Bitrate Ladder Optimization for Live Video Streaming

bl )

UNIVEARSITY \OF KLAGENFURT

Farzad Tashtarian

Department of Information Technology,
University of Klagenfurt

Nov. 18, 2025



AATHENA | I}

RRRRRRRRRRR
IIIIIIIIIII

~ An overview E)ftthg:
pr: Degr@@ ’ .
» ARTE
| il_i_vé_ Vlde oStreamJ

Future research dire

freedom in v

1IS: Adaptiv



About me

Mathematical Modeling

SIream\ng Resource Managementwdeo Network\ng
vieoNetworkingE N -to-ENnd Latency o Nefworking Goe

Farzad Tashtarian g)f\/ldeo NetWOI;meZQnngE

. . TQoEE =S ptimization”

Ph.D. in Computer Engineering, St Erge tnatgency

Postdoctoral Researcher (2021-Present) = real I ”ng

University of Klagenfurt, Austria QOEResour?e Managememgaeammg
T = ~Video Networking

-Optimizationeoe:

. Opt|m|zatlon Mathematical Modeling sveaming

ATHENA Project 0ok SHERMING S

https://www.tashtarian.net/ Wathematical Mo de"nngE

Optimization
pResource Mwmgemem Malhemanca\ Modeling*: En: >-End Latel

Adaptive Streaming over HTTP and Emerging
Networked Multimedia Services

| >
Mo T srvovn

TR0 e hristian Doppler
FAKULTAT FUR TECHNISCHE WISSENSCHAFTEN Fors(c:hun S ese“s‘;ﬁ:& o Proble
INSTITUT FUR INFORMATIONSTECHNOLOGIE g g

farzad.tashtarian@aau.at

/\ ATHENA



https://athena.itec.aau.at/
https://www.tashtarian.net/
mailto:farzad.tashtarian@aau.at

ATHENA Project /A ATHENA

Christian Doppler (CD) Laboratory

Adaptive Streaming over HTTP and Emerging >>> BITMOVIN
Networked Multimedia Services d
e Application/transport layer enhancements Forschuman ol
e Quality of Experience (QoE) models
e Low-latency HAS
e Learning-based HAS

End-to-End Aspects

Content Provisioning t Consu

Video encoding for HAS
Quality-aware encoding
Learning-based encoding
Multi-codec HAS

Edge computing
Information CDN/SDN - clients
Netw. assistance for/by clients
Utility evaluation

Bitrate adaptation schemes
Playback improvements

Context and user awareness
Quality of Experience (QoE) studies
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Horizontal View of Video Streaming

End-to-End Aspects
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Triangle of Video Streaming Optimization
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Degree of Freedom in Video Streaming
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Live Video Streaming Pipeline
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Bitrate Resolution

o Bitrate 5Mbps  1920x1080 FES 1
System Admin Ladder 28Mbps  1280x720 LR

11Mbps  960x540 Mgdiuz

Low

(r/\ ] % [HTTP Response>

IHm / HTTP Request |
e Fixed bitrate ladder Manifest includes representations:
Li o Content-aware, e.g., Netfli e different versions of the content optimized for various
o Context-aware, e.g., [Lebre playback conditions, e.g., different bitrates and

o Agnostic of the content al resolutions



Bitrate Selection by an Adaptive Bitrate (ABR) Algorithm

Desired Bitrate

------------------------------------- - 4.6 Mbps 4—[ ABR Objective Function ]

Gap: 2.2 Mbps l T T

------------------------------------- — s

Selected Bitrate [ Buffer ] [Bandwidth ]
1.2 Mbps ABR Algorithm
e Lower Quality \
e Underutilized Bandwidth 0.8 Mbps N
7 Eu
Manifest File —
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The Highest Bitrate Might be Too Low

