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DAVID GRINDLE

Starting the new year with 
an exciting new look for the 
Motion Imaging Journal is a 
great way to share the ener-

gy and ideas of SMPTE members. The 
new look of this journal comes from 
feedback and input from our editorial 
board and journal staff members. The 
journal has had many “refreshers” 
over its history. This is just one in a 
series of modifications. What remains 
constant is the peer-reviewed content.

Peer-review has long been used 
in science and technology to ensure 
that accurate and honest informa-
tion is shared. Applying this process 
to our journal and technical papers 
gives SMPTE a global reputation for 
solid science. I am thankful to the 
peer reviewers who make this pro-
cess possible and the authors who 
put in the time and effort and are 
willing to have their work scrutinized 
by their peers. Our goal is to keep in-
creasing the number of authors that 
submit work for peer review to get 
the latest research from related fields 
and those from our historical pool of 
media scientists and technologists. 
Outreach to computer science, phys-
ics, and engineering professionals to 
submit their work is key to maintain-
ing a strong and healthy journal.

Our members also noted that they 
would like use cases and other types 
of articles. This, too, is important. 

Many of our members work in the 
field of applied media science daily. 
Those stories of success, discovery, 
and sometimes failure are equally im-
portant. They require editors but not 
necessarily a scientific peer review. It 
makes them no less important to our 
members. We are excited to expand 
the journal to include these articles.

Including these adds value for our 
readers globally while opening the 
door for new authors to share their 
experiences with the SMPTE mem-
bership.

Adding these updates suggested 
by our members keeps the members’ 
voices centered in SMPTE. Paired with 
the inclusion of the full Standards Li-
brary Access and Self-Paced Learning 
in the cost of membership for each 
person, SMPTE is reinventing its view 
of member benefits. These reflect 
the reality of what people look for in 
membership organizations.

Our Standards community con-
tinues its work on revisions and up-
dates to Standards and discusses the 
impact of AI and the move to open-
source environments. Both will im-
pact the traditional systems for cre-
ating Standards but will not negate 
the need for Standards. This remains 
part of SMPTE’s core.

In addition to Standards, our 
members seek support in learning 
skills and showing the success of that 
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learning. We are working to provide 
those kinds of certificates that can be 
shared and acknowledged by employ-
ers. This is yet another member re-
quest that we are working to address 
to provide the value that members 
seek in being part of SMPTE.

With all this said, I implore you to 
be active and engaged in your chosen 
Section, chapter, or global effort. We 
need your constructive ideas and in-
put. As members, you can best artic-
ulate what brings value to your work 
environment. As a global organiza-
tion, we must acknowledge that what 
one part of our membership needs, 
another may find less valuable. But 
that doesn’t mean there is no value. 
We may be like the American Auto-

mobile Association, providing a myr-
iad of benefits used by some of our 
members and not by others, yet offer-
ing value to all.

I hope you enjoy the refreshed ver-
sion of the Motion Imagining Journal 

and look forward to continuing to 
bring value to your SMPTE member-
ship.

DOI: 10.5594/JMI.2024.FROO4424 
Date of publication: 24 January 2024

I IMPLORE YOU TO BE  
ACTIVE AND ENGAGED IN 
YOUR CHOSEN SECTION, 
CHAPTER, OR GLOBAL 
EFFORT. 
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Brian Bentley, EdD

Some of SMPTE’s most influential members are fac-
ulty at highly esteemed colleges and universities. 
One of these members is Brian Bentley, EdD, As-
sociate Dean for the School of Arts & Sciences and 

Assistant Professor in the Department of Mass Media Arts 
at Clark Atlanta University. Bentley has had an incredible 
career and is responsible for creating the first Historical-
ly Black Colleges and Universities (HBCU) SMPTE student 
chapter.

Bentley began his career as a student, earning a BA in 
broadcasting from Southern University and a Certificate 
in game design from Full Sail University. He has an incred-CURRENT POSITION:  

Associate Dean for the School of Arts 
& Sciences and Assistant Professor in 
the Department of Mass Media Arts at 
Clark Atlanta University

PROFESSIONAL  
ORGANIZATIONS:  
SMPTE; Broadcast Education Associ-
ation (BEA); National Association of 
Black Journalists (NABJ); Association 
for Education in Journalism and Mass 
Communication (AEJMC); National 
Academy of Television Arts & Sciences 
(NATAS); Southeast Chapter, Interna-
tional Game Developers Association 
(Atlanta Chapter); National Associa-
tion of Mathematicians

DEGREES:
MA, MBA, MFA

BY RUSSELL POOLE
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ible number of degrees, including an MA in mass commu-
nications from Southern University, an MBA from Purdue 
University Global, and an MFA in creative writing from 
Full Sail University. He received a doctorate in instruction-
al leadership from Argosy University. Bentley is also now 
pursuing a PhD in strategic media at Liberty University.

“I would say that my main influences during my career 
were my parents,” said Bentley when asked about those 
who influenced him. “They always instilled in me the val-
ue of hard work and taught me always to be professional. 
My parents are always there for encouragement and in-
spiration.”

While earning his degrees and after receiving them, 
Bentley had a rather illustrious career in film and televi-
sion, working as a television news producer while shar-
ing time in production. Furthermore, he has worked in 
the post-production industry, spending some time as a 
film colorist. His career in education spans more than 20 
years. Bentley's roles have included administrative posi-
tions such as Associate Dean for Arts & Sciences, Campus 
Director of Academic Operations, Associate Dean of Ac-
ademic Affairs, and Department Chair for Digital Film-
making/ Video Production & Visual Effects and Motion 
Graphics. He has also served as co-director of broadcast 
training for radio, television, film and full-time faculty. 
Positions like these gave him the gravitas and authority 
to start the first SMPTE student chapter at an HBCU. “The 
first HBCU SMPTE chapter came to be from the inquiry, 
‘What do you all think about a student SMPTE chapter at 
Clark Atlanta University?’” Bentley spoke on the student 
chapter’s founding. “The idea was well received because 
it would be an opportunity to host industry meetings and 
student workshops. Having the first HBCU student chap-
ter at Clark Atlanta University is awesome and exciting!”

Bentley’s work at Clark Atlanta University (CAU) and 
with SMPTE is transforming the entire industry. He is one 
of the leading forces behind the inaugural “Power of Col-
or Symposium,” a SMPTE event dedicated to the science 
of representation in media. Bentley and SMPTE came to-
gether to create an amazing event, which takes place at 
CAU in February.

“Through this collaboration with SMPTE, I hope that 
we can foster opportunities for both students and facul-
ty in the area of professional development,” said Bentley 
when asked about his hopes for the future. “In addition, 
I would like to leave a lasting impact by always being a 

team player and working to prepare our students to be 
competitive in a global job market with industry-level 
skill sets.”

In addition to SMPTE, Bentley is a member of several 
organizations, including the Broadcast Education Asso-
ciation (BEA), National Association of Black Journalists 
(NABJ), Association for Education in Journalism and Mass 
Communication (AEJMC), National Academy of Televi-
sion Arts & Sciences (NATAS) Southeast Chapter, Interna-
tional Game Developers Association (Atlanta Chapter), 
and National Association of Mathematicians. He also 
enjoys watching sports and movies, hiking, and learning 
new technologies.

DOI: 10.5594/JMI.2024.PRBC4004 
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SMPTE to Host First-of-a-Kind 
Power of Color Symposium

NEW AND UPCOMING:

Power of Color Symposium 
Atlanta, Georgia
February 6-7, 2024

SMPTE will host its inaugural Power of Color Sympo-
sium at Clark Atlanta University in Atlanta, Geor-
gia, on 6-7 February 2024, the beginning of Black 
History Month. With its unique focus on people of 

color, the Power of Color Symposium will bring together 
established and emerging experts, artists, technicians, en-
gineers, and other leaders from the film, television, anima-
tion, and gaming industries to discuss advances in design-
ing, capturing, and delivering the full breadth and depth of 
tone, texture, and vibrancy seen in global humanity. 

The two-day event will feature topics such as the impor-
tance of representation; cross-cultural communication as 
it pertains to viewing skin tones; the art of representation; 
scientific and technical tools for skin tones, color tones, 
hair textures, hues, and makeup; SMPTE Rapid Industry 
Solutions (RiS) Color Management and color workflows 
from camera lens to screen; and the future of representa-
tion within the field. 

“SMPTE has long been known for its color bars, and now 
the Society is exploring the power of color to raise the bar 
for accurate, equitable, and inclusive visual representation 
across media and entertainment,” said Michele Wright, di-
rector of business development and outreach at SMPTE 
and chair of the Power of Color Symposium. “There is code 
in color — skin tones and hues, eye color, hair texture — and 

REGISTER TO ATTEND
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value in culture, both of which can help to convey the es-
sence of a person or character and what they represent. 
Connecting people and diverse communities to explore 
the creative, technical, and even cultural and sociological 
aspects of effective color representation, this inaugural 
symposium brings further depth and dimension to the So-
ciety’s annual conferences and events, in turn speaking to 
the needs and interests of media professionals around the 
globe.” 

Through in-person and online panel discussions, ses-
sions, and hands-on workshops, SMPTE’s Power of Color 
Symposium will amplify the voices, insights, and foresight 
of industry leaders and change agents committed to ex-
ploring and expanding topics, conversations, and tech-
niques that advance the power of effective color represen-
tation throughout the media and entertainment industry 
and across a multitude of ethnicities and cultures. 

“For anyone dedicated to the craft of storytelling — the 
stories of people and humanity — the Power of Color Sym-
posium is an important opportunity to exchange ideas, 
acquire knowledge, build critical skills, and form valuable 
connections,” said Brian Bentley, associate dean, Arts & 
Sciences, at Clark Atlanta University, which recently be-

came the first HBCU (Historically Black Colleges and Uni-
versities) with a SMPTE Student Chapter. “We’re proud to 
host this remarkable event and to support SMPTE, and cre-
atives and technologists everywhere, in raising the bar for 
color and representation in moving pictures.” 

“While we’ve seen progress worldwide with respect to 
diversity and representation in media, it’s also clear that 
we still have a long way to go and must build on those 
successes — learn from experienced professionals across 
lighting, makeup, animation, visual effects, and other 
fields to understand what matters, and why,” said Renard 
T. Jenkins, SMPTE president. “The Power of Color Sympo-
sium offers access to a wealth of knowledge, delivered by 
a fantastic lineup of industry professionals, and partici-
pants will come away with a better understanding of both 
the technical and creative considerations associated with 
achieving accurate visual representation that resonates 
with viewers. It’s going to be a dynamic two days of learn-
ing, dialog, and connection.” 
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The 2023 MTS Showcases New  
Features, Technologies, and Faces

The media technology industry never stops chang-
ing, and SMPTE is evolving with it. That’s why this 
year’s Media Technology Summit was full of new 
features and presenters, showcasing the power 

and influence of new technology and the innovators who 
create it.

Over the course of four days (16-19 October) attendees 
experienced detailed technical sessions, illuminating spe-
cial sessions, and special networking events that provided 
the Summit with a spirit of professional comfort. Attend-
ees raved about this year’s Summit, stating it had a more 
relaxed atmosphere that allowed them to enjoy everything 
at their own pace. This made for a fun, educational Summit, 
which is just what the media industry needed this year.

“The Energy at the 2023 MTS was exciting,” said SMPTE 
Executive Director, David Grindle. “From Hanno Basse’s 
keynote to the end of the Gala, people were networking 
and learning. We tried new things and many of them 
worked. I look forward to seeing how we can build upon 

the lessons learned to continue making this event impact-
ful for the attendees.”

Here are the highlights of the sessions and events, and 
new features introduced at this year’s conference. 

Monday, 16 October – Day 1
The Summit kicked-off with a powerful introduction from 
SMPTE President Renard T. Jenkins, Summit Co-Chairs Iris 
Wu and Zandra Clark, and David Grindle. “This was an ex-
traordinary moment in the Society of Motion Pictures and 
Television Engineers history at this year 2023 Media Tech-
nology Summit,” said Summit Co-Chair, Zandra Clark. 
“Post covid, there was a career professional surge that oc-
curred as Life timers, Boomers, Gen X’s, Millennials, and 
Gen Z converged to share a common objective: To learn 
more about the future of media and content innovation. 
And this Summit delivered!”

Following the introduction, Hanno Basse, CTO of Digi-
tal Domain, gave a keynote address on Generative AI and 

BY RUSSELL POOLE
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Machine Learning for the Creation of Digital Humans and 
Other Visual Effects Assets. The talk focused on the bene-
fits of AI in visual effects (VFX), including digital humans. 
Most notably, he stressed that Generative AI will never 
replace human beings as actors. “The human audience 
wants to connect with human beings,” said Basse. “Every 
example has the performance of a real actor underlying 
it. That’s how you get the real emotion and performance. I 
don’t see that changing.”

Monday’s technical sessions began immediately follow-
ing the keynote. The day’s topics ranged from streaming 
technology to compression. Session chairs included Iev-
gen Kostiukevych of the European Broadcasting Union, 
Dagmar Driesnack of Rohde & Schwarz, Jason Thibeault 
of the Streaming Video Technology Alliance, Marc Zorn of 
Marvel Studios, Juan Reyes of Cloud Security and Assur-
ance, and Jaclyn Pytlarz of Dolby Laboratories.

Some of these sessions included “Cameras and LED 
Walls—A Challenging Relationship,” in which Klaus Weber 
of Grass Valley discussed interoperability issues in virtual 
production and shared several solutions to said issues. Eric 
Diehl of Sony Pictures shared a more efficient and com-
prehensive way to release films in “Atheneum—A Block-
chain to Manage Theatrical Releases,” and in “Breaking 
the Fourth Wall Through Extended Reality,” Jason Kao and 
Karen Kao from Inland Norway University of Applied Sci-
ences and Glasgow Caledonian University London, respec-
tively, discussed versatile storytelling by using extended 
reality.

The annual Section Leadership meeting concluded Day 1. 
SMPTE Section leaders, whether in attendance at the Sum-
mit or remotely, received an update on the current state of 
the organization, as well as its plans to serve the industry and 
its members. In-person attendees enjoyed an ice cream Sun-
day bar by the pool of the Loews Hollywood Hotel.

Tuesday, 17 October – Day 2
The second day of the Summit began with the unveiling of 
two new, huge features: The Solutions Hub and the Emerg-
ing Tech Showcase. The Solutions Hub named to replace 
the exhibit hall, was full of companies showcasing solu-
tions to the industry’s biggest issues. Many of these solu-
tions were included in the Emerging Technology Show-
case, which exhibited cutting-edge technology from the 
most innovative companies and solutions. AI captioning 
from AI Media, a laser projector from Cinionic, an LED wall 
from QST LED, and live capture equipment from The Stu-
dio-B&H were among the companies that supplied tech-
nology for the Emerging Tech Stage.

Day 2 also marked the start of the Special Sessions, 
which covered a wide range of topics from SMPTE Stan-
dards to sustainability in media technology. Panel discus-
sions, plans for SMPTE initiatives, and stories about how 
technology can change the world were among the topics 
covered in these sessions. Some of the highlights includ-
ed, a “SMPTE RiS OSVP Color Management Report, which 
provided a comprehensive update from the color man-
agement team of SMPTE’s RiS OSVP initiative. A session 
“From Duct Tape and Bailing Wire to SMPTE ST 2110” fo-
cused on the role students played in this year’s broadcast 
of the Super Bowl.

In another session, “Bridging Tech and Storytelling.” 
SMPTE’s director of business development, Michele Wright, 
PhD, led a diverse panel in a discussion on how new technol-
ogy changes how filmmakers can tell their stories. “Not only 
did we have two phenomenal women who co-chaired this 
well-rounded event, but I was also honored to lead and host 
a notable panel of all women of color from diverse profes-
sions, backgrounds, and experiences,” said Wright. “These 
powerhouses astoundingly and collaboratively shared their 
unique experiences and perspectives about ‘Bridging Tech 

DAY 1: Hanno Basse provided the keynote address to kickoff the 2023 MTS.
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DAY 2: The unveiling of the Emerging Showcase and Solutions Hub and wide range of topics were covered on Day 2, including a special session on 
Bridging Tech and Storytelling.
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and Storytelling,’ which was just one of many phenomenal 
sessions led by renowned experts across the worldwide me-
dia and entertainment spectrum.”

Day 2 included many technical sessions. Thomas 
Kernen of NVIDIA and Ievgen Kostiukevych, chaired ses-
sion, with topics ranging from Cloud based media produc-
tion to SMPTE 2110. Presentations included “Optimized 
Cloud Streaming for Ultra-Low-Latency Cloud Gaming and 
VR/XR Applications,” in which Kevin Mockford of V-Nova 
discussed virtual reality capabilities on the Cloud. In “The 
Coronation of King Charles III,” Simon Thompson of BBC 
Research and Development talked about the technical re-
quirements of filming the coronation of King Charles III 
and Jae-Young Lee of the Electronics and Telecommunica-
tions Research Institute discussed the future of media in 
the Cloud in “Development of Cloud-Based Media Produc-
tion Systems.” The evening ended with an opening recep-
tion involving another new Summit feature: The Color Bar. 
This new lounge was a celebration of the 45th anniversary 
of the game-changing SMPTE Color Bars. Although the bar 
opened earlier in the evening, the Solutions Hub Opening 
reception began after the final technical session ended. 
There was abundant food and drink for all those in atten-
dance, and this was a great way to celebrate the Summit, 
SMPTE, and everyone in the industry.

Wednesday, 18 October – Day 3
Day 3 marked the final day of the Solutions Hub and the 
Emerging Technology Showcase. There were many amaz-
ing sessions, touching on topics like display technology 
and SMPTE ST 2064. One of the coolest sessions on the 
Emerging Tech Stage was “Sustainable Virtual Production 
Techniques” with virtual production editor for American 
Cinematographer Magazine, Noah Radner. This session 
highlighted the environmental benefits of virtual produc-
tion studios and was one of the best attended talks of the 
entire Summit.

The Special Sessions also made waves on Day 3, with top-
ics that kept attendees on the edge of their seats. Among 
the sessions, “What’s new in RiS-OSA?” Chris Lennon, head 
of OSA, presented SMPTE RiS-OSA’s current work and fu-
ture objectives. In another session, “Yes, Web3 is Still Rel-
evant!” Kylee Pena of Adobe discussed how blockchain 
technology has a life outside of crypto-currency and NFTS, 
particularly in media spaces, and SMPTE Standards VP 
Sally Hattori discussed the future of SMPTE Standards in 
“SMPTE is Moving its Standards Library to HTML.”

Day 3 was also the final day of technical sessions. Ses-
sions chairs included SMPTE President Renard Jenkins, 
John Ferder of the SMPTE Board of Governors, Ian Mac-
Spadden of Arizona Public Media, and Jaclyn Pytlarz of 
Dolby Laboratories. 

Day 3 was also SMPTE Student Day! Students got spe-
cial access to sessions, the Solutions Hub, and a special 
networking event at the end of the day. This student net-
working event allowed students to talk among themselves 
as well as established members of the media tech commu-
nity. SMPTE is extremely proud of our student members, 

DAY 3: Panels, Emergency Tech Showcase, special sessions, and special 
access to students were all a part of Day 3's lineup.



18      SMPTE MOTION IMAGING JOURNAL   |   JANUARY/FEBRUARY 2024 1545-0279/24©2024SMPTE

and we’re always glad to provide a place for them to gain 
more experience and connections.

Thursday, 19 October – Day 4
On Day 4, attendees were able to choose one of four off-
site visits to studios (Disguise, Epic, Third Floor, and XR) 
for their final day, each one dealing with some aspect of 
virtual production.

Visitors to Disguise Studios got a firsthand look at the evo-
lution of virtual production, as well as the role ST 2110 played 
in said evolution. They also showed attendees the future of 
LED lighting, as well as the role RGBW panels play in ICVFX.

Epic Studios guests received a deep dive into the use of 
SMPTE 2110 on LED walls for ICVFX workflows. The trip in-
cluded a demonstration on the Epic Games LA Lab Stage 
and Nant Studios campus, allowing attendees to get a close 
look at virtual production infrastructure.

 The Third Floor Visualization Studio visitors learned 
about the advantages of virtual production stages of vary-
ing sizes. They also examined visualization techniques, 
particularly in how pre-production might bring a film-
maker’s vision to life.

Those who attended XR Studios had the opportunity to 
observe virtual production workflows and best-case sce-
narios. Attendees saw three examples of virtual production 
in action. These four trips were educational and enlighten-
ing for attendees, but the festivities didn’t stop there.

The Annual SMPTE Gala, which concluded the 4-day 

event, celebrated 35 individuals who changed the industry 
forever. The evening began with a red carpet reception. 
The Gala ceremony was an elegant affair, complete with 
fine wine, dining, and revelry. The evening ended with a 
lively afterparty.

Conclusion
This year’s SMPTE Summit had some bold new features, 
all of which were a massive success. The Media Technolo-
gy Summit is held for the benefit of the media tech indus-
try. It’s meant to drive said industry forward, and present 
solutions for the biggest issues facing film and television 
today. We at SMPTE believe that goal was achieved and are 
thankful to all our sponsors and attendees for helping us 
make it great.

As our very own Michele Wright said, “This MTS was epic, 
unforgettable, and one for the history books! I look forward 
to continuing to work in synergy with our staff, members, 
students, partners, and sponsors to not only bridge the gap 
in tech across an array of dimensions but to help to passion-
ately reiterate SMPTE’s commitment to raising the bar (col-
or and beyond) for not only today but many more genera-
tions and MTS’ to come. The BEST is yet to come!”

DOI: 10.5594/JMI.2024.GHEN8084  
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DAY 4: Attendees visited virtual production studios.
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Exploring Advances in Video 
Compression Efficiency
BY SEAN MCCARTHY

Compression is a foundational technology in our industry that en-
ables content creators to deliver spectacular experiences to peo-
ple around the world. It is no wonder, then, that compression is an 
annual theme of our Journal. This year, video compression experts 

tell us how existing technologies continue to improve, show us how to use 
the latest video coding standard, and bring us up to speed on the future of 
AI-powered video compression.

The overall theme of this issue is compression efficiency, but efficiency 
is not only about bandwidth. Energy efficiency is also critical and the sub-
ject of Natalia Molinero Mingorance’s paper describing a study of motion es-
timation, a power-hungry aspect of video compression, to understand how 
energy efficiency can be improved for the high-resolution, streaming, and 

LEAD-IN An Overview of the Issue
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interactivity needs of the metaverse. 
Providing a welcome boost to future 
research, Mingorance also provides a 
software tool and methodology that 
other researchers can use to explore 
and develop power-friendly video 
compression techniques. It will be 
exciting to see the progress that can 
be made for existing and future vid-
eo codecs as energy optimization be-
comes a critical performance metric 
alongside bandwidth and storage ef-
ficiency.

Another theme of this issue is en-
hancing the functionality and perfor-
mance of existing video coding and 
distribution standards.

Markus Weber describes a way to 
preserve color fidelity during com-
pression, particularly for content 
that contains graphics. Weber pres-
ents an RGB-based compression ap-
proach that avoids the color artifacts 
introduced by YCbCr compression 
at the same bitrate. The good news is 
that the approach Weber describes is 
based on the existing SMPTE ST 2019-
1 standard.

Film grain is a hallmark of cin-
ematic content. So much so that a 
film grain effect is often added in 
post-production to create a cinemat-
ic feel even when the content was 
captured digitally. The biggest chal-

lenge is that film grain is a statisti-
cally random signal that needs much 
bandwidth. Modern video codecs get 
around that by enabling film grain to 
be removed in the encoder and reap-
plied after decoding. Yet, that brings 
up another challenge. Most consum-
er smartphones, TVs, and other play-
back devices do not support film 
grain synthesis as a post-decoding 
process. Grois et al., describe a way to 
change that by enabling MPEG video 
codecs such as HEVC to use the film 
grain synthesis process required to 
be present on AV1-capable receivers. 
Their tests with professional vid-
eo encoders indicate their method 
can result in more than 80% bitrate 
savings for content with heavy film 
grain and about 10%, which is still sig-
nificant, for content with light grain. 

Technologies to deliver com-
pressed audio and video are an inti-
mate part of end-to-end media com-
pression. The challenge is that media 
is not the same as other kinds of data. 
That is particularly true for media 
over IP networks. Kostiukevych et al., 
identify testing of media IP networks 
under load as a critical step before 
operational full-scale deployment. 
Historically, that has been easier said 
than done, but the job should be eas-
ier using the approaches described 
by Kostiukevych et al. Their paper 
provides practical methods to sample 
and analyze network traffic non-in-
trusively using low-overhead open-
source tools.

Getting ready for the future 
rounds out the compression theme 
of this issue. The following papers 
provide practical guidance that we 
could start using today to plan for 
new, even more spectacular products 
and services.

Practical guidance on using the 
newest international standard for 
video compression, Versatile Vid-
eo Coding, or VVC for short, is the 
subject of the paper from Litwic et 
al. VVC is about twice as efficient as 
HEVC and AV1, so there is growing in-
terest in understanding how VVC can 
be deployed in broadcast and stream-

THE PAPERS IN THIS ISSUE 
OF THE JOURNAL  
HIGHLIGHT SOME OF  
THE HIGHLY SIGNIFICANT  
ADVANCES THAT  
CONTINUE TO BE MADE  
IN COMPRESSION AND  
DELIVERY OF GREAT  
CONSUMER EXPERIENCES.
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ing. Litwic et al., summarize the sta-
tus of VVC adoption in application 
standards organizations such as DVB 
and 3GPP and provides a glimpse into 
newly published guidelines from the 
Media Coding Industry Forum on 
how to use and configure some of the 
advancements in compression tech-
nology that are now available in VVC.

In addition to the papers on com-
pression, two additional insightful 
papers are presented in this issue.

Eric Rigney guides us on creating 
clean soundtracks in on-set virtual 
production that carry efficiently to 
the final sound mix with minimal 
post-production. The challenge is 
that most virtual production facili-
ties focus on creating in-camera visu-
al effects rather than sound produc-
tion. Rigney identifies improvements 
to sound production as more eco-
nomical, efficient, and higher quality 
than fixing sound in postprocessing 

using automated dialog replacement. 
His paper provides a suite of practical 
tools and practices to create acous-
tic-friendly virtual production.

Footen et al., introduce the idea of 
a curator agent to enhance consumer 
experiences. A curator agent would 
be owned by the viewer. Its job would 
be a trusted personal intermediary to 
bring together entertainment, news, 
and advertisement to best match a 
viewer’s interests. Footen, et al., iden-
tify the technologies and ecosystem 
evolutions we should target to enable 
such efficiently personalized con-
sumer viewing choice. 

The papers in this issue of the 
Journal highlight some of the highly 
significant advances that continue 
to be made in compression and de-
livery of great consumer experienc-
es. From extending the functionality 
and usefulness of existing compres-
sion standards to making energy effi-

ciency a critical performance metric 
to preparing to use AI and machine 
learning as the new normal, we can 
continue to look to compression to 
provide a versatile, efficient, and reli-
able foundation for our industry.

About the Author
Sean McCarthy, PhD, is  
currently director of video 
strategy and standards at 
Dolby, where he explores in-
novations, new use cases, 
and core technology stan-

dards that assist Dolby transform storytell-
ing, and produce new experiences that un-
leash the potential of entertainment and 
communications. McCarthy brings a unique 
convergence of expertise in signal processing 
and the neurobiology of human vision to dig-
ital video and entertainment technology. 
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Green Video Compression for 
Metaverse: Lessons Learned from 
VP9 and HEVC

Advanced codecs such as HEVC and VP9, integral to  
facilitating seamless interactions, entail considerable energy 
consumption, notably in resource-intensive motion estima-
tion processes during encoding and decoding. This energy 
expenditure predominantly occurs within data centers 
during video processing. The imperative balance between 
visual fidelity and processing efficiency underscores the 
pressing need for green video compression methods. 

By Natal ia Mol inero Mingorance

KEYWORDS  HEVC // METAVERSE // MOTION ESTIMATION // SUSTAINABILITY // VP9

TECHNICAL PAPER
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T
he rise of multimedia consumption, partic-
ularly video content, has become an integral 
part of our lives. Videos are widely used in 
diverse fields, such as online entertainment, 
education, and remote work. The metaverse, 
an immersive digital universe spanning 
virtual worlds and augmented reality expe-

riences, is witnessing exponential growth and demands 
high-quality digital video to meet the increasing demand 
for engaging content. In spite of that, many content con-
sumers are unaware of the growing carbon footprint as-
sociated with this paradigm shift, where video creation 
and communication processes contribute significantly 
to global energy consumption and greenhouse gas (GHG) 
emissions.

Within the metaverse, video content is characterized 
by high resolutions, real-time streaming, and interactive 
features. To efficiently handle large volumes of video data, 
two of the most commonly used video compression meth-
ods are High-Efficiency Video Coding (HEVC) and VP9.

HEVC and VP9 are cutting-edge video codecs known 
for their ability to significantly reduce video file siz-
es without compromising visual quality. These codecs  

enable smoother streaming experiences and faster video 
transmission, facilitating seamless interactions within the 
metaverse. However, it is essential to note that the encod-
ing and decoding processes of HEVC and VP9, especially 
the resource-intensive motion estimation (ME) processes, 
require substantial computational power and time, lead-
ing to increased energy consumption and pollution.

Efforts are now focused on creating more energy-effi-
cient video compression methods to address the environ- 
mental impact of video processing in the expanding 
metaverse. By striking a balance between maintaining vid-
eo quality and reducing processing times, sustainable and 
cost-effective solutions can be achieved.

To address this challenge, this paper aims to help in 
the development of new efficient video compression al-
gorithms prioritizing energy efficiency. Using Matlab, the 
research provides a standardized and freely accessible 
implementation for comparing the two video codecs, fo-
cusing on the ME component of HEVC and VP9. The incor-
poration of energy and computational complexity metrics 
empowers researchers to experiment with novel param-
eters to advance energy-conscious video compression  
techniques.

The contributions of this paper extend beyond codec 
implementation and performance evaluation. It sheds 
light on the importance of considering energy consump-
tion in the design of video compression methods and its 
impact on the digital carbon footprint. As the metaverse’s 
popularity grows, the development of energy-efficient vid-
eo compression algorithms becomes even more critical 
to minimize environmental impact and reduce carbon  
emissions.

The structure of the paper is as follows: the next section 
provides a literature review of the work accomplished to 
date, highlighting advancements in this field and elucidat-
ing how this study can address existing gaps. The Meth-
odology section explains the implementation of the ME 
processes on HEVC and VP9, provides a description of the 
metaverse video file used in these tests, and introduces 
the metrics used to assess performance in terms of energy 
consumption and computational complexity. The Results 
section presents the outcomes of predicting the same 
frame in both codecs, offering valuable insights into their 
comparative performance. In the Discussion section, a 
broader perspective is provided on the escalating environ-
mental impact resulting from our collective use of digital 

Abstract 
Over the past decade, video consumption applica-
tions have surged, reaching new heights with the 
metaverse’s emergence. This expansion burdens net-
works, data centers, and devices due to increased 
data volume and processing, leading to substantial 
energy consumption and high CO2 emissions annually. 
Priority should be given to developing lightweight 
video compression algorithms to tackle this. Current 
standards fall short of achieving the desired efficiency. 
This study conducts a comprehensive analysis of Mo-
tion Estimation (ME) in leading metaverse video com-
pression algorithms, VP9 and HEVC. Using Matlab, an 
exhaustive evaluation focuses on ME, allowing an ob-
jective comparison and integrates novel sustainability 
assessments. The findings highlight areas for future 
video compression improvements, paving the way for 
sustainable and optimized video storage and trans-
mission in the metaverse.
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video, especially with the rise of the metaverse. Finally, the 
paper concludes by summarizing key findings and outlin-
ing promising directions for future research.

