2

SC2

TC3

SC3

F1

F2

F2

F3

Frame1

Frame2

Frame3

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

SC1
SC

predictor

SC
predictor

SC
predictor

TC
predictor

TC
predictor

TC2

SC2

TC3

SC3
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[Amirpour, et al, 2024, IEEE TCSVT]
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Device Description

VCA CPU Optimized software

EVCA GPU Enhanced temporal complexity

DeepVCA GPU Enhanced Temporal complexity

Open-source Software
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Motion-Inspired Image Complexity Metric
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Bitrate Ladder Construction
Live Video Streaming

[Amirpour,  et al, 2022, IEEE ICME]
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[Amirpour, et al, 2022, IEEE ICME]
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Live Video Streaming

[Amirpour, et al, 2022, IEEE ICME]
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Live Video Streaming

1.6Mbps
1080p

1.6Mbps
540p

[Amirpour, et al, 2022, IEEE ICME]
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Encoder Playback
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- Transcoding is expensive:

- Optimal Encoding Decision

- Quantization and Entropy Encoding

Light-weight Transcoding 
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- Transcoding is expensive:

- Optimal Encoding Decision

- Quantization and Entropy Encoding

Light-weight Transcoding 

199



- Transcoding is expensive:

- Optimal Encoding Decision

- Quantization and Entropy coding

Decision

Entropy coding

Bitrate

Decision

Entropy coding

Time

Light-weight Transcoding 
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- Finding the optimal CTU partitioning takes the majority of the encoding time

- Signaling the optimal CTU partitioning in bitsream requires minimal bits

Decision

Entropy coding

Bitrate

Decision

Entropy coding

Time

Light-weight Transcoding 
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SERVER NETWORK PLAYER

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

- 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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LwTE: Light-weight Transcoding at the Edge,  2021
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Encoder Playback
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Quality of Experience
Impact of Viewing Distance [In-Lab Subjective Test]
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Impact of Viewing Distance [In-Lab Subjective Test]
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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.
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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.
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Current & Future Work + Open Challenges

● HTTP adaptive streaming: DASH, HLS, CMAF 

● Video coding for HAS (bitrate ladder optimizations) has been extensively 

researched, some niche problems seeking for solutions 

● Media over QUIC needs more attention in the multimedia research 

community 

● New (immersive) modalities & coding formats in its infancy wrt streaming 

● (Generative) AI for video streaming 
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The same video

Encoded independently

Encoding decisions can be reused

Fast Multi-rate Encoding

Video Coding for HAS
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reference encoding

metadata

Fast Multi-rate Encoding
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reference encoding

dependent encoding

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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Efficient Multi-Rate Video Encoding for HEVC-Based Adaptive HTTP Streaming, TCSVT 2016
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Fast Multi-rate Encoding for Adaptive HTTP Streaming, DCC 2020
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Video Coding for HAS

reference encoding

dependent encoding

Fast Multi-rate Encoding
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Fast multi-resolution and multi-rate encoding for HTTP adaptive streaming using machine learning, OJSP 2021
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Fast multi-resolution and multi-rate encoding for HTTP adaptive streaming using machine learning, OJSP 2021
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reference encoding
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EMES: Efficient Multi-encoding Schemes for HEVC-based Adaptive Bitrate Streaming, ACM TOMM 2023
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