------------------------------------- + |- 8.0Mbps Desired Bitrate
Gap: 3.2 Mbps l
ABR Objective Function ]
------------------------------------- e 4.8 Mbps
Selected Bitrate T T
[ Buffer ] [Bandwidth ]
ABR Algorithm
e Lower Quality
e Underutilized Bandwidth 1.2 Mbps \\
0.8 Mbps -E%
"]
7 ————
Manifest File Player
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The Lowest Bitrate Might be Too High

e Excessive Bandwidth
e High Stall Probability

Farzad Tashtarian

----|[ 0.8 Mbps | |«— 0.8 Mbps

Selected Bitrate
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ABR Algorithm
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Manifest File
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Advertising Five Representations by the Manifest
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Advertised Bitrate Selected Bitrate by ABR
in Manifest (Manifest with Five

(Five Representations) Representations)

AN

Bitrate (Mbps)

Time (s) Time (s)
(b) LoL+ ABR

Farzad Tashtarian



Mega-Manifest for Better Bitrate Alignment

7.0 Mbps Desired Bitrate
5.0 Mbps 4.6 Mbps
4.5 Mbps =5

A

3.4 Mbps_ [N 5 { ABR Obijective Function]
2.8 Mbps 0.1 Mbps Selected Bitrate

Large number of

< .
representations .
_ Reduced gap between the
0.365 Mbps desired and served bitrates
0.24 Mbps
0.145 Mbps
0.09 Mbps . .
- 7 Static during streaming

Mega-Manifest
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Advertising 19 Representations by the Mega-Manifest
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Dependence of Video Quality on the Bitrate

VMAF: Video Multimethod Assessment Fusion

VMAF

—— Sport

0 ——— Documentary 0- ——— Documentary
051 2 3 4 6 7 051 2 3 4 6 7
Bitrate (Mbps) Bitrate (Mbps)
(a) Resolution 1920x1080 (b) Resolution 1280x720
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Impact of the Mega-Manifest on the Encoder

1@ Encoding the content into all representations
- X - of the mega-manifest in live streaming

== js time-consuming

High Computation High Storage
: l: Ll I1 :
1 CPU | :j
. 0.5Mbps | aaananl High Bandwidth
0.365 Mbps
0.24 Mbps Cr/-} -.
0.145 Mbps E ‘-
0.09 MbpSV Origin Server
(Encoding & Packaging) CDN Server

Mega-Manifest
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ARTEMIS Aims To;

e Adaptively select an
optimal subset of the mega-manifest representations
by using:

> Predicted quality indicator as the peak
sighal-to-noise ratio (PSNR)

> Received CDN logs containing the selected bitrates
and QoE parameters of the players

e Be end-to-end and agnostic of the player/ABR types

e Operate in a time-slotted fashion
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ARTEMIS Conceptual Architecture

ARTEMIS Origin
(AO) Agent @ ARTEMIS

{c}} ARTEMIS Analytics
z’§$ (AA) Server

Messages
|
* CDN LogI Mega-Manifest
—B
'@ _>(o\;> - ) HTTP Req. + CMCD |
o - Encoded . DI
°— Segments HTTP Res. '
Live Camera Origin Server CDN Media Players
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ARTEMIS at a Glance

Advertise a large
number of

representations |
| A=

[ ]
—————

OTL: Optimal Temporary Ladder | ;

Live
Camera

Utilize the OTL

Players

Encoded
segments Mega-Manifest

"B

. Process requests Select representations
Orlgln Server  and video qualities with bitrates that closely

and determine OTL Server match the desired bitrates
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Optimal Temporary Ladder (OTL)

e Cornerstone of ARTEMIS

e Optimal subset of the mega-manifest representations utilized
by the live encoder

e Challenges

> How to select the OTL?
> Which constraints should the OTL impose?
> When should the OTL be updated?
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OTL : Maximum Length and Bitrate Reduction

chosen for the OTL
s 00 Voos [ ~| I |~ served to
the players
e atthe
desired or

—— A Y- - - ~| BEEER- |oor bitiate
_ 0.5Mbps |

0.365 Mbps | —— 0.365 Mbps

0.24 Mbps | ——»| 0.24 Mbps 1 ------------- > 0.24 Mbps >

0.145 Mbps bitrates requested

0.09 Mbps by the players OTL

VMega-Manifest at most £ (e.g., 3) representations
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OTL : Traffic Reduction