By addressing the energy efficiency challenges in video 
compression and providing a systematized implementa-
tion, this paper significantly contributes to the advance-
ment of sustainable video transmission in the metaverse, 
bringing us closer to a greener and more optimized digital 
future. 

Literature Review
In a study by M. Uitto,1 the energy and power consump-
tion of open-source video encoders, including x264 for 
H.264/AVC, x265 for H.265/HEVC, and VP9, were exam-
ined. H.264/AVC, where AVC stands for Advanced Video 
Coding, is a widely used video compression standard and 
the predecessor of H.265, also known as HEVC. The x264 
encoder had the lowest energy consumption but the low-
est compression efficiency, while the x265 encoder had 
the best efficiency but higher energy consumption. VP9 
demonstrated a favorable tradeoff between compression 
efficiency and energy consumption. It is important to note 
that these findings are specific to the analyzed encoder 
implementations and may not be universally applicable 
to all compression algorithms. The open-source encoders 
were developed with different programming styles and 
optimization goals, making generalizations challenging. 
To bridge this absence, this paper offers a detailed analysis 
of the complexity of VP9 and HEVC,  using an implemen-
tation in Matlab that provides valuable insights into the 
intricacies of the algorithms.

In their work, D. Grois et al.2 conducted a complexity 
analysis using the reference software implementations 
for H.264, HEVC, and VP9. Similar low-delay configura-
tions were employed for all encoders. The results showed 
that HEVC achieved average bit rate savings of 32.5% and 
40.8% compared to VP9 and H.264, respectively, for 1-pass 
encoding. For 2-pass encoding, HEVC yielded average bit-
rate savings of 32.6% and 42.2% relative to VP9 and H.264, 
respectively. However, the VP9 encoder had significantly 
higher encoding times than the x264 encoder, approxi-
mately 2,000 times higher for 1-pass encoding and 400 
times higher for 2-pass encoding. Notably, the evalua-
tion was specific to the encoder implementations used, 
particularly without direct comparability to the previous 
reference. The present investigation aims to provide reli-
able conclusions for new algorithm designs by evaluating 
HEVC and VP9 through a custom Matlab implementation, 
allowing for the analysis of the current method’s complex-
ity bottlenecks, concentrating on ME.

R. Monnier et al.3 presented power consumption com-
parisons of different available encoders (x264 for H.264/
AVC, VPxenc for VP9 and its previous version, VP8, x265 for 
H.265/HEVC, and KVazaar for high-performance HEVC en-
coding), considering the Peak Signal-to-Noise Ratio for the 
Y luminance component (PSNR-Y) to measure the quality 
by comparing the original video’s maximum power to the 
distortion or noise affecting it. They evaluated HEVC with 

two encoders (x265 and Kvazaar) and found that Kvazaar 
exhibited twice the power consumption compared to x265 
when assessing PSNR-Y. While this provides insights into 
encoder performance, it emphasizes the importance of 
specific codec implementations, which may differ in pro-
gramming principles, programming languages, and op-
timization parameters. Therefore, to accurately evaluate 
different algorithms, they should be developed using the 
same programming language and follow consistent prin-
ciples, such as variable and function structures, as demon-
strated in the present paper.

A. Katsenou et al. investigated the energy, quality, and 
bitrate tradeoffs across the following codecs:4 Scalable Vid-
eo Technology for Alliance for Open Media Video 1 (SVT-
AV1), VP9 (vpxenc), VVenC (a high-performance, open-
source video encoder developed by Netflix, optimized for 
encoding video content in the HEVC format), and x265. 
They proposed a new metric for the required bits: the 
energy cost. Similar to the previous references, their per-
formance results were obtained using third-party imple-
mentations, introducing uncertainties. They concluded 
that x265 appeared to be the best choice for low-energy 
solutions, albeit with slightly lower average video quali-
ty. While this study helps understand the implications of 
input parameters on different codecs, it does not provide 
specific reasons for these observations or potential solu-
tions. Moreover, the lack of detail can lead to discrepancies 
with the conclusions presented,1 where VP9 is regarded 
as the most efficient codec. The present work isolates the 
ME process, the most resource-consuming part of current 
video compression algorithms. This way, researchers can 
better understand its inefficiencies and take more concise 
actions.

To date, there are no energy-efficient video compres-
sion publications related to video frames with metaverse 
characteristics.

Methodology
In this section, the implications of utilizing the same soft-
ware platform, specifically Matlab, for comparing both ME 
algorithms (i.e., VP9 and HEVC) will be reviewed. Then, the 
ME principles will be described, along with the features of 
the metaverse video sample used for the tests. This section 
ends with a description of the new metrics introduced.

Using Matlab to Study Video Compression Algorithms
Comparing existing codecs using the available software is 
challenging and does not yield objective results, potentially 
leading to inconsistencies.5 Using Matlab offers several ad-
vantages for researchers working with new video codecs. 
Matlab provides a clear and straightforward comparison 
platform, allowing for precise control of configuration pa-
rameters and features. 

As images and videos can be treated as matrices of data 
in Matlab, inserting, testing, and analyzing new ideas in 
compression algorithms involving transformations, pre-
diction, and reconstruction of matrix data becomes more 
intuitive.
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Due to Matlab’s resource consumption and execution 
speed when compared to compiled software in languages 
such as C++, the computational cost must be carefully 
considered during performance testing. Matlab also offers 
a performance testing toolkit for translating code into C 
and C++. 

By implementing key features of video codecs, VP9 
and HEVC, in Matlab, this paper provides researchers with 
an educational tool to easily run and understand the ME 
module, a crucial and time-consuming task in current video 
encoders with a significant impact on energy efficiency. 

This unified approach allows for an objective and effi-
cient comparison of the two encoders, enabling research-
ers to gain valuable insights into video compression algo-
rithms and their implications for energy consumption. 

Motion Estimation Based on Block Match Algorithms
Although VP9 and HEVC algorithms differ, both codecs 
employ the Block Matching Algorithm (BMA) during ME 
at the encoder to discover motion vectors (MVs). Moreover, 
ME in both codecs supports variable block sizes (i.e., 4 x 4, 
8 x 8, 16 x 16, 32 x 32, and 64 x 64 pixels). Figure 1 illustrates 
the BMA, demonstrating a current block from a frame 
compared to blocks within a specified search area in a ref-
erence frame. The algorithm determines the best match 
by assessing the similarity between the current block and 
those in the search area, identifying the MV representing 
the necessary displacement to align the blocks. This MV 
denotes the optimal position in the reference frame, facil-
itating motion estimation for effective video compression. 
The specific block of pixels selected from the reference 
frame, aligning with the corresponding block in the cur-
rent frame as the optimal match, is termed the prediction 
block (PB).

As will be examined in the Results section, the resolu-
tion of MVs plays a significant role in efficiency but intro-
duces additional complexity. Finer MV resolutions lead to 
increased complexity in subpixel interpolations. Addition-
ally, representing higher-resolution MVs requires more 
bits. Thus, there is a tradeoff in MV resolution to balance 

ME accuracy for improved coding gains, the bit budget al-
located for signaling MVs, and encoding complexity.

Moreover, the length of the chosen interpolation filter 
impacts the amount of data fetched from memory and the 
number of operations performed. The number of multipli-
cations and additions per sample required for interpolat-
ing the block is very significant when compared to other 
steps in the ME process, especially for smaller blocks of 
size NxM when MVs represent fractional displacements in 
both horizontal and vertical directions.

Both encoders employed used a 256 x 256 pixel refer-
ence and current coding unit (CU) sizes and a 32 x 32 PB 
size to aid testing. This PB size strikes an intermediate per-
formance balance, as reducing it is known to increase the 
bit rate and decoding time, but can compromise quality.6

HEVC: ME Matlab Implementation
In HEVC, two search methods for ME aim to find the best-
matched predicted block: Full Search and Fast Motion Search.

The Full Search method checks all points within the 
search window, which can be blocks of pixels or subpixels, 
depending on the resolution. While simple, it is time-con-
suming. On the other hand, Fast Motion Search checks 
a subset of points in multiple iterations. This method is 
faster than Full Search but sacrifices accuracy, making it a 
more common choice for software implementations.

The Test Zone (TZ) Search scheme (a Fast Motion Search 
method), implemented in the Matlab simulator, follows 
these steps:

• �Square Search: it calculates the best distance (best-
Distance) as the minimum cost among all the blocks 
scanned.

• �If  bestDistance > iRaster (typically set as 4), do Raster 
Search.

• �If  0 < bestDistance < iRaster, do a Raster Refinement 
Search. FIGURE 1. Block Matching Algorithm.

MATLAB PROVIDES  
A CLEAR AND 
STRAIGHTFORWARD 
COMPARISON  
PLATFORM, ALLOWING 
FOR PRECISE CONTROL 
OF CONFIGURATION  
PARAMETERS AND  
FEATURES. 
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During this refinement process, subpixel interpolation 
of the last selected block occurs, necessitating compari-
sons of all pixels and subpixels from the reference frame 
with the current frame. This additional level of precision 
in the ME comes at the cost of increased computational 
complexity and higher energy consumption.

The complexity of an encoder is also influenced by the 
choice of metric used to express the similarity between a 
current and a reference image during ME. The most com-
monly used metric in HEVC is Sum of Absolute Differenc-
es (SAD). For subpixel accuracy (½- and ¼-pel), Sum of Ab-
solute Transform Differences (SATD) is employed. SATD is 
more complex as it involves computing the transform of a 
block. Equations 1 and 2 define SAD and SATD, respectively:

In both equations, C(i, j) and R(x + i, y + j) represent pixel 
intensities of two images, and M and N are the dimensions 
of a block within the images. The coordinates (x, y) indi-
cate the MV coordinates of the reference block, and H de-
notes the Hadamard transform.7

The Hadamard transform is a type of linear transforma-
tion with elements of +1 and -1. In the context of SATD, it 
is applied as a means of decorrelating the pixel values or 
capturing the spatial frequency information in an image or 
block of pixels. H is used to transform the pixel differences 
between two corresponding blocks before calculating the 
sum of their absolute values. This transformation helps cap-
ture the spatial frequency characteristics of the differences.

SAD is a simpler metric that calculates the sum of ab-
solute differences between corresponding pixel values in 
two image blocks. 

Both functions are fundamental operations in the 
block-matching ME subsystem.

VP9: ME Matlab Implementation
The implementation of the VP9 inter-prediction process 
in Matlab is an adaptation of the pseudo-code detailed in 
Ref. 8.

• �Motion vector selection: finding the MV for the cur-
rent block. 

• �Motion vector clamping: changing the MV into the ap-
propriate precision and clamping MVs that go too far off 
the edge of the frame, i.e., beyond the boundaries of the 
frame or outside the permissible search range defined 
by the encoder settings. Choosing the motion vector 
clamping limit significantly impacts encoding efficien-
cy, balancing accurate representation and resource allo-
cation. The correct limit optimizes the process by exclud-
ing irrelevant data without compromising video quality.  

• �Motion vector scaling: computing the sampling lo-
cations in the reference frame based on the MV. The 
sampling locations are also adjusted to compensate 
for any difference in the size of the reference frame 
compared to the current frame. 

• �Block inter-prediction: obtaining the 2D array con-
taining inter-predicted samples. The sub-sample in-
terpolation is obtained using two one-dimensional 
convolutions. First, a horizontal filter is used to build-
up a temporary array, and then, this array is vertically  
filtered to obtain the final prediction.

Among these, motion vector scaling and block in-
ter-prediction stand out as the most demanding opera-
tions. Motion vector scaling involves computing sampling 
locations in the reference frame based on MVs and adjust-
ing them to account for any discrepancies in frame size 
between the current and reference frames. This process 
requires numerous arithmetic operations and addressing 
calculations, significantly contributing to computation-
al overhead. On the other hand, block inter-prediction 
involves sub-sample interpolation using two one-dimen-
sional convolutions to generate the 2D array of inter-pre-
dicted samples. These convolution operations are compu-
tationally intensive, particularly for larger block sizes and 
high-resolution videos.

Key Features of Metaverse Videos
A typical metaverse video is a dynamic and immersive me-
dium that plays a crucial role in shaping the user experi-
ence within the virtual environment. Several key features 
define the quality and realism of metaverse videos:

• �Resolution: it refers to the number of pixels used to 
display the video image. Higher- resolution videos pro-
vide sharper and more detailed visuals, enhancing the 
overall immersive experience. Common resolutions 
include HD (720p), Full HD (1080p), 2K (1440p), and 4K 
Ultra HD (2160p). As the metaverse aims for realism, 
higher resolutions are often preferred to create lifelike 
and detailed virtual worlds.

• �Frames Per Second (FPS): it denotes the number of indi-
vidual frames displayed per second in the video. High-
er FPS values result in smoother motion and reduced 
motion blur, which is crucial for interactive experienc-
es within the metaverse. Standard frame per sec values 
are 24, 30, and 60, but for an optimal virtual reality (VR) 
experience, 60 frames/s or higher is recommended to 
ensure fluid and comfortable interactions.

• �Dynamic Lighting and Shading: Metaverse videos incor-
porate dynamic lighting and shading techniques to sim-
ulate realistic lighting conditions. Real-time rendering of 
shadows, reflections, and global illumination improves 
the visual fidelity and adds depth to virtual scenes.

• �Interactive Elements: Metaverse videos often feature 
interactive elements, allowing users to participate and 
influence the virtual environment. This could include 
real-time interactions with objects, characters, and 
other users, enabling a sense of agency and immer-
sion within the virtual world.

• �Compression and Streaming: Efficient video com-
pression is essential for streaming metaverse content 
smoothly over the internet. High-quality video codecs, 
such as HEVC or VP9, are commonly used to reduce 
file sizes without significant loss in visual fidelity.
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• �Stereoscopic Rendering: This technique can be em-
ployed in metaverse videos designed for VR experi-
ences. It creates a sense of depth and three-dimen-
sionality, providing an immersive and realistic visual 
perception when viewed through VR headsets.

In this study, a 4K (UHD-1) raw video with a frame rate 
of 60 frames/sec and a duration of 120 sec served as the 
source material for studying ME in VP9 and HEVC com-
pression. For this research, a single frame from the video 
(i.e., the same for both codecs) was selected to perform 
the ME analysis. The chosen frame provided a represen-
tative snapshot of the dynamic and interactive content 
present in metaverse environments. Figure 2 depicts the 
metaverse frame utilized for these tests.

By focusing on a single frame, the study aimed to iso-
late and evaluate the performance of the ME algorithms 
employed by VP9 and HEVC in capturing the motion and 
temporal redundancies within the metaverse video. This 
approach allowed for an accurate comparison and a thor-
ough investigation of the efficiency and accuracy of the 
ME process.

The frame’s UHD-1 resolution ensured high detail and 
smooth motion representation, essential for accurately as-
sessing the ME algorithms’ capabilities. Through this target-
ed analysis, the study sought to shed light on the strengths 
and weaknesses of VP9 and HEVC’s ME techniques.

Proposed Metrics Included in Motion Estimation
A combination of three metrics was used to evaluate each 
codec.

When evaluating video quality, metrics such as the 
Structural Similarity Index Measure (SSIM) play a crucial 
role. SSIM is a perception-based index that captures chang-
es in structural information within an image or between 
different images. It takes into account important perceptu-
al phenomena like luminance masking and contrast mask-
ing. Luminance masking refers to the phenomenon where 
image distortions are less visible in bright areas, while con-

trast masking refers to the phenomenon where distortions 
are less noticeable in regions with significant activity or 
texture. Equation 3 shows the calculation of SSIM:

where x and y are the two input images compared,  
l(x,y) represents the luminance comparison between the 
images and captures the differences in brightness, c(x,y) 
represents the contrast comparison and takes into account 
differences in contrast, s(x, y) represents the structure com-
parison, capturing differences in structural information, 
and  α  is a parameter that controls the influence of each 
component and is typically set to 1. Each component is 
calculated as the average of local measurements obtained 
by dividing the images into smaller windows (i.e., blocks). 
Luminance comparison is based on mean intensity values; 
contrast comparison considers standard deviations and 
structure comparison evaluates the covariance of intensi-
ty values. Combining these components and raising the re-
sult to the power of α provides an SSIM value that measures 
similarity between the images, accounting for differences 
in luminance, contrast, and structure. Higher SSIM values 
suggest a higher level of structural similarity between the 
two images. In the test, SSIM is utilized to assess the ref-
erence PB and the current PB to determine whether ME 
should be computed, conserving energy when the frames 
exhibit significant similarities. Therefore, ME is performed 
when the SSIM is less than the selected threshold of 0.90.

The second metric incorporated into the VP9 and HEVC 
Matlab implementations is the number of computations 
performed in each step of the algorithms. Quantifying the 
complexity of the software through counting the executed 
operations gains a comprehensive understanding of the 
computational demands. It is essential to carefully assess 
the computational complexity of mathematical opera-
tions, particularly within programming loops, and strive 
to minimize resource-intensive calculations such as multi- 
plications. Reducing this metric directly contributes to 
energy savings and subsequently reduces GHG emissions. 
Matlab’s Profiler9 proves to be a valuable tool in determin-
ing the complexity of different parts of the code, aiding in 
optimizing the software’s efficiency.

The analysis follows by deriving operational emissions 
(O),10 with a particular emphasis on the laptop’s power con-
sumption while executing each ME algorithm in Matlab. 
The computer utilized to do the tests was an ACER Aspire 
F5-573G, with the characteristics shown in Table 1.

Parameter Value
RAM 16 GB

CPU Intel(R) Core(TM) i7-7500U

CPU Frequency 2.7 GHz

OS Windows 10

Number of cores 2

TABLE 1. Laptop specifications.

FIGURE 2. Selected metaverse frame for this study.
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A power meter was utilized to measure the power con-
sumption accurately. Consequently, to assess the energy 
consumed by the software for a specific task, Equation 4 
is used:

where E represents the energy consumed by the soft-
ware for the task, measured in kWh. In this study, the task 
was defined as the execution of inter-prediction for one 
frame. E was determined by measuring the laptop’s pow-
er consumption with a power meter, during idle state, and 
while running each algorithm in Matlab. The difference 
between these two values was then converted to kWh us-
ing the total processing time for each algorithm obtained 
from Matlab. The parameter I, denoting location-based 
marginal carbon intensity, was obtained and defined as 
275 gCO2Eq/kWh.11 It embodies the carbon emissions as-
sociated with generating an extra unit of electricity at a 
specific location on the grid. This measure exemplifies the 
environmental impact of electricity generation in the se-
lected region, Europe, to enhance result precision, as the 
tests were performed in Spain.

Results
Before conducting ME, the SSIM is obtained, yielding a value 
of 0.86. Since it falls below the chosen threshold (i.e., 0.90), 
the ME computation was carried out for the two codecs.

For HEVC-ME, detailed performance measurements 
were obtained for each step, including the number of com-
putations performed and the corresponding processing 
time. The results are summarized in Table 2.

Step Computations Processing Time (seconds)

Initial Search 2,753 0.068

Raster Search 548 0.029

Refinement Search 2,644 0.062

TABLE 2. HEVC-ME execution performance in Matlab. 

The analysis of the HEVC-ME computations yielded the 
following results:

• �The SAD function was called 2,305 times during the 
Initial Search, accounting for 17% of the computing 
time of this search algorithm. It was called 484 times 
in the Raster Search, accounting for 14.3% of this step’s 
processing time. In the Refinement Search, SAD was 
called 2,004 times, taking up 4.4% of the execution 
time for this part. SATD and subpixel interpolation 
were each called 64 times during the Refinement 
Search, constituting 33.6% and 32.9% of the total func-
tion time, respectively. Therefore, overall, SAD, SATD, 
and subpixel interpolation operations were the most 
demanding steps.

• �The average power consumption was 8.1 W without 
the refinement step and increases to 14 W when the 
refinement search is included.

• �The estimated operational emissions were 0.0006 
gCO2Eq without the refinement step and rise to 0.0009 

gCO2Eq when the refinement search is executed.
Furthermore, the computations and processing time 

for each of the VP9-ME steps were measured in Matlab, 
and the results are presented in Table 3.

Step Computations Processing Time 
(seconds)

Motion vector selection 28 0.0026

Motion vector clamping 1 0.0043

Motion vector scaling 1 0.0064

Block inter-prediction 18,471 0.072

TABLE 3. VP9-ME execution performance in Matlab. 

In this case, the following results were obtained:
• �The most time-consuming step is the “block inter-pre-

diction” function, which accounted for 84.4% of the total 
execution time. Within this function, 47.2% of the time 
was dedicated to the sub-sample interpolation process.

• �The average power consumption observed during the 
measurements was 5.1 W.

• �The estimated operational emissions associated with the 
process were found to be 0.0004 gCO2Eq.

The performance analysis of HEVC-ME and VP9-ME algo-
rithms provides valuable insights into their computational 
requirements and energy consumption. 

In HEVC-ME, the most time-consuming steps are the SAD, 
SATD, and subpixel interpolation functions. Particularly, the 
SATD function’s substantial time consumption is due to the 
linearithmic time complexity (nlogn) of the absolute value 
of the Walsh-Hadamard transform, where n represents the 
size of the subpixel interpolated reference and current CUs. 
This significantly contributes to the overall execution time, 
resulting in higher power consumption and operational 
emissions. 

Conversely, VP9-ME dedicates a considerable amount of 
time to sub-sample interpolation. This is due to VP9’s utili-
zation of an 8-tap fractional pixel interpolation filter, which 
enhances accuracy, although more computationally inten-
sive than the 6-tap interpolation filter used in HEVC. Overall, 
VP9-ME demonstrates superior energy efficiency, leading to 
lower power consumption and estimated operational emis-
sions compared to HEVC-ME. 

These findings underscore the importance of understand-
ing computational complexities and energy metrics when 
evaluating and optimizing video compression algorithms for 
improved efficiency and reduced environmental impact.

Discussion
In this study, we compared the environmental impact of vid-
eo compression algorithms, specifically focusing on VP9 and 
HEVC. Our results revealed that VP9 emitted lower carbon 
emissions and consumed less power during execution than 
HEVC. This suggests that VP9 performs faster predicting 
sample frames, while HEVC operations involve higher com-
plexity and more iterations in the search process.

To evaluate the carbon footprint of metaverse videos, 
we analyzed a 120-sec UHD-1 video with a frame rate of 60 
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frames/s. In the best-case scenario (i.e., VP9-ME), compress-
ing each frame resulted in 0.0004 gCO2Eq/frame emission. 
If this is extrapolated to the entire 120-sec video with 7,200 
frames, the total estimated carbon emissions would be 2.88 
gCO2Eq. With a data center using 50% renewable energy, 
overall carbon emissions could be reduced to 1.44 gCO2Eq.

Extending these findings to the vast number of 
metaverse users worldwide, there are approximately 400 
million active users each month,12 and assuming each user 
generates or interacts with an average of ten videos month-
ly, we can anticipate an annual carbon emission of approx-
imately 69,120 metric tons of CO2Eq. This carbon output is 
comparable to the annual emissions of hundreds of small 
to medium-sized power plants or tens of thousands of cars.13 
This highlights the significant environmental impact of 
metaverse videos on a global scale, comparable to specific 
industrial sectors in terms of carbon emissions. The magni-
tude of metaverse video emissions emphasizes the urgency 
for adopting sustainable practices in the rapidly expanding 
digital landscape.

Notably, the estimated 69,120 metric tons of CO2Eq 
closely align in magnitude with the results published by 
Meta,14 which state that 57,000 metric tons of CO2Eq pri-
marily originate from data centers processing videos and 
metaverse applications due to the nature of the company. 
This reinforces the need for increased attention to energy- 

efficient practices in video processing to mitigate the envi-
ronmental impact of the metaverse.

It is essential to acknowledge the intricate nature of ME 
steps in HEVC and VP9, which leads to a non-linear relation-
ship between the number of iterations and processing time. 
The complexity of the operations within each iteration is the 
primary factor responsible for the increased consumption of 
time and energy, as both processing time and energy usage 
exhibit a proportional connection. This emphasizes the im-
portance of optimizing these algorithms to achieve a balance 
between computational efficiency and energy consumption 
in practical video coding applications.

Regarding the comparison of VP9 and HEVC in Matlab, 
although the processing time may be longer compared to 
other software platforms, the number of computations re-
mains the same as it solely depends on the algorithm imple-
mentation. Thus, Matlab allows for a fair comparison of both 
codecs. 

Given the high volume of videos today, even if the pollu-
tion were cut in half by using faster software, the associated 
emissions would still be a concern. This highlights the need 
for more energy-efficient video compression algorithms that 
use real power consumption data and metrics like Opera-
tional Emissions (O). These metrics can be employed during 
algorithm development stages, where real measurements 
can be taken and specific hardware data can be obtained 
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from suppliers for accurate calculations. Furthermore, these 
metrics can be incorporated into the algorithms as decision 
values to optimize efficiency.

In line with the current investigation, perception-based 
metrics such as SSIM can be employed to assess the resulting 
compressed video and be integrated into the compression 
algorithm. This integration optimizes the balance between 
perceived quality and computational considerations, includ-
ing energy consumption. In regions characterized by high 
SSIM values, indicating substantial structural similarity, it 
becomes possible to skip the ME process, thereby reducing 
algorithmic complexity. Furthermore, in scenarios where 
CUs exhibit significant similarities, strategies like aggressive 
quantization, which reduces bit rate allocation without com-
promising perceived quality, could come into play.

Analyzing the efficiency of current algorithms, as demon-
strated in the Matlab code developed for this work, is an es-
sential initial step towards a more sustainable metaverse.

Conclusion
The rapid growth of mobile devices, internet accessibility, 
video-on-demand services, social media, and the emergence 
of the metaverse, have led to a significant surge in digital vid-
eo traffic. However, this growth has also increased process-
ing complexity in current compression methods, resulting in 
higher energy demand and associated pollution.

Addressing this issue requires lighter compression meth-
ods that can efficiently handle video encoding. This study 
compared the performance of VP9 and HEVC, focusing on 
their ME processes, using a custom implementation in Mat-
lab for a metaverse video sample frame. The findings re-
vealed that both codecs employ thousands of computations 
to predict a single video frame. While both codecs possess 
remarkable features and designs, the results underscore the 
urgency of developing more efficient and sustainable video 
compression techniques. Reduced video processing times 
and smaller file sizes enable quicker upload, download, and 
streaming, enhancing user experience and reducing overall 
energy demand on servers, data centers, and network infra-
structure.

Future research of this work will address inefficiencies in 
the full compression algorithms, optimize the entire com-
pression pipeline, and promote eco-conscious behavior 
among users. The overarching objective is to establish cri-
teria for novel video compression algorithms that combine 
ecological sustainability with superior experiential quality. 
To facilitate this pursuit, the Matlab code for VP9 and HEVC 
is accessible through the Harmony Valley research project’s 
website.15 

The code for two Android apps dedicated to video com-
pression and “eco-cam” functionality has also been shared. 
This initiative invites enthusiastic researchers to partake 
in the collective endeavor of advancing video compression 
standards with heightened efficiency. Energy consumption 
will be a primary design constraint in technological advance-
ments, ensuring that people can enjoy digital technology 
without causing harm to the planet. Prioritizing energy effi-
ciency in video processing for the metaverse and other digi-

tal applications is crucial. By optimizing video compression 
techniques and reducing computational complexity, we 
forge the way for a greener digital landscape.
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I
mage codecs have existed since the early 1990s (JPEG 
was originally published in 1992). They form a sub-
group of compressors that focuses on photographic 
images, exploiting human vision system (HVS) char-
acteristics to achieve compression ratios far exceed-
ing those of entropy-based compressors. Modern 
video codecs evolved from image codecs by addition-

ally taking advantage of inter-frame temporal and spatial 
redundancies to reduce the compressed bitrate over the 
(display) time. 

Mezzanine (production) video codecs usually forego the 
inter-frame, correlation-based compression methods and 
stick to I-frame compression schemes. There are multiple 
reasons: Speed of access and consistent image quality are 
just some of them. Intra-frame codecs therefore, share 
more attributes with image codecs than their highly spe-
cialized distribution video siblings. 

All image codecs achieve higher compression ratios by 
making tradeoffs between the partial signal loss incurred 
in the coding process and the visibility of the associated 
artifacts to the viewer. The goal is to realize the best possi-
ble compromise between achieved visual quality and the 
given bitrate. These two goals are generally considered an-
tagonistic and mutually contradictory. 

The traditional I-frame compression approach generally 
follows, at a very high level, a 4-stage process:

1. �Select the smallest acceptable uncompressedi input 
format as the starting point. 

2. �Apply a set of transformations that try to separate 
large-scale image correlations from small-scale image 
detail. The former can be stored as a summary value, 
while the latter needs to be stored individually.

Avid DNx GX

Abstract 
When the tunable compression feature from the Quick-
Time Animation codec was withdrawn, it left behind a 
gap in its wake, which animators have been struggling 
to fill with alternatives. The natural first choice, com-
modity video codecs, leads to color deterioration at 
sharp edges when applied to, e.g., broadcast graph-
ics, virtual productions/volumes, VFX exchange, aug-
mented graphics, or motion graphics. The root cause 
can be found using YCBCR sub-sampling as part of the 
compression, even if the original imagery was in RGB. 
These artifacts are usually acceptable for direct graphic 
transmission. However, not if further image processing 
(warping, blending, compositing) is required. The arti-
facts can be avoided by using an RGB-based compres-
sion approach. Largely unknown, the 444 mode (12/10 
bit) of SMPTE VC-3 (ST 2019-1), which supports RGB-
based compression, is adjustable to target bitrates 
down to about 20:1 compression. A minor modification 
can also be applied to 8-bit levels for even better qual-
ity at the same bitrate. Compared to YCBCR 4:2:2 at the 
same target bitrate, the compressed images show vastly 
superior visual quality. The compressed results can be 
packed into a DNxPacked bitstream format, which is 
defined in  SMPTE RDD 50 Part 1. This allows combin-
ing the RGB compressed filler with an RLE compressed 
alpha channel of completely independent bit depth, 
bypassing the VC-3 limitation requiring the alpha chan-
nel to use the same bit depth as the filler. 

KEYWORDS  VC-3 // RDD 50 // RGB COMPRESSION // ALPHA CHANNEL // TUNABLE BITRATE

TECHNICAL PAPER

By Markus Weber

A High-Quality, Flexible RGB(A) Codec at Commodity Bitrates,  
Combining SMPTE ST 2019-1 (VC-3) and SMPTE RDD 50  
(DNxUncompressed)

i �Packed formats like 4:2:2 are not considered “compressed.” 
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All image codecs achieve higher  
compression ratios by making  
tradeoffs between the partial signal  
loss incurred in the coding process  
and the visibility of the associated  
artifacts to the viewer. The goal is  
to realize the best possible  
compromise between achieved  
visual quality and the given bitrate. 

3. �Introduce a lossy coding scheme for the transformed 
values, focusing loss on the small-scale image detail 
while retaining the larger-correlations.

4. �Apply a lossless coding scheme for storing the resid-
ual values. 

Modern (inter-frame) codecs push the limits for better 
coding results by primarily adding massive complexity in 
steps 2 and 3 (this includes using AI technology) to expose 
even more correlations and, to a much lesser degree, using 
new methods for the final stage 4.   

