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Abstract 

This thesis explores the problem of compatibility between generations in the field of 

Digital Television, and proposes solutions to this problem. Since its inception, the DTV 

has been under development without taking into account the ability to continue 

receiving broadcasts with legacy equipment when a new generation is introduced. 

Therefore, when it comes time to introduce a new technology, a simulcast solution is 

usually used. 

The study carried out in this thesis explains the reasons why a traditional simulcast is a 

problem. As a concrete study example, the case of the transition from SD MPEG-2 to 

HD H.264 broadcasts according to the DVB-T standard is analyzed. And how this 

problem unnecessarily extends the transition periods between generations. In this way it 

postulates that one way to promote the development of new generations of Digital 

Television is precisely to shorten transition times. 

In order to facilitate the transition to a new generation, different technical solutions have 

been studied and developed that provide a certain degree of compatibility between 

generations. The results obtained conclude that it is not only feasible, but also desirable, 

to incorporate inter-generational compatibility solutions in Digital Television standards. 

Using the techniques described here, and others listed as future work, it would be 

possible for new standards and generations to incorporate this necessary capability. 

Resumen 

Esta tesis explora el problema de la compatibilidad entre generaciones en el área de la 

Televisión Digital, y propone soluciones a ese problema. Desde su inicio, la TVD se ha 

ido desarrollando sin tener en cuenta la capacidad de seguir recibiendo emisiones con 

equipos antiguos cuando se introduce una nueva generación. Por lo tanto, cuando llega 

el momento de introducir una nueva tecnología, se suele utilizar una solución de 

emisión simultánea o simulcast. 

El estudio realizado en esta tesis explica las razones por las que un simulcast tradicional 

es un problema. Como ejemplo de estudio específico, se analiza el caso de la transición 

desde emisiones SD MPEG-2 a HD H.264 utilizando el estándar DVB-T. Y cómo esta 

dificultad alarga innecesariamente los períodos de transición entre generaciones. En esta 

línea se postula que una forma de promover la implantación de nuevas generaciones de 

Televisión Digital es precisamente acortando los tiempos de transición. 

Para facilitar la transición a una nueva generación, se han estudiado y desarrollado 

diferentes soluciones técnicas que proporcionan un cierto grado de compatibilidad entre 

generaciones. Los resultados obtenidos concluyen que no sólo es factible, sino también 

deseable, incorporar soluciones de compatibilidad intergeneracional en los estándares de 

Televisión Digital. Utilizando las técnicas aquí descritas, y otras enumeradas como 

trabajos futuros, sería posible que los nuevos estándares y generaciones incorporaren 

esta característica necesaria. 

 

Keywords: Digital Television, Joint Simulcast, inter-generational compatibility, SD to 

HD migration, MPEG-2 to H.264,  aggressive compression, independent encoding. 
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Chapter 1 
 

 

INTRODUCTION 

 

Digital Television or DTV1 today can undoubtedly be considered a success. Currently 

90-95% of the world's population can enjoy this service through some form of 

transmission (terrestrial, satellite or cable). However, during the transition from 

analogue to digital television, there were many doubts as to whether this would really be 

the case. Among the many questions that have been analysed, it is notable that the 

technical questions were the least questioned —which is actually logical because DTV 

standards are very robust—. Thus, socio-cultural and economic aspects, such as 

potential user resistance, the digital gap or equipment prices, were extensively analysed 

and discussed in the preparation of the migration plans. Although in the end, all the 

efforts and work resulted in a transition in which very few serious problems were 

reported, so the migration to Digital Television has finally not been questioned. 

But despite its success, DTV also has some important counterparts. A very remarkable 

one, which is the basis of this thesis, is the lack of compatibility between generations. In 

the industry we usually talk about backwards and forwards compatibility. These terms 

are used when it is intended to give continuity to old or legacy equipment when new 

innovations are introduced. And depending on whether the innovations are compatible 

with the legacy equipment (backward compatibility) or whether the legacy equipment is 

compatible with the new technology (forward compatibility), then one term or the other 

is used. However, in the field of DTV it is more appropriate to talk about compatibility 

between generations2. This term describes the characteristic that older equipment can 

continue to function even if the technology used is replaced by a new one, or more 

precisely when a new technology has been introduced. And this is what happens when a 

new generation is deployed. This is why the term inter-generational compatibility is 

used. 

And concerning this inter-generational compatibility none of the current DTV standards 

incorporates that feature. In other words, when a new generation is introduced, it is true 

that the new devices that are coming onto the market will have the capacity to receive 

old signals. But the old receivers are unable to do so. Therefore, an incompatibility gap 

is created between generations. However, it should be noted that despite this, DTV 

standards are still very flexible. Certain parameters such as the number of services, the 

error correction rate, the degree of compression, and many others can be varied over 

time to best suit the needs of the moment. And that capability was actually non-existent 

within the analogue television. Therefore, in itself this flexibility represents a major 

advance over previously existing technology. However, this flexibility is limited, and 

 
1 Even "DTV" or "Digital TV" can be considered a name, in particular related to the terrestrial broadcasts 

of digital television in USA, we use here DTV as the acronym of the generic concept of Digital 

Television. 
2 We will use the terms "compatibility between generations" or "inter-generational compatibility" 

interchangeably. 
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does not allow for inter-generational changes. This is why it can be said that one of the 

mistakes made in DTV is the lack of compatibility between generations. We will briefly 

analyze this statement in a little more detail in this introductory section. 

 

1.1  Why the lack of Digital TV inter-generational compatibility 
is a pitfall? 

When we say that the DTV has a fault —the lack of compatibility between 

generations— we are not saying that from a technical point of view it contains a bug. 

Rather, we are claiming that it lacks a technical capability that would be necessary. 

Whether or not to include a particular feature in any system is a design decision. And 

without a doubt the different standards of digital television have been meticulously 

designed and tested. However, from our point of view, the negative impact of the lack 

of compatibility between generations has been underestimated. 

Like many other technological products, the DTV incorporates the common backward 

compatibility. In other words, new equipment is also compatible with previous 

generations, but not the opposite. This backward compatibility is easy to implement 

technically because it only requires that new devices do not remove capabilities. It is 

only necessary to design and add the latest features, and then configure the new devices 

to work indifferently with one or another technology, so the compatibility is guaranteed. 

Therefore, it is only after several generations that the obsolete capabilities are finally 

discarded, as they are no longer used. This is the common cycle of work in the industry 

when dealing with subsequent generations. 

However, forward compatibility between generations is much more complex and 

difficult. One serious problem with it is that it has to be included in the design from the 

beginning. In other words, each new generation necessarily requires the ability to 

operate even when unknown functionalities are added. And that of course has an impact 

in terms of both complexity and costs. For this reason it is common that this capability 

is not taken into account when designing a new technology, unless it is clearly 

necessary. And that seems to be the reason why so far no digital television standard has 

incorporated compatibility between generations. But a brief analysis of the experience 

gained over the last years in the use of DTV suggests that this decision has at least been 

underestimated. This statement will now be discussed briefly. 

When comparing digital television with digital mobile telephony, it can be observed that 

both technologies share certain parallels. When it comes to development and 

deployment, the model applied in both technologies is generally very similar. And this 

development model basically consists of designing and implementing a new generation 

from time to time, incorporating in each new features as well as numerous 

optimizations. The improvement is of course substantial, but with the particularity that 

each new generation implies a technological jump that breaks the compatibility. And yet 

this will not necessarily cause a problem, at least in the case of digital telephony. The 

reason is that when there is a high rate of renewal of the devices and a short life span of 

them, then the transition between generations is simple. Because it is understood that 

when the market is mature, then the deployment of the new technology will just start 

and gradually the equipment base will be renewed. In other words, the market is 

automatically adapted by the rapid replacement of the equipment. However, this 

progressive migration model, which works without problems with digital telephony, 
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does not work in the same way with digital television. A possible explanation for this is 

given below. 

In the digital telephony market the introduction of any new generation always follows 

the same pattern. Once the technical specifications have been completed and the 

standards have been approved, the frequencies to be used are offered at auction and the 

design of devices begins. Later, operators start to deploy their networks and the first 

terminals appear. Then progressively the networks will grow in extension and the 

number of compatible terminals will increase. That process continues for an 

indeterminate period until the vast majority of networks and terminals are compatible. 

And the process finally ends when support for obsolete generations is removed and 

legacy networks are switched off. Ultimately, the whole process may take two or three 

generations, but it always has the same end. 

However, in the case of digital terrestrial television, although the technological 

evolution should more or less follow the same approach, it turns that it is not exactly 

working in the same way. Transition periods are much longer and migration from one 

generation to another is much more complex and costly. A probable explanation for this 

difference could be the following. Currently the greatest effort for the deployment of a 

new digital telephony technology seems to be related to the deployment of the new 

network. This is because a simple reason. After all, it is only when the operator has the 

necessary spectrum and begins to install the first antennas that compatible terminals 

arrive to the market. So there is no gap with the market and therefore the beginning of 

the deployment does not imply an excessive risk. On the other hand, the transition is 

made smoothly because the terminals are gradually renewed by new ones, which are 

always compatible with the new technology. And again there is no mismatch between 

the deployment of the networks and the terminal base. Everything seems to fit together 

smoothly. 

But experience is showing that this is not really the case with how digital television is 

evolving. And the main reason for this may be a very different rate of equipment 

renewal. Consider this difference in detail. With regard to digital mobile telephony the 

average time between generations is generally close to a decade, and the period of 

renewal of the terminals is between 12 and 36 months. However, with regard to digital 

television, there is no clear horizon between generations. In fact, the transition periods 

are diffuse and diverse. There are even territories where one generation has skipped. 

And that is because the renewal rates of DTV receivers are very different. In this case 

the times are not measured in months, but in years. Currently, in the first world the 

average renewal time varies between 5 and 8 years. But this period is extended much 

further in other territories, reaching figures of between 12 and 15 years. This difference 

should certainly have an important impact on all of this. So in the next section, there is 

an analysis of the causes of this fact. 

 

1.2  The migration troubles of the different Digital TV 
Generations 

A plausible explanation for the mismatch in the evolution of DTV is the possible 

vicious circle that arises when a new generation appears. This vicious circle can be 

explained as follows. With the arrival of a new generation to the market, three main 

actors play: industry on the one hand, broadcasters on the other, and lastly users. 
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Assuming that the standards are fully finalized and tested, the introduction of the new 

generation should not cause major problems if the forces between the actors are 

balanced. But in the case of digital television there is usually a mutual interlock between 

the actors. On the one hand, broadcasters do not start broadcasts with the new 

technology for lack of spectrum and users, which makes new broadcasts unprofitable 

for them. On the other hand, users do not renew their equipment due to lack of 

emissions and high prices. And finally, the industry does not produce compatible 

equipment for mass use due to the lack of a market. And the vicious circle continues 

until at some point there is a radical change. For example, when an external actor such 

as a regulator imposes a new technology; when the industry floods the market with 

compatible equipment because the technology has gone outdated; or when new radio 

spectrum has been released to allow additional emissions with the new technology at 

low cost. In any case, it can be seen that the result of this vicious circle will be that the 

transition from one generation to another becomes complicated and difficult. 

A simple review of the different generations of digital television can help to see the 

causes behind the difficulties of migration between generations. However, a first aspect 

to be clarified is what is understood by generation in the field of digital television. In 

this thesis, the focus of what is a generation of digital television concentrates on what 

users perceive as such. That is, they are the different generations of reception 

equipment. Or named otherwise, they are the multiple consumer generations. So, it is 

not the generations of transmission standards (DVB-T, DVB-T2, etc.), nor the 

generations of encoding formats (MPEG-2, H.264, H.265, etc.). Rather, it is the 

combinations of all of them that come to the market at a given time. For example, here 

we will consider the first generation the SD services in MPEG-2 with DVB-T, the 

second generation the HD services in H.264 with DVB-T, the third generation the HD 

with H.264 over DVB-T2, and the fourth generation the UHD H.265 over DVB-T2. 

However, this division is incomplete. Basically, because there is no single standard for 

digital television. Currently there are four of them in use, and this classification only 

takes into account the DVB standard. Therefore, a brief analysis of what the different 

consumer generations are with each of the different standards will be presented. The 

standards currently used are: ATSC, DVB, ISDB and DTMB. Although some of them 

have different sub-standards for different transports (terrestrial, satellite, cable, etc.), the 

analysis focuses particularly on the terrestrial versions. Within the digital terrestrial 

television specifications, the following consumer generations can be distinguished for 

each of the different standards: 

 

 First Second Third Fourth 

ATSC 

SD/HD 
MPEG-2 

MPEG-TS 
8-VSB 

HD 
H.264 

MPEG-TS 
8-VSB 

HD/UHD 
HEVC 
MMT 

OFDM 

 

DVB-T 

SD 
MPEG-2 

MPEG-TS 
DVB-T 

HD 
H.264 

MPEG-TS 
DVB-T 

HD 
H.264 
T2-MI 

DVB-T2 

UHD 
HEVC 
T2-MI 

DVB-T2 

ISDB-T 

SD/HD 
MPEG-2 

BTS 
BST-OFDM 

SD/HD 
H.264 
BTS 

BST-OFDM 

UHD/8K 
HEVC 
MMT 

BST-OFDM 
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DTMB 

SD 
MPEG-2 

MPEG-TS 
TDS-OFDM 

HD 
H.264 

MPEG-TS 
TDS-OFDM 

  

Formats:  SD / HD / UHD   -   Codecs:  MPEG-2 / H.264 / HEVC 
Containers:  MPEG-TS / BTS / T2-MI / MMT 

Modulations:  8-VSB / DVB-T / BST-OFDM / TDS-OFDM / OFDM/DVB-T2 

Table 1. The different generations of products within the diverse DTV standards 

Although the most recent generations of some standards are still unfinished in some 

cases, it is noticeable that the number of generations is unequal. Moreover, it happens 

that the degree of implementation of each standard is even more variable. For example, 

while in some territories the switch from analogue to digital television has been made 

directly to a modern generation, in other cases what has been done is to start with an 

obsolete or almost obsolete generation. But there have also been cases where the switch 

was made at the beginning of digital television. And there are also even more scenarios. 