requested bitrate jts frequency
| |
_
_ 0.5Mbps |
0366 Mbps | | ——>{0.365 Mbes | (8% — 1 v rediuction’
0.24Mbps | ——»] 024 Mbps |[2% | -T 0.24 Mbps
0.145 Mbps 0.125 Mbps x [8% |
0.09 Mbps I | | OTL
J"Mega-Manifest total E\r/?afrfiigbrleedsL)JCtion
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OTL : Quality Improvement

requested bitrate quality
7.0 Mbps
5.0 Mbps 51 dB |-~ 5.0 Mbps
4.5 Mbps
3.4 Mbps 44 dB F—-------- S -
_i quality degradation
2.8 Mbps : 42 dB | Tt T T 2.8 Mbps
2aB x [HO%0
0.365 Mbps | ——{0.365 Mbps |[ 8% |[31dB _i'c'q'Jé'I'iig}'d'é'g'r'é'd'é't'i'é'n
0.24 Mbps | ——| 0.24 Mbps |[2% |[30adB | " T 0.24 Mbps
0.145 Mbps -1dBx [8% |
0.09 Mbps : — — OTL
J"Mega-Manifest total qtz\?;:i);gég(;?datlon
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ARTEMIS Maximize: o.x L+(1—0a)x -

A}
MILP model 2
subjectto: 'Y y.i4+x=1 VieB,
jEB& j<i
Z Vji <XjXm Vji€EB
ieEB& j<i
Zx,-gf.
i€B
lei-x-il < Ba
i€EB
gx Y} n<), Y rixyyx(F(b)—F(b))
i€B i€EB jeB & j<i

str,<Z Z r; X ¥ji X (b;i—bj)

i€B i€B jeB & j<i
variables: x;, yj; €{0,1}, ¢<0,ands >0
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OTL X Com putation [ Quallty mpr@ Traffic reductio

e Objective function: Maximize GX%HI—G)X

| «

e Parametera

> Relative importance of quality improvement
vs. traffic reduction

0- T T 125
> Computed from the stall _

information of the players 2 -2 04
v s
g 4 c
% -1.5%)
A
' The value of ais selected based E 10
' on the received stall information g B

' from the players in CMCD. S ~10; 05

00 02 04 06 08 1.0
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Time complexity of MILP model

> Dependent on m, the number of representations
in the mega-manifest

50
% o /
£ 1 E 200
£ £

30
= = 150
S 20 S
-5 ‘= 100
0 o

10
X e e DU N, o o o eV X 50
L L

0 —

10 200 400 600 800 1000 510 20 30 40 S0
Number of segments m
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Performance Evaluation - Testbed

Client Side
Media Players

-

dash s

Requests &
Responses

HTTP

Amazon EC2

Origin Side : ;

AO Agent | AA Server :
— |

i ' ) :

SID | Bitrate | PSNR — ™ |

' Indicator A :

, Function I

OTL Bitrate |Resolution E E

: Requests’ | |OTL :

| URLs and |

s : SID i

PSNR Values Encoder Settings:! !
Origin Server E CDN  J E
: Amazon {\ .

[ BITMOVIN Live Encoder ) :‘qoudpront . 3
. E Emulated E

Encoded Segments:
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CDN Frontend

Mega-Manifest l%
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Evaluation Settings
e Network traces: LTE, AmazonFCC, Cascade-5, and Cascade-20

e Content type: animation, sport, movie, and documentary
e Baselines for ARTEMIS: five static bitrate ladders

e Players: dash.js

Bitrate Ladder | Length = Min. [Res.@Bitrate] Max. [Res.@Bitrate]