Unless for very special images, which allow you to ex-
ploit coding schemes like RLE coding, stage 4 is generally 
achieved as some entropy coding scheme. However, the 
compression achievable in this stage is limited by the so-
called Shannon limit, named after Claude Shannon, who 
in 1948 proved that a lossless compression scheme based 
solely on the probability of an arbitrary symbol alphabet 
can only asymptotically approach but not exceed, a hard 

limit, which is directly derived from this probability distri-
bution. Improvements in this area are, therefore, necessar-
ily small and modern methods like Arithmetic Coding or 
Asymmetric Numerical Systems (ANS) represent just small 
improvements over the previous generation’s result. The 
significant improvements associated with these schemes 
are due to additional methods applied prior to or in con-
junction with entropy coding, such as Context Adaptive 
Coding in CABAC. 

The one area that is typically taken for granted is stage.1 
Preserving bandwidth is not an objective that arrived 

on the stage with video compressors. Even uncompressed 
video is (usually) already compressed, despite the fact that 
users frequently forget this: 

The use of color difference signals (YCBCR), combined 
with sub-sampling, is already an image-specific compres-
sion technique, which goes back to the introduction of 
color TV. When transmission standards for color television 
were developed in the 1950s and 1960s, the signal had to 
be backwards compatible with the then-dominant black-

and-white (B/W) television sets. This mandated that the 
B/W signal was retained in the color signal (Y), with the 
additional color information squeezed into the higher end 
of the signal’s bandwidth spectrum, where its introduction 
would not cause significant (visual) disturbances to the 
signal processed by the B/W receivers. The color signal had 
to be “compressed,” to accommodate the lower available 
bandwidth, respectively sub-sampled as color difference 
signals (U and V). This significantly reduced the size of the 
transmitted signal compared to the RGB representation, 
which is derived directly from the color primaries.ii 

Creating a YCBCR signal employs one extra transforma-
tional approach (RGB → YCBCR) to expose a strong signal 
correlation (the luminance part isolated in Y). This is then 
combined with a stage 3 lossy technique (sub-sampling), 
the characteristics of which are based on the specifics of 
the HVS as follows: 

The HVS is known to resolve brightness details much 
better than color details. Sub-sampled YCBCR signals utilize 
this to dedicate more bandwidth to the Y channel and less 
to the two chroma channels. 

Image codecs then typically exploit this a second time: 
They start with a sub-sampled YCBCR signal and then ded-
icate more bandwidth to the Y channel than the two chro-
ma channels during the stage 2 and 3 processing. The col-
lective argument for lossy compression is that it is deemed 
okay as long as it does not become instantly recognizable 
to the viewers.

The Graphics Problem
Graphics, primarily broadcast graphics, form a sub-set of 
images that can also be considered video content when 
present in the form of motion graphics. They are, however, 
associated with several unique traits that single them out 
in the large “image/video content” family.

Graphics always originate on a computer. They are pro-
duced by some form of computing process (also known as 
a “a program”) and usually with a lot of human interaction. 
They are viewed, manipulated, and assessed on a comput-
er, using a computer monitor during the creation process. 
Unlike video monitors, computer monitors are based on 
(4:4:4 sampled) RGB input, and the graphic editors are 
used to modify colors using RGB controls.  

Unless textures are mapped to part of the graphics, large 
parts of the graphics are frequently formed by monochro-
matic (or what a human viewer would consider monochro-
matic) swatches with precise vertical and horizontal edges. 
Plus, there is practically no noise present in the signal.  

These specific traits can make graphics a good candi-
date for other compression algorithms e.g., run-length 
encoding (RLE), which utilizes these characteristics to es-
tablish large-scale correlations by very simple analytical 

ii �It is worth noting the fact that graphics are “real” RGB, while video signals typically 
are acquired via an image sensor using a Bayer pattern, which happens to consist 
of R, G, and B sensitive “pixels” – but only 1 channel per spatial position. To get to 
the same starting point as graphics (4:4:4 sampling) they RAW Bayer patterns have 
to be subject to elaborate mathematical processing, which will interpolate/infer the 
two missing color channels for each pixel.
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means, allowing them to blow through the entropy-based 
Shannon limit and achieve high compression ratios.iii 

These advantages are, however, tenuous at best: The ef-
fectiveness of RLE compression, for example, stands and 
falls with the repetition of the same color value for long 
stretches of the image (the “color swatches”). Once that 
trait is lost, RLE compression can quickly result in images 
that are larger in RLE “compressed” form than their “un-
compressed” originals. Also, while the monochromatic 
color swatches were the standard 20 years ago, today’s 
standard is elaborately shaded 3D models, resulting in rich 
gradient and hue variations, which a (lay) human observer 
visually interpret as “monochromatic,” even if it technically 
isn’t. 

This teaches an important lesson: Technical reality and 
human perception are two very different things: 

The human brain is used to “interpret” the raw data 
from the eyes. One (standard) example to demonstrate this 
is showing an observer a white sheet of paper and asking: 
“Is this white?” 

Depending on the accommodation time of the eye, the 
answer will be overwhelmingly “Yes,” irrespective of illu-
mination source. The human brain will automatically con-
sider surroundings, interpret the raw data, and, as a result, 
ignore/average out variations.

If you ask a lay human observer if large parts of the 
“OPENER” in Fig. 1 are monochromatic, the answer will 
still be “Yes.” The human brain automatically establishes a 
“context” and thus associates the gradients and edges with 
artifacts of where the illumination sources are placed and 

how the (perceived) 3D features create shadows. As a re-
sult, it subconsciously filters out anything that is not meet-
ing its “acquired interpretation pattern” – at least until the 
deviations become large and counter-intuitive.

Technically, however, the image has almost no identi-
cal colors, and the interpretation of 3-dimensionality and 
shadows is “pure human imagination,” based on long-
term acquired evolutionary knowledge.

This technical loss of monochromatic content in mod-
ern graphics has effectively led to a compression crisis: 
One of the previously most widely used formats for graph-
ics was the Apple Animation codec, which supported loss-
less and lossy compression and an alpha channel. When 
Apple discontinued supporting this on their newer plat-
forms, it forced users to look for suitable alternatives. They 
were forced to revert using uncompressed storage during 
exports, using single image formats like TIF, TGA, PNG, 
DPX or OpenEXR, which, for the most part, are not using 
any compression or are available as a video (stream) codec 
but are widely supported by both graphics and video edit-
ing applications (in the form of image sequences). 

While the “flatness” of graphics has been replaced with 
rich graduation, the geometric, color-choice, and col-
or-edge aspects of graphics frequently haven’t changed 
dramatically.

Graphics still retain very sharp edges, which are fre-
quently defined along hue boundaries, not luminance 
boundaries. Additionally, those edges often run exactly 
along rows or columns of the pixel grid. Colors for graphic 
elements are also frequently selected to provide strong col-
or contrast in addition—or as an alternative—strong lumi-
nance contrast, favoring highly saturated, non-natural, and 
frequently complementary color choices that clearly stand 
out from any natural image content, over which they will 
eventually be layered.iv

FIGURE 1. An example of a modern broadcast graphic, which still retains the geometric attributes of a graphic, but has lost the “large-scale mono-
chromatic” attribute, associated with graphics in the past, even though a human observer would readily identify monochromatic areas in the graphic.

iii �RLE does not really overcome the Shannon limit: The RLE codes themselves form an 
alphabet (a different one) with a non-uniform probability distribution, which can be 
entropy-coded itself to achieve an even higher storage efficiency. The VLC coding of 
ST 2019-1 is partially based on this approach. 
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These attributes are not associated with images captured 
from real-life scenery via a camera. Natural content is usu-
ally only mildly saturated, object boundaries are typically 
associated with solid luminance edges, and the character-
istics of the capture system ensure that edges very rarely 
align precisely horizontally or vertically. The physics of the 
lens/aperture system of the camera already introduce a 
slight blurring/antialiasing effect at any of the edges, and 
the surrounding environment will ensure, through the im-
pact of (indirect) illumination and the material’s reflective 
properties, that edges in natural images are almost always 
(color) anti-aliased. Exceedingly sharp contrast is almost al-
ways a sign of secondary image processing/enhancement, 
which may be part of the creative intent.  

The influence of these camera/reality-induced traits of 
real-life imagery on the effectiveness of video compression 
are very often overlooked. But they become quickly appar-
ent if one tries to solve the graphics compression crisis by 
employing bitrate-tunable video codecs to overcome it. 

The Codec Produces Wrong Colors…
Given the large size of uncompressed graphics, it is natu-
ral that users have started to look for alternatives, prefer-
ably commodity codecs, which allow you to dramatically 
reduce the size of the stored content while keeping the 
image quality high. The obvious choices are the typical 
I-frame mezzanine codecs like Avid DNx (VC-3), Apple Pro-
Res, Sony XAVC Intra (H.264), or J2K, which are widely used 
in production today. These codecs all have an excellent 
reputation in balancing between quality and compressed 
size. Until recently, the first three outdistanced J2K when 
it came to performance, making them the only reasonable 
choices during the editing process. They also differ in the 
choice of the fundamental compression technique.

While the first three can trace their roots back to JPEG 
and the DCT-based compression scheme it introduced, J2K 
takes an entirely different approach based on multi-scale 
Wavelet compression, which, based on its nature, could 
efficiently be processed only on dedicated specialized 
hardware or massively parallelized architectures as found 
on graphical processing units. The new J2K HT might 
change the latter part; however, for further discussion, we 
will limit the field to VC-3 and ProRes as typical examples, 
as XAVC-I is just a 1-frame-long group of pictures (GOP), 
which happens to consist of only an I-frame, primarily by 
implication, not design. 

Of course, these codecs are video, meaning that most 
of their profiles are based on sub-sampled YCBCR. To use 
them for graphics, you must convert your RGB graphics to 
the YCBCR representation and then reduce the color resolu-
tion via the sub-sampling process. 

VC-3 (SMPTE ST 2019-1)2,3 and ProRes support a high-
end 4:4:4 mode without sub-sampling. However, this mode 
is associated with a very high resulting bandwidth, and it is 
associated with an input bit depth of at least 10 bits. These 

modes target prime content, where quality is the first con-
sideration and bandwidth is the second. 

In the reference case, which led to the approach discussed 
here, the best possible quality was not the driving factor. The 
context was a daily live breakfast broadcast, highly branded 
and produced in a virtual set, with thematic inserts on a (vir-
tual) video wall in the background. The source of the insert 
was either camera footage or headliner graphics, with the 
latter produced in After Effects and then delivered as stored 
footage for playback during the live event. 

An interaction with the editors working with the graph-
ics material resulted in a request to reduce the compressed 
bitrate by at least a factor of 5 compared to the uncom-
pressed original.    

To achieve reasonable compression, the graphic editors 
tried to use Avid DNx and Apple ProRes on one of the low-
er bitrate levels, which are associated with 4:2:2 sub-sam-
pling. The rationale was that JPEG, as their standard and 
more primitive ancestor, is routinely used to store screen-
shots and other graphic material if you need to preserve 
bandwidth.v The results of these experiments were highly 
unsatisfactory. 

Figure 2 shows the uncompressed original. Note that 
variations seen in the teal background, when looking 
closely, are real and caused by a partial transparency of 
graphic overlay, where the natural background contents 
(winter road scene) are showing through. 

FIGURE 2. Detail of the graphic—uncompressed RGB original.

When compressed with one of the (bitrate) economic 
modes of ProRes or DNx (e.g. SQ), the result is shown in 
Fig. 3.

FIGURE 3. Detail of the graphic—compressed with Avid DNx HQ or Pro-
Res 422 HQ.

iv �The only exception is CGI (Computer Generated Imagery), which tries to reproduce 
natural color and luminance compositions/textures usually as seen through a 
camera’s lens.

v �JPEG is always YCBCR 4:2:0 sub-sampled, because it was developed for digital (still) 
cameras, meaning interlaced signals were never an issue.
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While the white text displays more or less correctly, the 
orange text appears to be heavily associated with coding 
artifacts, resulting in what the graphic editors termed 
“wrong colors.” 

The Deeper Look
The analysis of the problem can be summarized as follows: 
It is a coding artifact, but it’s not a codec bug. 

FIGURE 4. Magnification detail of the coding artifacts.

The Teal and Orange colors were (likely consciously) 
chosen as complementary colors by the graphic editors 
(Fig. 4). The Orange and Teal are virtual point mirrors in 
the CB/CR plane of a vectorscope. Both have a very similar 
luminance value Y associated with them, and both are 
dominantly CR-heavy, with only a small CB contribution 
(Fig. 5). 

The codecs differentiate their quantization settings 
only between the Y and the Chroma channels; not be-
tween CB and CR. They will allocate more resulting band-
width to the Y than the two Chroma channels, meaning 
chroma usually gets compressed more than luma. 

The White text survives the compression largely intact 
because there is a strong Y difference between the White 
and the Teal (the White is almost twice as bright as the Teal), 

with practically no chroma information coming from the 
White. Thus, the codecs can allocate significant bandwidth 
to preserving the (already favored) luminance-defined 
edges and must expend only very little bandwidth on the 
remaining Teal contributions, which are already small and 
require minimal bandwidth or compression. The result is 
a very good coding quality for the White text. 

For the Orange/Teal edges, however, there is very little Y 
difference between the neighboring colors. DCT-based co-
decs essentially apply a low-pass filter to the video content 
during compression, discarding high-frequency compo-
nents to preserve bandwidth. However, the high-frequency 
components are what defines the “crispness” of the image. 
Removing them has the same effect as running a blur fil-
ter over the image. 

All the DCT-based video codecs, unlike their JPEG pre-
decessor, do not apply constant quantization pressure 
across the entire image. They divide the image into much 
smaller sections for which the strength of the quantization 
pressure can be adjusted separately. Of course, this extra 
subdivision effort is conducted in the interest of preserv-
ing the best image quality possible at the given bitrate. 

The codec will preferably apply less quantization pres-
sure in areas with lots of detail (many high-frequency com-
ponents) and apply lots of compression pressure in largely 
uniform areas (few high-frequency components). Detect-
ing and controlling this distribution to create a detail- rich 
and high-fidelity image is the art of the encoder.  

In the case of the graphics problem, this strategy starts 
to backfire heavily: The codec will dominantly look at the 
Y channel when choosing the quantization during the 
encoding process. As the Orange/Teal edges are relatively 
flattish in the Y, the codec is induced to use a high com-
pression setting because eliminating the small high-fre-
quency components in the Y channel does not seem to 
alter the decoded Y results dramatically. 

However, this will then spill over into the chroma chan-
nels, which will receive the same quantization pressure as 
the Y channel. The chroma channels will receive signifi-
cantly more quantization pressure than you would nor-
mally receive for such a circumstance—simply because 
almost no edge is detected in the Luma. 

So, what about the edge definition in the chroma? 
Inspecting Fig. 2, the edge seems to be clearly defined 

and visible to a human, and by all rights, a codec modeled 
for the human visual system should detect and handle this 
properly. Still DNx and ProRes 4:2:2 profiles,4 both fail in 
the same way, completely independently. 

What is easily overlooked is that Fig. 2 shows the RGB 
(4:4:4 sampled) original, rather than the 4:2:2 sub-sampled 
codec input. The general geometric attributes of graphic 
content reappear with a vengeance here. 

When inspecting Figs. 3 and 4, you notice that the visi-
ble artifacts are present dominantly at the horizontal edg-
es, but not the vertical ones. The codecs perform a proper 
job vertically but not horizontally. This provides the critical 
clue that the issue is introduced by the 4:2:2 sub-sampling. 

If the Orange/Teal edge falls between 2 pixels whose FIGURE 5. Vectorscope view of the image detail shown in Fig. 5.
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chroma values are merged during sub-sampling, the re-
sulting color will be (more or less) a 50:50 mix of the neigh-
boring pixel’s chroma values. As the colors are effectively 
complementary, the resulting sub-sampled color will es-
sentially be Grey. This is an important observation. 

To the codec, this will look like two color areas separated 
by a clearly defined, 1 sample (2 pixels) wide grey boundary, 
and as the codec tries to preserve detail when it sees it, it 
will dominantly focus on preserving this grey boundary at 
the expense of the neighboring, more uniform color areas 
(Fig. 6).

FIGURE 6. The effect of low-pass “ringing,” spreading the 2 pixels Grey 
boundary to many neighboring pixels, making a previously almost 
non-noticeable artifact highly visible.

As a result, the codecs perform as intended, but are lim-
ited by the quality of the input data. Before the signal got 
to the codec, the 4:2:2 sub-sampling had already done the 
damage.  

As stated in the introduction, this is an unusual oc-
curence in real-life camera footage. The issue is avoided 
by either the limitations of the camera optics (blurring 
the color-edge definition due to the sinc filtering char-
acteristics of the lens/aperture system) or the reflective 
properties of the material and its surroundings. Even if 
such a circumstance occurs in two neighboring pixels, it 
is extremely unlikely that the camera will be so perfectly 
aligned and stable that a true vertical edge spanning many 
pixels is obtained. In other words, even if such a case oc-
curs in camera footage, it won’t be visible/noticeable to an 
observer because it is either too small or the human brain 
will filter this out as inconsistent. But graphic content 
completely breaks these implied filtering mechanisms. 

Mezzanine vs. Distribution
End-user distribution occurs practically exclusively in 
sub-sampled YCBCR. Once a graphic reaches this stage, the 
sub-sampling problem will inevitably occur. However, the 
audience in this case are lay viewers, and will likely not no-
tice the problem. Plus, the problem won’t get further am-
plified or spread, as there is no more secondary process-
ing. The distribution encodings (Long-GOP) will also offer 
a better quality (less compression) in the leading I-frame 
image of a GOP, esp. in the case of slowly moving graph-

ics, and thus are less affected by the emphasizing effect of 
high quantization pressure. But any damage that was al-
ready done during the production phase can certainly not 
get remedied at this stage anymore. 

Much broadcast graphic content is done live, practically 
as the last production step. The graphics system will gener-
ate the content as uncompressed RGB and blend it directly 
with the live video signal. This blending may be achieved 
either as a simple keying operation or through a more 
complex, 3D-model-based, texture mapping approach, as 
shown in Fig. 1. Regardless of which approach is used, this 
will eliminate transformations of the graphics as the root 
cause for any of the issues mentioned. 

However, this argument breaks down if some elements 
contributing to the final composite must be pre-rendered 
and not generated live. This was the case, for the graphics 
insert in the reference case mentioned above. In this case 
the graphic content needs to be stored in some mezzanine 
format, which does not compromise/constrain the usage 
in the final composition process. While some use cases re-
quire storing the alpha channel with the video, it can also 
be a video without alpha. The issue outlined in this paper 
is about the video generated by graphics systems, not the 
alpha-channel compositing.

The intention is to get the lowest bitrates in the mez-
zanine format the editor can pass without running an ex-
pensive final conform. 

In the reference case used in this paper, the graphic was 
authored in After Effects and represents a compositional 
intermediate. The downstream component (a virtual set) 
picked up the graphic as a “live texture.” It was subjected 
to additional processing steps (tilt and rotate), which may 
completely change the pixel positions and the relative 
layout. According to the laws of error propagation, errors 
never cancel out; the more processing they undergo, the 
larger the errors will become. By the time the signal gets 
to the final distribution stage, an already bad quality can 
spread so that even a lay user will start to notice the signal 
deterioration.  

VC-3 444 Level 
One of the major advantages of VC-3 is that its 444 level 
supports both RGB and YCBCR 4:4:4 input. The user can de-
termine if the level should use RGB or YCBCR exclusively or 
if it wants to let the codec determine the chosen approach 
on a macroblock basis (Alternate Color Space encoding). 

It may sound counterintuitive to increase the initial 
footprint to get a better quality at the end, and especially at 
the same bitrate. However, the 2016 revision of VC-3 intro-
duced a couple of minor modifications that allow the 444 
level to achieve much higher compression ratios without 
violating the VC-3 compliance constraints and, as it turned 
out, to even provide a better visual quality in almost every 
respect.     

Part 1: Variable Bit Rate Mode
VC-3 typically uses constant bitrate (CBR) mode to achieve 
a constant frame size of the content and forego having to 
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support an index in the storage files. This will speed up 
access to the essence during read processing, as no index 
needs to be read, parsed, and tracked (which may become 
a major factor if hour-long recordings are used, as found 
frequently in broadcast-based acquisition (e.g., sports). 

The introduction of lossless alpha support in 2016 was 
accompanied by the addition of a variable bitrate (VBR) 
mode. Run-length encoding (RLE) compressed alpha may 
vary primarily in compressed size, so mandatorily retain-
ing the CBR mode made no sense because it would coun-
teract the RLE objective. The only provision for VBR mode 
is that the resulting compressed frame sizes cannot exceed 
the CBR frame sizes. 

Part 2: Adjustable Output Frame Size
The encoder’s rate controller is not dependent on the tar-
get compressed frame size. It still needs to adjust to varying 
input complexity. It does not matter if an increased quanti-
zation pressure originates from a complex input or a lower 
target bitrate. As a result, the RGB mode can operate at a sub-
stiantially lower target bitrate than defined for the CBR case. 
The bitstream must simply be marked as VBR. 

Setting the VBR flag does not imply in any way that the re-
sulting compressed frames will wildly vary in frame size. The 
VBR mode in VC-3 is defined opportunistically: if the content 
is so simple that even zero quantization pressure cannot fill 
the allocated bitrate budget (for example, monochrome in-
put), then the codec does not need to artificially inflate (pad) 
the content to reach the (constant) compressed frame size 
limit. However, it does not prevent the insertion of padding 
if this is desired.  

In VBR mode, the codec can fully fill the specified target 
bitrate. If you drive the encoder with a lower target bitrate, 
you will still get practically constant frame sizes all the time; 
covering the balance via padding is an encoder implementa-
tion option—entirely within the limits of the VC-3 spec. 

Part 3: Delayed Bit Depth Limiting
Figure 7 shows a block diagram of the signal processing 
during encoding in Avid DNx, which is one of the implemen-

tations of the VC-3 standard. Note that the standard specifies 
only the decoding process, not the encoder. 

In VC-3, the inverse discrete cosine transform (IDCT) was 
intentionally defined mathematically and not as an integer 
implementation. Of course, in practical implementations, 
the discrete cosine transform (DCT/IDCT) will be implement-
ed with some fixed-point arithmetic. But the fixed-point 
arithmetic and its precision aren’t part of the standard.  
RP 2019-2 specifies an entirely optional minimal precision 
constraint for the integer implementation of the DCT at giv-
en bit depths. Implementers are, therefore, free to process 
all inputs at a higher precision than the minimal precision 
required without losing the “compliant” attribute to their im-
plementations. 

For a hardware implementation, this may make a lot of 
difference in terms of costs, but for a software implemen-
tation, which today runs on 64-bit architectures, this is (al-
most) a moot point. 

Contrary to widespread perception, the different levels in 
VC-3 do not specify an input bit depth for the DCT. As has 
been clarified in Amendment 1 to ST 2019-1, the constraint 
is the design (input) bit depth at the start of the quantization 
stage (ST 2019-1, Section 8.2.8.3, Table 14). An implementa-
tion can, therefore, postpone handling the input sample bit 
depth to the point marked as “quantization range normaliza-
tion” in Fig. 7. 

This approach is normally used to allow processing of 
higher bit depth input (10 and 12 bit) at the 8-bit design bit 
depth levels without clipping the input precision up-front. 
Respecting the higher precision of the input will slightly al-
ter the relative values of the DCT coefficients (non-uniform), 
providing a more accurate coefficient representation com-
pared to up-front clipping. While intended for handling the 
“downsample” case, the approach works in both directions if 
implemented this way. You can also feed 8-bit RGB-based in-
put to the 444 level. It won’t give you any precision gains, but 
it is not prohibited either. 

This ensures that all realistically encountered RGB repre-
sentations can be encoded without violating the VC-3 stan-
dard. The results will just not be optimal for 8-bit input.

FIGURE 7. Block diagram of the processing that occurs during DNx encoding.
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Part 4: Q Matrix Flexibility
The 8-bit issue can be addressed if you allow (optionally) a 
minor departure from the standard:

The values of the Q matrix, which is applied during the 
quantization stage, are not bit-depth dependent. The dif-
ference between the different Q matrices is primarily in 
how aggressively they eliminate the high-frequency DCT 
coefficients. 

What differentiates the 444 level from the sub-sampled 
levels is that it uses the same Q matrix for all three compo-
nents (4:2:2 and 4:2:0 levels use more robust quantization set-
tings in the chroma channels), thus balancing the influence 
of the three components more equally in the rate controller. 

To achieve an optimal result for 8-bit input, an implemen-
tation can choose the following approach: 

During the quantization stage, normalize to the 8-bit de-
sign bit depth range (as defined in Amendment 1) and then 
use the 444-level Q matrix for quantization. Depending on 
the implementation, the bitrate controller will not care about 
this difference and will happily proceed. However, it will now 
start with a smaller footprint at the input to the quantization 
stage, allowing it to use less quantization pressure to achieve 
the desired target bitrate. Stated differently, it will lead to an 
uptick in quality compared to the 444 level. 

For a software implementation, this is a trivial modifica-
tion. However, this goes along with the provision that you 
can no longer expose the bitstream as a VC-3 compliant bit-
stream, as this is breaking standards compliance.

Part 5: RDD 50 DNxPacked Coding 
RDD 505 (Avid DNxUncompressed) consists of two parts:

In Part 1, a simple, generic, and extensible, chunk-based 
bitstream super-format is introduced, which applies to all 
kinds of I-frame codecs. It allows flexibly storing image infor-
mation in either single channels or as arbitrary combinations 
of channels. What is stored is described generically, while 
how it is stored relies on FourCC identifiers for the chunks. 
The format specifically provides generic guidelines for bit-
stream consumers to ignore/preserve chunks for which they 
do not know how to process the FourCC mapping of the 
chunk, and proceed with those chunks they can handle. 

Part 1 of RDD 50, known as the DNxPacked bitstream 
format, does not specify any FourCCs. But it completely de-
scribes the mapping into the MXF container. 

Part 2, DNxUncompressed, specifies a wide range of (loss-
less) channel codecs and their storage/packing format. 

The generic nature of Part 1 allows adding new coding 
schemas to the bitstream by introducing new FourCCs 
without having to publish a complete codec specification, 
as long as they are I-frame formats. All it takes to embed a 
VC-3 coded frame into a DNxPacked bitstream is to define 
a new FourCC. Consumers who do not know this bitstream 
will skip it without having to interpret it, but the generic in-
formation will tell them enough to let them know what they 
are skipping and then make an informed decision if it makes 
sense to continue. 

The resulting bitstream can be shared in MXF form with-
out the risk of being confused with standard VC-3 bitstreams.

While this may look like a simple cheat schema, there is an-
other very good reason always to encode such bitstreams this 
way, even if the compliant 444 level is used. VC-3 represents 
partially unfinished business in an irrelevant area for normal 
encodes, but tremendously important for graphics: Alpha.

For compatibility reasons, the bit depth of alpha in VC-3 
is constrained to the same bit depth as the filler. This means 
that 10- and 12-bit input are constrained to using 10- and 12-
bit alpha if the RLE compression option is chosen, as in this 
case, the “quantization range normalization” cannot be ap-
plied to the alpha. 

While 10- and 12-bit alpha is not completely unheard of, 
most applications will use either 8- or 16-bit alpha. VC-3 also 
can neither support RLE compression for the 8-bit levels (size 
constraints) nor achieve 16-bit alpha resolution for the two 
higher quality levels. 

This shortcoming is addressed by DnxPacked, which 
allows each channel to be handled independently. One of 
the channel codecs it supports by default is a variant of the 
RLE coding used by the lossless VC-3 alpha channel—but 
without the filler bit depth constraint of VC-3.

So, by putting the VC-3 compressed filler into a RDD 
50-compliant container, this filler can be paired with an al-
pha channel of completely independent bit depth. 

The importance of this combination goes well beyond 
what is known as “alpha blending.” The alpha channel is a 
“general purpose” channel without any default operation/
meaning attached to it. It is frequently used to store depth 
(3D) or velocity (particle systems) information, which relies 
on lossless and precise storage. So, the combination of VC-3 
with the alpha channel handling of RDD 50 establishes a 
whole new use case for this codec, which goes well beyond 
that of traditional graphics applications. 

Quality Considerations
After figuring out how to encode this, the obvious ques-
tion looming is: Isn’t this approach completely ruining the 
quality? 

The surprising answer is, In some respects yes, but in prac-
tical use definitely no. 

The most widely used Avid DNx level in 8-bit broadcast 
production is the standard quality (SQ) level at around 140 
Mbits/s (4:2:2 at HD resolution). Figure 8 shows the result 
when the RGB-based graphic is compressed to the same bi-
trate using the 444-level compression method. This certainly 
meets all the visual expectations and is at approximately a 
13:1 compression ratio. 

FIGURE 8. Result when running the 444 level at 8-bit design bit depth at 
the SQ level’s target bitrate.
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This is further supported by looking at a detail of the 
“OPENER” example used before (Fig. 9). Not only do the 
graphics appear clear and well defined, as expected. The Live 
texture in the middle also does not show any visible artifacts 
when compared with the original. 

Conclusion
Exploiting more exotic combinations of what is permissible 
by the VC-3 standard with minimal effort allows us to provide 
a solution for a graphics codec with a wide range of tunable 
target bitrates without defining an entirely new codec. 

• �Using VBR mode allows the use of much lower bitrates 
than targeted by the CBR mode.

• �The generic rate controller required by VC-3’s resolution 
independence design allows targeting such lower bi-
trates deterministically and without changes to the rate 
controller.

• �The delayed bit depth limiting avoids visibly reducing 
the input quality, allowing quantization only in DCT 
space, where the quantization effects of one value will be 
distributed over 64 pixels after the IDCT.

• �The level/bit depth independence of the Q matrix allows 
applying the 444 quantization matrix even at 8-bit de-
sign bit depth levels.

• �Lastly, combining the compression with the chunk for-
mat of RDD 50 allows the creation of an exchangeable 
graphics format with independent alpha control. 

While initially aimed at graphics, which starts with a noise 
advantage compared to real-life imagery, the results indicate 

that, counter to intuition, using an RGB/4:4:4-based DCT 
compression does have significant advantages when visual 
quality is more important than technical quality. This spe-
cifically applies to offline and proxy workflows, where using 
RGB as the native compression mode may also simplify view-
ing/browsing of the content on cheap and low-spec comput-
er hardware (both CPU and monitors). 

While the reference example used broadcast graphics, this 
solution and codec can be applied to graphics interop work-
flows involving virtual productions/volumes, VFX exchange, 
augmented graphics, or motion graphics. Generally, it can be 
applied wherever visual quality is deemed more important 
than technical quality.