For example, when a certain generation has been skipped in order to avoid the transition 

to an already outdated generation. All this suggests that migration between generations 

is not an easy process when it comes to digital terrestrial television. 

To analyze an interesting case, the implementation of DTT in Spain will be described. 

In this country, digital television broadcasting began at the end of the 1990s. These 

broadcasts started using the first generation DVB-T standard with the MPEG-2 codec 

and SD services. Today, at the end of the 2010s —twenty years later— it is still the 

most used standard in this territory. Although it is true that there have been since the 

beginning of the 2010s regular broadcasts using the second generation (HD services 

with H.264 codec), there is not even a transition plan and only a small number of 

channels are distributed in HD. And the most likely scenario at the moment is that for 

the early 2020s the first generation signals will be dropped, and the second generation 

will be adopted, while tests begin with the third generation. But this evolution can be 

considered very inefficient because: 1) the fourth generation already exists; 2) the 

second generation is virtually outdated; 3) the third generation is used in many other 

territories on a regular basis; 4) without a clear transition plan the migration to the third 

—or even the fourth if the third generation is skipped— could require another 15 years 

or more. All this shows with this example that there is actually a problem in addressing 

the switch from one generation to another. 

Taking into account this fact, that it is not easy to move from one generation of DTV to 

another, the author of this thesis proposes a potential solution: it implies the reduction of 

transition times between generations by applying technical measures based on inter-

generational compatibility. This means that since it is not possible to add to the 

standards an inter-generational compatibility that was not initially included, then 

perhaps it would be easier to make those migrations smoother by exploring alternatives 

that would at least reduce transition times. Of course, the most optimal solution would 

be if each standard natively incorporated forward compatibility. But that has not been 

done so far, although it would be potentially interesting. It is therefore appropriate to 

present solutions that address this problem and facilitate as much as possible the 

negative impact that the lack of compatibility generates on the migration process. The 

following section presents some ideas and contributions concerning the problem 

outlined. 
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1.3  Contributions to accelerate the migration between Digital 
TV Generations 

As explained in the previous section, the difficulty in migrating from one generation of 

DTV to another is caused in part by the lack of forward compatibility of older receiving 

equipments. Therefore, it makes sense to assume that the migration process could be 

simplified if existing devices can continue to receive television programs in some way 

when a new generation is introduced. Based on this premise, the author proposes to add 

the following restriction regarding the migration process to achieve the objective: 

“When a new generation is introduced, it must be ensured that all services continue to 

be received using the legacy devices”. This restriction, although it might not seem to 

make much difference, should be noted that it can be applied in any of the following 

two scenarios: 

1. When the number of services broadcasted with the previous generation does not 

change, but new services are added using the new generation. In that case the 

new services must also be accessible with older equipment. 

2. When all the services broadcasted with the previous generation are migrated to 

the new generation. In that case the reception of these services is preserved with 

legacy devices. 

It is easy to see that the key factor in complying with the proposed restriction in any of 

the above scenarios is based on the basic principle of “do not eliminate services and 

only add new functionalities”. And this goal can be achieved in two ways: through 

compatibility or by simulcast. The first solution involves to distribute the services in 

such a way that they can be processed by both legacy and emerging devices. While the 

second solution provides a way to distribute services using both technologies at the 

same time. Each of these two options has advantages and disadvantages. It is therefore 

necessary to analyse each of them. 

The implementation of compatibility necessarily requires changes to the standards. If 

these do not include the ability to be forward compatible —which would be the optimal 

solution— then it is necessary to modify the new generation standard so that it will be 

partially compatible with the previous standard. This is not the same as backwards 

compatibility. In the latter, the new equipment can work with either of the two 

generations. But when partial compatibility is added to the new standard, what is raised 

is that the new equipment can take advantage of the signals of the previous generation at 

the same time that they work with the signals of the new generation. In that sense, part 

of the signal —from any source— is divided into two sections: the former and the 

modern. The old one is broadcasted in the usual way using the old standard, and the new 

one is processed in such a way that part of it is broadcasted using the new standard. The 

new receiving equipment will then reconstruct the entire signal by processing both 

sources. This solution can be called hybrid compatibility. 

This first hybrid compatibility solution is considered by the author in the first of the 

papers included in this thesis. However, its practical application is partly difficult. 

Mainly because it is necessary to modify both transmitter and receiver equipment to 

accept hybrid broadcasts. And while designing and including such modifications is not 

as costly as defining a new standard, the steps required are actually the same: design, 
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testing, development and deployment. It also requires that both industry and 

broadcasters, as well as in many cases regulators, agree to use such modifications. The 

result is that only by applying a consensus model is it possible to use this approach. 

However, on a technical level it is a functional solution, as demonstrated by this 

research. 

The second option discussed is to use a full simulcast during the entire transition period. 

With regard to this solution, it should be noted that a full simulcast is not the same as a 

partial simulcast. If only a subset of the total services can be received using both 

technologies —the partial simulcast case— then an artificial gap is being created 

between users. And this is true, whether it is chosen to broadcast services only with the 

new technology, or to keep others only with the old one. In both cases, doing so will 

most likely slow down the transition to the new technology. The reasons are simple. If 

there are services that are only available with the old technology, then even if all 

receptors can reproduce 100% of the services, there will be no incentive for users to 

migrate to the new technology. On the other hand, if services are only accessible with 

the new technology, then broadcasters will see a limited penetration of the new services. 

And that may result in the broadcasting of these services become impractical due to low 

profitability. 

Moreover, using terrestrial networks the available radio spectrum is currently very 

scarce. After successive frequency dividends, which have reduced the available 

bandwidth by 200MHz, the useful spectrum is small. In addition, taking into account 

the adjacent areas that occur in most territories, the effective number of channels can be 

reduced by up to 33% of the total. This is why in stable conditions, i.e. when only one 

technology is used, more than half of the existing channels are already being used. 

Therefore, the lack of sufficient free frequencies can seriously block the deployment of 

new simulcast frequencies. And yet there are still more potential problems. 

A second problem with terrestrial broadcasting may be the high cost of coverage. With 

very large areas to cover and complex mountain terrains the number of transmitting 

antennas required can be very high. This can lead to prohibitive network expansion 

costs. Considering that a complete simulcast may require doubling the network 

capacity, the problem becomes very complicated in such cases. And progressive 

coverage will not always help, as the user base will be fragmented and that can make 

the transition as difficult as with a partial simulcast. 

Finally, a third problem may also emerge. This is the reduction of signal robustness in 

the distribution network. When it is necessary to perform a full simulcast using the same 

number of frequencies, a workaround is to increase the network bandwidth by reducing 

redundancy. With this simple change in the network configuration it is possible to 

distribute more services without upgrading the network topology, but this can inevitably 

create reception problems. This is because some of the existing reception facilities may 

be at the limit of their performance, and any reduction in signal strength has the 

consequence that services may not be played back. For this reason it is generally 

assumed that decreasing redundancy will reduce network coverage. And the most 

obvious solution would then be to increase the number of antennas. But then the 

necessary action is almost the same as that required to include more frequencies, with 

the only exception of not requiring more spectrum. Therefore, this solution will also not 

be feasible in many cases. 
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To solve all these problems this research presents a viable option over the solution of a 

complete simulcast. This solution is based on distributing the same services in simulcast 

using the same bandwidth. To achieve this goal it is necessary to extremely compress 

and share elements between services. In the last two papers published by the author, two 

ways to achieve this objective are presented. Although this approach may seem risky at 

first, it has a clear advantage over any other. Since there is no need to modify the 

transmission network, costs are practically minimal. On the other hand, it also has other 

important advantages such as the rapid introduction of the new generation, which can 

greatly help to reduce the migration period. And in that case, the loss caused by the 

extreme compression will be diluted because in a short time it will be possible to 

abandon the legacy technology. It will then be possible to use the full capacity of the 

broadcasting network for the new technology, and thus extract the maximum quality 

from it. 

 

1.4  Related research and similar projects 

Although at the moment there does not appear to be any investigation focusing on 

intergenerational compatibility in DTV, this does not mean that there are no parallel 

lines of research. In fact, it would be inaccurate to say that Digital Television standards 

lacks any kind of backward compatibility at all. As discussed in the previous sections of 

this chapter, different DTV standards support at a minimum that new devices are 

compatible with older generations. In addition, all of them have adjustable parameters 

that allow changes to be made over time according to the circumstances. And even 

allowing for some improvements to be added later, which can sometimes be done more 

or less transparently. But outside of these general lines of research, there are other 

specific lines that are adjacent to the work of this research. Among others, the following 

can be listed as parallel lines: scalable compression, flexible modulation and some 

advanced processing and compression techniques. In the following paragraphs a brief 

review of these lines of research will be made in order to position the work carried out. 

Scalable compression consists of dividing a sequence of images into two or more 

streams so that the different versions differ in their characteristics and are 

complementary. This means that one or more of the streams can be used to reconstruct 

the original sequence, thus obtaining approximations with more or fewer characteristics. 

The characteristics commonly used in scalable compression are: spatial resolution, 

temporal resolution and quality. For example, an HD sequence can be decomposed in 

spatial resolution into an SD version (lower resolution) and an extended version (the 

difference between the SD version and the HD version). In this way, the HD version can 

be reconstructed through the SD version and the extended version. Similarly, the 

temporal resolution can be decomposed, for example, by dividing a sequence at 50fps 

into two streams at 25fps. And the same is possible with the quality, by decomposing 

the sequence into a low quality basic version, and another extended version with higher 

definition. Thus, it would be possible to reconstruct the initial sequence in two ways: 

one with low quality, using only the basic version; and another with high quality, 

combining the basic version with the extended version. 

In either case, the key of the scalable compression is to decompose the sequence into 

multiple layers and define a dependency relationship between them. And when such 

decomposition and subsequent compression are efficient, then this scalable compression 

makes sense. For example, if it is desired to migrate from HD to UHD services, using 
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scalable compression it would be possible to use existing HD versions to reduce the 

bandwidth requirements needed for the UHD versions. In fact, scalable compression 

could be one of the pillars for a full compatibility between Digital Television 

generations. However, at the moment its use in DTV is negligible. Although there are 

many studies and developments in this field. For example, some standards such as 

H.264/SVC or H.265/SHVC are defined and could be used in DTV if desired. In any 

case, most of these lines focus only on two different areas: on increasing or extending 

the robustness of the broadcast network, or on its use in IPTV or Streaming 

environments. However, this concept of scalable compression was explored by the 

author and led to the idea of scalable compression with independent encoding (see paper 

1 at chapter 2). 

On the other hand the flexible modulation concentrates on the signal transport instead of 

the optimization of the encoding, as does the scalable compression. Signal modulation is 

the third major column of any DTV standard. The first column is encoding (A/V stream 

compression), the second is transport (packaging and signalling), and the third is 

modulation (RF signal encoding). A flexible modulation can be defined then as the 

ability to use different RF signal modulation modes, even unknown modes, without 

losing signal compatibility. This allows a modulated DTV signal using a particular 

standard to be combined with another digital signals within the same spectrum. In other 

words, flexible modulation can be used to reserve part of the bandwidth for other uses. 

These uses can be other digital television services, using the same or another 

technology, or totally different services. 

And in order to achieve the goal of combining the DTV signal with another digital 

signal, both time division multiplexing and frequency division multiplexing can be 

used. But in any case it is indispensable that the DTV standard supports at least one of 

them in order to be able to combine different modulations. And not all of them do so.  

For example, the ATSC (1.0) and DVB-T standards completely exclude support for this 

capability. On the other hand, others such as ISDB-T, DTMB or DVB-T2 allow some 

combination of different modulations on the same frequency. This feature is usually 

used to assign different levels of robustness to different services distributed on the same 

channel. Thus, different modulations are used for each of the different services. This 

allows the reception performance of these services to be adapted to different uses: 

mobility vs. fixed, HD vs. SD, low power vs. regular performance, different 

distance/coverage, etc. However, each standard uses distinctive techniques, and only 

some of them allow the digital television signal to be combined with other completely 

different digital signals. That is why this area of research is partially under 

development. For example, regarding the group of DVB standards, there are studies 

combining different signals with DVB-T2 broadcasts (DVB-T2 Lite, DAB, etc). In 

these cases the combination is based on the Future Extension Frames (FEF) included in 

the DVB-T2 standard. 

Using the combination of signals, and according to the experience acquired by the 

author of this thesis, flexible modulation could be a good basis for a complete 

compatibility between different generations of DTV. This argument is discussed in 

more detail in the chapter on future work (see chapter 3). This is because it would be 

much easier to build mixed transmission modes by simply incorporating into a standard 

the ability to combine the digital TV signal itself with any other type of digital signal. 

These new modes of hybrid compatibility would then consist of signals which combine 
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old and new encodings. And between that point and full compatibility between 

generations there would be only a thin line that could be technically easy to achieve. 

This is why the author particularly advocates for this feature in future investigations into 

this line of research. 

Finally, the third related line of research is the study of advanced processing and 

compression techniques. Undoubtedly, investigation into the improvement of audio and 

video codecs remains an open line today. However, leaving to one side the efforts to 

develop new standards, which are directly related to the development of new 

generations of Digital Television, there is the area of optimizing the compression. This 

is possible because the codecs used in DTV are defined in such a way that only 

specifications on how the signal should be decoded are dictated, and not really on how it 

should be encoded. In other words, the decoder is broadly described, but not the 

encoder. This allows the capabilities of the encoders to be improved and optimised even 

when the technology is already deployed. In fact, this feature has been used from the 

beginning in all DTV standards. And it is generally accepted that during the time of use 

of any particular generation, the level of compression will improve. In fact so much is 

so, that the area of research in the processing and optimization of both video and audio 

is very extensive. 