Theo 4 360p@0.365 Mbps 1080p@4.0 Mbps
Mux 4 360p@0.75 Mbps 1080p@4.5 Mbps
Bitmovin 6 240p@0.145 Mbps 1080p@4.5 Mbps
Pensieve 6 360p@0.365 Mbps 1080p@4.3 Mbps
Twitch 6 360p@0.5 Mbps 1080p@7.0 Mbps
ARTEMIS 29 240p@0.145 Mbps 1080p@7.0 Mbps
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Evaluation Settings
e Network traces: LTE, AmazonFCC, Cascade-5, and Cascade-20

e Content type: animation, sport, movie, and documentary

e Baselines for ARTEMIS: five static bitrate ladders

e Players: dash.js

7] | O v

o | | © vy o n| il onl v Q| V| ©| n| ©
S = | Al v elwv]|alaf 2| al x| e =l d vl ol F S <G al 8|S
= OOOOO[\.O'—'v—————NNN@MMMM@@@@©©@@
® @@@@@@@@@@@@@@@@Q@@@@o.o.é.gg.gc.n.
P 8‘8‘8‘8‘§‘8‘§'8‘88‘8‘8‘8‘8‘8‘8‘%Sgé‘é‘%%wwww%%
I HEEEERHE R EHEHEEEHEBEREEHEE EHEEHEEEE
Theo v v v v

Bitmovin | v v v v v

Mux v v v v

Pensieve ve v v v v v

Twitch v v v v v v
ARTEMIS | v | VI V| V| V| V| V| /| V|||V
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Static Ladder (Twitch) vs. OTL : Experimental Setup

0.365 Mbps
0.24 Mbps
0.145 Mbps
0.09 Mbps
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VMega—Manifest

c
SE[ e
2z
8 ____________ Time | & 0
e |00 : 50 Players
-uooon S £ 170 :
R SE[ 185 : LoL+ ABR
. Network 53 :
Origin Server Switch &?Tlme =
- /

Scenario 1:
Encode Content using Twitch Ladder

Scenario 2:
Encode Content using OTL
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[ Moments of OTL }

Static Ladder (Twitch) vs. OTL

Changes
10 Pre—eeccecccceoeeooooe 1
Available :
Bandwidth :
|
- @ B T g
a a
Q Q
= 3
0 { ................. ] 0
E -..:...... - .n... el 4‘-6
E 3.75 1 gn# Q
@ 324 A @
/\ ARTEMIS Aligns the OTL
29 with the Requested Bitrates
1 e — 11
0:5 ] 'I \‘ 0 36'5 -
|\ 0.145 |
0 85 \150 0 85 150
[T itch Ladd sl Twitch Serves All e )
witch Ladder :
(a) Twitch Requests at 3.75 Mbps ] (b) ARTEMIS
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Quality of Experience (QoE) with ARTEMIS vs. Five Static Bitrate Ladders

BN Theo B Bitmovin Bl MUX I Pensieve B Twitch

35

30 -

LTE AmazonFCC Cas-5 Cas-20
Avg. QoE improvement

Average QoE up 11%
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QoE and Latency with ARTEMIS vs. Five Static Bitrate Ladders

BN Theo B Bitmovin Bl MUX I Pensieve B Twitch

G oty
40 1

30 -

30 A

%

20 ~

10

o_
LTE AmazonFCC Cas-5 Cas-20 LTE AmazonFCC Cas-5 Cas-20

Avg. QoE improvement Avg. end-to-end latency improvement

Average QoE up 11% Average Latency down 18%
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QoE and Latency with ARTEMIS vs. Five Static Bitrate Ladders

BN Theo B Bitmovin Bl MUX I Pensieve B Twitch

G oty
40 1

30 -

30 A

%

20 ~

10

o_
LTE AmazonFCC Cas-5 Cas-20 LTE AmazonFCC Cas-5 Cas-20

Avg. QoE improvement Avg. end-to-end latency improvement

Average QoE up 11% Average Latency down 18%
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QoE, Latency, and Stall with ARTEMIS vs. Five Static Bitrate Ladders