A special case is employing the lossless alpha channel. 
The importance of a high-resolution and lossless alpha chan-
nel cannot be overstressed, as the alpha channel is a gen-
eral-purpose channel that is not exclusively used for trans-
parency blending. An important application of the alpha 
channel is to store 3D pixel depth information (z-depth). The 
combination of Avid DNx with RDD 50 opens the door to a 
much broader application of this codec than just broadcast 
graphics. 
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Film grain applications started gaining  
a lot of popularity due to an increasing  
demand for natural appearance. To improve 
a video coding gain, the film grain is removed 
prior to encoding, and then added back  
after decoding at the post-processing stage,  
as is currently implemented in the AOM AV1 
coding scheme.
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V
ideo applications continue to gain a lot of 
traction and have an enormous demand. 
As a result, bandwidth requirements con-
tinue to rise, mainly due to an increasing 
demand for ultra-high-definition (Ul-
traHD) resolution displays (note that “Ul-
traHD” refers to the 3840 x 2160 resolution 

(UHDTV-1/4K) in terms of luma samples). Since a typical 
bit rate for UHDTV-1 video is between 15 and 18 Mbits/s 1,2 it 
is generally more than twice the high-definition (HD) video 
bitrate and a factor of nine times the standard-definition 
(SD) video bitrate; as a result, there is currently a strong 
need to decrease video transmission bitrate substantially 
without reducing the visual presentation quality.3

During the last couple of years, artificially generated 
content has become very popular due to the technological 
breakthrough of Generative AI technologies. As a result, 
film grain applications started gaining a lot of popular-
ity due to an increasing demand for natural appearance. 
Film grain is a product of the physical characteristics of 
analog film that refer to  light-sensitive silver halide crys-
tals (i.e., bromide, chlorine, iodine). These crystals vary in 

size due to the film’s exposure and development process, 
resulting in a random pattern of grain on the film. In addi-
tion, it should be noted that film grain differs in many as-
pects from digital noise (being visible after amplification) 
caused by electrons due to their thermal behavior in the 
sensor/electronics: for example, the size of grains varies 
depending on the film sensitivity (i.e., the more sensitive 
the film, larger the grains are), while the digital noise size 
is equal to the size of a pixel. On the other hand, in dig-
ital videos the film grain is added on purpose, mainly to 
provide desired artistic intent and natural look, or to mask 
coding artifacts due to compression. 

Therefore, there is a need to preserve film grain while 
keeping the video transmission bitrate at a reasonable lev-
el, especially for the UltraHD video content.  

Background
Main efforts to achieve the bitrate savings for UltraHD vid-
eo content started in 2010, when ITU-T Video Coding Ex-
perts Group (VCEG) and the ISO/IEC Moving Pictures Ex-
pert Group (MPEG) established a Joint Collaborative Team 
on Video Coding (JCT-VC) to work on the High-Efficiency 
Video Coding (HEVC) standard.3,4

Then, after about two and a half years of intensive devel-
opment, the first version of the HEVC specification was ap-
proved by ITU-T as Rec. H.265 and by ISO/IEC as MPEG-H, 
Part 2,4 in 2013. Figure 1 illustrates a block diagram of the 
H.265/MPEG-HEVC encoder—it should be noted that more 
detailed information about HEVC can be found at5 and.6 
The HEVC second version contains the Range Extensions 
(RExt) as well as the Scalable and Multiview Extensions 
(SHVC and MV-HEVC, respectively), and it was accom-
plished in 2014.7 Further, the third and fourth HEVC ver-
sions contain the 3D Video Coding Extensions (3D-HEVC)8 

and the Screen Content Coding Extension (HEVC-SCC),9 
and they were approved in 2015 and 2016, respectively.10 

While the joint video coding standardization activities 
of ITU-T and ISO/IEC organizations rely on an open and 
collaborative process driven by its active members, several 
companies individually developed their video coding for-
mats.11,12,13 Technologically, these proprietary video coding 
formats were often designed around variants of the state-
of-the-art coding algorithms supplemented with the com-
panies’ proprietary technologies. For example, the VP8 
codec14 developed privately by On2 Technologies Inc., a 
company acquired by Google Inc. in 2009, is one such pro-

Abstract 
Film grain is spatially random in nature, while its physi-
cal size can also vary. In addition, film grain is indepen-
dent in a temporal domain, thereby making it inherent-
ly difficult to compress. Therefore, to improve a video 
coding gain, the film grain is removed prior to encoding, 
and then added back after decoding at the post-pro-
cessing stage, as is currently implemented in the Al-
liance for Open Media (AOM) AV1 coding scheme. In 
this work, the AV1-compatible film grain modeling for 
the High-Efficiency Video Coding (HEVC)-based vid-
eo codecs has been carried out to utilize the existing 
AV1 film grain post-processing support efficiently. This 
is done by providing estimated film grain parameters 
within the International Telecommunication Union-Tele-
communication (ITU-T) Recommendation T.35 (ITU-T 
T.35) Supplemental Enhancement Information (SEI) 
message. According to extensive experimental results 
conducted on popular cinematic content, significant 
bitrate savings are achieved. 
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prietary video codec. In turn, the development of the VP9 
codec,15 as the successor of VP8, started about two years 
after the acquisition of On2 Technologies Inc. and was fi-
nalized in 2013.16 Performance comparisons of VP9 with 
H.264/MPEG-AVC and H.265/MPEG-HEVC based on objec-
tive assessments were presented in detail.11,12,13 In addition, 
subjective assessments of HEVC and VP9 can be found in 
Ref. 17.

About two years after VP9 was finalized, i.e., in 2015, the 
Alliance for Open Media (AOM) was formed by its founding 
members Amazon, Google, Microsoft, Cisco, Intel, Mozilla, 
and Netflix with the objective to work towards next-gen-
eration media formats in general and with a particular 
short-term focus on the development of a video-coding 
scheme.13,18,19 The work on the new video-coding scheme in 
AOM started by using the source code of the above-men-
tioned VP9 codec, further adding advanced tools. Later, in 

April 2016, AOM released a baseline version of the devel-
oped video-coding scheme, which received the name AV1. 
Similarly, to HEVC, one of the main AV1 features is its parti-
tioning structure, which is schematically presented in Fig. 2.

The final version of the first edition of AV1 was released 
in 2018, claiming to provide a significant coding-efficiency 
gain over the then-current state-of-the-art video codecs16 
and introducing film grain modeling, which was pro-
cessed as follows (Fig. 3). First, the input video is denoised, 
and then the corresponding film grain parameters are esti-
mated by analyzing the difference between the original in-
put video and the denoised one. Then, the denoised video 
is encoded, and the resultative bitstream is provided to the 
decoder along with the estimated film grain parameters. 
In turn, the film grain is synthesized at the decoder end 
based on the received film grain parameters, and then the 
synthesized film grain is added to the reconstructed video. 

FIGURE 1. The schematic block diagram of the H.265/MPEG-HEVC encoder.
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The film grain modeling process in AV1 has been de-
fined as normative, thereby making all AV1-compatible de-
coders to support and allowing the addition of the synthe-
sized film grain during the post-processing step, i.e., prior 
to the display. It should be noted that HEVC also allows the 
film grain modeling process/synthesis by using metadata 
signaled within the film grain Supplemental Enhance-
ment Information (SEI) message.  However, in HEVC, it 
is not defined as mandatory, so, the AV1-based film grain 
processing is more widely deployed to date.

In this work, the AV1-compatible film grain modeling 
for the H.265/MPEG-HEVC-based video codecs has been 
carried out to utilize the existing AV1 film grain post-pro-
cessing support efficiently. This is done by providing the 
estimated film grain parameters within the ITU-T Recom-
mendation T.35 (ITU-T T.35) SEI message,20 where the ITU-T 
T.35 header allows to indicate that the AV1 film grain pa-
rameters are provided within its registered AV1 Film Grain 
Specification (AFGS1) metadata payload to the decoder 
end21. Generally, the AV1 film grain synthesis parameters, 
which are specified within the AV1 specification,19 are sim-
ilar to the metadata payload mentioned earlier, includ-
ing the frame-level film grain synthesis algorithms and 
frame-level parameters, which are similar to the frame- 
level parameters of the AV1 film grain synthesis process. 
However, there is a difference between the AFGS1 and AV1 
film grain, which relates to the film grain parameters refer-

encing, i.e., to how the film grain parameters are signaled. 
The remainder of this paper is organized as follows. The 

AOM film grain signaling, as described within the AFGS1, 
is briefly discussed in the next section. Then, the selected 
representative encoder is introduced, followed by a de-
scription of the test methodology and evaluation setup. 
After that, detailed experiments that have been carried 
out on popular cinematic content are provided, and finally, 
conclusions are outlined in the last section of this work.

 
AOM Film Grain Signaling 
For the past few years, AOM has been working on the AV1 
film grain synthesis specification, which is abbreviated as 
AFGS1.21 According to the specification, the estimated film 

FIGURE 4. Video encoder objective evaluation.
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grain parameters are provided within the ITU-T Rec. T.35 
(ITU-T T.35) SEI message. Specifically, a syntax element ti-
tled itu_t_t35_terminal_provider_oriented_code is used with-
in the ITU-T T.35 header for indicating the signaling of 
AV1 film grain parameters within the ITU-T T.35 registered 
metadata payload. 

For keeping the film grain in AFGS1 as codec-agnostic, 
no concept of reference frames is used. A specific flag (ap-
ply_grain) is utilized for indicating the application of film 
grain synthesis to a current frame. At the same time, sig-
nalling of “1” means that the film grain is applied to the 
current frame and when that happens, an additional set of 
parameters is signaled: grain_seed for initializing the pseu-
do-random numbers generator; film_grain_param_set_idx 
parameter for allowing to differentiate between up to eight 
separate film grain models (e.g., referring to different out-
put resolutions) as well as update_grain parameter. In turn, 
when update_grain is “1”, then it means that a new set of 
film grain parameters should be parsed from the metada-
ta payload to be applied to the current frame, further be-
ing associated with specific film_grain_param_set_idx. On 
the other hand, when update_grain is 0, then the film grain 
parameters are read from the memory associated with the 

film_grain_param_set_idx to be further applied to the cur-
rent frame. 

It should be noted that AFGS1 can be integrated with 
many video codecs that support ITU-T T.35 metadata. Nat-
urally, the AFGS1 film grain should be supported through-
out the post-processing process to ensure that every com-
ponent works together, providing significant benefits, for 
example, when transcoding video between different for-
mats or encoding video in multiple formats. The reader 
can find more detailed information in Ref. 21.

Selected Encoder Implementation: The Titan Encoder
For carrying out an evaluation of the AV1-compatible film 
grain modeling for the H.265/MPEG-HEVC-based video 
codecs, the Ateme Titan proprietary video encoder was 
selected.22 Titan codec is considered to be a professional 
contribution encoder, which is capable of encoding video 
sequences in both HEVC and AV1. For removing the film 
grain, the Titan encoder incorporates adaptive MCTF-
based denoising, complemented by frequency domain 
spatial filtering for temporally unpredictable areas and 
grain model analysis. 

The Titan encoder (version 36.0.0.0 of 7 August 2023) 

FIGURE 6. “Collateral” input video samples.

FIGURE 5. Video encoder and film grain synthesis evaluation.
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has been selected for both the AV1-based and the HEVC-
based encoding—to date, it is the only available encoder 
that allows the AFGS1 film grain signaling by using ITU-T 
T.35 registered metadata for the HEVC-based encoding.22

Test Methodology and Evaluation Setup
Figure 4 depicts a typical video encoder evaluation tech-
nique in which an objective quality assessment is per-
formed by comparing an output video to the input video 
while applying objective quality metrics. After completing 
several encodings, a Bjøntegaard-Delta Bit Rate (BD-BR) 
measurement method23 is typically used for the Rate-Dis-
tortion (R-D) performance assessment to calculate average 
bitrate differences between R-D curves for the same dis-
tortion, e.g., for the same PSNRYUV values.24 It should be not-
ed that while conventional objective quality assessment 
methods are not perfect, they have proven useful.

On the other hand, film grain synthesis, the approach 
mentioned, is not useful: the grain synthesis process gen-
erates a pseudo-random noise with the same statistical 
characteristics as the source video grain. Therefore, it 
retains the grain look as much as possible but has no fi-
delity to the source. In other words, it is a different grain 
(varying by size, density, and color) with substantially the 
same subjective appearance/look. As a result, any objec-
tive metric comparing the output video to the input video 
will determine a significant degradation in visual quality 

because the grain pattern is different. The corresponding 
encoding/decoding process is schematically illustrated 
in Fig. 5. 

Alternatively, before adding the film grain at the 
post-processing step, the decoded video can be compared 
to the input video. However, also in this case, an objective 
metric comparing the decoded video to the input video will 
provide non-useful results since the decoded video is a de-
noised version of the input video, which has been encoded. 
Therefore, the only valid objective comparison should be 
performed between the decoded output video (before add-
ing a film grain prior to display) and the denoised input vid-
eo (after performing the film grain denoising/removal). The 
final output video can then be assessed subjectively. 

In this work, the experimental evaluation of the film 
grain synthesis (FGS) is decomposed into two parts: cod-
ing efficiency and grain rendering. First, the coding effi-
ciency is evaluated objectively, and then validated subjec-
tively. Second, the grain rendering is visually inspected. 
For that, the expert viewing has been conducted – see 
Section: Viewing Session Setup. 

The process of film grain parameters extraction for the 
purpose of the film grain synthesis is described in the next 
section. 

Film Grain Parameters Extraction
The Titan encoder,22 which was selected to run experi-

FIGURE 7. “Collateral” R-D curves for CQ encodings with/without FGS: (a) HEVC, (b) AV1.

FIGURE 8. “Collateral” R-D curves for CBR encodings with/without FGS: (a) HEVC, (b) AV1.

A

A

B

B
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ments in this work, must perform extraction of film grain 
parameters before denoising/encoding of the film-grained 
video content for further signaling these parameters by 
using the ITU-T T.35 SEI message.20 For that the Titan en-
coder performs the following operations:

• �Luma and chroma range segmentation: As spec-
ified in AV1 specification19 and in AFGS1,21 the lumi-
nance and chrominance ranges can be split into 
bands, each band having its own scaling or grain 
“strength.” This step is systematically applied as the 
grain usually exhibit a variation depending at least 
on luminance. In addition, there are two design cri-
teria. First, the range must be split into small enough 
bands to ensure fine scaling adaptation. Second, each 
band must contain enough data to be statistically sig-
nificant.  A non-uniform splitting of the range is pre-
ferred. Starting from the maximum possible number 
of bands, the Lloyd-Max algorithm25 is applied with 
specific initializations for luminance and chromi-

nance channels. Then, the adequacy of the design cri-
teria is checked. If necessary, the process is repeated 
with fewer possible bands.

• �Identification of reference picture blocks: For each 
band, a subset of blocks is selected for grain param-
eters estimation. These blocks are set either on the 
source image or the residual image after motion com-
pensation (as performed by the MCTF filter). Gener-
ally speaking, the blocks with the lowest energy are 
supposed to contain only film grain. As such, they can 
be used as references for grain parameter estimation. 
In the spatial domain, it corresponds to uniform ar-
eas, while in the temporal domain, it corresponds to 
blocks with perfectly estimated motion. With the ex-
clusion of specific areas, such as black stripes, the ref-
erence blocks are selected as a combination of source 
and residual blocks with the lowest energy.

• �Grain variance estimation: For each band, the vari-
ance of the grain is estimated in the reference blocks, 
and the scaling values are set accordingly. It should be 
noted that the overall distribution of the scalings is 
checked, and some values may be corrected if they are 
inconsistent with the neighboring bands.

• �Auto-Regressive (AR) coefficient estimation: Sim-
ilarly, the reference blocks are used for AR coefficient 
estimation. However, as the AR coefficients are defined 
once for all the ranges, the reference blocks from the 
highest scaling bands are gathered. The Yule-Walker 
method is considered in Ref. 26. However, the conver-
gence is not guaranteed, and the coefficients may need 

FIGURE 9. “Collateral” AV1 encoding at 12 Mbits/s, (a) FGS Off, (b) FGS On

A B

HEVC Titan encoder configuration
Coding options Chosen parameters Coding options (cont.) Chosen parameters (cont.)

Encoder Version 36.0.0.0, Aug. 7, 2023 Rate Control Enabled
Profile Main 10 Intra Period 1 sec

Level 5.0 Coding Unit Size/Depth 64/3
GOP 32 Transform Unit Size (Min/Max) 4/32
Threads 8 Deblocking Filter Enabled
Lookahead 23 Sample adaptive offset (SAO) Enabled
Optimizations AVX2 Asymmetric Motion Partitioning Enabled

AV1 Titan encoder configuration
Coding options Chosen parameters Coding options (cont.) Chosen parameters (cont.)

Encoder Version 36.0.0.0, Aug. 7, 2023 Rate Control Enabled
Profile Main Intra Period 1 sec
GOP 32 SB size 64
Threads 8 Coding Unit Size/Depth 64/3
Lookahead 23 Transform Unit Depth 3
Optimizations AVX2 Deblocking Filter Enabled

TABLE 1. Configuration settings of the Titan encoder for the HEVC-based encoding.

TABLE 2. Configuration settings of the Titan encoder for the AV1-based encoding.
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to be adjusted, as the standard constrains the range of 
the AR coefficients. Therefore, the ridge regression27 is 
preferred. As the lambda parameter controls the norm 
of the AR coefficients, it is possible to control both con-
vergence and coefficients range. However, very coarse 
grain may be underestimated because of these con-
straints.

• �Seed selection: The seed for the pseudo-random 
generator is selected. It has been observed that some 
unpleasing repetitive patterns appear due to the rep-
lication of a small patch of grain. At this step, a seed is 
selected among a subset known for being less prone to 
the apparition of repetitive patterns.

The Titan encoder configuration settings (both for 

HEVC-based and AV1-based encoding) are discussed in de-
tail in the next section.  

Titan Encoder Configuration: HEVC Encoding
The detailed configuration settings of the Titan encoder 
for performing the HEVC-based encoding are presented in 
Table 1. The Random Access (RA) configuration was select-
ed, because it provides the most significant coding gains.

Titan Encoder Configuration: AV1 Encoding
To ensure a fair performance evaluation, the authors tried 
to provide similar configuration settings for the AV1-base 
encoding as well. Table 2 summarizes the encoder config-
uration settings. 

The expert viewing session setup is provided below.

FIGURE 11. “Notre Dame Football” input video samples.

FIGURE 10. “Collateral” AV1 encoding, (a) FGS Off, 25 Mbits/s, (b) FGS Off 12 Mbps, (c) FGS On 12 Mbps.

A B B

FIGURE 12. “Notre Dame Football” R-D curves for CBR encodings with/without FGS: (a) HEVC, (b) AV1.

A B
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Viewing Session Setup
The viewing was conducted according to adjectival cat-
egorical judgment described in Annex 4, Part 2 of the 
“Stimulus-comparison methods,” BT.500-14,28 with expert 
viewers. The viewing was conducted on UHDTV-1 65 in. di-
agonal TV sets, which use OLED technology, in dedicated 
rooms with dim lighting. 

The post-processing functions of all TV sets have been 
deactivated. The viewing distance was 1.6 times the screen 
height. The voting procedure was “A”-“B”-“A”-“B,” where 
“A” is an anchor sequence and “B” is a test sequence. 

Also, the viewers rated “B” versus “A” as one of: “much 
worse,” “slightly worse,” “same,” “slightly better,” “much 
better.”

Bjøntegaard-Delta Bit-Rate Measurements 
Similarly, to the previous work,2 the Bjøntegaard-Delta Bit 
Rate (BD-BR) measurement method23 was used for the R-D 
performance assessment in order to calculate average bit-
rate differences between R-D curves for the same distor-
tion, e.g., for the same PSNRYUV values.24 It should be noted 
that negative BD-BR values indicate actual bitrate savings.

The authors used R-D curves of the combined luma (Y) 
and chroma (U,V) components, while the combined PSN-
RYUV values are calculated as a weighted sum of the PSNR 
values per each picture of each component, i.e., of PSNRY, 
PSNRU, and PSNRV.

PSNRYUV = (6 • PSNRY + PSNRU + PSNRV) / 8 1

As a result, using the combined PSNRYUV and bitrate 
values as an input to the BD-BR measurement method 
enables determining a single average difference in bitrate 
that takes into account the reconstruction fidelity of both 
the luma and the two chroma components.2,24

Experimental Results and Brief Discussion
The experiments were conducted by using three test video 
sequences, the details of which are provided in Table 3.

TABLE 3. Test video sequences. 

Sequence 
name Collateral Notre Dame 

Football Blues Brothers

Resolution 3840 × 2160 
(UHDTV-1)

1920 ×1080 
(1080p) 1920×1080 (1080p)

Bit-Depth 10 bits 10 bits 10 bits
Duration 10 min 10 min 7 min 44 sec

Frame Rate 23.976 frames/
sec 59.94 frames/sec 23.976 frames/sec

Color  
primaries   BT.709 BT.2020 BT.709

The “Collateral” video sequence contains several grain 
characteristics, including light grain overlayed on synthet-
ic content, very strong/coarse film grain, and digital grain 
coming from night capture (as shown in Fig. 6). 

The experiments have been carried out in the following 
way: First, the video sequence was encoded at the constant 
quality (CQ) mode, where a target encoding quality is pre-
defined.

Similarly, to predefining a quantization parameter (QP), 
the denoised (de-grained) video requires fewer bits to be 
encoded at the same visual quality level as the original in-
put video.

Then, in the second step, the video sequence was encod-
ed in the constant bitrate (CBR) mode, with bitrates reflect-
ing the CQ encodes observations. For each experiment, four 
rate-distortion points are generated, with the film grain 
synthesis turned ON and OFF (i.e., with and without adding 
film grain after the decoding and before display).

The CQ encoding results are presented in Fig. 7. As ex-
pected, the denoised video exhibits a dramatically better 
coding efficiency, with around 80% BD-BR gain for both 
AV1 and HEVC. Similar results have been obtained in CBR 
mode in Fig. 8.

Upon conducting the subjective assessment, it was 
found that the consistent benefit of the FGS is the grain 
rendering stability at low bitrates, such as 15 Mbits/s or 
lower for the UltraHD video content. 

Regarding grain “look,” the actual results depend on 
the characteristics of the video source. In the example of 
in Fig. 9, the film grain aspect is satisfactory. On the oth-
er hand, as illustrated in Fig. 10, some very coarse grain 
patterns may prove to be challenging. Once again, the 
grain is stable temporally and spatially due to perform-
ing the FGS, but the overall film grain appearance may 
differ from the source. One must note that in case of very 
coarse grain, the denoiser may struggle too and not fully 
remove the grain.

As illustrated in Figs. 9 and 10, film grain is either re-
moved by the encoding process, or worse, unstable spa-
tially and temporally. The grain can be also considered as 
“pumping”—i.e., appearing and disappearing depending 
on the frame position within the group of pictures (GOP) 
and depending on the luminance characteristics. There-
fore, to achieve the best visual/subjective performance at 

PERFORMING  
THE FILM GRAIN  
SYNTHESIS IS  
PROVEN TO BE  
THE BEST WAY OF  
CONVEYING FILM  
GRAIN AT LOW  
BITRATES, FOR  
THE ULTRAHD  
VIDEO CONTENT.
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the decoder end, a mix of the residual grain and synthe-
sized grain should be carried out. 

According to the experimental results, by applying the 
FGS to the decoded video content, the overall bitrate re-
duction of ~40% is achieved for the “Collateral” video se-
quence, with satisfactory visual quality.

In addition to the “Collateral” video samples presented 
in Fig. 6, the “Notre Dame Football” video samples are pre-
sented in Fig. 11. As it is seen, the “Notre Dame Football” 
video sequence is much less grainy, and it includes many 
fast motion scenes. 

The corresponding CBR encoding results are presented 
in Fig. 12. The BD-BR gain for the “Notre Dame Football” 
video sequence for both AV1 and HEVC-based encoding 
is more than 10%; however, it is much lower than for the 
“Collateral” video sequence due to much less grainy video 
source. 

The experimental results for the “Notre Dame Football” 
video sequence clearly show that there are significant ben-
efits for using the FGS technique even in the case of the 
very low film grain, since it still allows one to significantly 
reduce bitrate and increase coding gain. 

In addition, the “Blues Brothers” video samples are pre-
sented in Fig. 13. The corresponding CBR encoding results 
of the “Blues Brothers” video sequence are presented in 
Fig. 14. As it is seen, the BD-BR gain for both AV1 and HEVC 

is very significant, and it is more than 90%. 
Table 4 presents a summary of the BD-BR bit rate sav-

ings for the tested video sequences. It should be noted that 
negative BD-BR values indicate actual bitrate savings.

TABLE 4. A summary of the BD-BR bit rate savings.

Sequence 
HEVC Bit Rate Savings
FGS ON vs. FGS OFF

AV1 Bit Rate Savings
FGS ON vs. FGS OFF

Collateral -79.83% -68.12%
Notre Dame Football -10.02% -12.27%

Blues Brothers Gain of more than 
90%

Gain of more than 
90%

As shown in Table 4, the HEVC bitrate saving for video 
sequences with heavy film grain, such as “Collateral” and 
“Blues Brothers,” are very significant and they are ~80% 
and more than 90%, respectively. On the other hand, for 
the “Notre Dame Football” video sequence that has very 
light film grain, the bitrate savings are ~10%, which is still 
very significant considering that the level of grain/noise is 
very low. 

Conclusion
This work presents an efficient implementation of the 
existing AV1 film grain post-processing support by us-
ing AV1-compatible film grain modeling for the H.265/

FIGURE 13. “Blues Brothers” input video samples.

FIGURE 14. “Blues Brothers” R-D curves for CBR encodings with/without FGS: (a) HEVC, (b) AV1.

A B
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MPEG-HEVC based video codecs. This task has been ac-
complished by providing estimated film grain parameters 
within the ITU-T Rec. T.35 (ITU-T T.35) SEI message. Accord-
ing to the extensive experimental results conducted on 
popular cinematic content, very significant bitrate savings 
are achieved for substantially the same subjective video 
presentation quality. 

In this work, performing the film grain synthesis is 
proven to be the best way of conveying film grain at low 
bitrates, such as 15 Mbits/s or lower, for the UltraHD video 
content. The future work will include denoising and film 
grain modeling refinements.
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T
he media production and broadcasting in-
dustry is experiencing what is arguably the 
most significant transformative shift since 
the introduction of the Serial Digital Inter-
face (SDI).1 Since then, a series of innova-
tions have emerged, culminating in the first 
major milestone for media over Internet  

Protocol (IP), the AES67 standard,2 and the ever-expanding 
SMPTE ST 2110 suite of standards.3 This evolution aims to 
replace traditional broadcasting methods with agile, scal-
able, cost-effective media over IP solutions powered by ad-
vanced IP networking technologies.

However, this new era brings its own set of challenges. 
The flexibility of these systems demands unmatched pre-
dictability and performance from the underlying network 
and timing infrastructures. The SMPTE ST 2110-21 stan-
dard4 emphasizes this by setting strict timing and jitter 
requirements, explained even more clearly in the new RP 
2110-25.5 Factors like switch platforms’ behavior particular-
ities can influence the defined packet pacing benchmarks, 
highlighting the need for comprehensive testing before 
facility deployment.

While the Precision Time Protocol (PTP)6 enables and 
ensures synchronization across all network and media de-
vices, the allowed error budget for ST 2110 applications is 
rather tight. The overall timing performance of the system 
obviously relies on the individual performance and the 
introduced error of its individual components. In partic-
ular, the network components significantly impact the re-
sulting quality of the time served to the media endpoints. 
Therefore, any lapse in network performance can jeopar-
dize PTP’s accuracy.

These considerations highlight the importance of test-

Profiling the ST 2110 Network 
Traffic for Load Testing with 
Open-Source Tools 

Abstract 
The transition to IP-based and software workflows in 
broadcasting has increased demands on networks for 
consistent performance, especially with the adoption 
of the SMPTE ST 2110 standard and its unique timing, 
synchronization, and bandwidth requirements. Unlike 
traditional internet-like traffic profiles, ST 2110 systems 
exhibit distinct traffic characteristics, highlighting the 
need for standardized acceptance and load testing 
methods. This paper discusses profiling operational 
ST 2110 systems under load, creating a statistical model  
for media stream distribution based on typical use 
cases. It also explores using open-source tools for load 
testing, enabling media companies and broadcasters 
to simulate high-traffic scenarios, identify system lim-
itations, and improve network scalability. This study 
advances the understanding of how network designs 
and switching platforms respond to high volumes of 
ST 2110-like traffic, offering a cost-effective, efficient, 
and scalable approach to network management in the 
broadcast industry.
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Creating a set of media profiles  
is essential in ensuring that testing 
closely mirrors real-world load,  
traffic patterns, and network  
scenarios, providing a common  
ground for testing and comparing  
system elements and ultimately  
guaranteeing more reliable and  
robust media over IP infrastructure.

ing a switched platform’s performance from the packet 
pacing and queueing, multicast replication, and timing 
performance under load before the full-scale deployment 
into an operational or commissioned facility. But despite 
the importance of such testing, it’s often overlooked due to 
budget or time constraints and the availability of special-
ized equipment. Many broadcasters and integrators rely 
on manufacturers’ claims, untested, inadequately tested, 
tested by rumor, tested with different platform designs, or 
tested using other software or firmware releases, risking 
unforeseen challenges.

To address this, the authors proposed an approach to 
media over IP network load testing,7 emphasizing the use 
of accessible hardware and open-source software. This ini-
tiative aims to help broadcasters validate their networks, 
ensuring they meet the rigorous criteria imposed by rele-
vant media standards and perform optimally.

Motivation for Further Research
While the authors proposed an accessible solution for me-
dia over IP network load testing using off-the-shelf hard-
ware and open-source software, a significant gap outlined 
in the initial research remains. Though innovative in the 
methods but not new in nature, the approach surfaced the 
critical need for creating specific media traffic profiles.

The standard InternetMix (IMIX) profile,8 commonly 
used in network testing, may not comprehensively repre-
sent media traffic’s unique demands and characteristics. 
While IMIX offers a snapshot of general internet traffic, it 
lacks the granularity and specificity required to simulate 
the intricacies of media over IP traffic, such as the size of 
the flows, the load asymmetry due to the nature of media 
applications (e.g., studio vs. control room), the distribution 
of the “Elephant” and “Mice” streams,9 the overwhelming 
presence of multicast traffic, etc. Thus, relying solely on 
traditional IMIX profiles could lead to an incomplete or in-
conclusive understanding of network performance under 
load, potentially overlooking critical bottlenecks or ineffi-
ciencies inherent to the nature of the media traffic.

Therefore, creating a set of media profiles is essential in 
ensuring that testing closely mirrors real-world load, traf-
fic patterns, and network scenarios, providing a common 
ground for testing and comparing system elements and 
ultimately guaranteeing more reliable and robust media 
over IP infrastructure.

This observation provides the motivation for future re-

search. There is a universally agreed need to investigate 
further the creation and optimization of the media-spe-
cific traffic profiles. Such profiles would provide more ac-
curate representations of real-world media traffic patterns 
and offer insights into potential challenges and solutions 
specific to the media over IP domain. By building upon 
the foundational work previously done by the authors and 
emphasizing the creation of representative statistical me-
dia traffic profiles, this paper describes the research that 
lays the path forward for more reliable, efficient, and con-
clusive media-over-IP-oriented network testing, ensuring 
that the industry is well-equipped on its journey towards 
infrastructures supporting the next generation of media 
production applications.

Considerations for Effective ST 2110 Media Traffic 
Profile
As explained in the preceding sections, when load testing 
a network or a switch platform intended for use in the me-
dia applications involving the ST 2110 media streams, the 
efficacy of the test depends on the accuracy and complete-
ness of the traffic profile in use. But what indeed makes a 
profile ‘good’? Following multiple discussions with broad-
casters, manufacturers, and system integrators during 
numerous industry forums, events, and conferences, the 
authors attempted to define the nuances of creating a rep-
resentative ST 2110 media traffic profile, focusing on key 
characteristics that ensure precision in load testing.

A representative ST 2110 profile:
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1. �Distinguishes individual component sizes: Media traf-
fic isn’t homogenous. Due to their nature, different 
media essences or flows, video, audio, or metadata, 
will demonstrate different traffic patterns, even purely 
from a consumed bandwidth perspective. Recogniz-
ing and capturing these variations is crucial for build-
ing a meaningful statistical distribution model.