And precisely because that is a very wide area of research, it is why the objective of this 

thesis is not competing in that area. In fact, our contributions to progress in this field 

could be classified as modest. But taking into account that the objective of this research 

is not to obtain better levels of compression, but to optimize the transition between 

generations, then it can be understood that the proposal is purely for innovation. And in 

that sense, to achieve a complete simulcast using the same available bandwidth —that 

the author postulates as the best option to accelerate the migration between generations 

and decrease the transition period—, it is necessary to apply the maximum possible 

innovation in the field of compression optimization. In fact, any technique that 

maximizes performance will be useful in this context. That is why even the simple 

aggressive compression proposed in the last document of this thesis (see paper 3 at 

chapter 2) is helpful to improve the results obtained. 

As a conclusion, the author is confident that current and future developments in the 

listed areas will contribute to improve the distribution in the simulcast of DTV services. 

These improvements will certainly serve to improve compatibility between different 

generations of DTV, which as explained is a completely open field of research. It is 

especially expected that pitfalls that could stop the future progress and development of 

DTV will be avoided. Experience is already showing that generation transitions are 

difficult in DTV, so there is room for improvement in this area. Otherwise, it is more 

than likely that other services will end up replacing the space occupied by terrestrial 

DTV broadcasts. 
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Chapter 2 
 

 

TECHNICAL DESCRIPTION 

 

The content of this chapter describes the published research papers related to the 

research carried out in this thesis. Of the total work done, we present here only the part 

that has acquired visibility. This corresponds to three papers that describe different 

techniques that may be useful to achieve the objective proposed in the previous section. 

Which is no other than smoothing the transition from one generation to another in 

Digital Television. All the papers described in this section should be considered as a 

technical approach to potential solutions, and not as a theoretical study on 

improvements in aspects of the encoding field. This comment is relevant because the 

results of the research are geared towards innovation rather than pure research. 

Therefore, the results obtained are based on the design and implementation of technical 

tests that demonstrate the viability of the ideas proposed. And the validity of the results 

are then guaranteed by the publication of the papers. 

The order in which these papers are presented is chronological, although the years of 

publication are not. This difference exists because the techniques resulting from the 

research have been developed over a considerable period of time. And the results have 

been published only when relevant results were obtained. However, the process has 

gone through different phases in which various ideas had been explored. Some of them 

were successful and others were not. Therefore, the vision of the author in this regard is 

to present the work according to a timeline. This makes it possible to observe the 

evolution of the ideas that have been developed throughout the research. And this is 

relevant because some techniques are based on previous results (both positive and 

negative). 

More specifically, the research started from the concept of spatial scalability. The initial 

idea was to exploit this feature to make video compression more efficient. However, the 

idea was not new, as the MPEG-2 codec already provided for this feature. However, the 

number of research papers on the development of this concept using this codec was 

actually quite small. On the other hand, during the development of the H.264 codec, a 

lot of work was published in relation to scalability extensions. This resulted in the 

publication of these extensions under the H.264/SVC standard. At that time none of the 

results obtained in this research were at the level of the developments incorporated in 

that standard. However, much research on this concept could be reviewed and studied. 

This encouraged the author to consider other options, such as the possibility of spatial 

scalability using independent codecs. 

This novel idea has consisted in generating two video streams in a scalable mode, but 

compressed completely independently. In other words, there was no relationship or 

shared data between the encoder and decoder for each of the streams. The advantage of 

this idea is that it could be applied to the migration of DTV broadcast. Basically because 

there was no need for elements that were not already available within the receiver 
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equipment. Basically because there was no need for elements that were not already 

available within the receiver equipment. This third mode, different from the operating 

mode of the first generation and the operating mode of the second generation, would be 

to implement the scalable model at the beginning of the broadcasts with the new 

technology. In this way, the efficiency obtained by the application of the scalable model 

was intended to reduce the bandwidth requirements to provide enough free space to start 

emissions with the new generation. The results of this research are presented in the first 

of the papers described in this chapter. 

On the basis of the results obtained, a second complementary technique was then 

proposed. So, if the first idea was focused on improving the efficiency of the video, the 

next one would concentrate on the audio. After exploring different alternatives, the idea 

of sharing the audio streams was considered. In fact, up to that point no research work 

had been done that addressed this option. Instead, the main line of research was focused 

on the development of new audio codecs that would be much more efficient at the bit-

rate level. And at that time few of these codecs were based on scalable techniques. 

However, later on, with the emergence of a new generation of audio codecs —with 

advanced multitrack capabilities, lossless compression, and vector flows—, techniques 

based on complementary streams were developed for the audio encoding. The greatest 

exponent of this technique in the audio field is the DTS codec, which from its first 

version has included this concept in its design, and it was a sign of identity. Therefore, 

and due to the fact that there was already ongoing research in this line, other alternatives 

were explored. And this is how the idea of sharing audio streams emerged. 

The technique of sharing audio streams in Digital Television is based on a simple idea: 

each DTV service is composed of N data streams. These streams can be of different 

types: video, audio, teletext, metadata, etc. And since a Transport Stream can contain 

different services, the proposal is to share audio streams between the services in the 

simulcast. Therefore, if two services of the same program in simulcast are included in 

the same MPTS, then instead of duplicating the audio streams, they would be shared. 

This allows for bandwidth savings that may not look very meaningful, as audio streams 

represent a small percentage compared to video streams. However, since digital 

television services are usually associated with two or three audio tracks —depending on 

the language in use— then the savings can be significant. Furthermore, this would be 

multiplied by the number of simulcast services within the same MPTS. Thus, when 

applied to a complete multiplex, this represents a not negligible gain. Accordingly, the 

second paper describes in detail a technique for sharing audio streams between DTV 

services. 

Finally, the research of the author focused on the practical and realistic application of 

the work developed. Then the problem described in the previous chapter about the slow 

migration of digital terrestrial television services was identified. And it was observed 

that the lack of compatibility between generations was a critical factor. Then, reusing 

the results, it was considered the possibility of generalizing the advances obtained to 

facilitate this migration and thus reduce the transition times. Once the problem was 

identified, the possibility of optimizing the simulcast of services was considered. As 

discussed in the previous chapter, the ability to perform a complete simulcast is an 

effective way to facilitate the transition between generations. Based on this premise, the 

following strategy was developed: to optimize a simulcast, all elements should be 

shared and those that could not be shared should be aggressively compressed. The goal 
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would then be to achieve the bandwidth required for the simulcast to be approximately 

the same as for broadcasting with only one of the two generations. 

Following this idea in the third of the papers, a technical solution is described with this 

concept. The research shows how it is possible to share different elements in DTV 

services, and at the same time introduces techniques to aggressively compress video 

streams. The results show that this approach is valid and can be applied today in digital 

terrestrial television networks in production. It is therefore a viable solution to unlock 

the transition to newer technologies in some of the territories where this transition has 

become a problem. Consequently, the research presented in this thesis can be considered 

a current and viable line of research. It is also an open research area, as the argument 

that it is positive to consider the inter-generational compatibility in digital TV seems to 

be conclusive. The next chapter will argue this question by outlining potential new lines 

and ideas that can be included in future generations to minimize the problem of 

upcoming migrations. 

The following publications were published in connection with the results of this thesis 

and are reproduced in full afterwards (listed in the order they are presented): 

▪ Soto, Daniel. "Digital Television Backward Compatibility Based on Mixed 

Simulcast using Independent Scalable Video Coding."3 SMPTE Motion Imaging 

Journal 125.9 (2016): 42-56. 

▪ Soto, Daniel. "Digital TV simulcast with shared audio streams."4 2015 IEEE 5th 

International Conference on Consumer Electronics-Berlin (ICCE-Berlin). IEEE, 

2015. 

▪ Soto, Daniel. "Aggressive joint compression for DTV simulcast."5 Journal of 

Digital Media & Policy (pending final publication). Intellect, 2020. 

 

 
3 https://ieeexplore.ieee.org/abstract/document/7803449 
4 https://ieeexplore.ieee.org/abstract/document/7391272 
5 https://www.ingentaconnect.com/content/intellect/jdmp/2020/00000011/00000002/art00004 

https://ieeexplore.ieee.org/abstract/document/7803449
https://ieeexplore.ieee.org/abstract/document/7803449
https://ieeexplore.ieee.org/abstract/document/7391272
https://www.ingentaconnect.com/content/intellect/jdmp/2020/00000011/00000002/art00004
https://ieeexplore.ieee.org/abstract/document/7803449
https://ieeexplore.ieee.org/abstract/document/7391272
https://www.ingentaconnect.com/content/intellect/jdmp/2020/00000011/00000002/art00004
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2.1  Paper 1 – Digital Television Backward Compatibility Based 
on Mixed Simulcast using Independent Scalable Video Coding 
(2016) 

Scalable compression is not a new research area. However, the work published in this 

paper approaches this technique from a completely new perspective. It is a scalable but 

completely independent compression. This novel technique is based on performing 

scalable compression outside the encoder. In other words, by using standard encoders 

without any support for scalability, it is then possible to perform scalable compression 

with a certain gain in efficiency. This technique has been called by the author as 

Independent Scalable Compression. 

The scalable decomposition can be done in several ways. The three possible ones are: 

spatial, temporal and in quality. And although it would be possible to approach any of 

the three with the independent compression technique, the study carried out in this work 

focuses exclusively on spatial scalability. In this regard, it should be noted that there are 

currently many studies on advanced techniques for optimizing spatial scalability, but 

this work is still novel in that it specifies a unique way to perform the coding/decoding 

process without having to modify the codecs used. The basic concept is the same as that 

used with standard scalable compression: to decompose the sequence into two streams: 

the base stream and the extended one. However, this technique analyzes the necessary 

steps to be able to compress each of the streams independently, so that the original 

sequence can be reconstructed without adding noise and obtaining some improvement 

in performance. 

However, making such scalable decomposition without further action does not generate 

a valid reconstructed signal. When using lossy codecs, the direct application of the 

scalable model only introduces noise. This is why this paper proposes and analyzes a 

technique that really works. The key to this technique is based on two essential 

considerations: 1) to minimize or control the error introduced in the base stream; and 2) 

to preserve the efficiency of the compression in the extended stream. Based on this, the 

technique describes how to achieve both objectives in such a way that the reconstructed 

signal has an acceptable quality. And it applies the results to the specific case of the 

MPEG-2 codec for an SD base stream and the H.264 codec for an HD extended stream. 

So far, this technique has not been applied to any particular product. However, the idea 

can be applied to new standards such as H.265 and others to increase the efficiency of 

UHD and UHDV services. This is possible because it does not require the scalable 

extensions that the industry does not include in current equipment. Therefore, it is still 

an open line of research where it is still possible to find new types of processing and 

decomposition that could increase the efficiency of the independent scalable 

compression. 

This paper was published in6: 

 
6 Original result files are mirrored in:  

https://dsaupf.github.io/publications/isvc2014/repo.html OR 

https://drive.google.com/drive/folders/190HFrxdla8mXH_fzakVQBZ24i5Zqxjx-?usp=sharing OR 

https://drive.google.com/drive/folders/1a8al8J80iBizlQ_kPlNWfEmU17LdQ14X?usp=sharing . 

https://dsaupf.github.io/publications/isvc2014/repo.html
https://drive.google.com/drive/folders/190HFrxdla8mXH_fzakVQBZ24i5Zqxjx-?usp=sharing
https://drive.google.com/drive/folders/1a8al8J80iBizlQ_kPlNWfEmU17LdQ14X?usp=sharing
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.$&$7+)(-&;'-?'/(.()+,'â 'Y(,,'+,,-Y')*$(7'+<<,(8+)(-&'-?'

=-)*')$8*&(9:$;')-.$)*$71

����������������������������������������� ����
� �¡����¢���¡������

£¤¥¦§̈©ª¤«ª¬¥­§̈§¥­§¥©ª®¦̄°̄±°§ª²³­§¤ª£¤­³¥́

a-'+8*($%$'=+8pY+7/'8-0<+)(=(,()E'(&'/(.()+,')$,$%(;(-&'

=7-+/8+;);X')*$'8-&8$<)'-?';<+)(+,';8+,+=(,()E'(;'<7-<-;$/1'

a$;)'7$;:,);'?-7')*(;'+,)$7&+)(%$'0-/$,'+7$'(&8,:/$/'(&'

Be<$7(0$&)+,'n$;:,);1'm$e)'(&')*(;';$8)(-&X')*$'?:&/+>

0$&)+,;'-?')*(;'+,)$7&+)(%$'0-/$,'+7$'<7$;$&)$/1

o+;(8'<7(&8(<,$;'-?';8+,+=(,()E'(&'%(/$-'$&8-/(&.'*+%$'

=$$&'$e)$&;(%$,E';):/($/1'y-7'0-7$'/$)+(,$/'$e<,+&+>

)(-&;X';$$'�*0144'µ¶·̧¹º»¼';*-Y;')*$'.$&$7+,'0-/$,'

-?';8+,+=,$'8-/(&.':;(&.'j',+E$7;1'a*(;'(;')*$'0-/$,'

+<<,($/'(&'@ABC>tX's1tuxX'+&/'@ABC>v';)+&/+7/;'

½¾¿ÀÁÂÃÂÀÄÅÆÇÈÅÉÊ¿ËÌÌÍÍÍÄ ÉÈÎÆÆÎÆÅÍÍÍÏÐÆÑÍÒÓ



�����������	�����
��
�

�


������������������������ ��!""""""#

$%&'(%)(*))+$+*,$-.(&+,$*(+'(+&(,%'(/01*('%(2&*('3*($%4*$5&(

+,'*6,/1(4/'/()6%7(%,*(1/-*6('%($%781*'*('3*(*,$%4+,9(

%)(/,%'3*6(1/-*6:(;'(/$'2/11-(*<2/1&('3*(7%4*1(2&+,9()211(

+7/9*&:(;,()/$'.(+)('3*(&7/11*&'(86%$*&&+,9(2,+'(+&('3*()211(

)6/7*.('3*,('3*(&$/1/0+1+'-(7%4*1(%2'&+4*('3*(*,$%4*6(

$%66*&8%,4&('%(/(&$/1/0+1+'-(7%4*1(%)('-8*(=>?@ABCD@AEFA@G

H=I?=J>EK=?LE?KJGBJJFEM?ANI?NA@(OPQRSTUV:

W&(3/&(/16*/4-(0**,(4+&$2&&*4.(/11(7%4*1&(86+%6('%('3*(

X:YZ[\]̂ _(&'/,4/64(̀*6*(7/+,1-(%6+*,'*4('%̀ /64('3+&(

7%4*1(/,4(4+4(,%'(86%a+4*(/(9%%4($%786%7+&*(0*'̀**,(

*))+$+*,$-(/,4($%781*b+'-:Y[(

X%̀ *a*6.('3*(/886%b+7/'+%,(%)('3*(&$/1/01*(7%4*1(

%2'&+4*('3*(*,$%4*6(+&(2&*)21(2,4*6($*6'/+,($+6$27c

&'/,$*&:(W7%,9('3*7(+&('3*(/0+1+'-('%($6*/'*(/(&'6*/7(

'3/'(+&(/,(+,4*8*,4*,'($%70+,/'+%,(%)('̀%(4+))*6*,'(

$%4*$&(O]d(/,4(Xd(+,('3+&($/&*V('3/'(+&(/(,*$*&&/6-(/,4(

&2))+$+*,'($%,4+'+%,('%(%0'/+,(0/$è /64($%78/'+0+1+'-:
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&0;,(&)*14()+,%-,).*,(/01*'?,).9',$%&)4(:9)(&1,7%'()(<*;+,

)%,).*,/%)(%&,$%/7*&'0)(%&,-9&$)(%&2,3*')',7*4-%4/*8,

894(&1,).(',')98+,(&8($0)*,).0),'9()0:;*,4*'9;)',$0&,:*,

%:)0(&*8,9'(&1,).*,8(--*4*&$*,-9&$)(%&,0&8,8%(&1,0,

';(1.),4*>90&)(W0)(%&,%-,).*,%9)$%/*2

3.*,'7*$(-($,4*>90&)(W0)(%&,5*,74%7%'*,(',0,

'/%%).,/077(&1,-9&$)(%&2,U.*&,).*,8(--*4*&$*,-9&$B

)(%&,(',9'*8?,).*,7(@*;,;*<*;,<0;9*',04*,(&,).*,40&1*,

XYZ[\?]̂Z[\_?,5.($.,(',)40&'-*44*8,)%,).*,&%4/0;(W*8,

40&1*,X̀?,[aa_2,A),(',*0'+,)%,$.*$6,).0),).*'*,<0;9*',

04*,%-)*&,$;%'*,)%,).*,$*&)*4,O<0;9*,Z[\Q,%-,0,F09''(0&,

-9&$)(%&2,C;'%?,).*,<0;9*',5(;;,:*,$;%'*4,)%,).*,$*&)*4,

5.*&,).*,*44%4,(&,).*,:0'*:0&8,(',;%5*42,T0'*8,%&,

).('?,0,'(/7;*,/077(&1,-9&$)(%&,(',74%7%'*8,'%,).0),

%&;+,<0;9*',:*;%5,0,$*4)0(&,).4*'.%;8,04*,4*>90&)(W*82,

b9$.,4*>90&)(W0)(%&,/0+,:*,0,'(/7;*,4%9&8,)%,0,'(&1;*,

<0;9*,5().(&,8(--*4*&),(&)*4<0;'2,U().,).(',/077(&1?,

(),(',7%''(:;*,)%,6**7,).*,.(1.B-4*>9*&$+,(&-%4/0)(%&,

74%<(8*8,:+,).*,*&.0&$*8,;0+*4,5.(;*,;(/()(&1,).*,

*44%4',(&)4%89$*8,:+,).*,:0'*:0&8,$%/74*''%42,3.*,

4*'9;),(',(/74%<*8,$%/74*''(%&,%-,).*,*&.0&$*8,;0+*4?,

5.($.,4*'9;)',(&,0,'/0;;*4,*44%4,(&,).*,4*$%&')49$)(%&2,

3.*,8%5&'(8*,%-,'9$.,/077(&1,(',).0),(),5(;;,088,0,

-(@*8,*44%4,)%,<0;9*',).0),04*,-04,-4%/,).*,<0;9*',(&,

).*,:0'*:0&8,;0+*42,3.(',(',5.+,).*,*/7(4($0;,4*'9;)',

'911*'),9'(&1,0,'/%%).,0&8,&%&0114*''(<*,/077(&1,

-9&$)(%&2

A),(',0;'%,(/7%4)0&),).0),).(',/077(&1,-9&$)(%&,

(',*0'(;+,(&<*4)(:;*,0&8,*44%4,4*'(')0&),:*$09'*,;%''+,

$%/74*''%4',$0&,/06*,).*,<0;9*',$0;$9;0)*8,(&,).*,

4*$*(<*4,:*$%/*,<*4+,8(--*4*&),).0&,5.0),(',*@7*$)*82,

A),(',(/7%4)0&),).0),).*,$%/74*''(%&,04)(-0$)',74*'*&),

(&,).*,*&.0&$*8,;0+*4,&%),1*&*40)*,0&%/0;%9',<0;9*',

(&,).*,4*$%&')49$)(%&2,V'(&1,-9&$)(%&',5().,)40&'7%'*8,

<0;9*','.%9;8,:*,0<%(8*8c,40).*4?,'/%%).(&1,-9&$)(%&',

04*,/%4*,.*;7-9;2,d/7(4($0;,4*'9;)','911*'),0,:*))*4,%9)B

$%/*,5().,).(',)+7*,%-,-9&$)(%&?,*'7*$(0;;+,-%4,<0;9*',

).0),04*,-04,-4%/,).*,$*&)*4,%-,).*,F09''(0&2

efghijkgjlfkmnompqrkskqrkqjmtguvuwvkmxirknm
ynriqzmonfm{kjfn|yn}sujiwivij~
3.(','*$)(%&,8*'$4(:*',.%5,)%,(/7;*/*&),).*,'70)(0;,

'$0;0:;*,/%8*;,%9)'(8*,).*,*&$%8*42,C,-9&$)(%&0;,)*$.&(B

$0;,/%8*;,(',74*'*&)*82,3.*,74%7%'*8,0774%0$.,0<%(8',

/06(&1,$.0&1*',)%,*@(')(&1,$%/7%&*&)'c,).*4*-%4*?,(),(',

&%),&*$*''04+,)%,$.0&1*,).*,<(8*%,$%8*$',0;4*08+,74*'*&),

(&,:%).,1*&*40)(%&',0&8,%&;+,088,'%/*,*@)*&'(%&'2,3.(',

/06*',(),/9$.,*0'(*4,)%,(/7;*/*&),).*,74%7%'*8,/%8*;2

3.*,0(/,%-,).*,&*5,*@)*&'(%&',(',)%,0;;%5,0,)40&'()(%&,

7*4(%8,(&,5.($.,).*,:0$65048,$%/70)(:(;()+,(',1904B

0&)**82,3.9'?,(&')*08,%-,8%(&1,0,-9;;,'(/9;$0')?,(),5(;;,

:*,7%''(:;*,)%,7*4-%4/,0,/(@*8,'(/9;$0')R:0'*8,%&,0,

'$0;0:(;()+,/%8*;R5.($.,(',/%4*,*--($(*&)2,3.*'*,'$0;B

0:;*,*@)*&'(%&',5(;;,:*,9&&*$*''04+,0-)*4,).*,)40&'()(%&,

7*4(%82,U.*&,).*,;*10$+,$%8*$,(',8('$%&)(&9*8?,).*,&*5,

$%8*$,5(;;,:*,).*,%&;+,%&*,(&,9'*?,0&8,).*,'$0;0:;*,*@)*&B

'(%&,$0&,:*,8('0:;*8,:*$09'*,).*,74%7%'*8,)*$.&%;%1+,

8%*',&%),;(/(),-9)94*,9'*'2,A),8%*',&%),(&)*4-*4*,5().,&*5,

8*<*;%7/*&)',:9),*&'94*',:0$65048,$%/70)(:(;()+,0',

;%&1,0',&*$*''04+2

�94).*4/%4*?,).*,74%7%'*8,'%;9)(%&,8%*',&%),

*@$*''(<*;+,(&$4*0'*,$%/7;*@()+2,C;).%91.,).*,74%B

7%'*8,'+')*/,9'*',).*,)5%B;%%7,'$0;0:;*,/%8*;,5().,

-9;;,74%$*''(&1,%-,)5%,')4*0/'?,).(',(',&%),0,4*0;,74%:B

;*/,:*$09'*,'*$%&8,1*&*40)(%&,4*$*(<*4',0;4*08+,

(&$;98*,'977%4),-%4,:%).,).*,;*10$+,0&8,&*5,$%8*$'2,

A&,).0),'*&'*?,).*,$%//%&,'%;9)(%&,(',)%,(/7;*/*&),

)5%,8(--*4*&),8*$%8*4',(&,).*,'0/*,8*<($*2,3.*,4*0;B

()+,(',).0),/0&+,(/7;*/*&)0)(%&',04*,0;4*08+,0:;*,)%,

8*$%8*,)5%,')4*0/',(&,7040;;*;2,�4%/,).(',7%(&)?,).*,

%<*4.*08,%-,).*,&*5,'%;9)(%&,(',/(&(/0;,:*$09'*,).*,

%&;+,&*5,)0'6,(',).*,4*$%&')49$)(%&,%-,).*,SE,'(1&0;,,

������������������������� ������������������
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$%&'()()*+,-.+,/%+0,1.2&03+4-.1.5%1.6+,-.+$%&78.9:

(,;+%5+,-.+0%8<,(%)+(0+=.,.1&().=+%)8;+';+,-.+$%0,+%5+

,-.+%7.12,(%)0+,%+'.+7.15%1&.=+5%1+0$282'8.+1.$%)0,1<$:

,(%)6+/-($-+(0+52(18;+0(&78.6+2)=+.>.)+8.00+$%&78.9+,-2)+

%,-.1+71%7%02803?@

ABCDEFGDHIJK

4-.+'20($+21$-(,.$,<1.+%5+0$282'8.+'2$L/21=+$%&72,:

('(8(,;+(0+'20.=+%)+,12)0&(,,()*+,/%+>(=.%+0,1.2&0+

0(&<8,2).%<08;3+4-.+.)$%=()*+%5+,-.0.+,/%+0,1.2&0+(0+

7.15%1&.=+0.7212,.8;6+2)=+,-<0+,-.+0$282'(8(,;+(0+2778(.=+

%<,0(=.+,-.+.)$%=.13+4-.+5(10,6+MNOPMNQRSOTUPNVW+$211(.0+

%)8;+,-.+8%/:1.0%8<,(%)+0(*)28+XYZ[+2)=+(0+$%&71.00.=+

,%+'.+5<88;+$%&72,('8.+/(,-+,-.+8.*2$;+0,2)=21=3+4-.+

0.$%)=6+PQ\NQ]PRSOTUPNVW+$%),2()0+,-.+()5%1&2,(%)+).$:

.0021;+,%+.)2'8.+,-.+1.$.(>.1+,%+1.$%)0,1<$,+,-.+̂ Z+

0(*)283+4-(0+0.$%)=+>(=.%+0,1.2&+(0+.)$%=.=+()=.:

7.)=.),8;+';+<0()*+,-.+&%1.+2=>2)$.=+$%=.$+'20.=+

%)+,-.+)./+0,2)=21=+,%+'.+(),1%=<$.=+%)+,-.+&21L.,3+

^%/.>.16+2+$%)0,12(),+'.,/..)+,-.+̂ Z+2)=+YZ+0(*:

)280+(0+1._<(1.=3+̀%+$-2)*.0+()+1.51.0-+12,.+%1+(),.1:

82$.=+&%=.+21.+288%/.=a+%)8;+$-2)*.0+()+,-.+>.1,($28+

2)=+-%1(b%),28+1.0%8<,(%)+'.,/..)+,-.+,/%+>.10(%)0+

21.+7.1&(,,.=3+c);+$-2)*.0+()+/(=,-+2)=+-.(*-,+21.+

288%/.=+/(,-%<,+(&7%0()*+2);+1.0,1($,(%)0+20+()+0%&.+

%,-.1+0,<=(.03?d

e)+,-.+1.$.(>.16+,-(0+,.$-)%8%*;+/(88+'.+$%&&.1$(288;+

>(2'8.+%)8;+/-.)+.9(0,()*+$%&7%).),0+21.+1.<0.=+2)=+

$%&78.9(,;+(0+L.7,+,%+2+&()(&<&3+f)8;+/-.)+,-.+$%0,+(0+

8%/.1+,-2)+,-.+'.).5(,+%',2().=+/(88+,-.+&%=.8+'.+712$:

,($283+g.+71%7%0.+2+=.0(*)+5%1+,-.+1.$.(>.1+()+/-($-+%)8;+

5%<1+)./+$%&7%).),0+21.+2==.=h+Xi[+=.$%=()*+,-.+0.$:

%)=+>(=.%+0,1.2&6+X?[+<702&78()*+,-.+MNOPMNQRSOTUPNV6+

Xj[+&(9()*+'%,-+>(=.%+0,1.2&06+2)=+Xk[+0;)$-1%)(b2,(%)+

$%),1%83

%̀+$-2)*.0+21.+1._<(1.=+5%1+,-.+2<=(%+'.$2<0.+=(*(:

,28+4l+0,2)=21=0+288%/+&%1.+,-2)+%).+2<=(%+0,1.2&+()+

,-.+02&.+71%*12&3+4-.1.5%1.6+(,+(0+).$.0021;+,%+2==+%)8;+

2==(,(%)28+2<=(%+,12$L03+c88+1.$.(>.10+$2)+71%$.00+,-.+

2<=(%+(5+2,+8.20,+%).+2<=(%+,12$L+/20+5%<)=+.)$%=.=+/(,-+

2+$%&72,('8.+$%=.$3+̀ %+,1%<'8.0+21.+*.).12,.=+/-.)+

=(55.1.),+2<=(%+$%=.$0+21.+&(9.=+()+,-.+02&.+71%*12&+

0()$.+288+0;0,.&0+)2,(>.8;+288%/+0(&<8$20,+2<=(%3

4-.+02&.+1<8.+%5+0(&78($(,;+0-%<8=+'.+2778(.=+,%+,-.+

,12)0&(,,.13+̂ %/.>.16+'.$2<0.+%)8;+%).+,12)0&(,,.1+

.9(0,0+()+,-.+71%=<$,(%)+$-2()6+,-.+$%&78.9(,;+%5+,-.+

.)$%=.1+=%.0+)%,+2==+0(*)(5($2),8;+,%+,-.+$%0,6+0%+,-.+

=.0(*)+%5+,-.+,12)0&(,,.1+21$-(,.$,<1.+(0+8.00+1.0,1($,(>.3+

4-.+,12)0&(,,.1+=.0(*)+/(88+L..7+,-.+.8.&.),0+).$.0:

021;+,%+$%&71.00+,-.+0(*)28+/(,-+,-.+8.*2$;+$%=.$+2)=+

2==+%)8;+)./+71%$.00.0+,%+*.).12,.+,-.+.9,.)=.=+0(*:

)28h+Xi[+=%/)0$28()*+%5+,-.+%1(*()28+̂ Z+0(*)28+,%+YZ+

<0.=+()+8.*2$;+0;0,.&06+X?[+,-.+=.$%=()*+%5+,-.+MNOPMNQRS

OTUPNV6+,%+71%>(=.+YZ+=2,2+5%1+,-.+.)-2)$.=+0,1.2&+$28:

$<82,(%)6+Xj[+,-.+$28$<82,(%)+%5+,-.+PQ\NQ]PRSOTUPNV6+Xk[+

,-.+.)$%=()*+%5+,-.+PQ\NQ]PRSOTUPNV+<0()*+,-.+)./+$%=.$6+

2)=+X@[+,-.+1.0;)$-1%)(b2,(%)+2)=+&<8,(78.9()*+%5+,-.+

,/%+0,1.2&03

GDmBCDnFonmpIqDmqrnD

4-.+21$-(,.$,<1.+%5+,-.+8.*2$;+YZ+=.$%=.1+(0+)%,+

$-2)*.=+()+2);+/2;3+4-.+)./+.9,.)=.=+21$-(,.$,<1.+

%5+,-.+̂ Z+=.$%=.1+'20.=+%)+072,(28+0$282'(8(,;+$2)+'.+

0..)+()+stuvwx3+c0+0-%/)6+,-.+=.0(*)+%5+,-(0+=.$%=.1+(0+

52(18;+0(&78.3+y0()*+2+1.$.(>.1+,-2,+0<77%1,0+,/%+721288.8+

0,1.2&0+1._<(1.0+%)8;+5%<1+)./+$%&7%).),03

4-.+$%&7%).),0+()$8<=.=+()+,-.+1.$.(>.1+21.+20+

5%88%/0h

z{ S|}S}P]~RPUh+4-(0+(0+,-.+0,2)=21=+=.$%=.1+%5+,-.+8%/:

1.0%8<,(%)+0(*)283+e,+(0+.92$,8;+,-.+02&.+20+<0.=+()+

2);+8.*2$;+1.$.(>.1a+-%/.>.16+(,+(0+(&7%1,2),+,-2,+)%+

2==(,(%)28+7%0,:71%$.00()*+%7.12,(%)0+21.+7.15%1&.=6+

'.$2<0.+2);+%7.12,(%)+5%1+(&2*.+.)-2)$.&.),+)..=0+

,%+'.+7.15%1&.=+%)8;+2,+=(0782;+8.>.83+4-(0+(0+).$.0:

021;+,%+&2(),2()+$%)0(0,.)$;+'.,/..)+,-.+=2,2+$28$<:

82,.=+';+,-.+0.)=.1+2)=+1.$.(>.13

z{ S�}S}P]~RPUh+4-(0+(0+,-.+=.$%=.1+%5+,-.+-(*-:+1.0%8<,(%)+

.)-2)$.=+0,1.2&3+e,0+(&78.&.),2,(%)+0-%<8=+5%88%/+

,-.+0,2)=21=+%5+,-.+)./+$%=.$3+̀ %+&%=(5($2,(%)0+

21.+1._<(1.=+/(,-+1.07.$,+,%+2)+%1=()21;+=.$%=.13+

%̂/.>.16+20+/(,-+,-.+YZ+=.$%=.16+,-(0+$%&7%:

).),+0-%<8=+)%,+=%+2);+7%0,:71%$.00()*+,-2,+(0+)%,+

=.0$1('.=+';+,-.+0,2)=21=3

z{ S��O]N��Q�h+4-(0+$%&7%).),+(0+1.07%)0('8.+5%1+&2,$-:

()*+,-.+1.0%8<,(%)+%5+,-.+0(*)280+()+YZ+2)=+̂ Z3+e,+

)..=0+,%+,2L.+(),%+2$$%<),+,-.+$-212$,.1(0,($0+%5+,-.+

5%1&2,0+<0.=3+�%1+.92&78.6+()+2+71%*1.00(>.+0(*)286+

,-.+1.0$28()*+&<0,+'.+2778(.=+2,+,-.+512&.+8.>.8a+/-(8.+

5%1+2)+(),.182$.=+0(*)286+(,+0-%<8=+'.+2778(.=+2,+5(.8=+

8.>.83+4-.+28*%1(,-&+<0.=+(0+51..+=.7.)=()*+%)+,-.+
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$%&'(%()*+*$,)-./*-%/0*-.(-*1(-0+%(-$)-*1(-()2,3(4-

+)3-3(2,3(45-61$0-$0-%+)3+*,47-.(2+/0(-3$88(4()*-

+'9,4$*1%0-9()(4+*(-3$88(4()*-:(40$,)0-;$*1-3$88(4()*-

:+'/(0<-+)3-*1(-:+'/(0-%/0*-.(-$3()*$2+'-,)-.,*1-()30-

8,4-2,44(2*-&4,2(00$)95

=> ?@ABCDEAFGH-61$0-2,%&,)()*-&(48,4%0-*1(-*+0I-,8-8$'*(4J

$)9-*1(-$%+9(-84,%-*1(-KLMDKLFN?MCEDLO5-61$0-8$'*(4$)9-

,&(4+*$,)-$0-+&&'$(3-*,-*1(-$%+9(-,)'7-+8*(4-$*-1+0-.(()-

PQMRLBDN-*,-%+*21-*1(-ST-4(0,'/*$,)5-61(-+'9,4$*1%0-

/0(3-;$''-:+47-./*-01,/'3-+';+70-.(-*1(-0+%(-$)-*1(-

()2,3(4-+)3-3(2,3(45-U'*1,/91-*1(4(-$0-),-4(0*4$2*$,)-

4(9+43$)9-*1(-2,%&'(V$*7-,8-*1$0-&4,2(00<-$*-$0-4(+''7-

)(2(00+47-*,-/0(-+-3(*(4%$)$0*$2-&4,2(00-.(2+/0(-),-

$)8,4%+*$,)-$0-01+4(3-.(*;(()-2,3(20-*,-%+$)*+$)-*1(-

$)3(&()3()2(-.(*;(()-*1(%5

=> ?WDOLQQAFGH-X8-+)7-4(Y/+)*$Z+*$,)-,8-*1(-:+'/(0-$)-*1(-

DF[LFRDN?MCEDLO-;+0-/0(3-3/4$)9-*1(-()2,3$)9-&4,J

2(00<-*1()-*1$0-2,%&,)()*-%/0*-&(48,4%-*1(-$):(40(-

8/)2*$,)5-S,;(:(4<-$8-*1$0-8/)2*$,)-$0-4(+''7-0$%&'(<-$*-

2,/'3-.(-3,)(-3$4(2*'7-$)-*1(-2+'2/'+*$,)-,8-*1(-4(2,)J

0*4/2*$,)-&4,2(005

=> ?WDR\FMCEPRCA\FH-61(-4(2,)0*4/2*$,)-&4,2(00-$0-/0/+''7-

*1(-0$%&'(-+33$*$,)-,8-*1(-$%+9(0-,8-.,*1-'+7(405-61(-

3+*+-84,%-*1(-KLMDKLFN?MCEDLO-+8*(4-3(2,3$)9<-4(02+'J

$)9<-+)3-&4,2(00$)9-$0-/0(3-8,4-*1(-.+0(-'+7(45-61(-0$9J

)+'-,8-*1(-DF[LFRDN?MCEDLO-/)2,%&4(00(3-+)3-4(0*,4(3-

]84,%-*1(-,&*$,)+'-4(Y/+)*$Z+*$,)̂-$0-/0(35-_(8,4(-

+&&'7$)9-*1$0-8/)2*$,)<-$*-$0-%+)3+*,47-*,-21(2I-

;1(*1(4-,:(48',;-:+'/(0-1+:(-+4$0()5-61$0-0*(&-$0-

)(2(00+47-.(2+/0(-*1(-+4*$8+2*0-2+/0(3-.7-',007-2,%J

&4(00$,)-2+)-9()(4+*(-&1+)*,%-:+'/(05-̀/4*1(4%,4(<-

+)7-4(07)214,)$Z+*$,)-&4,2(00-.(*;(()-.,*1-0*4(+%0-

%/0*-*+I(-&'+2(-+*-*1$0-*$%(5

=> ?aAMQBLbH-̀ $)+''7<-*1(-4(2,)0*4/2*(3-$%+9(-$0-/0(3-

+0-*1(-0,/42(-,8-*1(-:$3(,-*,-3$0&'+75-S(4(-$0-;1(4(-

*1(-&,0*J&4,2(00$)9-+'9,4$*1%0-2+)-.(-(V(2/*(3-*,-

$%&4,:(-*1(-$%+9(5-c,*(-*1+*-*1$0-3,(0-),*-$)2'/3(-

+)7-$)*(4)+'-8$'*(40-4('+*(3-*,-*1(-&4,2(00-,8-()2,3$)9d

3(2,3$)9-./*-,)'7-*1(-&4,2(00$)9-'$)I(3-*,-*1(-3$0&'+7-

&4,2(3/4(5-eV+%&'(0-,8-*1(0(-8/)2*$,)0-2,/'3-.(-3(J

$)*(4'+2$)9<-+)*$),$0(-8$'*(40<-(*25

fghijklmnlhopqkhqrlk

61(-3(0$9)-,8-*1(-:$3(,-()2,3(4-$0-%/21-%,4(-

-2,%&'(Vs*1+)-*1(-3(2,3(45-t(-3(024$.(-*1(-()2,3(4-

+8*(4-&4(0()*$)9-*1(-3(2,3(4-.(2+/0(-0,%(-2,%&,)()*0-

+4(-*1(-0+%(5-61(-+421$*(2*/4(-,8-*1(-()2,3(4-$0-01,;)-

$)-uvwxyz5

61(-2,%&,)()*0-$)2'/3(3-$)-*1(-()2,3(4-+4(H

=> ?a\{FMRLBDEH-61(-8$40*-*+0I-$0-*,-9()(4+*(-*1(-',;J-

4(0,'/*$,)-:(40$,)-84,%-*1(-,4$9$)+'-0,/42(-$)-1$91-

4(0,'/*$,)5-U8*(4-*1$0-&,$)*<-*1(-070*(%-;$''-1+:(-

*;,-0$9)+'0<-,)(-$)-1$91-4(0,'/*$,)-]ST̂-+)3-,)(-

$)-',;-4(0,'/*$,)-]|T̂5-61(-Y/+'$*7-,8-*1$0-2,%&,J

)()*-$0-24$*$2+'-*,-*1(-/'*$%+*(-Y/+'$*7-,8-.,*1-0$9)+'0-

./*-3,(0-),*-+88(2*-*1(-&4,2(00-,8-*1(-02+'+.'(-2,%J

&4(00$,)5-61(4(8,4(<-$*-$0-&,00$.'(-*,-/0(-+)7-0/$*+.'(-

3,;)02+'$)9-+'9,4$*1%5-61(-4(2,%%()3+*$,)-$0-*,-

/0(-*1(-.(0*-+:+$'+.'(-070*(%-*1+*-&4(0(4:(0-*1(-1$91J

(0*-Y/+'$*7-0$9)+'5

=> ?}a?~FR\NDEH-61(-|T-:(40$,)-,8-*1(-0$9)+'-8((30-*1$0-

2,%&,)()*5-U)7-()2,3(4-*1+*-%+$)*+$)0-.+2I;+43-

2,%&+*$.$'$*7-2+)-.(-/0(35-S,;(:(4<-3/(-*,-*1(-)(9+J

*$:(-$%&+2*-,8-),$0(-,)-*1(-02+'+.'(-2,%&4(00$,)<-$*-

$0-4(2,%%()3(3-*1+*-*1(-&+4+%(*(40-,8-*1(-()2,3$)9-

&4,2(00-.(-0(*-;$*1-:+'/(0-*1+*-2+)-4(3/2(-2,%&4(0J

0$,)-+4*$8+2*05-X)-&+4*$2/'+4<-0(**$)90-*1+*-&4(0(4:(-*1(-

',;J84(Y/()27-$)8,4%+*$,)-+)3-%$)$%$Z(-*1(-),$0(-

2+/0(3-.7-*1(-',007-2,%&4(00$,)-+4(-/0(8/'5

=> ?}a?aDR\NDEH-61$0-2,%&,)()*-$0-*1(-0+%(-+0-*1(-,)(-

/0(3-$)-*1(-4(2($:(45

=> ?�QMRLBAFGH-61$0-2,%&,)()*-$0-+'0,-*1(-0+%(-+0-*1(-,)(-

/0(3-$)-*1(-4(2($:(45-61(-0+%(-+'9,4$*1%-+)3-*(21J

)$Y/(0-01,/'3-.(-/0(3-+*-.,*1-()30<-+0-*1($4-,/*&/*-

:+'/(0-)((3-*,-.(-*1(-0+%(5

=> ?@ABCDEAFGH-61$0-2,%&,)()*-$0-+'0,-$3()*$2+'-*,-*1+*-/0(3-

$)-*1(-4(2($:(45

=> ?aA��DEDFRDH-61$0-2,%&,)()*-2+'2/'+*(0-*1(-3$88(4()2(-

.(*;(()-*1(-0$9)+'-,8-*1(-.+0(-'+7(4-+)3-*1(-(V*()3(3-

'+7(45-X*-;,4I0-$)-*1(-3,%+$)-,8-*1(-1$91J4(0,'/*$,)-

'+7(45-c,*(-*1+*-$8-*1(-$)&/*-0$9)+'-$0-$)*(4'+2(3<-*1()-

*1(-8/)2*$,)-$0-+&&'$(3-+*-8$('3-'(:('-+)3-),*-+*-84+%(-

'(:('5-_(0$3(0<-*1$0-2,%&,)()*-$0-4(0&,)0$.'(-8,4-*1(-

07)214,)$Z+*$,)-,8-*1(-0*4(+%0-.(2+/0(-*1(-.+0(-'+7(4-

0$9)+'-$0-+';+70-3('+7(3-$)-4(8(4()2(-*,-*1(-,4$9$)+'-

0$9)+'5

=> ?WDOLQQAFGH-61$0-$0-*1(-0+%(-2,%&,)()*-*1+*-(V$0*0-$)-

*1(-4(2($:(45

=> ?�a?~FR\NDEH-61$0-2,%&,)()*-/0(0-*1(-)(;-2,3(2-

;$*1-;1$21-*1(-DF[LFRDN?MCEDLO-$0-2,%&4(00(35-X*0-

;,4I-$0-2,%&'(*('7-$)3(&()3()*-,8-*1(-,*1(4-2,%J

&,)()*05-S,;(:(4<-+0-;$*1-*1(-|T-()2,3(4<-$*-$0-4(2J

,%%()3(3-*1+*-2,%&4(00$,)-:+'/(0-.(-0(*-0,-*1+*-

*1(-1$91(0*-Y/+'$*7-,8-*1(-4(2,)0*4/2*(3-0$9)+'-$0-

&4(0(4:(35-̀$'*(40-01,/'3-),*-.(-/0(3-$8-*1(7-;$''-
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$%&'($%)*+%),-&.(/0)1*)-,)&%.%'(//2)'%3455%.$%$)