BN Theo B Bitmovin

35

30

LTE AmazonFCC Cas-5 Cas-20
Avg. QoE improvement

Average QoE up 11%

Bl MUX Il Pensieve B Twitch
120 A
40 A 9

100 A

30
80 -
= 20+ X 60
40 A

10 -
20 -
0- 0 -

LTE AmazonFCC Cas-5 Cas-20 LTE AmazonFCC Cas-5 Cas-20

Avg. end-to-end latency improvement Avg. stall improvement

Average Latency down 18%

Average Stall down 36%
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BN Theo B Bitmovin Bl MUX I Pensieve Bl Twitch

»n 0.50 A
o
0
S 0.25-
T T T T 0-00 .
LTE AmazonFCC Cas-5 Cas-20 LTE AmazonFCC Cas-5 Cas-20
Avg. bitrate instability improvement Avg. bitrate degradation
201 10 -
- 5 4
e 10
0- 0
_10 L | I ) I -5 l I 1 1 I
LTE AmazonFCC Cas-5 Cas-20 LTE AmazonFCC Cas-5 (Cas-20
Avg. VMAF instability improvement Avg. VMAF degradation

Farzad Tashtarian Bitrate Ladder Optimization for Live Video Streaming



Summary

e Adaptive bitrate ladder optimization for live video streaming

> Seamless enhancement of the end-to-end pipeline
> Accounting for the context via scalable player feedback
> Content awareness via PSNR

e Mega-manifest to advertise a large number of representations
e Short dynamic ladder for encoding the content

> An optimal subset of the mega-manifest representations

e Multi-objective performance improvement

> Reduced end-to-end latency and stall
> |ncreased quality of experience
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ARTEMIS Algorithm

Algorithm 1 ARTEMIS Algorithm

Algorithm 2 StallAnalysis Function

1: for each time slot do

2 R, T+[,F+9,0" o

3 while in CI do > CI interval starts
4. T,R < ProcessCDNlogs()

: F < QualityFunction()

6: end while > OT interval starts
7 o, f1 «StallAnalysis(7") > Algorithm 2
8: 0, g + Optimization(o, O*,R, F)

9: if f| then
10: SendOTLtoAOagent(O)
11: 0"+ 0
12: else
13: f> «-QualityAnalysis(g, F) > Alg. 3
14: if /> then
13: SendOTLtoAOagent(O)
16: 0" +0
b7 end if
18: end if
19: end for

I
2:
3
4:
5:
6.
7
8

9:
10:
11:
12:
13:
14:
15;
16:
17
18:

Inputs: LastStall, StallAlpha
function STALLANALYSIS(T)

[* < mean(T)
o «+—SelectAlpha(StallAlpha,/*)
| +LastStall
if / == 0 then
t < min(1,1%)
else
t < min(1, I‘T_’)
end if
LastStall< [*
p +GenerateRandom(uniform[0,1))
if p <t then
f + True
else
f « False
end if
return o, f

19: end function

Algorithm 3 QualityAnalysis Function

1
2
3
4:
5z
6
T
8

| 5
18:

Inputs: O*
function QUALITYANALYSIS(q, F)

d ]
foric Bdo
d.append(DiffQuality(b;,r;,a;.F ,i))
end for
q* < mean(d)
if g == 0 then
t < min(1,q")
else
t < min(1, %I“")
end if
p +GenerateRandom(uniform[0,1))
if p <t then
return True
else

return False
end if

19: end function 42




Other Bitrate Ladders

ARTEMIS bitrate ladder

BEeE 0.0 pleRe] 0.0 0.0 0.0 0.0 plefeRe) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 pHefeMe] 0.0 : : 0l 0.0

0.0

Bitmovin ) ] 00 00 00 0.0 0.0 ] 00 00 0.0 0.0 pfXs] 0.0 00 0.0 0.0 0.0 0.0 0.0 LY 0.0