2. �Accounts for bursts: While video essence is usually 
perceived as a steady, sustained load, a close inspec-
tion and fundamental understanding of the ST 2110-
21 standard proves this perception devious.10 Media 
traffic can be bursty, especially when the gapped pro-
file is used. A good profile models these bursts accu-
rately to simulate real-world conditions.

3. �Puts things into perspective: Different production 
applications, scenarios, and types of produced con-
tent will demonstrate different distribution of media 
essence flows. A radio show will mostly show audio 
traffic. In contrast, a high-profile sports event will of-
fer a mixture of live video camera feeds and synthetic 
senders like playout or graphics servers. The context 
of the profile is essential when applying it to a system 
designed for a particular application.

4. �Considers aggregated impact: While differentiation 
of individual flows is necessary, the cumulative size 
of concurrent flows and its implications on network 
resources should be profiled. The profile should de-
pict a ratio of an individual link or an overall network 
throughput versus the bandwidth consumed or even 
the ST 2110 traffic’s share of the total network load in 
converged networks. This helps in understanding po-
tential bottlenecks and prioritizing the media traffic 
where needed.

5. �Assesses multicast behavior: Given ST 2110’s reliance 
on multicast, its impact on network throughput, es-
pecially in terms of optimal layer 2 (IGMP)11 and layer 
3 (PIM)12 performance, needs to be factored into the 
profile. While it is not trivial to replicate using syn-
thetic traffic, the profile should strive to be represen-
tative, nonetheless.

An effective ST 2110 media traffic profile is more than 
just numbers. It represents the actual network behaviors 
in real-world conditions under various operational scenar-
ios. It is unlikely that creating a “one size fits all” profile 
is possible. Instead, the authors concluded that a series of 
“one size fits most” profiles should be considered. By craft-
ing a profile with careful attention to flow sizes, statistical 
distributions, and throughput considerations for various 
scenarios like radio shows, news shows, drama, sports or 
talk show productions, etc., network architects can ensure 
their load testing mirrors reality, leading to actionable in-
sights and robust network designs.

To achieve this, the authors decided first to understand 
the options for collecting the required data from an opera-
tional system without impacting or impairing the network 
but also with minimal overhead for the operational staff. 
Therefore, a way for non-invasive traffic capturing in the 
critical points of the network needed to be identified, and 

these key points need to be identified. An easy-to-follow 
guide was required for the engineer performing the cap-
turing exercise. The toolset for repeatable visualization 
and analysis of the data also needed to be defined. Lastly, 
the approach must be vendor-agnostic. The authors then 
decided to team up with broadcasters and system inte-
grators of diverse scales worldwide to collect the required 
data. The authors’ journey towards conducting the exercis-
es is described in detail in the subsequent sections.

What Data is Required?
Authors’ knowledge of typical production scenarios allows 
for a general understanding of the types of traffic generally 
present in the media networks.

This may include:
• �ST 2110-20 uncompressed video streams of various for-

mats (resolution, frame rate, chroma subsampling).
• �ST 2110-22 compressed video flows of various formats 

(resolution, frame rate, chroma subsampling, codec 
type, compression rate).

• �ST 2110-30 audio flows varying based on the number 
of channels, bit depth sampling rate, and packet time.

• �ST 2110-31 audio flows, including PCM and non-PCM 
flows.

• �ST 2110-40 ancillary data flows.
• �PTP traffic.
• �ST 2022-6 SDI-over-IP media flows.
• �SRT or RIST flows.
• �MPEG-TS flows.
• �Other media traffic.
• �Other non-media traffic.
Considering the criteria mentioned above for building 

a network traffic profile that would be as close to the real 
media production network as possible, one needs to deter-
mine which specific types of traffic from the list above are 
present.

For each of the traffic types, one also needs to know:
• �The overall number of flows.
• �The bandwidth of each flow and the total bandwidth 

consumed by this traffic type.
• �The packet size and other flow characteristics, such as 

the protocol(s) used.
It is understood that despite commonalities, each spe-

cific media production network is unique. For example, 
using a different video format would significantly impact 
the bandwidth utilization in the network. The type of pro-
duction will dictate the number of video flows versus the 
number of audio flows, thus dramatically changing the 
distribution of “elephant” and “mice” flows. As mentioned, 
finding a balance between generalizing the data to get 
closer to a universal network testing solution and keeping 
it specific enough for the cases that would be profoundly 
different from the others is not trivial. It is impossible to 
foresee every possible scenario, but the typical ones that 
significantly vary between each other can be identified.

For example, the following cases are compelling candi-
dates for dedicated profiling:

• �Media production facility with HD video and audio.
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• �Media production facility with UHD video and audio.
• �Audio-only media production facility (e.g., a radio sta-

tion).

Ways To Capture the Media Traffic Across a Live  
Network
Limitations of Port Mirroring for Non-Invasive Net-
work Traffic Capturing
Port mirroring, often implemented as the Switched Port 
Analyzer (SPAN)13 in many enterprise- and data cen-
ter-grade switches, is a widely used method for capturing 
network traffic, especially when combined with a TAP ag-
gregator.14 While it offers advantages in specific scenarios, 
e.g., in corporate environments, where a real-time traffic 
analyzer can be used for early threat agent identifications, 
relying on port mirroring for non-invasive, low operation-
al overhead network traffic capturing for high-bandwidth, 
media-centric standards like ST 2110, presents challenges.

Media networks often employ spine-leaf topology. A 
well-designed spine-leaf design carefully considers avail-
able links between spines and leaves. Port mirroring re-
quires dedicating a switch port as the destination for 
mirrored traffic. This approach cannot be characterized 
as low overhead in environments where high-speed port 
availability is at a premium.

ST 2110 traffic, being media-centric, demands sub-
stantial bandwidth. Many capturing tools might not be 
equipped to handle the sheer volume of this traffic with-
out data loss. While the authors previously suggested a 
solution for effective media traffic capturing,7 it still re-
quires equipment, time, and skills to set up.

Finally, due to a combination of the previous two fac-
tors, depending on the scale of a system, capturing the en-
tirety of ST 2110 traffic required to “snapshot” the system 
may require mirroring at multiple strategic points in the 
network. Not only does this increase the complexity of the 
capturing setup, but it also multiplies the challenges men-
tioned above, including port availability and potential net-
work impairment.

A Viable Alternative
Considering the outlined challenges, the authors conclud-
ed that a lower-impact approach and toolset are required. 

The appropriate method would gather only limited sta-
tistical data about the media network traffic instead of cap-
turing the bulk of the traffic. The protocol selected for this 
task is sFlow,15 described in more detail in the next section.

sFlow allows the switch to sample the traffic by captur-
ing only one in a few thousand packets going through an 
interface. Furthermore, it won’t capture the whole packet 
but rather a truncated version containing the headers and 
a few first bytes of the payload (depending on the imple-
mentation and configuration of the sFlow protocol). This 
allows for significantly lowering the utilization of resourc-
es needed to fulfill the task of gathering the data. Some 
switch platforms may have the sFlow protocol support 
implemented in hardware, effectively reducing the ad-
ditional load generated by the required sampling. At the 

FIGURE 1. sFlow basic data.

FIGURE 2. sFlow source and destination VLANs and priorities.

FIGURE 3. Expanded flow sample, RAW packet header.
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Additionally, vendor-specific hardware and/or software 
implementations allow for the sampling rate, max data-
gram size, and max header size (i.e., truncated sampled 
packet) to be selected. These may directly impact the spe-
cific sampling device performance based on the CPU, hard-
ware offload, sampled interface packet rate, and other relat-
ed implementation-specific performance parameters.

Hardware vs. Software sFlow Implementations
As mentioned above, the switch manufacturer may im-
plement the sFlow protocol in hardware or software. The 
authors have evaluated a selection of platforms from three 
switch vendors most prominent in the media and enter-
tainment segment. While the hardware implementation 
enjoys finer sampling granularity and offloads the re-
quired processing from a CPU to an ASIC, the initial testing 
shows that the software implementations produce accept-
able results for this research.

Arista has several  platforms that support sFlow in hard-
ware. The rest of the Arista switch platforms support sFlow 
in software.

All NVIDIA/Mellanox switch platforms support sFlow in 
hardware.

Not all Cisco switch platforms support sFlow. Those 
that do (some of the Cisco Nexus 3000 and Cisco Nexus 
9000 series) support it in software.

Depending on the implementation and the switch man-
ufacturer’s choices, sFlow, on some platforms, may only be 
able to sample ingress packets on an interface. In contrast, 
duplex traffic may be available for sampling on other plat-
forms. This is an important consideration that needs to be 
considered when identifying the point in a network for 
meaningful data capturing.

The authors have conducted a lab experiment to collect 
sample reference data, test sFlow implementation on one 
of the switches from each vendor as a proof of concept, but 
also to stress test the switches to ensure that sFlow will not 
generate an excessive load of the switch resources, consid-
ering that the data will be gathered predominantly in the 
production networks. This experiment is described and 
analyzed in the following sections.

sFlow Collector
Typically, in traditional enterprise IT or data center envi-
ronments where means for detecting suspicious traffic or 
traffic behavior is needed, an sFlow collector is used. sFlow 
collector is a tool that aggregates sFlow data from multi-
ple agents (samplers)19 in the network. It can be a dedicat-
ed proprietary or open-source software tool or embedded 
into a larger control and monitoring solution.

Depending on the implemented feature set, an sFlow 
collector can be advanced, aware of the network topology, 
and attempt to provide meaningful analytics and intelli-
gence. Alternatively, it can simply do the initial processing 
of the available sFlow sampled data and expose it to anoth-
er analytics engine.

During the preparatory phase of this research, the au-
thors have tested numerous sFlow collectors in an attempt 

same time, with the extensive packet rates typically found 
in the media production network, even such sampled data 
should allow for building accurate traffic profiles.

The information in the sFlow sample is generally suf-
ficient to place the sampled packet into one of the cate-
gories described above and help build accurate statistical 
traffic distribution profiles. As highlighted in previous 
work exploring the heuristic approaches used while devel-
oping the EBU LIST tool,16 various combinations of audio 
and video formats in ST 2110 produce packets of specific 
sizes. Therefore, an assumption was made that knowing 
the packet size, overall bandwidth, RTP payload type, and 
overall description of formats used in the sampled net-
work allows accurate categorizing of the flow. The explora-
tion of this assumption is described in detail in the follow-
ing sections. To verify or double-check the classification’s 
accuracy, the authors plan to ask those providing the data 
about media formats expected to be present in their me-
dia production facilities.

The Proposed Toolset for Data Collection
sFlow Protocol
sFlow (sampled flow) is an industry-standard for exporting 
packet information at Layer 2. It was originally designed 
by InMon Corp and standardized via the IETF RFC 3176. 
The current version of sFlow is version 5.17

The main purpose of sFlow is to provide a means for 
exporting truncated packets alongside counters for inter-
faces.

To deliver at scale, sFlow requires the use of packet sam-
pling. The most common method is random sampling (1 
packet out of N). This is referred to as a “flow sample,” while 
interface counter information is referred to as a “counter 
sample.” Both are transmitted in the sFlow datagram from 
the host, switch, or router, capturing the samples to a cen-
tralized server known as the “sFlow collector.”

As previously stated, flow samples are based on a de-
fined sampling rate, i.e., an average of 1 out of N packets 
randomly sampled. The results are not 100% accurate 
but do provide a quantifiable accuracy, especially in the 
context of long-lived (aka, elephant) flows in SMPTE ST 
2110-based systems.

sFlow datagrams are transmitted as port 6343 UDP 
packets to the specified host(s).

Within the sFlow packet, the following fields are con-
tained:

• �sFlow version
• �Source IP address
• �Sequence number
• �Number of samples within the packet
• �Flow and/or counter sample(s)
Additional switch/router vendor extensions may be in-

cluded:
• �Source and destination VLANs and priorities
• �IP version and address of next-hop router
• �Source and destination network mask lengths
Figures 1, 2, and 3 demonstrate how the sFlow data is 

interpreted in Wireshark.18
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to find one that is able to parse the sFlow packets coming 
from the agents simply, extract as much collected data as 
available in the packets, and expose it in as a raw form as 
possible. Unfortunately, the optimal tool, neither free nor 
commercial, open, or closed source, wasn’t identified, and 
an alternative approach was required.

Alternative sFlow Data Collection
The authors suggest capturing the raw sFlow traffic on any 
available host in the network accessible from the switch(es) 
where sFlow will be configured. It is important to remem-
ber that most switch platforms output sFlow packets via a 
selected front panel interface rather than a management 
interface. The capturing host must be able to capture the 
traffic without packet loss due to kernel or other pipeline 
limitations. A Linux host is preferable over a Windows host. 
Tcpdump,20 Wireshark, or any other network sniffer that 
can capture in PCAP format will work. The authors rec-
ommend looking into one of their previous works21 that 
describes a high-performance packet capturing method 
using off-the-shelf equipment. When using Wireshark, the 
authors suggest using a packet capture filter (not to be con-
fused with a display filter) so that only sFlow traffic is cap-
tured. An example is shown in Fig. 4.

FIGURE 4. Example of a Wireshark packet capture filter.

The toolset explained in the following sections expects 
a standard uncompressed capture,22 so the captured data 
must be saved in an uncompressed PCAP format rather 
than PCAPNG. Due to the “one in n packets” sampling na-

ture of the sFlow, the authors recommend performing a 
long-duration capture (e.g., a whole one-hour period) so 
that the streams with fewer packets per second will be suf-
ficiently sampled.

Data Capturing Workflow
The overall high-level workflow for effective, non-invasive, 
and meaningful data capturing includes:

• �Selecting the switch(es) where the data will be collected.
• �Determining the link(s) on this(-ese) switch(es) to get 

the data from.
Depending on the sFlow implementation (hardware vs. 

software, ingress only vs. duplex), selecting points to sam-
ple is imperative to the quality of data sampling and its 
ability to provide a representative overview of the traffic 
patterns in a network.

A sample simplified diagram of a typical spine-leaf to-
pology-based media network is shown in Fig. 5.

Depending on the applications and production scenar-
ios, but also on operational limitations, assumptions and 
compromises on where to capture the traffic samples must 
be made. Ideally, all ports on both sides of all inter-switch 
links should be sampled. Due to the ability of the analy-
sis toolset, described in the following section, to aggre-
gate sFlow samples from multiple points and correlate the 
flows based on the topology, this approach gives the best 
visibility of the traffic passing through the networks.

Alternatively, traffic can be sampled based on the appli-
cation. For example, traffic between a studio and a gallery/
control room may give an informative representation of 
stream distribution for a particular production scenario. 
Considering the possible limitation of ingress-only sam-
pling, it is advisable to sample on both sides of the in-
ter-switch links of the involved leaves. One also needs to 
be mindful that in the multi-spine topologies with ECMP,23 
the traffic from one leaf may be spread across multiple 
spines. Unless SDN is being used, there may not be a reli-
able way to predict such scenarios. Therefore, sampling of 
all spines is advised. 

FIGURE 5. Simplified diagram of a spine-leaf-based media network. FIGURE 6. The EBU Lab sFlow testing setup.
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• �Configuring sFlow on the switch(es) on selected in-
terfaces. The authors have assembled a basic set of 
commands for the three switch manufacturers listed 
above to enable sFlow on the identified interfaces. The 
snippets are available in the SMPTE 2023 Media Tech-
nology Summit (MTS) proceedings.

• �Initiate a packet capture of sFlow traffic on a host in 
the network. As explained in the section “Alternative 
sFlow data collection,” using a dedicated sFlow collec-
tor is not advised, and a simple packet capture suffices.

From a practical standpoint, the authors also suggest to:
• �Perform the sampling measurements on an actual op-

erational production network, preferably at peak us-
age time during typical operations. 

• �Use the highest possible sampling rate, producing the 
maximum number of traffic samples, depending on 
the platform, that may be one packet in 4,000 or one 
packet in 16,384.

• �Provide additional information describing the general 
topology and setup of a facility without exact details 
about the vendor(s) and model(s) of the devices used, 
but preferably providing information on the video and 
audio formats used in the media production facility. 
The authors have compiled a checklist allowing the 
team to communicate this information with minimal 
admin overhead. It is provided in the SMPTE 2023 MTS 
proceedings.

• �Capture as much sampled data as possible for as long 
as possible. Although even the data covering only a 
few minutes of samples will provide an initial set of in-
formation to better understand the overall picture in 
a network, as discussed in the previous sections, due 
to the sampling nature of the sFlow, the precision of 
capturing the less prominent streams like ST 2110-30 
and ST 2110-40 benefits from the duration of sampling 
process (i.e., more packets of smaller streams are cap-
tured).

Analyzing the Data
EBU Lab sFlow Testing Experiment
To establish the baseline “fingerprint” of typical media 
flows and validate the fundamental assumption that a me-
dia flow can be identified from the data provided by the 
sFlow sampling process, the authors have conducted a 

series of lab experiments using a rudimentary media net-
work and a set of endpoints consisting of:

• �Arista 7060CX-32S spine switch24

• �Arista 7280 leaf switch25

• �NVIDIA SN2010 leaf switch26

• �Imagine Communications Selenio Network Processor 
(SNP)27

• �Bridge Technologies VB440 Network Analyzer28

• �Meinberg Lantime M100029

The diagram of the lab setup is illustrated in Fig. 6.
A series of reference video (ST 2110-2030 and ST 2110-2231 

with JPEG XS32), audio (ST 2110-3033 and ST 2110-3134) and 
ancillary (ST 2110-4035) streams were configured on the 
SNP, acting as a sender and received by the VB440, thus tra-
versing the network from Leaf 1, via the Spine to Leaf 2. A 
list of reference flows configured on the SNP to establish a 
baseline is provided in the SMPTE 2023 MTS proceedings. 
sFlow sampling was configured in the key points in the 

# Frame 
Width

Frame 
Height

Frame 
Rate (Hz)

Bit-
Depth

Chroma  
Subsampling

Bandwidth 
(Gbits/s)

1 1920 1080 25 10 4:2:2 1,11
2 1920 1080 50 10 4:2:2 2,21
3 1920 1080 60 10 4:2:2 2,65
4 3840 2160 50 10 4:2:2 8,86
5 3840 2160 60 10 4:2:2 10,62

TABLE 1. Calculated bandwidth per video format.

# Sampling 
Rate (Hz)

Bit Packet 
Time

Channel 
count

Payload 
(Bytes)

Bandwidth 
(Mbits/s)

1 48000 24 1ms 1 144 1,51
2 48000 24 1ms 2 288 2,61
3 48000 24 1ms 4 567 4,81
4 48000 24 1ms 6 864 7,00
5 48000 24 1ms 8 1152 9,20
6 48000 24 125µs 1 18 4,39
7 48000 24 125µs 2 36 5,49
8 48000 24 125µs 4 72 7,69
9 48000 24 125µs 6 108 9,89
10 48000 24 125µs 8 144 12,08
11 48000 24 125µs 16 288 20,87
12 48000 24 125µs 32 576 38,45
13 48000 24 125µs 64 1152 73,61

TABLE 2. Calculated bandwidth per audio format.

FIGURE 7. Influx Data Explorer.



JANUARY/FEBRUARY 2024   |   SMPTE MOTION IMAGING JOURNAL      59      1545-0279/24©2024SMPTE

network. The platforms only supported ingress sampling, 
with Arista Spine and Leaf 1 supporting the sampling in 
software and NVIDIA/Mellanox supporting it in hardware. 
Switch and router extensions were enabled where available 
(only on Arista switches), while the BGP extensions were 
turned off. A line port for sending sFlow data was allocated 
on every switch, and a PCAP capture was performed with a 
standard laptop (Apple MacBook Pro).

Expected Bandwidth Per Flow 
The expected bandwidth requirements for the video 
streams must encompass the authentic bandwidth es-
sential for transmitting the video data, containing the 
Ethernet frame overhead as shown in Table 1 (calculated 
bandwidth per video format). Notably, the GAP necessary 
for adhering to the stringent requirements of the ST 2110-
21 profile cannot be measured with the identified toolset 
(explained in detail further) yet.

The expected bandwidth for audio streams should in-
clude both the PCM audio data and the Ethernet frame 
overhead, as Table 2 details the calculated bandwidth for a 
limited amount of audio formats. It is essential to recognize 
that this overhead component can indeed be quite substan-
tial in the case of audio. The audio bandwidth is calculated, 
including the overhead needed for the Ethernet frame.

Interpreting Raw sFlow Data
It appears that a programmatic approach is needed to 
access the raw data from the sFlow packets without em-
ploying pre-defined analytics. Additionally, since sFlow is 
sampling the packets over time, a solution could extract 
the data into a time series database.

InfluxDB36 was identified as a suitable candidate for a 
time series database that can run custom queries against 
time series datasets like streaming telemetry. Starting 
from version 2, InfluxDB includes a feature-rich data visu-
alization toolset, a dedicated scripting language, and the 
option to export time sections as CSV files. However, the 
essential feature for this research was the introduced na-
tive support for some types of streaming telemetry scrap-

ping, particularly in Prometheus37 format, as well as an 
extensive list of input data transformers. InfluxDB can be 
used as a cloud-based SaaS service. However, for the data 
volumes involved in the study, the authors have success-
fully used the Docker-based InfluxDB container.

InMon, the company behind the initial definition of 
sFlow, maintains a reference implementation of an sFlow 
collector, the sFlow-RT.38 While the native data analytics 
are limited, sFlow-RT has two crucial features that became 
groundbreaking for this research.

sFlow-RT can replay the PCAP files containing sFlow 
packets and present the data to external consumers. Ad-
ditionally, sFlow-RT has native support for translating the 
exposed data into Prometheus format, thus making it di-
rectly accessible to the standard InfluxDB scrapper with-
out requiring input processing.39,40

Thanks to extensive documentation41 and some tinker-
ing with the API definitions, the authors have assembled a 
toolset based on the sFlow-RT and InfluxDB contains that 
can be deployed via Docker-compose.42 The deployment 
guide is available in the SMPTE MTS 2023 proceeding.

After pointing the sFlow-RT to a PCAP to be analyzed 
and launching both containers, the PCAP replay is started 
automatically, and the data is pulled into the defined In-
fluxDB buckets for further processing.

Analyzing the LAB Streams
After completing the toolset preparation and setting up an 
experimental environment, a reference sFlow PCAP with 
sampled streams was created for 10 min. The data pattern 
resulting from the replay looping feature of sFlow-RT is 
clearly visible in the Influx Data Explorer shown in Fig. 7. As 
mentioned, the goal of this part of the exercise is to val-
idate the assumption that the media stream type can be 
identified, as well as to attempt to identify, cross-check, 
and “fingerprint” as many streams as possible from the 
reference capture, to be able to recognize the traffic pat-
terns of different types of streams in the production cap-
tures. This allows for a faster and more scalable definition 
of the statistical models.

FIGURE 8. ST 2110 video streams collected by sFlow at the EBU Lab. FIGURE 9. ST 2110 audio streams collected by sFlow at the EBU Lab.
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The sFlow-RT parsed data is divided into three inde-
pendent buckets based on the way sFlow presents the 
data internally: “sflow-all-flows,” “sflow-analyzer,” and 
“sflow-metrics.” The first bucket, “sflow-all-flows,” is partic-
ularly important since it contains detailed information on 
the sampled flows. The authors chose to export this data in 
CSV format due to available experience with Microsoft Ex-
cel’s analytical tools. When importing CSV data, validating 
its representation and guaranteeing appropriate transla-
tion into the needed Excel format is expected.

Video Streams
In the lab setup, a total of 20 distinct video streams were 
established using an Imagine SNP, each with a unique for-
mat. The objective behind this setup was to generate pre-
determined flows, enabling a clear distinction between 
the manually generated data and what the tooling could 
autonomously identify. On top of the sFlow collector, all 
the generated streams were measured using a well-estab-
lished tool used in the industry, a Bridge Technologies 
VB440. Figure 8 illustrates that all the produced streams 
were captured, stored in the PCAP file, run through the 
tool, and visualized with Excel. Access to key parameters 
such as Payload Type, IP destination address, and band-
width allow for deeper analysis. The decision was made to 
display the different multicast addresses ordered per Pay-
load Type with the bandwidth consumed on the network.

As commonly understood, media streams lack inher-
ent self-description. Without the Session Description Pro-
tocol (SDP)43 or any prior knowledge of network activities, 
distinguishing between different streams can be a formi-
dable task. At first glance, recognizing distinct video for-
mats might seem uncomplicated. However, grasping the 
essence of the media flow can be daunting without prior 

familiarity. Notably, certain critical fields, such as the RTP 
timestamp, sequence number, and Marker Bit, remain in-
accessible with the current tooling.

Table 3 shows the 20 different video streams with the 
payload type (PT), multicast address (IP DST), bandwidth re-
ported using sFlow (𝛃1), horizontal resolution (H), scanning 
(progressive or interlaced), frame rate (FR), which standard 
was used, bandwidth reported by the VB440 (𝛃2), and last val-
ue represents the deviation between 𝛃1 and 𝛃2 in percentage.

Audio Streams
In addition to the 20 video streams, 49 unique audio streams 
were generated. Figure 9 illustrates all the bandwidth con-
sumed per multicast stream, ordered per Payload Type.

Table 4 shows these streams each with their payload 
type (PT), multicast address (IP DST), bandwidth reported 
using sFlow (𝛃1), Sample Rate (SR), Bit-Depth (Bit), Packet 
Time (P.Time), amount of audio channels per stream (CH), 
bandwidth reported by the VB440 (𝛃2), and a value repre-
senting the deviation between 𝛃1 and 𝛃2 as a percentage.

The comparison between 𝛃1 and 𝛃2 demonstrates the 
limitation of sFlow in the accuracy of capturing the band-
width. Based on the statistical nature of sFlow and the low 
bandwidth of audio streams, the current hypothesis is that 
a longer capture time is required to create a more accurate 
result. This will be subject to further testing. 

Ancillary Streams
Taking a closer look at the measurements of the ST 2110-
40 streams provided in the EBU lab, significant disparities 
become evident. However, it’s important to note that all 
the provided ST 2110-40 streams were identical. The max-
imum value, as illustrated in Fig. 10, is twice the magni-
tude of the minimum value. This stark contrast vividly 

# Payload 
Type

IP  
Destination

Reported Band-
width 𝛃1 (Gbps)

Picture 
Height 
(px)

Scan Frame 
Rate (Hz)

Standard Measured Band-
width 𝛃2 (Gbps)

𝛃1/𝛃2

1 96 239.20.1.1 2,09 1080 P 50 ST 2110-20 2,17 -4%
2 96 239.20.1.2 2,73 1080 P 60 ST 2110-20 2,60 5%
3 96 239.20.2.1 1,18 1080 I 50 ST 2110-20 1,08 9%
4 96 239.20.2.2 1,45 1080 I 60 ST 2110-20 1,30 12%
5 96 239.20.3.1 1,03 720 P 50 ST 2110-20 0,96 7%
6 96 239.20.3.2 1,24 720 P 60 ST 2110-20 1,16 7%
7 96 239.20.5.1 8,60 2160 P 50 ST 2110-20 8,67 -1%
8 96 239.20.5.2 9,66 2160 P 60 ST 2110-20 10,40 -7%
9 98 239.200.1.1 3,13 1080 P 50 ST 2022-6 3,10 1%
10 98 239.200.1.2 1,62 1080 I 50 ST 2022-6 1,55 5%
11 98 239.22.1.1 0,50 1080 P 50 ST 2110-22 0,45 11%
12 98 239.22.1.2 0,63 1080 P 60 ST 2110-22 0,54 17%
13 98 239.22.2.1 0,29 1080 I 50 ST 2110-22 0,23 26%
14 98 239.22.2.2 0,38 1080 I 60 ST 2110-22 0,27 41%
15 98 239.22.3.1 0,26 1080 P 50 ST 2110-22 0,21 24%
16 98 239.22.3.2 0,35 720 P 60 ST 2110-22 0,24 46%
17 98 239.22.4.1 0,34 1080 P 50 ST 2110-22 0,27 26%
18 98 239.22.4.2 0,41 1080 P 60 ST 2110-22 0,32 28%
19 98 239.22.5.1 1,83 2160 P 50 ST 2110-22 1,81 1%
20 98 239.22.5.2 1,80 2160 P 60 ST 2110-22 1,81 -1%

TABLE 3. Video streams provided in the EBU Lab PCAP file.
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underscores the constraints of conducting relatively brief 
captures using a sampling method like sFlow. Further test-
ing is required to establish a more accurate image of the 
“mice” flows present in the network. 

Combined Streams
All lab-generated streams consume over 36 Gbits/s on 

average. This data throughput underscores the intensive 
nature of the streaming activities being analyzed. Table 5 
provides a breakdown of the various media streams per 
payload type (PT), shedding light on each stream’s band-
width (𝛃) distribution within the experiment.

It’s worth noting that in this experimental setup, all 
streams have been deliberately configured to utilize dis-

# Payload 
Type

IP Destination Reported Band-
width 𝛃1 (Mbps)

Sampling 
Rate (Hz)

Bit depth Packet Time Channel 
count

Measured Band-
width 𝛃2 (Mbps)

𝛃1/𝛃2

1 97 239.30.100.1 2,41 48000 24 1ms 1 1,58 53%
2 97 239.30.100.2 3,89 48000 24 1ms 2 2,74 42%
3 97 239.30.100.3 5,47 48000 24 1ms 3 3,89 41%
4 97 239.30.100.4 6,98 48000 24 1ms 4 5,04 38%
5 97 239.30.100.5 8,83 48000 24 1ms 5 6,19 43%
6 97 239.30.100.6 8,99 48000 24 1ms 6 7,34 22%
7 97 239.30.100.7 12,60 48000 24 1ms 7 8,50 48%
8 97 239.30.101.1 2,43 48000 16 1ms 1 1,97 23%
9 97 239.30.101.2 2,78 48000 16 1ms 2 1,97 41%
10 97 239.30.101.3 4,11 48000 16 1ms 3 2,74 50%
11 97 239.30.101.4 4,63 48000 16 1ms 4 3,50 32%
12 97 239.30.101.5 5,67 48000 16 1ms 5 4,27 33%
13 97 239.30.101.6 6,53 48000 16 1ms 6 5,04 30%
14 97 239.30.101.7 7,34 48000 16 1ms 7 5,81 26%
15 97 239.30.125.1 5,27 48000 24 125µs 1 4,61 14%
16 97 239.30.125.2 6,27 48000 24 125µs 2 5,76 9%
17 97 239.30.125.3 7,51 48000 24 125µs 3 6,92 9%
18 97 239.30.125.4 8,72 48000 24 125µs 4 8,06 8%
19 97 239.30.125.5 9,87 48000 24 125µs 5 9,22 7%
20 97 239.30.125.6 11,07 48000 24 125µs 6 10,37 7%
21 97 239.30.125.7 11,55 48000 24 125µs 7 11,52 0%
22 97 239.30.125.8 13,49 48000 24 125µs 8 12,67 6%
23 97 239.30.125.9 15,25 48000 24 125µs 10 14,98 2%
24 97 239.30.125.10 17,99 48000 24 125µs 12 17,28 4%
25 97 239.30.125.11 21,20 48000 24 125µs 14 19,58 8%
26 97 239.30.125.12 21,55 48000 24 125µs 16 21,89 -2%
27 97 239.30.126.1 4,51 48000 16 125µs 1 4,22 7%
28 97 239.30.126.2 5,35 48000 16 125µs 2 4,99 7%
29 97 239.30.126.3 6,16 48000 16 125µs 3 5,76 7%
30 97 239.30.126.4 7,16 48000 16 125µs 4 6,53 10%
31 97 239.30.126.5 7,28 48000 16 125µs 5 7,30 0%
32 97 239.30.126.6 8,62 48000 16 125µs 6 8,06 7%
33 97 239.30.126.7 9,12 48000 16 125µs 7 8,83 3%
34 97 239.30.126.8 10,02 48000 16 125µs 8 9,60 4%
35 97 239.30.126.9 11,38 48000 16 125µs 10 11,14 2%
36 97 239.30.126.10 13,55 48000 16 125µs 12 12,67 7%
37 97 239.30.126.11 15,13 48000 16 125µs 14 14,21 6%
38 97 239.30.126.12 16,49 48000 16 125µs 16 15,74 5%
39 101 239.31.125.1 7,19 48000 32 125µs 2 6,53 10%
40 101 239.31.125.2 10,23 48000 32 125µs 4 9,60 7%
41 101 239.31.125.3 13,20 48000 32 125µs 6 12,67 4%
42 101 239.31.125.4 16,04 48000 32 125µs 8 15,74 2%
43 101 239.31.125.5 19,89 48000 32 125µs 10 18,82 6%
44 97 239.31.125.6 17,02 48000 24 125µs 12 17,28 -2%
45 101 239.31.125.7 26,31 48000 32 125µs 14 24,96 5%
46 101 239.31.125.8 30,83 48000 32 125µs 16 28,03 10%
47 101 239.31.100.1 5,35 48000 32 1ms 2 3,50 53%
48 101 239.31.100.2 9,45 48000 32 1ms 4 6,58 44%
49 101 239.31.100.3 12,79 48000 32 1ms 6 9,65 33%

TABLE 4. Audio streams provided in the EBU Lab PCAP file.
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In practical environments, there is usually a greater degree 
of standardization in media formats to ensure smoother 
operations and interoperability.