.4*)*4)(3*-6(*%)(.2)7'%7'43%,,-.&)48)*+%),-&.(/)(*)

*+-,)74-.*0

9: ;<=>?@ABCD)E+-,)/(,*)34574.%.*)+(.$/%,)*+%)'%5FG)48)

*+%)*H4),*'%(5,0)E+%)7'43%,,)5F,*)I%)$4.%)%6%.)-8)

I4*+),-&.(/,)F,%)$-88%'%.*)*'(.,5-,,-4.)7(*+,0)E+-,)

-,)'%JF-'%$)*4)5(-.*(-.),2.3+'4.-K(*-4.)I%*H%%.)*+%)

,*'%(5,L)H+-3+)H-//)8(3-/-*(*%)*+%)H4'M)48)*+%)'%3%-6%'0)

18)-*)-,).4*)$4.%L)*+%'%)H-//)I%)()/4.&)$%/(2)I%*H%%.)

*+%)*H4),-&.(/,L)(.$)-*)H-//)I%).%3%,,('2)*4)F,%)()/('&%)

IF88%')-.)*+%)'%3%-6%'0)E(M-.&)-.*4)(334F.*)*+%)$%/(2,)

-.*'4$F3%$)I2)%(3+)34574.%.*L)*+%)$%/(2)I%*H%%.)

*+%)*H4),-&.(/,)3(.)I%)6%'2)/('&%0)1*)-,)I%,*)*4)IF88%')

*+-,)$%/(2)(*)*+%),4F'3%)*4)'%$F3%)3457/%G-*2)-.)*+%)

'%3%-6%'0

NOPQRSTQUVWXYZQ[\XV[
]%6%'(/)*%,*,)H%'%)7%'84'5%$)*4)%6(/F(*%)4F')7'474,(/)

84')5(-.*(-.-.&)I(3MH('$)3457(*-I-/-*2)I2)I'4($3(,*̂

-.&)*+%),(5%)34.*%.*)-.)]_)(.$)̀_)H-*+4F*)+(6-.&)*4)

7%'84'5)()8F//),-5F/3(,*0)a+-/%)*+%)*%,*,)H%'%)&%('%$)

*4b*+-,),7%3-8-3),3%.('-4L)*+%)'%,F/*,)3(.)I%)%G*'(74/(*%$)

*4)()&%.%'(/)54$%/)48)()5-G%$),-5F/3(,*)I(,%$)4.),7(*-(/)

,3(/(I-/-*2)H-*+)-.$%7%.$%.*)3457'%,,-4.0)E+%)$%*(-/,)

48)*+%)*%,*,)(.$)'%,F/*,)('%)4F*/-.%$)I%/4H0

cdefgheihjkghlgmjm

E+%,%)*%,*,)H%'%)7%'84'5%$)*4)6%'-82)4F')7'474,(/)-.)

(,)3/4,%)*4)'%(/)5('M%*)34.$-*-4.,)(,)74,,-I/%0)1.,*%($)

48)F,-.&)*27-3(/)'%,%('3+)*44/,L)*44/,)(.$)3455%'3-(/)

54$%/,)*+(*)84//4H%$)'%3455%.$(*-4.,)(33%7*%$)I2)

I'4($3(,*%',n,7%3-8-3(//2)*+4,%)%,*(I/-,+%$)I2)*+%)

opqrsnH%'%)F,%$D

tu)]_)84'5(*D)vwoxr̂)ysz-{y|

ru)̀_)84'5(*D)̀0rz})t|~|-{y|

�u)o.34$%'D)��57%&)�,*(.$('$)6%',-4.u

1*),+4F/$)I%).4*%$)*+(*)*+%)7'474,%$)54$%/)(/,4)(77/-%,)

*4)I'4($3(,*,)-.)7'4&'%,,-6%)84'5(*0)̀4H%6%'L),-.3%)*+%)

.(*F'(/)*'(.,-*-4.)8'45)]_)*4)̀_)M%%7,)*+%)-.*%'/(3%$)

84'5(*L)4./2)'%,F/*,)'%/(*%$)*4)-.*%'/(3%$)84'5(*,)('%)$-,̂

3F,,%$0)�/,4L)*+%)3457'%,,%$)vwox r̂),-&.(/)-,)(/H(2,)

3457'%,,%$)(,)-.*%'/(3%$nH+%*+%')-*)-,)4'-&-.(//2)-.*%'̂

/(3%$)4').4*0)�%,F/*,)4I*(-.%$)I2)5-G-.&)-.*%'/(3%$)(.$)

7'4&'%,,-6%)84'5(*,)('%)F,F(//2).4*),F-*(I/%)84'),7(*-(/)

,3(/(I-/-*20

E+%)��57%&r~)%.34$%')H(,)3+4,%.)(,)*+%)345^

7'%,,-4.)*44/)'(*+%')*+(.)*+%)34554.)�=�=�=B�=;=B����

=��)��]�v),48*H('%tsu)I%3(F,%L)-.)3F''%.*)7'4$F3*-4.)

%.6-'4.5%.*,L)*+%)%.34$%',)F,%$)*4)3457'%,,)*%/%6-̂

,-4.)7'4&'(5,)+(6%),%6%'(/)/%6%/,)48)47*-5-K(*-4.,)

*+(*),+4F/$)I%)*(M%.)-.*4)(334F.*)$F'-.&)*+%)*%,*,0)

�4')%G(57/%L)*+%).4-,%)3(F,%$)I2)/4,,2)3457'%,,-4.)

+(,)(),*'4.&)-57(3*)4.)*+%)4F*345%)48)'%34.,*'F3*-4.0)

E+-,)-,)H+2)H%)(77'4G-5(*%)*+%)3+('(3*%'-,*-3,)48)'%(/)

7'4$F3*-4.),2,*%5,)(,)3/4,%/2)(,)74,,-I/%0)E+%'%84'%L)

*+%)6(/F%,)F,%$)84')*+%)I-*'(*%L)w]��L)(.$)4*+%',)('%)

*+4,%)34554./2)F,%$)-.)3455%'3-(/)$-&-*(/)*%/%6-,-4.)

I'4($3(,*,0

c��jkgj�dhlgmjm

E+%),%JF%.3%,)F,%$)-.)*+%)*%,*,)8(//)-.*4)*H4)$-88%'%.*)

&'4F7,0)E+%)8-',*)*27%)H(,)*+%)����;�AC�;�=�BA�A�B;�?��A;

���>��;�=��;�=��)7'46-$%$)I2)*+%)opq-0)E+%),%34.$)H(,)

()3457/%*%),%JF%.3%)48)(),433%')5(*3+)7'46-$%$)I2)()

I'4($3(,*%'0)E+%)4I�%3*-6%)H(,)*4)%6(/F(*%)*+%)I%+(6-4')

48)I4*+)34554.)'%,%('3+),%JF%.3%,)(.$)'%(/)*%/%6-,-4.)

,%JF%.3%,0)�//),%JF%.3%,)('%)-.)3457/-(.3%)H-*+)*+%)

]vwEo)rs}v)84'5(*)�F,-.&)*+%)34554.)t|~|-{y|)

54$%u)(.$)*+%)pE0s| )34/4'),7(3%)(.$)H%'%)34.6%'*%$)

*4)¡q�)}DrDr)H-*+)~I77)84')*+%)*%,*,0)¢£¤¥¦§̈),+4H,)*+%)

,%JF%.3%,)F,%$0

E+%)����=�),%JF%.3%)-,)*+%)7'4$F3*-4.),-&.(/)48)(),43̂

3%')5(*3+),F55('20)E+%)4'-&-.(/)84'5(*)-,)]vwEo)

�©̂�)�(M()�6-$)_�)ª)̀ _)-.*'(8'(5%)3457'%,,-4.u)

H-*+)()8-G%$)I-*'(*%)48)tr|)vI7,L)34''%,74.$-.&)*4)*+%)

,*(.$('$)84')̀_),-&.(/,)-.)7'4$F3*-4.)%.6-'4.5%.*,0)1*)

H(,)34.,-$%'%$),F-*(I/%)84')*%,*-.&)I%3(F,%)*+%)JF(/-*2)

48)*+%),%JF%.3%)-,)-.)(334'$(.3%)H-*+)3F''%.*),*(.$('$,)

-.)*+%)I'4($3(,*)8-%/$0)E+%),%JF%.3%)-.3/F$%,),%6%'(/)

,3%.%,)H-*+)&'(7+-3,L)3(5%'()3+(.&%,L)84'%&'4F.$)

-5(&%,L)H-$%),+4*,L)54*-4.),%JF%.3%,L)3(5%'()546%̂

5%.*,)(.$)K445,L)(.$)433(,,-4.(/),/4Ĥ54*-4.)'%7/(2,0)

1*)'%7'%,%.*,)(),-&.-8-3(.*)(.$)6('-%$),4F'3%)48)5(-.̂

,*'%(5)I'4($3(,*)34.*%.*0

�//)*+%)47%'(*-4.,)7%'84'5%$)-.)*%,*,)+(6%)I%%.)$4.%)

F,-.&)*+%)�6-]2.*+)7'43%,,-.&)*44/r )�%',-4.)r0y0~0)1*)

-,)()6%',(*-/%L)47%.̂,4F'3%)%.6-'4.5%.*)(.$)(//4H,)7'4̂

&'(55-.&)6%'2)JF-3M/2)-.)()v-3'4,48*)a-.$4H,)%.6-̂

'4.5%.*0)1*)-.3/F$%,),F774'*)84')7/F&-.,L),3'-7*,L)(.$)

(.2)8-/%)84'5(*0)1*)(/,4)(//4H,)H4'M-.&)(*)7-G%/)/%6%/)

(.$),F774'*,)8-%/$,)(.$)8'(5%,0)�-.(//2L)-*)3(.)I%)F,%$)

*'(.,7('%.*/2)*4)*+%)$-,7/(2)*44/L)(.$)-.)'%(/)*-5%0)E+-,)

(//4H%$)5F/*-7/%)*%,*-.&)(.$)%(,2)3+(.&%,)4.̂*+%̂8/20

E4)546%)*+%)'%,F/*,)4I*(-.%$)H-*+)*+%)�6-]2.*+)

7'43%,,-.&)*44/)*4)*+%)��57%&)%.34$-.&)*44/L)H%)F,%$)

v«�)8-/%,0)�//),%JF%.3%,)H%'%),*4'%$)(,)-.$-6-$F(/)8-/%,)

F,-.&)*+-,)34.*(-.%')84'5(*L)(.$)*+%)/4,,/%,,)3457'%,̂

,4')̀F88¡q�)}DrDr)+(,)I%%.)F,%$)*4)'%$F3%)*+%),7(3%)

-.,-$%)*+%)8-/%,0)�//),%JF%.3%,)3457'%,,%$)-.)vwox r̂)

(.$)̀0rz})('%),*4'%$)F,-.&)*+%),(5%)v«�)34.*(-.%',)

H+-/%)M%%7-.&)*+%-')4H.)6-$%4)34$%30

lgmjh¬­®­̄ gjg®m

EH4),%*,)48)7('(5%*%',)H%'%),%/%3*%$)84')*+%,%)*%,*,0)

E+%)8-',*),%*)H%'%)*+4,%)F,%$)84')�-$%4)(.$)3457'%,̂

,-4.L)(.$)*+%),%34.$)H%'%)*+%)6(/F%,)F,%$)84'),3(/(I-/-*2)

47%'(*-4.,0)_F%)*4)*+%),7%3-8-3)8-%/$)48)(77/-3(*-4.L)345^

7'%,,-4.)6(/F%,)H%'%)3+4,%.)8-',*)(.$)*+%.)'%,F/*,)F,-.&)

$-88%'%.*)6(/F%,)84'),3(/(I-/-*2)H%'%)%G7/4'%$0

-)E+%2)3(.)I%)4I*(-.%$)8'45)*+%)($$'%,,)°8*7D±±6J%&0-*,0I/$'$430
&46±̀_E�±]�E²vF/*-�4'5(*±³0)]7%3-8-3(//2L)*+%),%JF%.3%,)F,%$)
('%)8-/%,)F.7'43%,,%$)(.$)F.3457'%,,%$)-.)*+%)t|~|-ry²©&'́%6̂
%/,²]1�©²�1́Eo�²]�E$%3|y²$-'%3*4'20
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%&'()*+,&(-.+(/&01',22*&.3(45,(6&77&8*.9()-7:,2(8,',(