Mux : - : 0.0 pNoeNe] 0.0 pNOJoRe] 0.0 0.0 0.0 piefeHe] 0.0 0.0 0.0 pNefeR®} 0.0 : 0.0 0.0 0.0 pKeloRe} 0.0

Pensieve : 0.0 pReoNe] 0.0 0.0 0.0 peleMe] 0.0 0.0 pReloNe] 0.0 0.0 0.0 piefeMe} 0.0 0.0 0.0

Iliceg 0.0 0.0 pKeloMe] 0.0 0.0 0.0 0.0 pleleMe] 0.0 0.0 pleeRy} 0.0 0.0 0.0

RE=RilN] 28.4 0.0 446 0.0 EIEN 0.0 pOIX] 0.0 4.1 203 0.0 §ENA 0.0 0.0 27.0 0.0 0.0
AmazonFCC {100.0 100.0ZL: SR X X0 79 197 00 00 00 EkERA 66 00 00 0.0 0.0
TR RERS 505 00 176 0.0 0.0 00 00 00 00 EPEN 00 0.0 0.0 189 0.0
Cas-20 {100.0 100.0 XK 0.0 0.0 [59:5] 00 0.0 10.8 0.0 EPEY 00 0.0 135 0.0 0.0
Q‘\,\@ Q,?)é) o2 »o Q/_\‘> &Y &Y A A¥ ¥ O P A ’L’f) a2 a® aY ’5"\6 O

Percentage of the encoded segments at different bitrates (Mbps)
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How to Set o?

Set a based on the received stall information from the players in CMCD.

StallAlpha={al:(t1,t2),a02:(t2,t3),...}
StallAlpha={1:[0,1], 0.9:[1,2], 0.8 : [2,3], 0.7 : [3,4], 0.6 : [4,5], 0.5 : [5,100]}

ARTEMIS Origin (B ARTEMIS Analytics
(AO) Agent (e artemis | BGED] (AA) Server
Messages

* CDN Log: Mega-Manifest
.
HTTP Req. + CMCD
B o (e
<
Encoded @ iz
Segments HTTP Res.

Live Camera Origin Server CDN Media Players
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Time-slotted Operation by ARTEMIS

CDN

— CDN Logs

AA Server —OTL
pess<he collecting inputs (Cl) interval _l
! -»determining OTL (OT) interval AO
o Ol. 0 - Agent
_ I — +» time J
T LQuaIity Indicator Function
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When Should OTL be Updated?

If compared to the previous timeslot, the stall is going up, or the new
OTL significantly improves the quality.

if (rand()< P1) or (rand()< P2) then

| Update OTL
end
L1+ Mean stall in previous OT L1+ Mean quality impr. by previous OTL
L2+ Mean of the current stall L2« Mean quality impr. by the new OTL
Pl+ min(1,L2) P2+ min(1, L2)
if L1 # 0 then if L1 # 0 then
‘ fo min(l,LQL_lLl) ‘ P2 « min(l,L2L_lLl)

end end 47



OTL : Changes between Consecutive Time Slots

5.0 Mbps [ e AR

2.8 Mbps 2.8 Mbps

0.24 Mbps |--}---- |-

OTL OTL

Current Time Slot Next Time Slot

a bitrate change

AN
/

a bitrate change

The number of bitrate
changes is at most 3

(e.g., 2)
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Comparing Stall, VMAF, QoE, and Encoded/Served Bitrate

1.1
6 .
E 4 1.0 -
£
= 2 - 0.9 -
o - 0.96 1.0
Twitch ARTEMIS Twitch ARTEMIS
Avg. Stall Norm. Avg. QoE
1 L .1 2
00 £ 0
. -
90 & 1.0 15
£ 1.0 1
80 - 5 a
g 0.93 10 8
70 A c =
o 0.9
i . )
60 =
= L7 12.5
50 = = 08 T T T T = O
Twitch ARTEMIS E.Time E.Data S.Data E.Time E.Data S.Data
AVg VMAF Twitch ARTEMIS
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