The duration of the captured data was 10 min. Ideally, 
one would anticipate a consistent and stable data flow pat-

tinct formats. The decision was made to stress-test the 
system and assess its performance under challenging con-
ditions. However, it’s essential to acknowledge that such a 
scenario, where every stream has a different format, dif-
fers from a typical representation of real-world facilities. 

FIGURE 12.  ST 2110 video streams collected by sFlow at Facility A.

FIGURE 10. ST 2110 ancillary streams collected by sFlow at the EBU Lab.

FIGURE 13. ST 2110 audio streams collected by sFlow at Facility A.

FIGURE 11. Aggregated sampled bandwidth collected by sFlow at the 
EBU Lab.

FIGURE 14.  Aggregated sampled bandwidth collected by sFlow at  
Facility A.

FIGURE 15.  Fingerprint of facility B.
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tern within this fixed timeframe. However, there is a no-
ticeable variation over time within this window, as shown 
in Fig. 11, which is unexpected.

One possible explanation for this variation could be at-
tributed to the sampling method employed in collecting 
sFlow data. It may necessitate a closer examination of the 
sFlow sampling methodology and a more thorough inves-
tigation into the factors causing the observed deviations in 
the data transmission pattern.

Analyzing the PCAP of a Real Facility - A
After scrutinizing the configuration and thoroughly as-
sessing the EBU Lab data, the authors started a compre-
hensive evaluation of the first real-world PCAP file that 
had been graciously provided by one of the broadcasters. 
Accompanying this PCAP file was a brief note, which brief-
ly stated the expected traffic characteristics: 32 Gbits/s of 
traffic should be directed toward the spine, while 15 Gbits/s 
should be flowing from the spine in this specific capture. 
Furthermore, it was emphasized that all flows within this 
dataset were uncompressed 1080i/25 streams, adding a 
critical contextual dimension to our analysis.

Employing the same methodology outlined earlier, the 
data was extracted from the PCAP file and transformed 
into an Excel format to facilitate further in-depth analy-
sis. The sampled data contains a duration of three minutes 
within the capture.

Video Streams
Figure 12 demonstrates the traffic encapsulated in the 
PCAP file with payload types 96 and 100. 

Without further knowledge of the facility, one can as-
sume this is all ST 2110-20 traffic in the mentioned 1080i/25 
formats. It seems that 4 flows are being terminated or initi-
ated during the capture. 

Audio Streams
Figure 13 illustrates the traffic contained within the PCAP 
file, explicitly focusing on payload types 97 and 102. There 
are 85 flows characterized by payload type 102 within this 
dataset, identified as ST 2110-30 audio streams. These 
streams consist of eight audio channels with a packing 
time of 125µs, resulting in a data rate of 12 Mbits/s.

Ancillary Streams
No ancillary streams were found in this capture.

Combined Streams
The distribution of the different flows is summarized in 
Table 6 and visualized in Fig. 14.

Analyzing the PCAP of a Real Facility - B
At the time of writing, the authors have received another 
sample PCAP file, generously shared by a different broad-
caster. This capture appears to contain 522 media streams 
distributed across three distinct payload types. The ma-
jority of these streams are configured as 1080i/25 video 

FIGURE 16. Aggregated Sampled Bandwidth collected by sFlow at Facility B.

Glossary of Acronyms
AES67 Audio Engineering Society Standard 67

API Application Programming Interface

ASIC Application-Specific Integrated Circuit

BGP Border Gateway Protocol

CPU Central Processing Unit

CSV Coma Separated Value

EBU LIST European Broadcasting Union’s Live Ip Software Toolkit

ECMP Equal-Cost Multi-Path (Routing)

HD High Definition

IEEE Institute of Electrical and Electronics Engineers

IETF Internet Engineering Task Force

IGMP Internet Group Management Protocol

IMIX Internet Mix

IP Internet Protocol

IT Information Technology

MPEG-TS Moving Picture Experts Group’s Transport Stream

PCM Pulse-Code Modulation

PIM Protocol Independent Multicast

PTP Precision Time Protocol

RFC Request For Comments

RIST Reliable Internet Stream Transport

RP Recommended Practice

RTP Real-Time Protocol

SAAS Software As a Service

SDI Serial Digital Interface

SDN Software Defined Network

SPAN Switched Port Analyzer

SRT Secure Reliable Transport

ST Standard

TAP Test Access Point

UHD Ultra-High Definition

VLAN Virtual Local Area Network
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concerns about the potential need to process the sFlow 
packets44,45 directly using a custom processing pipeline. 
This could allow for extracting additional valuable infor-
mation, such as RTP headers. 

The achieved results validate some initial assumptions, 
and the insights gained are invaluable in taking next steps 
toward developing a comprehensive media IMIX profile 
for the media industry. However, the question remains: 
Do longer captures provide a more granular and accurate 
bandwidth measurement? Initial findings suggest this 
might be the case, but further validation is required. No-
tably, all packets in various essence types seem uniform-
ly distributed, except for the last packet of a video stream 
(-20 and -22), which is smaller. These new assumptions 
need further exploration as more data is gathered.

Future work will focus on refining the analysis method-
ology, validating the findings, and compiling and fine-tun-
ing the IMIX profiles. At the time of writing, the authors ac-
tively seek additional participants willing to provide traffic 
snapshots of their facilities. Broader and more diverse data 
will allow for more representative profiles. The readers are 
encouraged to contact the authors via 2110-media-pro-
file@list.ebu.ch.
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APPLICATIONS/PRACTICES

V
ersatile Video Coding (VVC) was standard-
ized by ITU-T as Recommendation (Rec.) 
H.266 and in the International Organiza-
tion for Standardization (ISO) and the In-
ternational Electrotechnical Commission 
(IEC) as International Standard 23090-3 
(MPEG-I Part 3).1 VVC is the latest genera-

tion of open video coding standards developed by the Joint 
Video Experts Team (JVET) of ISO/IEC JTC 1/SC 29 (known 
as Moving Picture Experts Group MPEG) and by ITU-T 
Question 6/16 of Study Group 16 (known as Video Coding 
Experts Group [VCEG]). The first release of the standard, 
published in July 2020, delivered a substantial increase 
in compression efficiency over its predecessor, High Effi-
ciency Video Coding (HEVC)/H.265, achieving around 50% 
bitrate reduction for the same video quality. VVC also im-
proves on HEVC by including a combination of efficient 
coding tools designed from the start to support a wider 
range of video content properties, including high dynamic 
range (HDR), wide color gamut (WCG), and computer-gen-
erated imagery for gaming and remote screen content 
sharing. VVC’s efficient coding tools and rich functional-
ity target efficient delivery of established and emerging 
video formats such as ultra-high-definition (UHD) with 4K 
(UHDTV-1) and 8K (UHDTV-2) resolutions, virtual reality 
(VR) 360⁰ video, and includes built-in scalability support 
already at a single-layer bitstream level. Additional versa-
tility can be achieved by metadata signaled in supplemen-
tal enhancement information (SEI) messages specified in 
VVC itself and in VSEI (Versatile SEI messages for coded 
video bitstreams) (ITU-T Rec H.274 | ISO/IEC 23002-72). 
Overall, VVC’s coding tools, functionality, and metadata 
signaling capabilities make it the leading state-of-the-art, 
feature-complete video codec available. 

Unlike HEVC, where new functionality and specialized 
coding tools were added incrementally over time (e.g., 4:2:2 

Abstract 
Versatile Video Coding (VVC or H.266) is the latest 
video coding standard jointly developed by the In-
ternational Organization for Standardization/Inter-
national Electrotechnical Commission (ISO/IEC) Mo-
tion Picture Experts Group (MPEG) and International 
Telecommunication Union-Telecommunication (ITU-T) 
Video Coding Experts Group (VCEG). With best-in-
class compression performance, VVC can enhance 
existing applications and enable new services. As the 
first VVC implementations enter the market, several 
application-oriented standards-developing organiza-
tions and industry fora are defining VVC-based pro-
files and corresponding receiver capabilities. Howev-
er, these specifications don’t typically prescribe how a 
service is realized and the impact of the codec’s oper-
ational parameters on delivered compression perfor-
mance. To this end, the Media Coding Industry Forum 
has developed VVC technical guidelines. These guide-
lines will serve as a reference for VVC configuration 
choices to address operational, interoperability, and 
regulatory needs while achieving optimal compres-
sion performance. This paper presents an overview of 
the guidelines’ scope, followed by a discussion of VVC 
configuration aspects, with focus on new features that 
are of utmost relevance to broadcast and streaming.
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and 4:4:4 chroma formats were added in HEVC edition 2, 
scalability support in HEVC edition 3, and screen-content 
coding in HEVC edition 4), VVC includes support for all 
this functionality already from the first release. Three sets 
of profiles were included to support a host of video appli-
cations:

• �Main 10 and Main 10 4:4:4 profiles, where Main 10 is 
the flagship profile expected to support a wide range 
of broadcast and streaming applications and includes 
support for 8- and 10-bit video, temporal sub-layer 
functionality, and spatial scalability through resolu-
tion change. Main 10 4:4:4 includes support for addi-
tional chroma sampling formats: 4:2:2 YCbCr chroma 
typically used in video production and contribution 
applications and 4:4:4 RGB format for applications op-
erating on content out of graphics frame buffers, e.g., 
remote desktop.

• �Multilayer Main 10 and Multilayer Main 10 4:4:4 ex-
tend Main 10 and Main 10 4:4:4 profiles, respectively, 
with support for multi-layer bitstreams.

• �Main 10 Still Picture and Main 10 4:4:4 Still Picture 
specialize Main 10 and Main 10 4:4:4 profiles to sup-
port bitstreams comprising a single intra-coded picture. 

The second edition of the VVC standard published in 
April 2022 added new operation range extension profiles 
supporting bit depths up to 12 bits for YCbCr chroma for-
mats, intra-only profiles including up to 16 bits for RGB 
formats targeting high-fidelity content acquisition and 
studio production applications.

Following VVC finalization, VVC support was enabled 
in all relevant media transport and systems standards. 
Encapsulation in MPEG-2 TS for digital television broad-
cast services is specified in Rec. ITU-T H.222.0 | ISO/IEC 
13818-1.3 Encapsulation of VVC bitstreams in the MPEG ISO 
base media file format (ISOBMFF) is specified in ISO/IEC: 
14496-15:2017.4 VVC was also added to the MPEG Common 
Media Application Format (CMAF) including baseline VVC 
media profiles and multilayer VVC media profiles.5 Main 
10 profile is expected to provide the requisite compression 
performance and functionality for most typical broadcast 
and streaming applications. Such streamlining of avail-
able profiles compared with previous generations of co-
decs like AVC/H.264 and HEVC/H.265 is expected to have a 
positive impact on the cost of deployment and interoper-

ability across the ecosystem. At the same time, since VVC 
includes a much richer set of coding tools and functional-
ity than previous codecs, it would be beneficial to have an 
industry reference for VVC to guide configuration choices 
that address relevant user-profiles and operating points 
such as those defined in industry-leading application 
specifications. Such a reference for VVC could facilitate 
cross-industry harmonization and enhance interoperabil-
ity across the broadcast and streaming ecosystem. 

The Media Coding Industry Forum is an open indus-
try forum with the purpose of furthering the adoption of 
MPEG standards, initially focusing on VVC, by establish-
ing them as well-accepted and widely used standards for 
the benefit of consumers and industry.6 With the strong 
industry VVC adoption, the MC-IF Interoperability Work-
ing Group has launched work on VVC technical guidelines 
with a focus on broadcast and streaming applications. 
These VVC technical guidelines aim to provide informa-
tion to facilitate incorporating VVC into application-ori-
ented standards, media production workflows, and media 
distribution to consumers. In addition to covering best 
practices for VVC configuration in terms of functional-
ity and compression performance, the guidelines aim to 
include up-to-date information on VVC operating bitrate 
ranges and provide information on the usage of VVC and 
SEI messages. 

These VVC technical guidelines aim  
to provide information to facilitate  
incorporating VVC into application- 
oriented standards, media production 
workflows, and media distribution  
to consumers. In addition to covering 
best practices for VVC configuration in 
terms of functionality and compression 
performance, the guidelines aim  
to include up-to-date information on 
VVC operating bitrate ranges and  
provide information on the usage of 
VVC and SEI messages.
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This paper attempts to review the status of VVC deploy-
ment and adoption in application standards, introduces 
MC-IF VVC technical guidelines work, and provides an in-
depth discussion on the performance or functionality of 
selected VVC configuration aspects. The authors of this pa-
per represent companies who are members of the Media 
Coding Industry Forum and involved in work on MC-IF 
guidelines.

VVC Deployment Status
Thanks to strong industry interest, VVC has enjoyed a rap-
id roll-out across different parts of the entire end-to-end 
video ecosystem, with the first reports of optimized decod-
er implementation made during VVC standardization.7,8 

Software Decoding
One of the key enablers of such a speedy implementation 
cycle is the relatively low complexity of the VVC decoding 
process, which is only about 1.5-2 times the complexity of 
an equivalent HEVC decoder.9 Several publicly available 
software decoders and players have been released for var-
ious platforms: HD playback on Android12,11,14 and iOS10,12  
mobile platforms, UHD-1 decoding on laptop/desktop Ap-
ple M1,13 Intel i7 and Intel i9 processors9 and UHD-2 decod-
ing with AMD EPYC9 and Intel Xeon including support for 
Multilayer Main 10 profile.16 VVC was also reported to play-
back HD content in Edge, Firefox, and Chrome browsers 
using a WebAssembly build.14,15 

Hardware Decoding
While software decoding enables early technology integra-
tion and launch of services, in the long term, deployments 
in broadcast and streaming ecosystems are expected to 
rely on hardware decoder capabilities, especially for UHD-1 
and UHD-2-based video formats, including high frame rate 
(HFR) support (100/120 Hz frame rates). Availability of VVC 
decoder IP core for UHD-2 120,17 SoC decoder for set-top 
boxed,18 and TV chipsets with VVC support for UHD-1 and 
up to 4320p/120 were reported19 while the first news of con-
sumer TV sets supporting VVC were reported for 2023.20

Encoding
On the encoding side, several reports have been made 
since the launch of VVC. In October 2020, a publicly avail-
able optimized offline encoder was reported offering per-
formance on par with the VVC reference software encoder 
(VTM).8 Due to the inclusion of special encoder features 
such as adaptive QP, the implementation was demonstrat-
ed to outperform the reference VTM encoder in subjec-
tive verification tests against HEVC21 while operating with 
100x encoding speed that of the VTM. Several other offline 
encoders have subsequently been reported offering over 
30% performance gains over HEVC22,23 and have been in-
tegrated into cloud-based encoding,24 transcoding,25 and 
mobile over-the-top (OTT) services.26,27 VVC encoding soft-
ware with capabilities up to UHD-2 resolution,28 including 
capabilities of real-time 4320p/30 encoding was report-
ed.29 Encoder vendors also reported compression perfor-

mance gains obtained with VVC encoders computing re-
sources comparable to those currently deployed for HEVC 
encoders. In terms of real-time UHD encoding deployed 
on a public cloud, VVC was reported to achieve between 
15%-30% lower bitrate at the same quality as a commercial 
HEVC solution at 36% compute cost overhead.30 Data from 
another vendor reported VVC real-time implementation 
to provide between 10%-15% bitrate reduction over HEVC 
while utilizing the same core coding engine as HEVC en-
coder37 for UHD-1 content, and on average, 20% bitrate re-
duction for UHD-2 content, thus reducing UHD-2 delivery 
bitrates to fit DVB-T2 or ATSC-3.0 transmission systems at 
around 35 Mbits/s.31 While these performance gains are re-
ported lower than the 50% usually expected from a new 
generation of ITU-T and ISO/IEC coding standards, it is 
important to note that these came from early implemen-
tations, and encoder complexity in these cases was report-
ed to be between 1x-1.5 times of that of equivalent HEVC 
encoder.

Interoperability
VVC interoperability with several key technologies in the 
broadcast and streaming ecosystem has also been demon-
strated in end-to-end trials. Over-the-air (OTA) and OTT tri-
als of UHD content with VVC demonstrating encapsulation 
with MPEG-2 over DVB-S2 and ISOBMFF delivered with 
DASH were reported in Ref. 37. Live UHD-1 VVC streaming 
with low latency CMAF packaging was also reported in Ref. 
37. Interoperability with CMAF was also reported for Multi-
layer Main 10 decoder on UHD-2/UHD-1/HD content.33

Conformance Testing
JVET has developed a normative specification, Confor-
mance testing for VVC as ITU-T Rec. H.266.1 and ISO/IEC 
23090-15.34 The specification includes a conformance 
bitstream test set comprising 280 bitstreams in over one 
hundred categories to cover all VVC profiles in version 1. 
DVB released VVC test content for verification and valida-
tion of DVB VVC profiles (see also DVB).35 Commercial con-
formance and test streams for VVC were also developed 
already during the standardization phase and released 
shortly after standard completion.36 

In summary, the deployment of VVC has a certain suc-
cess for such a short term. The annual video developer sur-
vey report by Bitmovin, conducted with 424 respondents 
from over 80 countries,38 indicated that 19% of the devel-
oper were using VVC in production for live coding and 15% 
for video on-demand coding, making VVC the third most 
reported codec in the survey with H.264/AVC indicated by 
78% and 85% respondents and HEVC/H.265 indicated by 
40% and 42% respondents, respectively. A comprehensive 
review of reported VVC deployments can be found in Ref. 39..

VVC Adoptions in Applications Standards 
Video traffic has been growing exponentially. In mobile 
networks, the share of video traffic is estimated at 70% 
and is projected to increase to around 80% share of the 
traffic by the end of the decade.40 This growth is partly 
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driven by the increasing consumer demand for content 
delivered in high-quality formats, which can either mean 
video delivery in new enhanced and immersive formats 
(e.g., with UHD-2 resolution) or a more extensive availabil-
ity of UHD content delivered to customers. This has led 
several standards-developing organizations (SDO) across 
broadcast and streaming ecosystems to investigate the 
benefits of VVC for inclusion into their specification and 
systems. The Advanced Television Systems Committee 
(ATSC) has noted their intention to include VVC in the 
ATSC 3.0 standard. A recent report on ATSC 3.0 and Glob-
al Convergence mentions explicitly that “ATSC is currently 
specifying Versatile Video Coding (VVC) for inclusion in the 
ATSC 3.0 suite of standards.” 41

Streaming industry fora like DASH-IF and CTA-Wave 
added VVC profiles into their guidelines and specifica-
tions.42,43 Digital Video Broadcasting (DVB) and Sistema 
Brasileiro de Televisão Digital (Fórum SBTVD) already 
adopted VVC involving a formal process of verification 
of compression performance claims against commercial 
requirements. Although it has not begun formally incor-
porating new codes into standards, 3GPP SA43GPP SA4 
has completed a feasibility study on codecs performance, 
where initial performance analysis of new codecs such 
as VVC was examined. The results of this study were pub-
lished in 3GPP TR 26.955.59 The following paragraphs give a 
brief overview based on publicly available reports of VVC 
verification and adoption status in these organizations.

DVB
Digital Video Broadcasting (DVB) started investigating 
new commercial requirements for new video codecs 
in 2020. DVB established several performance-related 
commercial requirements to be met by new codecs, in-
cluding the ability to deliver UHD-2 video over legacy 
broadcast multiplexes at excellent quality; the ability to 
enable five UHD-1 services in a 40 Mbit/s DVB-T2 multi-
plex (compared to three UHD-1 services expected with 
HEVC); and provide at least 27% more efficient live broad-
cast encoding than HEVC, and over 30% performance 
gains for UHD-1 streaming use cases while maintaining 
performance gains for sub-UHD-1 resolutions.44 DVB did 
not conduct internal tests but relied on external testing.46 
Within just a year, DVB verified VVC meeting its commer-
cial requirement and adopted VVC into its codec tool-
box, and released the Bluebook specification in Febru-
ary 2022.45 Four VVC-based operating points for MPEG-2 
transport stream and DVB-DASH delivery were defined. 
All four operating points include UHD with UHD-1 resolu-
tion and frame rates up to 60Hz. All operating points are 
also HDR-capable and progressive only. Maximum capa-
bility is defined for UHD-2 resolution with frame rates up 
to 120Hz. VVC support in DVB specification also includes 
new functionality to allow dynamic changes of bitstream 
resolution within a single-layer transport stream pro-
gram. VVC also provides support for bitstream accessi-
bility, such as composition of additional sign-language 
video within a main video bitstream.46

Fórum SBTVD
Sistema Brasileiro de Televisão Digital (aka Forum SBTVD) 
is the organization charged with creating broadcast and 
hybrid broadcast-broadband television standards in Bra-
zil. SBTVD has been working toward a new standard for 
Brazil, TV 3.0. The process consisted of a call for propos-
als published in July 2020,47 candidates’ responses, testing 
and evaluation, and selection. Use cases and requirements 
in the Call for Proposal include delivery of UHD-2 OTA 
and UHD-2 via OTT, native HDR/WCG support, HFR, and 
a reduced-resolution portrait-mode closed-second video 
service, for sign language purposes. For video, VVC was se-
lected as the video base layer codec, for both OTA and OTT 
delivery. 

Remaining work (on the application layer) involves 
drafting specifications for audio and video coding and 
determining operating points based on subjective assess-
ment of video coding quality. End-to-end demonstration 
of TV 3.0, which would include additional system compo-
nents, i.e., physical and transport layer, is expected in Au-
gust 2024.48

MC-IF VVC Technical Guidelines
The reported scale of investigations and evaluation pro-
cesses conducted in applications standards SDOs points 
to the importance of assessing the true capabilities of new 
video coding technologies with respect to legacy codecs 
as well as alternative coding technologies. Once the new 
industry profiles are standardized, the evaluation of these 
new profiles against business needs falls on operators and 
service providers. A comprehensive set of advanced com-
pression tools, rich functionality, flexibility of high-level 
bitstream operations, and interoperability with associated 
metadata contribute to the versatility of VVC and provide 
very flexible codec configuration options. To facilitate the 
industry adoption of VVC into standards, workflows, and 
services, MC-IF has launched work on VVC technical guide-
lines for broadcast and streaming applications. Figure 1 
shows a high-level diagram of the end-to-end broadcast 
and streaming ecosystem. The initial scope of the guide-
lines concerns primarily final emission to end-users. For 
this initial scope, focus is on the use of VVC Main 10 profile. 
However, other profiles may also be of interest, e.g., Multi-
layer Main 10, which was reported to be used in UHD-2 de-
livery scenarios, and Main 10 4:4:4 in case of primary distri-
bution of video content with YCbCr 4:2:2 chroma format. 
The first release candidate of the guidelines was published 
in 2023.6 

The guidelines aim to describe relevant VVC configura-
tion options in reference to relevant industry VVC profiles, 
which span through the following areas:

• �Examples of the application of VVC coding tools and 
VVC performance, including references to industry 
best practices, relevant external performance results, 
and studies. 

• �Examples of application of VVC functional features, 
including discussion of their benefits and interopera-
bility aspects. 
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• �Examples of VVC usage with associated metadata. 
In the following sections, we discuss selected examples 

across these categories, which are investigated for inclu-
sion in the guidelines. The examples presented do not 
represent the full set of VVC options and capabilities. For 
a comprehensive description of VVC, please refer to the ex-
cellent overview.49

VVC Coding Tools and Performance: HDR Video
High Dynamic Range (HDR) video became a widespread 
video format in recent years. Multiple online streaming 
services such as Netflix, Amazon, Disney+ and others offer 
HDR content with hundreds of titles. HDR video services 
are also defined in the specifications of the TV broadcasts 
SDOs, such as ATSC, DVB and others. The development of 
HDR video formats in SMPTE, ITU-R and HEVC enabled 
rapid deployment of HDR video services. (HEVC Main 10 
profile can compress 10-bit data and encapsulating HDR 
metadata into the coded bitstream. Although initially de-
signed without HDR-specific coding tools, HEVC encoders 
can still be configured for efficient compression of HDR 
video data as well as signaling HDR-specific metadata. Op-
erational practices of handling HDR video data and tool 
configurations in HEVC are documented in ITU-T Techni-
cal Reports (Supplements).50,51

The practices documented50,51 are also relevant for VVC, 
but VVC takes HDR support to a different level. In VVC, all 
coding tools apply to both standard dynamic rate (SDR) and 
HDR video. The distinction between SDR and HDR is made 
only in high-level syntax. Specifically, the color primaries 
and optical-electronic transfer characteristics function 
that distinguish SDR, hybrid-log gamma HDR (HDR HLG), 
and perceptual quantizer HDR (HDR PQ) are signaled in 
the VVC bitstream using video usability information (VUI) 
metadata specified in VSEI. VSEI also specifies mastering 
display color volume (MDCV) and content light level indi-
cation (CLLI) SEI messages that provide metadata that are 
used to optimize the display of SDR and HDR-coded video 

on consumer displays. (See the section Metadata for VVC 
for more information.) 

Although all VVC coding tools apply to both SDR and 
HDR, it is worth noting that some new VVC coding tools 
were initially studied in the context of HDR and later also 
to benefit SDR. In particular, the coding tools called luma 
mapping with chroma scaling (LMCS) and luma-intensi-
ty-based deblocking filtering adjustment aimed to facili-
tate compression of HDR video data. The luma mapping  
of the LMCS adjusts the dynamic range of the input video 
signal by redistributing the codewords across the dynamic 
range to improve compression efficiency. The chroma re-
sidual scaling of LMCS is utilized to compensate for the 
interaction between the luma signal and its correspond-
ing chroma signals and reduce visual distortions in coded 
video with WCG representation (BT.2100).52 For example, 
encoding algorithms to derive LMCS and luma intensity 
deblocking parameters are implemented in the VVC refer-
ence software (VTM) with specific optimizations for SDR, 
HDR HLG, and HDR PQ video data. For more details, see 
sections 3.7.2 and 3.7.3 in Ref. 53.

Objective quality metrics used during HEVC and VVC 
development for HDR video data have been documented 
in Ref. 54. It was determined that calculating the PSNR for 
the luma and chroma codewords, as typically for SDR vid-
eo, is still appropriate for some HDR HLG video formats. 
For HDR PQ video, additional metrics were determined 
to be more suitable. These metrics include PSNRL100, 
wPSNR, and DE100, as described later and in more detail.55

• �PSNRL100: This metric is calculated using the lumi-
nance values rather than the luma codewords. It is 
based on the CIELab color space representation of the 
input and output sample values of the codec.

• �wPSNR: This is a PSNR-like metric calculated from the 
codewords that attempt to compensate for the more 
significant distribution of luma codewords to the 
darker regions by weighting of the codewords before 
calculating the PSNR. 

FIGURE 1. Simplified end-to-end broadcast and streaming ecosystem with content contribution, distribution, and final emission stages. VVC profiles 
relevant for respective parts of the ecosystem are highlighted.
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• �DE100: This is a metric based on the CIELab color 
space representation of the codec’s input and output 
sample values. It is specifically targeted at chromi-
nance fidelity. 

The performance of VVC for coding HDR video data 
compared to HEVC, and other codecs has been assessed on 
multiple occasions. In document,59 VVC performance as-
sessment was conducted by the 3GPP SA4 working group. 
The coding performance of VVC for HDR PQ material was 
compared to the coding performance of HEVC, with both 
encoders using reference software implementations of 
JVET. For the set target bitrates, quality was assessed using 
objective metrics, namely wPSNR, PSNRL100, and DE100, 
as recommended in Ref. 54. It is reported that VVC pro-
vides 39% coding gain on average for the wPSNR metric, 
35% for PSNRL100, and around 57% for the DE100 metric.

While objective results provide a good indication of 
performance, subjective assessment of the quality of cod-
ing performance is valuable not only to understand cod-
ing performance in relation to other codecs but also in 
relation to determining commercially relevant operating 
points. MPEG leads the industry best practice in this area 
and produces high-quality subjective verification tests for 
its codecs, performed by independent and qualified labo-
ratories with the participation of naïve test subjects. Such 
tests follow established assessment protocols specified in 
ITU recommendations ITU-R BT.50056 and ITU-T P.91057 and 
define video quality evaluation in terms of Mean Opinion 
Score (MOS). MPEG subjective quality verification test re-
sults were reported in Ref. 32. The assessment included 
UHD-1 test sequences with HDR HLG and HDR PQ con-
tent. Reported MOS-over-bitrate results demonstrated 
an overall gain of about 49% for the HLG test sequences 
and about 52% for the PQ test sequences. Figure 2 shows 
pooled MOS quality assessment data as a function of bi-
trate for tested VVC and HEVC codecs. The 11-grade MOS 
scale used in the test represents a full range of video quali-
ty impairments present in the tested bitstream, from a “0” 
score corresponding to “severely annoying (everywhere)” 

to “10” corresponding to “imperceptible.” “8” corresponds 
to “slightly perceptible (everywhere)” and can be associat-
ed with a broadcast quality. Plots in Fig. 2 show that for 
VVC, averaged bitrates for UHD HDR content range from 
around 7 Mbits/s for PQ content used in the test to around 
12.5 Mbits/s for HLG content used in the test. This consti-
tutes a 50% bitrate reduction compared with HEVC at the 
same MOS quality achieved with average bitrates from 
around 15 Mbits/s for PQ content used in the test to around 
27 Mbits/s for HLG content used in the test. 

VVC Functional Features: Reference Picture Resampling
Delivery of video services by means of providing multiple 
renditions of content at varying resolutions and bitrates 
has been the backbone of adaptive streaming for broad-
band (DASH or HLS). Initially designed to target widely 
varying end-device display formats and variable available 
bandwidth, techniques such as “Per-title encoding” were 
introduced to dynamically select optimal resolutions (from 
a QoE perspective) for each VOD content. Decoding of short 
video segments with different bitrates and resolution could 
be achieved using closed group of pictures (GOP) coding, 
which inserts Instantaneous Decoder Refresh (IDR) at the 
start of each segment. In terms of compression perfor-
mance, the closed GOP configuration is less efficient than 
the open GOP configuration typically used in broadcast. 
The coding penalty increases with a higher frequency of 
random-access points, i.e., shorter segments as IDR frames 
are less efficiently coded, which in effect causes bitrate 
spikes impacting rate control buffers and makes the penal-
ty higher for low latency streaming. Previous attempts with 
seamless switching of resolutions with HEVC were report-
ed60 with the scalable profile of HEVC and more recently 
in61 with the use of the Main 10 HEVC profile. However, the 
former approach could be viable only to applications sup-
porting scalable HEVC profiles. At the same time, the in-
teroperability tests with HEVC showed issues at switching 
since such functionality had not been tested at the time of 
deployment. 

FIGURE 2. MOS quality over bitrate for UHD HLG and PQ content pooled over five test sequences in each category. Data to create these plots was 
used from Ref. 32.
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VVC includes a built-in spatial scalability functionality 
that allows changing resolution at any inter-coded picture. 
The mechanism uses reference picture resampling (RPR), 
which effectively adjusts the resolution of reference pic-
tures used for prediction on the fly. This functionality is 
supported in the Main 10 profile while Multilayer profiles 
extend this through efficient high-level signaling. How-
ever, no additional inter-layer signal processing tools are 
required.49 Skupin et al., investigated VVC open GOP res-
olution switching in the adaptive streaming use case and 
identified potential issues with prediction-error drift in ran-
dom access skipped leading (RASL) pictures due to change 
of resolution at RAP (Intra picture), which precede RASL 
pictures in coding order.62 It was, however, demonstrated 
that exercising certain constraints in the encoder mitigated 
most of the issues and resulted in compression gains up to 
9% BD-rate over the typical closed GOP setting for low laten-
cy live streaming. Reference picture resampling function-
ality also enables changing resolution within a represen-
tation. While VVC allows high flexibility regarding scaling 
factors and frequency of resolution change at any picture, 
application specifications may provide some constraints on 
how often and which resolutions can be used by the codec. 
For example, the new revision of DVB TS 101 154,45 which al-
lows RPR use in VVC profiles, restricts downsampling scal-
ing factors to 2/3 and 1/2. In contrast, new coded resolutions 
can be introduced at a minimum interval of 2 sec. However, 

different application standards may choose to adopt differ-
ent sets of constraints for using RPR functionality. 

To study the benefits of VVC RPR in the context of res-
olution change within a representation (e.g., as would be 
used in live broadcast), we used the VTM reference software 
implementation with RPR encoder functionality.58 The en-
coding algorithm implemented in VTM aims to serve as an 
illustration of RPR functionality and is configured to lim-
it resolution change at high bitrates while more likely to 
trigger downsampling at lower bitrates. Resolution change 
decisions can be made for each reordering segment of pic-
tures (hierarchical B pictures structure) and can use scaling 
factors: 4/5, 2/3, and 1/2. We used sequences from 3GPP SA4 
5G video test set for the test content.59 Sequences used were 
from the SDR set of UHD-TV scenario (HDR results were re-
ported in the previous section), for which overall VVC per-
formance gains achieved with reference encoder VTM were 
reported as 37% BD-rate with PSNR-YUV, 33% BD-rate with 
PSNR-Y, 33% BD-rate with MS-SSIM and 38% BD-rate with 
VMAF metrics respectively. Details of these metrics, as used 
in the 3GPP 5G codec study, are detailed in section 5.5 of  
Ref. 59. In our test, we used four fixed QP settings (22, 27, 32, 
and 37) for VTM software as in the original study, plus QP 42 
at the low end of the bitrate scale to align VVC and HEVC 
quality at the lowest bitrates. 

Our tests showed substantial coding gains could be 
achieved for two out of eight sequences from the test set: 

FIGURE 3. Rate-distortion plots for soccer and tunnel flag sequences for PSNR-YUV and VMAF metrics. 
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Soccer63 and Tunnel Flag.64 For three of the sequences, ei-
ther negligible gain or loss were observed. RPR function-
ality was not triggered, which is a correct behavior in case 
encoder does not predict content benefiting from change 
of resolution. However, this is still an interesting result since 
the sequences in the test set were not pre-selected towards 
showcasing RPR functionality, and RPR gains are expected 
to be content-dependent. 

Results in Table 1 show extra coding gain can be achieved 
over HEVC using the RPR coding tool in VVC. Coding gain 
was consistent for all reported metrics, with smaller differ-
ence reported by PSNR-based metrics and higher with MS-
SSIM and VMAF. Looking at the rate-distortion plots in Fig. 
2, we notice that coding gain is contributed through a high-
er quality metric value rather than shifted bitrates. Visual 
inspection showed that VVC is generally cleaner around 
the players than HEVC. At the same time, VVC with RPR 
looks more consistent than VVC and suffers less from vis-
ible artifacts in the background and textured areas like the 
one highlighted in Fig. 3 for the Soccer sequence. Figure 4 

shows the RPR operation for the Tunnel Flag sequence at 
5.2 Mbits/s. The sequence comprises two parts. The first part 
is to drive through a tunnel, which then cross-fades into a 
waving flag part. As shown in Fig. 5, RPR encoding algo-
rithm utilizes three different scaling factors: 4/5 and 2/3 for 
the tunnel part and 1/2 scaling for the flag part, where the 
change occurs right after the cross-fade. While we did not 
conduct a detailed analysis of encoder complexity impact 
(encodings were run on a cluster with a mix of CPUs), ball-
park results showed a decrease of about 15%-20% in com-
puting resources when RPR was employed. 

RPR is a new promising functionality offered by VVC 
that could benefit both resolution switching in ABR video 
delivery and introduce dynamic resolution changes within 
a bitstream or representation. In the latter case, it can ei-
ther provide coding gain or optimize bitrate delivery for the 
same QoE, e.g., in statistical multiplexing by allowing great-
er flexibility in allocating bitrates across programs. RPR 
can also have an impact on CPU encoder complexity and 
therefore could contribute to reducing power consumption 

FIGURE 4. Screen shot from decoded sequence from HEVC bitstream (left), VVC bitstream (middle) and VVC bitstream with 
RPR (right). VVC with RPR decoded pictures were upscaled to the original UHD-1 resolution. Highlighted areas point to visible 
artifacts: halo around player’s shoulder (left) and soft patch in the Astro turf (middle) sequence used in this test is from Ref. 63.

BD-rate gains
Test PSNR-Y [%] PSNR-YUV [%] MS-SSIM [%] VMAF [%]

Soccer
VVC vs. HEVC 40.34% 39.27% 39.26% 40.23%
VVC with RPR vs. HEVC 44.10% 43.02% 43.67% 48.77%

Tunnel Flag
VVC vs. HEVC 49.57% 52.64% 52.86% 55.19%
VVC with RPR vs. HEVC 51.08% 54.38% 57.21% 61.55%

TABLE 1: BD-rate gains for VVC and VVC with RPR functionality over HEVC.
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in the headend. The functionality is supported by some op-
erational constraints in the DVB codec specification,45 and 
scalability is also considered for SBTVD TV 3.0 specification 
requirements.47

Metadata for VVC
With a few notable exceptions, the VVC standard only 
specifies the syntax, semantics, and decoding processes 
required for conforming video decoders. Information 
about how video should be post-processed, displayed, or 
otherwise used is specified mainly in the VSEI standard. 
VSEI identifies two kinds of metadata: video useability in-
formation (VUI) and SEI messages. 

VUI parameters provide information for the correct 
display of coded video. For example, VUI parameters in-
dicate that the coded video is progressive or interlaced; 
SDR, HDR HLG, or HDR PQ; that the source video has a 
particular aspect ratio; and any other parameters neces-
sary to correctly interpret the coded video. 

SEI messages provide additional information that can 
assist decoders, displays, and other video receivers in per-
forming as desired by the content producer. For example, 
the display of omnidirectional 360⁰-video can be assist-
ed by signaling one of the omnidirectional video-specific 
SEI messages in the VVC bitstream. As another example, 
the annotated regions SEI message can be used to assist 
video analysis applications by signaling the size and loca-
tion of objects identified in a video.

As noted previously, several SEI messages were orig-
inally developed in the context of HDR and have since 
become incorporated into application standards. The 
mastering display color volume (MDCV) SEI message pro-
vides information about how the source video looked to 
creative professionals when the content was created (i.e., 
mastered). Consumer displays can use the information 
in the MDCV SEI message to adjust how coded video is 
displayed to match the source look as closely as possible. 
The content light level information (CLLI) SEI message 
indicates how bright the source video was when mas-
tered. Information in the CLLI SEI message can also be 

used to optimize the look of displayed video and has the 
potential to enable consumer displays to improve power 
management. Other SEI messages, including the content 
color volume (CCV), ambient viewing environment (AVE), 
and alternative transfer characteristics (ACT) SEI messag-
es, can also enable consumer displays to process coded 
video content to provide better consumer experiences. 
It is worth noting that although many of the mentioned 
SEI messages were developed initially for HDR, they have 
become increasingly applicable to SDR video data as the 
brightness of SDR consumer displays has increased.

The film grain characteristics (FGC) SEI message has 

FIGURE 5. Visualization of RPR operation for Tunnel Flag sequence at QP 32 (5.2 Mbits/s). 4096 x 2160 (Digital Cinema Initiatives 
UHD-2 resolution) is the original resolution of the video sequence, which is represented by the green-padded area. Images represent 
decoded pictures resolution with POC (picture order count) representing timings where changes of resolution occurred. Sequence 
used in this test is from Ref. 64.
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also become increasingly significant with the increase of 
film grain synthesis (FGS) in high-value streaming ser-
vices.65 The FGS SEI message signals the statistical char-
acteristics of spatial, temporal grain added to the decod-
ed video. There are two main use cases—one old and one 
new—for which adding grain to decoded video can be ben-
eficial. The first and original use case was to replace actual 
film grain that had been filtered out of source video be-
fore encoding to save bandwidth. The newer use case is to 
subtly mask compression artifacts (even for source video 
that did not have original film grain) to reduce bitrate and 
improve perceived sharpness. A Technical Report on film 
grain technologies is currently being developed in ITU-T 
and ISO/IEC (as ISO/IEC 23009-9). Software illustrating the 
use of the FGS SEI message is available in the AVC, HEVC, and 
VVC reference software. Open-source film grain synthesis 
implementations are available in GitHub repositories.67, 68

Although not yet finalized, a pair of neural-network 
post-filter (NNPF) SEI messages69 have attracted signifi-
cant attention by enabling the use of neural networks 
for post-processing operations such as super-resolution, 
frame rate upsampling, chroma format conversion, and 
colorization. The NNPF characteristics (NNPFC) SEI mes-
sage signals neural-network parameters/weights (con-
tained in an ISO/IEC 15938-17 bitstream70 or identified by a 
universal resource identifier71) and additional information 
needed for a receiver to determine if it can implement the 
indicated neural network. Several neural networks can be 
signaled using multiple NNPFC SEI messages to support 
different receiver capabilities and post-processing opera-
tions. Specific neural networks are invoked from the avail-
able neural networks using an NNPF activation (NNPFA) 
SEI message. The NNPFC and NNPFA SEI were planned to 
be finalized in VSEI in the second half of 2023. 

Conclusion
Since its finalization in 2020, VVC has enjoyed a steady 
adoption progress across various implementations span-
ning the whole end-to-end chain. Also, application layer 
SDOs are looking into advancements in video codecs to 
further improve penetration of existing services while cre-
ating new operating points for delivering enhanced video 
services with formats such as UHD-2. The first adoption 
of VVC into application specifications for broadcast and 
streaming, MC-IF developed VVC technical guidelines. The 
guidelines are aimed to cover VVC configuration aspects, 
including its rich combination of coding tools, functional-
ity, and associated metadata, to facilitate both VVC adop-
tion and interoperability across products and services. In 
this paper, we provided an overview of VVC’s deployment 
status across implementation and standards, discussed 
the scope of the launched work in MC-IF on VVC techni-
cal guidelines, and provided selected examples of VVC 
configuration aspects that demonstrate VVC superiority 
in terms of coding performance and functionality against 
the needs of the broadcast and streaming industry, and 
together with other aspects of VVC included in the MC-IF 
VVC technical guidelines. 
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Improvements to On-set Virtual 
Production Acoustics for  
Production Dialog
By Eric Rigney
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OFF-TOPIC: APPLICATIONS/PRACTICES

F
inal sample is the concept and practice of cap-
turing dialog of a sufficient quality in a vol-
ume stage that, with some post-production 
processing and without the use of automated 
dialog replacement (ADR), carries through to 
the final sound mix. When considering on-set 
virtual production (OSVP), sound recording 

challenges are not often discussed, nor are the additional 
ADR costs to repair unusable OSVP dialog. This study de-
scribes how simple pre-production and production efforts 
spent toward guarding original dialog performance are 
offset by reductions in ADR costs. 

Ironically, many volume stages are built inside “sound-
stages,” and few, if any, volumetric stages appear to have 
been designed with input from sound designers or acous-
tic consultants. For filmmakers appreciating that ADR can-
not replace the emotional impact of a given performance, 
final sample, or zero-ADR (ZADR) should prove valuable. 
For filmmakers and producers for whom ADR quality di-
alog is an easily acceptable patch, the results of this study 
may be less valuable. 

Walking on an empty LED volume stage, it is apparent 
that little if any consideration was given toward abating the 
acoustical challenges that the OSVP environment created. 
In pursuit of in-camera visual effects (ICVFX), panel manu-
facturers, stage designers and builders, and most virtual pro-
duction facility owners and producers unwittingly induced 
significant acoustical issues for productions recording dia-
log. Light-emitting diode (LED) volume stages are expensive 
for facilities to construct and operate and expensive for pro-
ductions to rent. Current research and development in LED 
panel and stage design focus on image quality in pursuit of 
ICVFX goals, not on guarding sound integrity. Until chang-
es in LED volume panel and stage design and construction 

Abstract 
While capturing in-camera visual effects (ICVFX) or 
‘final pixel’ remains a primary goal of On-Set Virtual 
Production (OSVP), “final sample,” recording usable 
performance dialog that carries over to final sound 
mix, is often its casualty. Unlike the sound damping 
qualities of traditional sound stages, volume stag-
es can resemble the acoustical characteristics of an 
echo chamber. Production sound mixer/recordists’ 
traditional abatement methods can prove inadequate 
in OSVP due to concerns over blocking visually valu-
able environmental lighting reflections and space lim-
itations restricting reverberation mitigation options. 
Automated Dialog Replacement (ADR) is a post- 
production solution of last resort due to budgetary, 
logistical, and creative costs. Zero-ADR (ZADR) is 
therefore as creatively and economically as valuable 
to production as is the goal of final pixel. 

With education, productions employing a sound 
mitigation specialist with specific mitigation equip-
ment, and early and consistent cooperative/collabo-
rative inter-departmental communication can effec-
tively mitigate reverberation and unwanted noise in a 
volumetric stage, allowing post-production sound ed-
itors to effectively process (clean) the OSVP recorded 
tracks, significantly minimizing ADR usage.
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isting stage designs address reflection mitigation, produc-
tions are left to address the reverberation problem that the 
new and quickly adopted OSVP technology imposes. Initial 
test results indicate that with sound mitigation guidance 
from acoustic engineers, acousticians, or experienced 
OSVP sound mitigation specialists, on-set production de-
partments working together from pre-production through 
post-production may adequately reduce the acoustical re-
verberation and other defects in a volume stage. Tackled 
collectively, mitigation of acoustic reverberation and noise 
before production can work toward achieving the goal of 
final sample, but only if production personnel learn how 
and are willing to execute what is advised. It is important 
to reaffirm to producers and directors that no single solu-
tion, technological or departmental, can fully address re-
verberation and noise in an LED volume stage. Similar to 
image quality, good sound is the responsibility of all pro-
duction departments. 

Pictorial Analogy: To understand what is being asked of 
production sound teams, here’s a contrived pictorial equiv-
alent. Imagine if LED volumes were designed to always dis-
play “full white,” with no attenuation ability, “off” button, 
or ability to match the virtual environment? In addition 
to the hostile lighting circumstance, there are no mitiga-
tion apparatuses to block, attenuate, or redirect the light, 
nor the personnel needed to place such equipment. Imag-
ine that regardless of the scene to be filmed, the director 
of photography (DP) and crew were expected to “make it 
work” without rehearsals. Imagine if DPs were expected 

effectively reduce sound reverberation, reflections, and 
unwanted noise captures, OSVP in its current state requires 
added costs of labor and equipment to mitigate its reverber-
ation imposition or accept that OSVP productions will suffer 
inferior sound and the associated loss of emotional impact 
on its audiences, or both. As renowned production sound 
professional Patrushkha Mierzwa stated, “highly reverberant 
audio [in a volumetric stage] is not the sound department’s 
problem, it’s the production’s problem.” Ultimately, the 
acoustical challenges imposed on productions are created 
by the producers who choose to rent reverberant environ-
ments. OSVP stages differ in shape and size. Some offer ceil-
ings, and others offer floors. In choosing a virtual production 
stage, productions may wish to consider OSVP stages that 
best serve the sound and the visual needs of specific scenes. 

Shared responsibility: Productions typically rely on the 
sound department to resolve acoustical problems with lit-
tle rehearsal. OSVP introduces new and significant acous-
tical issues that production sound mixers/recordists are 
inexperienced in resolving and still with little preparation 
time. Production sound mixers/recordists are typically not 
acoustic engineers or experienced acousticians. And a typ-
ical three-person sound team, fully engaged in its current 
responsibilities (slate synching, on-set communications, 
configuring and monitoring multiple recording and wire-
less technologies, preparing and ‘mic’ing’ talent, setting 
up for the shot, mixing, etc.), don’t have the training or 
resources to implement additional sound mitigation to a 
facility. More importantly, for those filmmakers who want 
the artistry of their production sound mixer/recordists to 
capture high-quality dialog that fits the scene, adding the 
mitigation responsibilities to the workload of production 
sound crews will come at the sacrifice of something else 
and artistic frustration. Without additional training, labor, 
equipment, and budgetary support, current production 
sound teams are preoccupied, ill-equipped, and ill-pre-
pared to adequately mitigate noise and reverberation in 
LED volume stages. Sound reverberation and noise reduc-
tion in an OSVP is a production problem that requires sup-
port from all on-set production departments. Good sound 
is not the responsibility of the sound departments alone. 

“All for one and one for all.” At a minimum, it helps when 
all stakeholders acknowledge the acoustic challenges that 
must be addressed. Until LED panel manufacturers and ex-

Final sample is the concept and  
practice of capturing dialog of  
a sufficient quality in a volume stage 
that, with some post-production  
processing and without the use  
of automated dialog replacement 
(ADR), carries through to the final 
sound mix.
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to leave the art of production lighting to post-production 
visual effects and color correction artists. In today’s LED 
volumetric stages, these are precisely the conditions un-
der which productions expect their sound departments to 
perform, often intimating that automated dialog replace-
ment (ADR) is an acceptable cure for combating high re-
verberance and other acoustical defects in OSVP. 

Although sometimes necessary, ADR is emotionally in-
ferior to production dialog. Of course, actors move around 
in virtual production volume stages just as they do on tra-
ditional sound stages, jostling props, sets, costumes, and 
other actors. Even with new mitigation attempts ADR will 
likely still be necessary, but to a significantly lesser degree. 

Despite the inherent acoustical challenges and add-
ed costs of recording dialog in a volume stage, dedicated 
sound mitigation specialists such as acousticians and gaf-

fer-like on-set sound mitigation labor could safeguard on-
set dialog performances and stave off ADR. 

The Experience: Walking inside a virtual production volume 
stage for the first time, the echoing of footsteps is clearly 
heard (Fig. 1). A whisper spoken directly against a wall on one 
side of the stage could be clearly heard from the other side of 
the stage when directly facing the opposite wall—the whis-
pering gallery effect. A center-stage handclap tells the whole 
story. Feeling great empathy toward production sound mix-
er/recordists and post-production sound editors and mixers, 
Erik Weaver and Greg Ciaccio of the University of Southern 
California’s (USC) Entertainment Technology Center (ETC) 
suggested we study the problem. The author’s first call was to 
Sean Tajkowski (technical planning architect), who led him 
to Russ Berger (acoustical consultant), and so on. 

FIGURE 1. Semi-circular, 50-ft, LED volumetric stage displaying latitude and longitude lines developed by Paul Debevic to align wall and ceiling  
imagery.
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This preliminary study demonstrates that acoustical 
responsibility lies across all OSVP departments, from LED 
panels and wall construction to final sound mix. Serving 
sound recording serves a production’s audience, reducing 
costly and emotionally inferior ADR. As with any prelimi-
nary study, much was learned, with more to be studied and 
developed. To hear and see sound and video examples cap-
tured for this study, visit www.finalsample.com.

Problem: Descriptions of Acoustical Challenges
Acoustical Reflection
Reverberation Time, RT60: A measure of reflection is the 
length of time for reverberation to decay by more than 60 
dB. For most situations, inaudibility occurs before the full 60 
dB is reached due to the limit of the signal to the ambient 
(background) noise. This is called the RT60 value. For dialog 
recording on a stage, the shorter the duration, the better.

Post-Production Processing: De-reverberation software  
applications seem easily capable of correcting RT60 values 
of 1.6-1.8 sec or less.

Speech Transmission Index (STI): STI measures the intelli-
gibility of speech in a given environment. Ambient noise 
and reverberation affect intelligibility. Mitigating either 
one helps increase STI; addressing both is best. Measured 
from 0.0 to 1.0, the higher the value, the better.

Volume Stage RT60 & STI Measurement: A balloon pop in the 
center of a large (80-ft diameter) empty LED volumetric 
stage, using an acoustical camera, measured an RT60 val-
ue of 3.2 sec. and an STI value of 0.51 (slightly above poor) 
(Figs. 2, 3, and 4), not quite the quality of a large cathedral 
ambiance, and great for recording music but not speech.

Light Emitting Diode (LED) Volume Stage Design and Con-
struction: The shape, size, texture, and encompassing char-
acteristics of LED volumetric stages affect reverberance. 
Walls vary in height. Shapes vary from a single flat wall 
to a “hockey stick” shape, to a three-sided open square, to 

a semi-circle, to “J-shaped,” to an oval, to a closed circle, 
and everything in between. Ceilings, if installed, partially 
or completely cover the top. Some floors are polished ce-
ment, while others are raised, hollow, flat wooden struc-
tures. All these characteristics affect the reverberant qual-
ity in varying ways. Perpendicular, hard, and flat surfaces 
support reflective, reverberant acoustics. 

Actor Blocking Locations: From where the actor speaks 
and in what direction affects the amount of reverberation 
captured in a dialog recording. Preliminary testing indi-
cates that in an empty volume stage, standing center-stage 
and speaking toward a side wall generates the most reflec-
tion, as the sound bounces perpendicularly back and forth 
against the hard, flat surfaces of the parallel walls. Speak-
ing toward the stage opening and/or with one’s back near 
the wall (i.e., 6-8 ft) generates fewer reflections. Perhaps 
when facing the opening, the sound escapes through the 
opening, and less sound reflects. When speaking with one’s 
back close to the wall, perhaps it is less reflective because 
sound has a greater distance to travel, or maybe the back 
wall acts like a reflective brake. More study is required. 

FIGURE 2. Acoustical camera view of balloon pop sonic instance record-
ing and visually translating reverberation in an empty LED volumetric 
stage. The red color in the image indicates >75 dB between 2k-2.2 kHz. 

FIGURE 3. Acoustical camera RT60 calculation (3.19 sec) of balloon pop sonic 
instance recorded in an empty LED volumetric stage without acoustical miti-
gation elements.

FIGURE 4. Acoustical camera STI calculation (0.51) of balloon pop sonic instance 
recorded in an empty LED volumetric stage without acoustical mitigation ele-
ments. Bands 1-7 depict standard STI frequencies of 125, 250, 500, 1K, 2K, 4K, 
8K, respectively.
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Acoustical Noise 
Overview: While production sound mixer/recordists strive 
to capture clear, clean dialog, sometimes ambient sounds 
can be desirable, but not often. Ambient sounds for those 
whose origins are not captured simultaneously visually or 
that are seen but disrupt dialog are problematic. Production 
sound mixers/recordists strive to avoid recording them. Af-
ter shooting, production sound mixers/recordists will often 
record background sounds for post-production sound edi-
tors to blend in and mask dialog recording or editing issues. 

Noise Amplification Characteristic: The same characteristics 
of an LED volumetric stage that support a highly reverber-
ant environment also amplify any noise captured in front 
of a stage opening. Due to the curved shape and smooth, 
hard surfaces of circular LED volume stages, they behave 
like parabolic microphones, efficiently capturing and in-
creasing the noise. A creaking director’s chair, keyboard 
strokes, a dropped water bottle, equipment cooling fans, 
page turns, footsteps, etc., are sounds that are easily cap-
tured and magnified within the sound recording area of 
an LED volume stage (Figs. 5 and 6).  

Virtual Production Equipment Additions: In addition to tra-
ditional filmmaking technologies, on-set virtual produc-
tion employs technologies specific to virtual production 
operations. Some of this equipment generates noise. For 
example, some stages set up the virtual art department’s 
(VAD) technical control stations (‘brain bar’ or ‘volume 
control’) on the stage floor, in front of the stage opening. 
Some LED equipment is fan-cooled, and realtime process-
ing equipment can also generate fan noise.

Virtual Production Personnel Additions: In addition to tra-
ditional filmmaking personnel, on-set virtual production 
stages and vendors employ personnel specific to virtual  
production operations: virtual art department artists 
(VAD), stage operations, camera technicians, etc., any one 
of which can unwittingly generate unwanted noise.

Solutions: Tools and Practices
Overview: This section describes how to collaboratively 
and cumulatively mitigate acoustical reverberation and 
unwanted noise in a volume stage. Collectively tackling 
acoustic reverberation and noise, facilities and productions 
can achieve final sample. 

Virtual Production Equipment: OSVP introduces new tech-
nology and personnel. Could these elements be used to mit-
igate sound reflection and noise in an LED volume?

LED Panels: Panel construction differs. Some expose LED 
pixels, offering a slightly rougher texture, while others en-
case panel diodes with a clear cover, creating a smooth 
surface. The exposed LED version may be slightly less re-
flective, but both are hard, flat, and acoustically reflective. 
Future options discussed by panel manufacturers include 
installing shaped insulation between diodes or bursting mi-

cro laser holes through the clear-facing cover. A panel’s cool-
ing solution plays a role in acoustics. Noiseless heat sinks 
add weight, which is more of an issue for ceiling panels than 
wall or floor panels. For those panels that use fans, different 
fan designs emit different noise characteristics. Fortunate-
ly, panel fans are fitted on the backside of panels, directing 
most of the sound away from the interior of the volumetric 
stage. Providing noise-level specifications for panels may 
assist consumers in making acoustical choices. 

FIGURE 5. Acoustical camera capture of equipment noise recorded cen-
ter stage of an empty LED volumetric stage without acoustical mitiga-
tion elements. The red color indicates >25-35kHz between 2-2.2 kHz.

FIGURE 6. Digital Intermediate Technician’s (DIT) equipment in front of 
the opening of an empty LED volumetric stage, the origin of the image 
in Fig. 5.
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LED Walls: LED panels are configured into walls of differ-
ent sizes and shapes: single flat wall, angled two-walled 
“hockey stick,” open squares three flat walls, car process-
ing, semi-circular (180o), ‘J-shaped’ (270o), and circular/oval 
(270o-360o). Some LED walls are installed in acoustically 
absorptive sound stages. Others are built in acoustically  
reflective warehouses. Each offers a different acoustical 
challenge. 

a. �Pitch/Angle: Acoustical engineer and designer Russ 
Berger and studio planning architect Sean Tajkow-
ski suggest deflecting sound energy by pitching the 
walls back, like a control booth window in a music 
recording studio. With most panel LED pitches and 
resolutions supporting some off-axis angle viewing/
recording, consider leaning (pitching) panels top-
back 3-7°. Angled surfaces reflect sound upward and 
away from speaking actors and minimize bounce-
back from opposite walls. Flat walls that are non-cir-
cular may be a cost-effective option. But singular, 
flat walls tend not to pose significant reverberance 
issues. For circular stages, pitching walls presents an 
engineering and maintenance challenge. A curved 
surface pitched back is a compound curve, creating 
a conical frustum (Fig. 7). Although possible, panels 
designed and manufactured to support a compound 
curve necessitate a custom build, which is expensive 
to purchase and maintain/replace.

b. �Environmental LED Lighting Alternatives: An alter-
native to LED walls of flat panels is LED lighting 
that carries over virtualized environments, such as 
image-based lighting (IBL). One IBL concept uses 
tubes of light, mounted vertically or horizontally, 
through which sound can pass. The detail of im-
agery displayed by these specialized lights is sig-
nificantly less than that of LED panels but offers 
a broader light spectrum of color beyond that of 
the limited color range of current red, green, blue 
(RGB) LED panels. Yet to be acoustically tested, in-
tuitively, it would seem less acoustically reflective 
to talk into a wall of separated tubes than a solid 
wall of flat LED panels (Fig. 8).

c. �Acoustical Wall Curtains: Lastly, a system of acous-
tic curtains covering unused portions of the walls 
could help abate acoustic reflection, deflecting/dif-

fusing sound energy. A transparent curtain would 
allow some environmental light features to pass 
through. Curtains may also provide some protec-
tion to panels during set construction and dressing.

LED Ceiling: LED ceilings can range from complete cover-
age of a 360o stage to partial coverage of whatever shaped 
stage, to portable ceilings to no ceiling at all. Ceilings fa-
cilitate a lot of sound reflection. Sound bounces up to 
the ceiling and back from side walls and the floor. Less 
ceiling equates to less reflection. The ceiling provides 
several options for sound reflection mitigation. 

a) �Opening and Angling: Russ Berger suggested mak-
ing the ceiling panels movable, shaping the ceiling. 
For example, rows of panels could be opened like a 
Venetian blind (Fig. 9), with panel surfaces angled 
in rows toward the opening of the stage. Pitching 
a panel’s surface toward the camera may direct a 
better quality of light and imagery than when pan-
els are positioned parallel to the floor. Allowing the 
panel rows to open and close provides artistic flex-
ibility. For car scenes, a flat, closed ceiling, without 
visible breaks in the reflective surface of the car, is 
preferred. For a close-up dialog scene when ceil-
ing reflections aren’t as visible, the panels could be 
more open. Some stages can partially or completely 

FIGURE 7. A depiction of a volumetric stage shaped in a conical frustum.
(Imagecourtesy of Russ Berger.)

FIGURE 8. Image-based lighting example.
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FIGURE 9. Example of LED volume ceiling panels configured in a  
Venetian blind pattern.

retract their LED ceilings from the volume. Note 
that because cameras rarely capture virtual envi-
ronment imagery directly from the ceiling, most 
ceilings are installed with less expensive LED pan-
els with greater distance between diodes. The dis-
tance between diodes is described in millimeters 
and is termed a panel’s ‘pitch.’ The greater the pitch 
value (distance between diodes), the lower the im-
age resolution. Pitch in this context is not related to 
the angle of the panel’s surface, as described earlier 
in the “LED Walls” section.

b. �LED Screen: Some stages have their LED ceiling panels 
made with every other LED pixel removed. This cre-
ates a screen effect through which sound can exit and 
external lighting can pass through. LED screens offer 
a more limited reflective lighting effect as compared 
with LED panels that are fully populated with emit-
ters. This solution works better on tall ceilings rather 
than short ones. On lower ceilings, such as car pro-
cessing, the lines of missing LEDs can be noticeable 
in ceiling reflections.

c. �Image-based LED Lighting Alternatives: As described 
above in LED Walls, when ceiling image detail is less 
of a requirement, these specialized LED lights provide 
better color quality light than LED panels, and in some 
cases (Fig. 8), with minimal acoustic reflection.

Equipment Room & Keyboard, Video, Mouse (KVM): The 
acoustic challenges of a volumetric stage include both 
reflection and unwanted noise intrusion. As described, 
volumetric stages are acoustically reflective, especially 
circular stages. Circular stages have an opening or two. 
Like parabolic microphones, sound that enters a circular 
stage from an opening can be focused and magnified. 
Actions occurring in front of a volumetric stage open-
ing warrant concern that their sounds will be picked up,  

reflected, magnified, and recorded. Relative to tradition-
al media production processes, OSVP requires additional 
equipment and personnel. Housing all processing equip-
ment in an equipment room constructed to data industry 
standards not only keeps noise out of the stage, it’s also 
better for equipment performance. KVM switches allow 
operators to interface their computers in the equipment 
room remotely. Additionally, unmanned servers or pro-
cessors supporting the volume stage  and any traditional 
supporting production equipment (DIT, transfer stations, 
etc.) can be housed in the equipment room, isolating heat 
and noise from the stage. Other media converters or ex-
tenders are available.

Visualization (Previs/Techvis): The visualization process pro-
vides the most significant opportunity to mitigate unwant-
ed sound reflection and noise. Visualization occurs in pre- 
production, before production commences, the least ex-
pensive segment of production (production being the most 
expensive segment followed by postproduction). In visu-
alization, each department can see the obstacles facing 
the other disciplines and can collaboratively work to help 
each achieve its creative goals, serving the overall creative 
vision. Often missing from the OSVP visualization process 
is production sound. The absence of sound within visual-
ization demonstrates the continued hierarchical model of 
visual superiority. 

Cooperation and Collaboration: a benefit of performing a 
robust visualization in the virtual world is the capability 
of the various creative departments to choreograph their 
stage setups. It also allows the opportunity to collabora-
tively resolve potential issues among the creative depart-
ments, maximizing overall creativity. As one production 
sound mixer/recordist said, “If they’re cutting wood, it’s 
too late [to make changes].”

Greater Awareness of Sound Mitigation Efforts: In addition 
to sound reflection mitigation being practiced virtually, 
the visualization process creates awareness among the 
other departments of the challenges facing sound and 
the potential deployment of mitigation tools. 

Production: Visualization complete, it’s ‘showtime.’ What 
steps can be taken on set to mitigate sound reflection and 

FIGURE 10. Example of a portable acoustical camera.
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noise in a virtual production volume stage that weren’t ad-
dressed in visualization? 

Personnel Removal: LED volume stages are magical. Ev-
eryone wants to be in or near it to see the technical wiz-
ardry happen as it happens. But everyone is a potential 
noise generator in an acoustically sensitive environ-
ment. Minor movements that may have occurred acous-
tically unnoticed on a traditional set now risk being cap-
tured within the curved reflector that is a volume stage, 
magnified by the reverberation, and thus recorded. 

a) �Clear the Stage: During shooting, minimize how 
many people remain inside the volume: hair & 

makeup, costume, set & props, grips & gaffers, etc. 
Resist the temptation to install a small video vil-
lage in the volume. Convenient though it may be, 
whispers, tapping, the shifting and creak of a direc-
tor’s chair, the drop of an object, these sounds all 
get picked up and recorded. 

b. ��Clear or Cover Stage Opening: Keeping the stage 
opening clear of non-essential personnel (those 
skills not requiring close proximity to the camera) 
and equipment will help to abate unwanted sound 
intrusion within a volume. A circular volumetric 
stage behaves similarly to a sensitive microphone. 
Any noise generated in front of it will be captured 

FIGURE 11. Acoustical camera RT60 calculation (1.44 sec) of balloon 
pop sonic instance recorded in an empty LED volumetric stage with DIY 
acoustical mitigation elements.

FIGURE 12. Acoustical camera STI calculation (0.64) of balloon pop sonic 
instance recorded in an empty LED volumetric stage with DIY acoustical 
mitigation elements.

FIGURE 13. Simplest DIY acoustical shade, constructed 
of furniture blankets, hung over a frame and held up by 
two (2) C-stands. The one pictured is 12 ft by 12 ft. 

FIGURE 14. World’s first DIY Echo Shade. A layer of duve-
tyne might improve the performance of this highly effec-
tive reverberation mitigation screen.
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and potentially amplified. Additional OSVP person-
nel and equipment, including the virtual art depart-
ment (VAD), sometimes referred to as the “Brain 
Bar” need not always be seated in, or in front of, the 
stage. With KVM, their workstations can be operat-
ed anywhere within the larger stage, away from the 
stage’s opening. Covering the opening with a sonic 
barrier may be a less practical option. Boxing in or 
dividing noise generators within some sort of acous-
tic barriers may be a more cost-effective alternative.

Microphone Placement: With current non-array, non-in-
telligent microphone technology, there is little difference 
between how a production sound mixer/recordist would 
likely want to place his/her/their microphones as com-
pared with traditional stage and location recording, an 
isolated lavalier microphone on each actor and a boom 
microphone as close as practical, pointed at the actor.

Mitigation Tools and Practices
a. �Pre-shoot Sound Sweep: Locate and address undesir-

able noise generators before crews arrive and shooting 
begins. For those interested in high-tech solutions, an 
acoustic camera sees issues in realtime and can in-
stantly locate origination points of noise (Fig. 10).

b.� Interdepartmental Communication: Following an in-
clusive visualization process described earlier, clear, 
constant, collaborative on-set communication be-
tween the camera & lighting, the assistant directors, 
and sound is the next most significant sound reflec-
tion and noise mitigation practice to support. 

c. �Mitigation Gear and Placement: Standard Sound Miti-
gation: Production sound mixer/recordists already 
deploy materials to mitigate sound reflection: furni-
ture blankets (furni-pads) and screens made of furni-
ture blankets (described later under “Sound Screens/

FIGURE 15. Zero-reflection (ZR) screens from Delta H. Designs, Inc. con-
figured in a large LED volume stage, along with standard floor mats and 
furniture blankets.

FIGURE 16. Two different types of DIY solutions, simple and echo shade, 
placed in an active set behind camera to capture sound originating from 
the actors and shield the actors from sound reflecting at them from the 
walls and outside the stage opening.

FIGURE 17. Zero-reflection (ZR) screens placed in an active set behind 
camera to capture sound originating from the actors and shield the 
actors from sound reflecting at them from the walls and outside the 
stage opening.

Shades”), carpeted rubber floor mats, foam insula-
tion, taping shoe soles, and more. To mitigate sound 
reflection in a volume stage, more of these same ma-
terials need to be utilized to cover more area than in 
traditional sound stage set recordings. 

Sound Screens/Shades: In addition to the standard 
sound abatement materials, acoustical mitigation 
elements specific to high-reflection environments 
can be set up to prevent sound from reaching the 
wall and/or prevent sound reflected off the wall 
from reaching the actor. In a balloon pop test, a do-
it-yourself echo shade and the Delta H. Designs’ ZR 
screens performed similarly, cutting reverberance 
in half, from an RT60 of 3.2 sec in an empty large 
volume stage to between 1.4 sec and 1.7 sec in the 
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same empty stage. The speech transmission index 
also improved, from 0.51 to 0.64-0.72 (Figs. 11 and 
12). These screen elements are typically held up 
on sandbagged C-stands, with horizontal arms or 
a panel frame holding them open. Examples of 3 
acoustical screen types are described next: two do-
it-yourself (DIY) and one manufactured. 

Simplest (Do-it-Yourself (DIY)): Sound shades of du-
vetyne or furniture blankets are standard sound 
abatement equipment. The grip department could 
hang duvetyne or furniture pads from a panel 
frame held up by two C-stands (Fig. 13) or from a 
single C-stand with a horizontal arm (holding ma-
terial about 4 ft wide by 8 ft tall). 

Echo Shade (DIY): A novel, slightly more complex 
but more effective DIY solution is an echo shade 
(ES). Assembled similarly to the previous DIY ex-
ample using a panel frame but with an added fea-
ture. In lighting, polyester honeycomb grid dif-
fusers are commonly used and available on set. 
Taking the above DIY hanging blanket solution 
described earlier using a panel frame and two 
C-stands, attach in front of it one of the lighting’s 
polyester honeycomb grid diffusers (Fig. 14).

Zero-Reflection (ZR) Screen: Available for purchase 
or rent from Delta H Designs Inc. is a zero-reflec-
tion (ZR) screen. These foldable screens are unfold-
ed to about 4 ft wide by 8 ft tall and held up off the 
ground by a sand-bagged C-stand stretched out 
across and affixed to a horizontal steel, arm bar are 
said to offer better performance (Fig. 15). 

Screen/Shader Placement: Regardless of which 
screens or combinations of screens, positioning 
is the same. Screens should be placed as close to a 
speaking actor as camera framing (picture visible 
to the camera sensor) will allow so that no images 
of the screens are captured or recorded. Screens 

should be faced toward the actor’s mouth when 
speaking. For example, in an experimental OSVP 
project, during the first week, we deployed a 6-ft by 
6-ft ES screen close to actors and a 12-ft x 12-ft dark 
furni-pad panel frame screen nearby (Fig. 16). The 
second and third weeks, the 6 ft x 6 ft echo shade 
(ES) was replaced by nine ZR screens with the 12 
ft x 12 ft screen remaining in action (Fig. 17). Any 
screens that could not be placed near the speaking 
actor, ‘catching’ their voice, were either stood up a 
little further away, but still as close as possible to 
prevent sound from reaching the wall or ceiling, 
or in the opposite direction, facing whichever wall 
would most likely reflect sound toward the actor 
(Fig. 18).

Sound Mitigation Labor: A sound mitigation laborer 
added to the production crew provides dedicated 
effort toward tackling the acoustical challenges 
facing OSVP, allowing production sound record-
ists/mixers time to dedicate toward their art and 
other responsibilities instead of time-consuming 
labor tasks. 

High-Resolution Recording: Post-production pro-
cessing always degrades the quality of sound. The 
higher the sample rate and bit depth of the pro-
duction recordings, the more margin (bandwidth 
depth) post-sound editors have for guarding per-
formance after processing the dialog tracks with 
such tools as reverberation removal software. 
Currently, 48 kHz, 24-bit is the common rate for 
production sound mixers/recordists. For OSVP, 96 
kHz, 24-bit is a recommended minimum, but by 
no means an absolute rule.

Post-Production
Post-Production Sound Applications: Currently, while sev-
eral echo, reflection, and de-reverberation applications 
and plug-ins exist, iZotopeRx seems popular and effective 
in removing unwanted reverberation. As is the case with 

FIGURE 18. Environmental reflections of LED imagery on actors, costumes, props, and set pieces are one of the sought-after advantages associated with 
shooting in an LED volume in an LED volume stage.
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any creative technology, the artist plays the largest role 
in the effectiveness of a tool or discipline. De-reverbera-
tion is no exception. The ability to repair audio juxtaposes 
several variables: the quality of audio recorded (the high-
er, the greater the manipulation latitude), the degree of 
reverberation generated within a given environment (is 
it within reasonable range of repair), and the value the 
director and producers place on a performance (the tol-
erance level, original performance vs ADR).

Background Sounds (BGs): A common creative technique 
used among sound supervisors, editors, and re-recording 
mixers is to bury the last bit of unwanted levels of rever-
beration under believable background sounds, thereby 
masking over the reverberation with ambient (back-
ground) sounds or music.

Re-recording Mixers: The final and most costly per-hour 
part of the sound mastering process should be a produc-
tion’s last resort to address the reverberation recorded in 
dialog tracks. Apart from mixing in backgrounds to bury 
reverberation in dialog tracks, re-recording mixers, just 
like sound editors, can use applications like iZotope’s Rx 
to lessen the reverberation effect. Again, not all re-re-
cording mixers are equally talented regarding any spe-
cific skill, including dereverberation removal. But having 
re-recording mixers remove reverberation in a mix stage 
can, and is, done.

Conclusion
The quality of dialog sound often determines how au-
diences perceive a performance. OSVP stage designers, 
builders, and facility owners have introduced highly re-
verberant production environments within which the 
production expects the production sound mixer/record-
ist to work. The steps required to successfully mitigate 
sound reflection and unwanted noise in an LED virtual 
production stage are the production’s responsibility. 
Through preparation, collaboration, detailed visualiza-
tion, additional equipment and personnel, and support-
ive relationships among all the on-set creative profes-
sionals, productions can succeed in capturing original 
performance dialog that carries over to the final sound 
mix, significantly minimizing ADR usage. In the future, 
acoustic-friendly stage construction combined with 
sound mitigation specialists, acoustical education, and 
improvements across all production departments will de-
liver to audiences the vocal performances directors, ac-
tors, and sound professionals strive to deliver, providing 
better results more quickly at costs producers can accept, 
offsetting ADR costs. 

To hear and see examples of sound in an LED volumet-
ric stage, visit www.finalsample.com.
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Glossary of Acronyms
ADR Automated Dialog Replacement

AI Artificial Intelligence

BGs Background Sounds

DIT Digital Intermediate Technician

DIY Do It Yourself

DP Director of Photography

ES Echo shade

ETC Entertainment Technology Center

IBL Image-based Light

ICVFX In-camera Visual Effects

KVM Switch Keyboard, Video (monitor), Mouse

LED Light Emitting Diode

OSVP On-set Virtual Production

RGB Red, Green, Blue

RT60 Reverberation Time 60 decibels (ISO 3382, the duration 
required for the sound energy in a room to decrease by 
60 dB after the source emission has stopped.)

STI Speech Transmission Index

USC University of Southern California

VAD Virtual Art Department

VFX Visual Effects

VP Virtual Production

ZADR Zero Automated Dialog Replacement

ZR Zero-Reflection
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The Future Vision of Content  
Personalization Through Trusted  
Curation
By John Footen,  Jason Wil l iamson,  Blake White,  Jesse Pitt ,  and Garrett  Coley

Highly personalized content, which  
resonates emotionally in many ways,  
delivers a more engaging and memorable  
entertainment experience. Once this  
capability fully matures, producers could 
generate different versions of programs for 
viewers from the raw and finished content 
essence and metadata.
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ity fully matures, producers could generate different ver-
sions of programs for viewers from the raw and finished 
content essence and metadata. The graphics could be 
personalized, but so can objects on the screen, characters, 
voices, dialog, volume, and the advertisements served to a 
consumer or audience (in screen or interstitial). 

Of course, this level of personalization requires data, 
context, and insights describing a consumer; not only 
who they are, but when they are watching, what they ex-
perienced that day, or any other personal information 
they are willing to make available to enhance their experi-
ence. This is where the curator agent enters the equation. 

Costs and the lack of an existing, trusted, third-party 
entity, make it unclear when this entity will emerge. Still, 
as costs decrease, an examination of the potential for Cu-
rator Agents is valuable. 

Trust Creates a Win-Win Content Ecosystem
The industry must adopt a new trust-based ecosystem 
alongside beneficial business models between producers 
and consumers to encourage the forward evolution of 
hyper-personalized content. Centralized aggregation and 
control of consumer data by content producers, distribu-
tors, and advertisers is the heart of the problem. Our re-
search1 reveals that 47% of consumers say they trust their 
online services to protect their data, signaling a desire 
among some for more privacy:

1. �Consumers will take steps to protect their privacy 
when they have easily accessible options. This senti-
ment has been revealed in Deloitte’s research since 
2018.

2. �Many consumers would consider paying for more 
control over their privacy.  According to Deloitte’s 
Digital Media Trends2  survey, 57% of consumers said 
they would be willing to pay for the ability to view 
and potentially delete personal data that companies 
collect, and 45% would be willing to pay to access a 
social media platform if it agreed not to collect per-
sonal data.

3. �A Digital Media Trends Survey also concluded that 
advertisers are still placing most ads with little ap-
parent relevance to the consumer at the moment of 
viewing. It can be argued that this is due, in part, to 
a lack of up-to-the-minute information of the view-
er’s recent experiences and viewing context. Current 
approaches to demographics and other viewer-relat-

T
oday, personal preferences and viewing his-
tory do not follow when a viewer switches 
between streaming providers. Each platform 
algorithm deduces viewer preferences from 
behaviors exhibited only on that platform. 
This is done over time while content consum-
ers are presented favorable and unfavorable 

content options. 
What if comprehensive viewer preferences followed 

the consumer across commercial platforms? Digitally 
produced and distributed content opens the door for con-
sumers to take direct advantage of the power of the cloud 
to enhance their entertainment experience. Use of AI-en-
abled preference mapping will make content experiences 
compelling. Edge networks and consumer devices will be 
expected to gather and securely maintain highly contex-
tualized profile data to deliver uniquely personalized con-
tent regardless of the service provider.

In this scenario, a secure “Curator Agent,” owned and 
controlled by an individual, could allow consumers to 
control and selectively share dynamic content prefer-
ences and associated personal insights across all service 
providers. This would put the viewer in the driver’s seat, 
curating their content experiences and perhaps someday 
personalize how one experiences a particular title or show. 

Highly personalized content, which resonates emo-
tionally in many ways, delivers a more engaging and 
memorable entertainment experience. Once this capabil-

Abstract 
Future Content Personalization techniques will likely 
flip the power dynamic between centralized content 
producers/distributors and networked media con-
sumers. Critical to this power shift will be personalized 
control of all consumer data and subsequent viewer 
preference matching that will impact how content is 
produced, how data is managed, and how advertising 
is delivered. This paper envisions a new conceptual 
and viewing-context-aware AI-enabled entity in the 
media ecosystem—the “Curator Agent.” We explore 
the required innovations for this future—fully trusted 
technology to enable hyper-personalized and con-
text-aware content to become a reality.
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ed data can be either too broad or stale to provide ad 
servers on what would create the biggest impact.

Consumers appear to be somewhat less concerned 
about sharing data that fuels the revenue engines of many 
tech giants and advertisers—such as browsing history, 
purchasing data, and social media activity. Consumers are 
willing to share an astonishing amount of data, including 
personal details, if companies are willing to deliver value 
in exchange. Companies can make consumers more com-
fortable about what they share by giving users control 
over their data. 

Our research suggests that media companies focused on 
consumer autonomy, choice, and a privacy-first approach 
may gain a competitive advantage. Why not let consumers 
update their own profiles and share their changing aspira-
tions and preferences in real-time, while at the same time, 
granting service providers limited, perishable consent to 
use the data consumers are comfortable sharing? This 
would make consumers partners in an exchange of value, 
rather than a commodity—an exchange that could be more 
valuable for businesses. Of course, the viewer-controlled 
personal preference data can be valuable to, and monetiz-
able by, the viewers themselves as well.

A New Industry Approach
Creating a future in which content is so context-sensitive 
and specific to the viewer’s preferences, identity, and de-
sires while respecting consumer data privacy, will require 
developing innovative technologies and new business 
approaches in the industry (Fig. 1). Central among these 
technologies will be a new entity in the media ecosys-
tem we call a curator agent—a decentralized, viewer-con-
trolled, and trusted data vault that serves as an interme-
diary between a consumer and media service provider. 
The personal data required to deliver a truly personalized 
experience will no longer be collected and maintained 
by service providers. Rather, content consumers will own 
and control the access of their collected data along with 
the ability to share their profile across providers of their 
choice. Responsibility will, therefore, shift to the content 
consumers, significantly lowering content provider legal 
and regulatory risks and overhead. 

The viewer controls the ability to share varying aspects 
of the data collected with content producers. A viewer 
may choose to share two subsets of information with one 
provider (e.g., location and basic demographics) and all 
data with another. Content providers are likely to develop 

FIGURE 1. Illustrative technology framework.

FIGURE 2. Enabling technologies



JANUARY/FEBRUARY 2024   |   SMPTE MOTION IMAGING JOURNAL      93      1545-0279/24©2024SMPTE

unique benefits to encourage data sharing from the view-
ers. However, the agent can filter any data prior to sharing 
it with content service providers since the viewer manag-
es this data access.

Viewers will also control their engagement experienc-
es with transparency of the collected data about their 
engagement and preferences. Curator agents may collect 
data across many dimensions of viewers’ lives, as permit-
ted. This agent would allow the content to be updated in 
realtime. For example, if someone’s heart rate sped up, 
then the content could focus on that part of the show. If 
there is a sporting event and the viewer keeps repeating 
a player’s name, they could be offered more camera views 
of that player in real-time. This type of examination of the 
viewing circumstances (the context) would typically be 
seen as intrusive, but in this case is carried out with the 
assistance of a trusted agent who will only share this data 
in the manner and to whom the viewer chooses.

Enabling Technologies are Rapidly Evolving
Creating these experiences requires continuing evolution 
in cost and capability in several underlying technologies, 
including the following (Fig. 2): 

1. �Cloud Computing: Cloud and its service-based elas-
tic infrastructure extending to the edge is key to real-
izing this vision. Powerful edge and consumer devices 
will play a larger role in helping to enable the content 
modification process, implementing just-in-time 
experience enhancement and content assembly for 
presentation to the consumer. Computation efficien-
cy, storage density, bandwidth efficiency, and certain 
forms of compression will enable more sophisticated 
and engaging features as these technologies mature.

2. �Rich Content Metadata: Media capture and intelli-
gent metadata tagging are the foundation to create 
multiple views and personalized experiences for au-
diences. Envision today’s multi-service experience as 
an ocean of content. Systems answer highly person-
alized requests by selecting from an exceptionally 
large volume of content. A future state exists where 
assembling smaller sets of content offerings enables 
providers to present a more precise and relevant 
slate of content. 

3. �Cross-service Data: A unique outcome of a curator 
agent is that recommendations are made better with 
central access to cross-service libraries and usage 
data. As the volume of behavior and preference data 
grows, content is directed and aligned to a viewer’s 
preferences in an increasingly accurate and sophis-
ticated manner. 

4. �Personalized Content Modifications: Alongside 
recommendations, generative and other types of 
AI could stitch content together based on interest 
profiles to create a more personalized narrative. For 
example, when creatively appropriate, B-roll footage 
metadata and consumer preference profiles could be 
leveraged to assemble different storylines or avoid 
objectionable content. 

5. �Automatic Profile Updates: Bidirectional data ex-
change is required to establish a secure feedback 
loop to determine whether viewers acted upon the 
recommended selection. Data exchange might be 
modeled after existing data workflows, but ultimate-
ly the maintenance of this data toward an accurate 
and fresh view of a consumer’s preferences is key to 
optimizing the experience.

6. �Distributed Trust: A key requirement is a multiple 
signature approach in which both the viewer offers 
their data for personalization, and the organization 
interested in receiving their anonymized data can 
interoperate. This data could be anonymized or ob-
fuscated to form that personalization element with-
out exposing the raw data that went into creating the 
personalization element.

7. �Industry and Service Adoption: While control of, 
and access to, dispersed networks of consumer/view-
ers’ specific profile data will be increasingly valuable, 
it will be difficult to get away from the current highly 
concentrated or centralized mode of preference ag-
gregation algorithms and scalable distribution plat-
forms with new, reasonable business models. This 
will require interoperability standards that are best 
addressed by standards development organizations 
in collaboration with service providers. 

8. �Blockchain: Blockchain technologies are designed 
to be decentralized, anonymous, and enforce trust 
mechanisms between untrusted parties. However, 
many blockchain-based projects became centralized 
to ease user adoption and maintain founder control, 
thus sidestepping the core benefits of this technol-
ogy. While blockchain was examined as a potential 
tool, we do not believe blockchain technology is ini-
tially required for our vision. A secure database and 
public key infrastructures can fulfill many core secu-
rity and privacy needs on faster, commoditized, and 
more broadly supported platforms.

 
A Curator Agent Allows New Opportunities
Like every other disruptive technology innovation, this 
approach will create new opportunities for every player in 
the media ecosystem. Even the existing business models 
will be enhanced by creating greater engagement with 
content and more relevance for advertising. The power 
of content being aware of viewing context has not been 
widely explored to date, but is almost certain to be more 
effective.  

Broadcasters and advertisers will have agents that in-
teract with the curator agent to satisfy content interests 
and monetization opportunities. However, a viewer’s 
agent will be designed to work on the viewer’s behalf. The 
agent can search the ecosystem for content that will de-
liver high value based on what it knows about the viewer. 
Content producers will request temporary and appropri-
ate access to the consumer-approved data. Content pro-
ducers will use the shared data to determine the best show 
and customizations for the viewer. All data from consum-
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ers and  creators  will be analyzed to  provide feedback to 
the content producers as well as advertisers. 

A curator agent will interface with media companies’ 
platforms to help them mix and remix fresh content, de-
livering different versions of a show based upon mood, 
level of interest in details, affinity for talent and influenc-
ers, the perspective of a favorite sports legend, and a wide 
range of emotional aspects of which your secured person-
al profile curator agent is aware.  

The potential for influencers to sell or give away their 
preferences to their fans would create new business mod-
els for them. Fans would be able to mix those preferenc-
es with their own to help them see the world through the 
eyes of others. This might be extended to include influ-
ence from other entities that a viewer might have an af-
finity for, such as clubs, religious institutions, trusted civic 
entities, and more.

It could also spark the growth of more content players 
in a growing content ecosystem, such as companies de-
veloping and licensing digital content assets consumed 
across multiple platforms, windows, geographies, and au-
dience segmentations. These smaller digital assets can in-
clude smaller/shorter segments, scenes, stories, 3D mod-
els, animation, sound effects, AI/ML-enabled behaviors, 
dynamic action algorithms, virtual scenes, virtual char-
acters, AI actors, computer-generated audio/speech, and 
localized versions. 

These assets also show the ability to reuse and create 
derivative works that can be monetized by creatives work-
ing outside of the traditional ecosystem. Emerging play-
ers might include social media publishers, independent 
creatives, stock footage houses and advertising agencies 
that desire to use content. New companies that specialize 
in specific types of realtime customizations could emerge.

All of this will almost certainly lead to new genres of 
content never seen before. The personalization ecosys-
tem has the potential to generate the most compelling 
version of documentaries, dramas, sports recaps, news 
summaries, movies, and advertisements that match view-
er interests—and this precise relevance will enhance en-
gagement and monetizability by producers. The creative 
implications of these new capabilities are fascinating to 
consider and are reminiscent of the new creative fields 
that were enabled by the computer gaming revolution.  

Conclusion
To accomplish this vision of content personalization, core 
enabling technologies must further evolve in capability 
and cost, and they are rapidly on a path to doing so. Nev-
ertheless, we speculate that foundational technologies 
are sufficiently advanced to build a proof-of-technology 
for this concept, and that the next-step is to prototype the 
solution illustrated in Fig. 1.

Like other significant technology innovations, this will 
disrupt how content is conceived, produced, distributed, 
presented, consumed, and monetized. This will be a fur-
ther disruption of traditional media. As we currently ex-
perience it, the industry will evolve to be targeted at the 

device and even viewing-specific context level and make 
content and advertising more valuable. The disruption 
will also create opportunities for a new generation of con-
tent service companies and the associated technology 
providers.

Will the media industry embrace and enable this inev-
itable change? Or will it resist by holding on to historical 
legacy “push” models of mass audience distribution? If the 
history of modern technology innovation teaches us any-
thing, it is that self-disruption is far less painful than ex-
ternally induced disruption by new unforeseen entrants. 
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25 Years Ago in the Journal
The February 1999 Journal published in: “Progress Report—
Television” by Robert P. Seidel:” Nineteen hundred and 
ninety-eight was a milestone year for the television broad-
cast and production community as it began the transition 
to DTV. The Consumer Electronics show kicked off the year 
with prototype receivers being displayed by almost every 
manufacturer. Temporary broadcast facilities were set up 
by ABC, CBS, and PBS to provide receiver manufacturers 
with actual HDTV broadcast signals. Many observers indi-
cated that they were disappointed that the manufacturing 
community had not progressed further in DTV receiver 
development. However, the manufacturers assured their 
detractors they would have product available for the 1998 
holiday season…No sooner was the Olympics over than ev-
eryone was focused on NAB 1998. One did not have to walk 

In this column, we provide interesting historical briefs from the journal articles of days past. The purpose of this column is primarily entertainment, but we hope it 
will also stimulate your thinking and reflection on the Society’s history, how far we have come in the industry, and (sometimes) how some things never change. This 
column is sponsored by Television Broadcast Technology, Inc., since March 2001.
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far in the exhibit area to realize that HDTV had transitioned 
from the wings to center stage…In early spring, many sta-
tions began tower modification and construction projects 
for DTV…During the summer, the ATTC completed their 
measurements on the “Evaluation of DTV taboo channel 
interference into NTSC under strong signal conditions…A…
milestone occurred on October 29, 1998, when the Harris 
Corp. sponsored the John Glenn Space Shuttle Launch that 
was carried live coast-to-coast on the CBS high-definition 
network consisting of eight early adopter stations.”

50 Years Ago in the Journal
The January 1974 Journal published in: “Colorimetric Stan-
dards in U.S. Color Television” by L. E. DeMarsh: “The ob-
jective of current standards efforts in the U.S. television 
industry is to improve both the uniformity and quality 
of color television as viewed on the home receiver. U.S. 
broadcast colorimetric standards are based on the original 
NTSC primaries. However, the phosphors used in current 
television display devices are significantly different from 
those specified by NTSC. These phosphor differences re-
sult in a colorimetric mismatch that may cause significant 
color distortions in the display. Receiver manufacturers in 
the U.S. have adjusted the color demodulation character-
istics in their receivers to compensate for these phosphor 
changes. To resolve this problem in Europe, the European 
Broadcasting Union (EBU) has recently recommended that 
broadcast standards be changed to require matrixing for 
modern phosphors in all cameras…After making a study of 
how this basic problem affects U.S. television, it appears to 
be preferable to retain the NTSC standards and to insert a 
correction matrix in the display device that will compen-
sate for the particular phosphers in use. 

75 Years Ago in the Journal
The January 1949 Journal published in: “Motion Picture 
Photography at Ten Million Frames per Second” by Brian 
O’Brien and Gordon Milne: “To expose a conventional mo-
tion picture at a speed of several million frames per sec-
ond would require a speed of film movement of the order 
of 200,000 feet per second for 16-mm film, a rate entire-
ly beyond anything attainable at present…At top rate of 
speed this film is driven past the image at the rate of 400 
feet per second. By proper attention to mechanical and op-
tical detail it is possible to resolve approximately 100 lines 
per millimeter on this film. At a resolution of 80 lines per 
millimeter with the film traveling 400 feet per second, the 
individual exposures are of one-ten-millionth-second du-
ration, and in effect ten million separate motion picture 
frames per second are photographed.” 

100 Years Ago in the Journal
The May 1924 Journal published in: “The progress of Arc 
Projection Efficiency” by P. R. Bassett: “In the early eigh-
teen nineties, when experimenters in all countries were 
struggling with the problem of making the newly found 
motion picture practical enough for public exhibition, it 
was our own founder, C. F. Jenkins, who discovered the key 
to the problem. The original Jenkins projector, now in the 
United States National Museum, consisted of an optical 
system which first successfully projected motion pictures 
on a screen. This system consisted of a slightly inclined 
carbon arc as the light source, two plano-convex condens-
er lenses to concentrate the light on an aperture plate, and 
an objective lens to project the image on the screen. For 
twenty-five years this simple and very practical arrange-
ment held undisputed sway…The last six or seven years 
have seen just such an awakening of interest in methods of 
projection…The carbon arc must now share the field with 
two other light sources: the concentrated filament incan-
descent lamp, and the high intensity arc.” 
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