2,7,/4,+;

<= >?(>4',-02;

@(A&+,/;(BCDEFG(*.4,'7-/,+(H;G;I

@(J,2&7:4*&.;(KGI(L(MKN(OPN;Q(-.-0&'15*/(-21,/4('-4*&R

@(%'-0,('-4,;(GM(OMI(6*,7+2(1,'(2,/&.+R

@(C',F6*74,'*.9;(.&.,

@(S*4'-4,;(NIII(TU12

<= V?(>4',-02;

@(A&+,/;(VWGNH(1'&6*7,(B-*.XYHWI(H;G;I

@(J,2&7:4*&.;(PQGI(L(PIZI(OPN;Q(.-4*),(-21,/4('-4*&R

@(%'-0,('-4,;(GM(OMI(6*,7+2(1,'(2,/&.+R

@(C',F6*74,'*.9;(.&.,

@(S*4'-4,;(PI[MII(TU12(6&'(6:77(2*0:7/-24

@(S*4'-4,;(MMII(TU12(6&'(2/-7-U7,(7-\,'

]2*.9(45,2,()-7:,23(48&(U'&-+/-24(0&+,2(8,',(/&0F

1-',+W(̂ .,(8-2(45,(6:77(2*0:7/-24(0&+,3(85,',[&.,(

>?(-.+(&.,(V?(),'2*&.(&6(45,(2-0,(1'&9'-0(-',(

4'-.20*44,+(2*0:74-.,&:27\W(_5,(&45,'(8-2(45,(0*̀,+(

2*0:7/-24(0&+,3(8*45(-(.&'0-7(>?(1'&9'-0(-.+(

-.&45,'(&.,(:2*.9(45,(2/-7-U7,(4,/5.&7&9\(1'&1&2,+(

*.(45*2(1-1,'W(abcdefgh(25&82(45,2,(48&(4'-.20*2F

2*&.(0&+,2W(̂.(45,(7,643(45,(6:77(2*0:7/-24(0&+,(:2,+(

-(U*4'-4,(&6(N(BU12(6&'(45,(>?(/5-..,7(*.(BCDEFG(

-.+(VWGNH(8*45(-(U*4'-4,(&6(PIWM(BU12(6&'(V?W(̂ .(

45,('*9543(*.(45,(0*̀,+(2*0:7/-243(45,(U*4'-4,(6&'(45,(

>?(/5-..,7(*.(BCDEFG(',0-*.2(-4(N(BU123(U:4(

45,(2/-7-U7,(24',-0(6&'(',/&.24':/4*.9(45,(V?(),'F

2*&.(:2,+(&.7\(MWM(BU12W(]2*.9(45,(2,/&.+(0&+,3(*4(

8&:7+(U,(1&22*U7,(4&(U'&-+/-24(-.(V?(/5-..,7(85*7,(

ijklmnopnqmrsmtumqnsqmvnwtnimqiqp

xyz{|}~��������� �~������������������
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$%&'(%&'&')*+%,-.%/0*,1$2%(&+&3&(4*.&(5*1'34*%*678*

&',/9%:9*1;*(59*1<9/%33*+%'0.&0(5=

>',9*(59*,1$2/9::&1'*2%/%$9(9/:*;1/*(59*(9:(:*.9/9*

09,&090?*9$2&/&,%3*%'%34:&:*&09'(&;&90*(59*;1331.&')*

*<%3@9:*;1/*(59*:,%3%+39*(9,5'&A@9*09:,/&+90*&'*(5&:*

2%29/B

CD *E%:9+%'0*3%49/*;&3(9/&')*;@',(&1'B*FG*31.H2%::*

I%23%,&%'*;&3(9/?*JKJ*-9/'93*.&(5*,19;;&,&9'(:*09;&'90*%:

L *M*N**
O
*
P*6
**
P*F
**
P*6
***P*F**6F**P*F***

P*6

**

P*F

**

P*6

*

Q
**L RST

CD U(9/%(&1':*1;*;&3(9/&')*;@',(&1'B*;1@/*:(92:

CD V0)9*09(9,(1/*;@',(&1'B*W1+93*;&3(9/

CD X9A@%'(&;&,%(&1'*1;*0&;;9/9',9*;@',(&1'B*'1'9

U(*:51@30*+9*'1(90*(5%(*'1(*%2234&')*/9A@%'(&Y%(&1'*&'*

(59*0&;;9/9',9*;@',(&1'*019:*'1(*&'<%3&0%(9*(59*/9:@3(:=*
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2.2  Paper 2 – Digital TV simulcast with shared audio streams 
(2015) 

Advances in audio compression have been significant in the last decade. Although 

traditionally considered legacy codecs, such as MP2 (MPEG-1 Audio Layer II) seem 

obsolete, the quality they provide is very good. However, they are not as good in terms 

of compression efficiency. This is why the most recent codecs achieve much higher 

compression rates while maintaining very similar quality. However, because the quality 

of the audio streams seems to have reached a peak, recent efforts seem to have 

concentrated on multi-channel and vector audio streams. And in many cases, this new 

type of encodings relies on the use of some sort of more or less scalable technique. 

However, these advances in audio compression have not provided any significant 

advantage in the field of Digital Television. Newer codecs have simply been adopted, 

which basically do more or less the same job with slightly less bandwidth. For example, 

there is currently no research underway to apply scalability between multilingual audio 

tracks, which could be considered a major advance. Between the lack of work on audio 

optimization specifically for the field of DTV, and leaving aside the area of developing 

new codecs, the work presented in this paper offers a novel technique. 

The technique developed allows the sharing of audio streams between different services. 

Although the idea seems simple, technically it is not easy to implement. None of the 

digital television standards directly address this functionality. Fortunately, however, 

they do not make it impossible at all. The problem, therefore, is to find a viable way to 

achieve the objective. 

To achieve this objective, the paper focuses on identifying and defining a technique 

capable of generating transport streams in which the audio streams are shared between 

different DTV services. But not only to do that, but also to be able to perform that task 

without interfering with the encoding process. In other words, by simply adding an 

additional task after the encoder, it is possible to synchronize and share the audio 

streams between different services of the same MPTS. This represents a substantial 

advantage in the distribution of the simulcast services, since the efficiency obtained is 

equivalent to the total number of audio streams multiplied by the number of services in 

the simulcast Thus, the bandwidth saving can represent between 5 and 10% of the total 

space occupied by a multiplex. 

This technique remains unique today, and also represents the basis of the work 

presented in the following paper. Basically what it demonstrates is that it is possible to 

share the same PES stream between different separate services within the same MPTS 

without disturbing the DTV devices. 

This paper was published in8: 

▪ Title: Digital TV simulcast with shared audio streams 

 
8 Original result files are mirrored in:  

https://dsaupf.github.io/publications/ssas2015/repo.html OR 

https://drive.google.com/drive/folders/1Q1pMwAhZhgIK3dvlvlC83jzNy4fs8MBB?usp=sharing OR 

https://drive.google.com/drive/folders/1YQ2MTEIRB2Kk2hz5zQp-9_YUKy216nIJ?usp=sharing . 

https://dsaupf.github.io/publications/ssas2015/repo.html
https://drive.google.com/drive/folders/1Q1pMwAhZhgIK3dvlvlC83jzNy4fs8MBB?usp=sharing
https://drive.google.com/drive/folders/1YQ2MTEIRB2Kk2hz5zQp-9_YUKy216nIJ?usp=sharing
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▪ Proceedings: 2015 IEEE 5th International Conference on Consumer Electronics 

- Berlin (ICCE-Berlin) 

▪ Date of Conference: 6-9 Sept. 2015 

▪ DOI: 10.1109/ICCE-Berlin.2015.7391272 9 

▪ Publisher: IEEE 

▪ Conference Location: Berlin, Germany 

▪ Electronic ISBN: 978-1-4799-8748-1 

▪ DVD ISBN: 978-1-4799-8747-4 

On the following pages it is reproduced in its original format. 

 
9 https://doi.org/10.1109/ICCE-Berlin.2015.7391272 

https://doi.org/10.1109/ICCE-Berlin.2015.7391272
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2.2  Paper 3 – Aggressive Joint Compression for DTV Simulcast 
(2020) 

The distribution of television services in simulcast is currently quite high. The reason is 

that we are immersed in several transition processes. Therefore, it is not uncommon to 

find services that are currently distributed in up to three different versions: SD, HD and 

UHD. The reason behind this is that in some cases it is not yet possible to completely 

abandon SD services, and on the other hand the demand for UHD content is growing. 

In the context of such scenario with multiple versions of the same content, the work 

presented in this third paper identifies a very interesting and technically viable solution. 

It involves nothing more and nothing less than sharing all possible elements between the 

different versions of a simulcast. This inevitably implies that services are distributed 

together, which makes sense in many scenarios. On the other hand, the paper also 

discusses how to achieve a complete simulcast of all services using the same bandwidth. 

This option can be very beneficial in areas where bandwidth is very limited, and where 

it is not possible to expand the distribution network to include all programs in the 

simulcast. This is the case, for example, with the Digital Terrestrial Television 

networks, on which the study is focused. 

Furthermore, this published research is entirely new in terms of providing a viable 

solution to the problem of the inter-generational migration in DTV. So far there are no 

technical papers focusing on simplifying or facilitating this migration. However, it is 

becoming more and more evident that transition times between generations are 

becoming longer. Therefore, the research provided in this line of work is completely up 

to date. 

But in addition, the same paper also suggests the opportunity to explore similar 

solutions for the transition from HD to UHD. Although there is still some time for this 

migration to take place, in fact it will not be necessary to wait too long. There are 

already regular terrestrial broadcasts of UHD in certain territories, and more and more 

are being made using other distribution systems (satellite and cable, in addition to 

IPTV). Therefore, it is urgent to find solutions to minimize the impact of the future 

switch to UHD. In that sense, this work can be a good starting point. 

This paper was published in10: 

▪ Title: Aggressive Joint Compression for DTV Simulcast 

▪ Journal: Journal of Digital Media & Policy (previous published as Journal of 

Digital Television) (Volume: 11 , Number 2 , 1 June 2020) 

▪ Page(s): 151-174(24) 

▪ DOI: 10.1386/JDMP.00021.1 11 

▪ Publisher: Intellect 

▪ Print ISSN: 2040-4182 

 
10 Original result files are mirrored in:  

https://dsaupf.github.io/publications/jdmp2019/repo.html OR 

https://drive.google.com/drive/folders/1XwLxMmWSwYNcHAn-Hz_dM5VCGbXw1Tsr?usp=sharing 

OR https://drive.google.com/drive/folders/15l2_ITLnEcSKGtePcff4rKTcIDxy-_Dt?usp=sharing . 
11 https://doi.org/10.1386/jdmp_00021_1 

https://dsaupf.github.io/publications/jdmp2019/repo.html
https://drive.google.com/drive/folders/1XwLxMmWSwYNcHAn-Hz_dM5VCGbXw1Tsr?usp=sharing
https://drive.google.com/drive/folders/15l2_ITLnEcSKGtePcff4rKTcIDxy-_Dt?usp=sharing
https://doi.org/10.1386/jdmp_00021_1
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▪ Electronic ISSN: 2040-4190 

 

On the following pages it is reproduced in its original format. 
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!"#$%&'$()$*+,-).#$/*+012&/($#33*2*#"2'$*/$()$2)"/*4#-$(5#$1*"6*"7$)3$(5#$
/#-.*2#/$*"$8)(5$3)-+&(/9$/*+012&/(*"7$(5#$/&+#$,-)7-&++#$&/$&$/*"71#$/#($
-&(5#-$(5&"$&/$/#,&-&(#$/#-.*2#/:$;/*"7$/)+#$/*+,1#$(#25"*<0#/9$*($*/$,)//*=
81#$()$-#402#$(5#$8&"4%*4(5$-#<0*-#4$()$8-)&42&/($&$>?$,-)7-&++#$*"$(%)$
4*33#-#"($3)-+&(/9$3)-$#@&+,1#9$8'$/5&-*"7$/)+#$,&-(/$/025$&/$&04*)$&"4$)(5#-$
4&(&:$A"$&44*(*)"9$*($*/$&1/)$,)//*81#$()$&4B0/($(5#$2)+,-#//*)"$,&-&+#(#-/$)3$
.*4#)$/(-#&+/$()$+*"*+*C#$(5#$3))(,-*"(:$D'$+&6*"7$*"(#11*7#"($0/#$)3$(5#/#$
(%)$(#25"*<0#/9$&"4$&4B0/(*"7$(5#+$).#-$(*+#9$*($*/$,)//*81#$()$8-)&42&/($&$3011$
,&26&7#$)3$>?$,-)7-&++#/$*"$/*+012&/($0/*"7$&-)0"4$(5#$/&+#$/,&2#$%*(5)0($
#"(*-#1'$40,1*2&(*"7$&11$/)0-2#/:$>5*/$%)014$-#/01($*"$3&/(#-$&"4$1#//$/(-#//301$
(-&"/*(*)"/:

EFGHIJKLMN

>#--#/(-*&1$8-)&42&/(/$)3$O>?$5&.#$/,#2*3*2$25&11#"7#/$3)-$/*+012&/($2)+,&-#4$
()$)(5#-$4*/(-*80(*)"$25&""#1/:$A"$/&(#11*(#$)-$2&81#$4*/(-*80(*)"9$+)-#$8&"4=
%*4(5$0/0&11'$#@*/(/$)-$2&"$8#$#&/*1'$*"2)-,)-&(#4:$P)$*"$(5#/#$2&/#/9$(5#$
+*7-&(*)"$,-)2#//$*/$")($4*-#2(1'$1*+*(#4$8'$8&"4%*4(5$2)"/(-&*"(/:$A"$2)"(-&/(9$
%5#"$(#--#/(-*&1$"#(%)-6/$&-#$0/#49$8&"4%*4(5$*/$(5#$3*-/($1*+*(*"7$3&2()-:$Q)-$
#@&+,1#9$&($(5#$8#7*""*"7$)3$(5#$O>?9$(5#$/,#2(-0+$0/#4$%&/$(&6#"$3-)+$(5&($
)3$&"&1)70#$(#1#.*/*)":$>50/9$40-*"7$(5#$(-&"/*(*)"$,#-*)49$0"(*1$(5#$&"&1)70#$
/%*(25#4$)339$(5#$8&"4%*4(5$&.&*1&81#$3)-$4*7*(&1$8-)&42&/(/$%&/$.#-'$1*+*(#4:$
R)%#.#-9$&3(#-$(5#$/%*(25=)339$(5#$/2#"#$4*4$")($*+,-).#$+025:$>5#$(%)$4*7*=
(&1$4*.*4#"4/$*"$(5#$STT$&"4$UTT$8&"4/$5&.#$-#402#4$(5#$/,#2(-0+$&.&*1&=
81#$3)-$O>?$8'$1*+*(*"7$*($()$)"1'$(5#$VUTWXYV$ZRC$8&"4/$A?[?:$>5#-#3)-#9$
(5#$()(&1$"0+8#-$)3$&.&*1&81#$;RQ$25&""#1/$*/$1#//$(5&"$\S$+01(*,1#@#/$%5#"$
S=ZRC=%*4#$25&""#1/$&-#$0/#4$]25&""#1/$\̂WVS_:$D0(9$(&6*"7$*"()$&22)0"($
&4B&2#"($(#--*()-*#/$&"4$(5#$).#-1&,$)3$"&(*)"&1$&"4$-#7*)"&1$"#(%)-6/9$(5#$
25&""#1/$&2(0&11'$0/&81#$3)-$&$,&-(*201&-$"#(%)-6$0/0&11'$-&"7#$3-)+$Y$()$
V̂$+01(*,1#@#/9$&11$4#,#"4*"7$)"$(5#$8)-4#-$&7-##+#"(/$&"4$1&'#-$2).#-&7#$
]A>;=̀$\T̂V_:$>5#-#3)-#9$(5#$0/#$)3$/*@(##"$)-$+)-#$̀Q$25&""#1/$3)-$&$/*+012&/($
#@2##4/$(5#$2&,&2*('$)3$+)/($(#--#/(-*&1$"#(%)-6/:$a)"/#<0#"(1'9$(5#$/*+012&/($
0/*"7$(#--#/(-*&1$O>?$8-)&42&/(/$*/$.#-'$2)+,1#@9$&"4$(5#$%*4#/,-#&4$/)10(*)"$
*/$()$,#-3)-+$*($3)-$)"1'$&$.#-'$/+&11$/08/#($)3$(5#$()(&1$,-)7-&++#/:$D0($(5*/$
)3(#"$4#1&'/$+*7-&(*)"$&"4$(5#$(-&"/*(*)"$,#-*)4$8#2)+#/$1)"7#-:
b#$+&*"(&*"$(5&($8'$&11)%*"7$/*+01(&"#)0/$(-&"/+*//*)"$)3$&11$

,-)7-&++#/9$&"$#33*2*#"($/*+012&/($2)014$&11#.*&(#$(5#$&8).#$4-&%8&26/:$c"4$
3)-$(5*/$-#&/)"9$%#$,-#/#"($&$(#25"*2&1$/)10(*)"$()$&25*#.#$(5*/:$>5#$&-70=
+#"($%#$&4),(#4$*/$&/$3)11)%/:$A3$(5#$(-&"/*(*)"$8#(%##"$7#"#-&(*)"/$*/$#&/*#-$
%5#"$(5#$*"(-)402(*)"$)3$(5#$"#%$7#"#-&(*)"$*/$")($4*/-0,(*.#9$(5#"$*($%)014$
8#$#&/*#-$()$3*"*/5$(5#$(-&"/*(*)"$*3$&11$,-)7-&++#/$&-#$&22#//*81#$%*(5$8)(5$
(#25")1)7*#/:$>5#-#$&-#$(5-##$6#'$,)*"(/$*"$&-70*"7$(5*/:$>5#$3*-/($)"#$5&/$()$
4)$%*(5$2)"/0+#-/d$%5#"$(5#$"#%$7#"#-&(*)"$)3$-#2#*.#-/$8#2)+#/$&.&*1&=
81#9$(5#$#&-1'$&4),(#-/$&-#$+)-#$1*6#1'$()$0,7-&4#$(5#*-$4#.*2#/$&/$/))"$&/$(5#$
"#%$/*7"&1/$&-#$&.&*1&81#9$#.#"$*3$(5#$<0&1*('$)3$(5#$"#%$/*7"&1/$*/$")($(5#$8#/($
,)//*81#:$>5*/$2)014$5#1,$8#2&0/#$(5#$+*7-&(*)"$,-)2#//$%*11$&1%&'/$&22#1#-&(#$
&/$/))"$&/$(5#$2-*(*2&1$"0+8#-$)3$2)"/0+#-/$*/$-#&25#4:$P#2)"41'9$(5#$"##4$()$
*+,-).#$(5#$4*/(-*80(*)"$"#(%)-6$*/$+025$1)%#-$3)-$"#(%)-6$),#-&()-/$%*(5$
&"$#33*2*#"($/*+012&/(:$c/$(5#$8&"4%*4(5$-#<0*-#+#"(/$-#+&*"$(5#$/&+#9$")$
"#%$#+*((#-/$&-#$-#<0*-#49$/)$(5#$1)%$*"*(*&1$*".#/(+#"($1)%#-/$(5#$,)(#"(*&1$
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'())*+),-./-.0+-*1.)/234.*/1-/5-.0+-1+6-.+401/7/89:-;0+)+5/)+<-.0+-1+6-+=*,>
,*/1,-4/372-'+-*1-/?+)(.*/1-(,-,//1-(,-.0+-1+6-8+1+)(.*/1-())*@+,-/1-.0+-
=()A+.:-;0+-.0*)2-A+9-?/*1.-4/14+)1,-.0+-')/(24(,.+),:-B0+1-.0+-1+.6/)A-4(1-
,*=374(,.-(77-?)/8)(==+,<-.0+-)+.3)1-/1-*1@+,.=+1.-*1-.0+-1+6-.+401/7/89-
4/372-'+-C3*4A79-)+4/@+)+2<-'+4(3,+-.0+)+-6*77-'+-+1/380-(32*+14+<-+@+1-*5-*.-*,-
1+4+,,()9-./-,.(9-(0+(2-/5-4/=?+.*.*/1-*1-C3(7*.9-23)*18-.0+-.)(1,*.*/1-?+)*/2:-
D,-4(1-'+-,++1<-/1+-5(4./)-.0(.-4/372-'+-4)*.*4(7-*1-(44+7+)(.*18-.0+-=*8)(.*/1-*,-
.0+-*=?)/@+=+1.-/5-,*=374(,.-,/73.*/1,:

EFGHIJKLMJGHNOPOHNOHIJLGQRSTULI

;0+-4/==/1-VWXYZYWXYW[\]V̂_̀ab][-/5-(-?)/8)(==+-*1@/7@+,-.0+-?)/234.*/1-/5-
.6/-*12+?+12+1.-,+)@*4+,:-c/<-+@+1-*5-.0+-?)/8)(==+-*,-/179-?)/234+2-/14+<-
.0+-/3.?3.-*,-*1@()*('79-.6/-2*55+)+1.-(12-*12+?+12+1.-,+)@*4+,:-d(40-,+)@*4+-
4(1-.0+1-'+-.)(1,=*..+2-.0)/380/3.-2*55+)+1.-/)-*1-.0+-,(=+-=37.*?7+e:-f.-*,-
(-,.)(*80.5/)6()2-,/73.*/1<-+e4+?.-5/)-.0+-,+)*/3,-?)/'7+=-/5-.0+-'(126*2.0-
1++2+2:-f1-5(4.<-(77-?().,-/5-.0+-?)/8)(==+-1++2-./-'+-23?7*4(.+2:-D12-.0*,-
=(9-'+-@+)9-*1+55*4*+1.<-(12-'+4/=+,-(-'())*+)-(,-2*,43,,+2-+()7*+):-g3)-,/73>
.*/1-./-.0+-?)/'7+=-*,-(-hiVW[\]V̂_̀ab][:
;0+-*2+(-/5-hiVW[\]V̂_̀ab][-*,-4/14+?.3(779-,*=?7+j-')/(24(,.-(-?)/8)(==+-

3,*18-.6/-,+)@*4+,-6*.0*1-.0+-,(=+-4/1.(*1+)-k-.0(.-*,<-6*.0*1-.0+-,(=+-l37.*>
m)/8)(==+-;)(1,?/).-c.)+(=-nlm;co-k-60*7+-,0()*18-.0+-=(e*=3=-13='+)-
/5-+7+=+1.,-'+.6++1-.0+=:-p3.-.0+-*=?7+=+1.(.*/1-/5-.0*,-4/14+?.-=(9-'+-
4/=?7+e:-;0*,-().*47+-?)/?/,+,-(-,?+4*5*4-(??)/(40-./-*=?7+=+1.-*.<-(12-,0/6,-
.0(.-*.-*,-.+401*4(779-5+(,*'7+-60+1-3,*18-.0+-,(=+-.)(1,=*,,*/1-,.(12()2:-B+-
5*),.-(1(79,+-.0+-+7+=+1.,-/5-.0+-?)/8)(==+,-.0(.-4(1-'+-,0()+2-/)-4/='*1+2:-
q+e.<-6+-2*,43,,-0/6-(77-.0+,+-+7+=+1.,-4(1-'+-')/380.-./8+.0+):-r*1(779<-6+-
2+,4)*'+-0/6-./-/?.*=*s+-.0+,+-,0()+2-+7+=+1.,-,/-.0(.-.0+-'*.)(.+-3,+2-6*77-
'+-(,-7/6-(,-?/,,*'7+:-f1-,0/).<-6+-?)/@*2+-(-.+401*4(7-,/73.*/1-.0(.-(77/6,-
/?+)(./),-./-?)/@*2+-(-5377-,*=374(,.<-60*40-4(1-'+-3,+2-./-8)+(.79-5(4*7*.(.+-.0+-
.)(1,*.*/1-5)/=-/1+-8+1+)(.*/1-./-(1/.0+)-60+1-.0+-.)(1,=*,,*/1-,.(12()2-*,-
(,,3=+2-./-'+-4/1,.(1.-.0)/380/3.-.0+-,*=374(,.-?+)*/2:
D-.9?*4(7-+e(=?7+-*,-.0+-.)(1,*.*/1-5)/=-lmdt>u-')/(24(,.,-*1-cv-./-

w:uxy-*1-wv-3,*18-vzp>;-,*81(7,:-f1-.0*,-,4+1()*/<-/3)-?)/?/,+2-,/73.*/1-*,-
@(7*2-60+1-3,*18-4/==/179-/?+)(.+2-vzp>;-=37.*?7+e+,:-;9?*4(7-)+4/==+1>
2(.*/1,-7*=*.-.0+-13='+)-/5-?)/8)(==+,-./-5/3)-60+1-3,*18-(-'(126*2.0-/5-
u{-l'?,<-60*7+-5*@+-*,-(1-3,3(7-13='+)-3,*18-uukuy-l'?,:-r/).31(.+79<-/3)-
(??)/(40-(7,/-(77/6,-./-@()9-.0+-7+@+7-/5-C3(7*.9-'+.6++1-cv|wv-@+),*/1,:-
v3+-./-.0+-1++2-/5-4/=?)+,,*18-'/.0-,*81(7,-./-.0+-=(e*=3=<-.0+-,*=374(,.-
C3(7*.9-*,-6/),+-4/=?()+2-./-VWXYZYWXYW[\]V̂_̀ab][:-w/6+@+)<-.0)/380-(-?)+5+)>
+14+-5(4./)<-.0+-C3(7*.9-/5-/1+-@+),*/1-4(1-'+-?)*/)*.*s+2:-;0*,-?)+5+)+14+-5(4./)-
?)/@*2+,-(-)+7+@(1.-5+(.3)+j-.0+-?/,,*'*7*.9-/5-40(18*18-.0*,-C3(7*.9-?()(=+.+)-
/@+)-.*=+:-;03,<-23)*18-.0+-.)(1,*.*/1-?+)*/2<-*.-6/372-'+-?/,,*'7+-./-=/2*59-
.0+-C3(7*.9-2+?+12*18-/1-.0+-?+1+.)(.*/1-/5-1+6-)+4+*@+),:-r/)-+e(=?7+<-.0+-
=*8)(.*/1-4/372-,.().-6*.0-.0+-0*80+,.-?)*/)*.9-./-cv<-=+(1*18-.0(.-.0+-wv-
@+),*/1-6*77-0(@+-7*=*.+2-C3(7*.9:-p3.-7(.+)<-(,-.0+-13='+)-/5-1+6-)+4+*@+),-
8)/6,<-.0+-C3(7*.9-/5-wv-@+),*/1-=(9-*14)+(,+<-60*7+-.0+-cv-C3(7*.9-2+4)+(,+,:-
D.-.0+-+12<-.0+)+-4/372-'+-(-?+)*/2-60+1-.0+-cv-@+),*/1-'+4/=+,-7+8(49<-6*.0-
*.,-C3(7*.9-)+234+2-./-(1-+,,+1.*(7-=*1*=3=:-;0+-)+,37.-4/372-'+-(-,0/).+)-(12-
7+,,-,.)+,,537-.)(1,*.*/1-?+)*/2<-60*40-*,-.0+-37.*=(.+-8/(7-/5-.0*,-?)/?/,(7:
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/012324561789:425;1<423=3645087>7?15=>327>@6178360=6348=<>423=3A@>>321B@>5=263
C1607@63185;4=218?36043;4D@1;4:3<=8:C1:60E3F23=3G;=5615=>34H=BG>4I3C43A75@23
78360437<J4561K437A3=321B@>6=847@236;=82B12217837A3LM3=8:3NM3K4;2178237A36043
2=B43G;7?;=BB423183MOPQ/3846C7;R2I3C1603STUVQW3=8:3NEWXY357:452E
Z@;3G;7G724:3=GG;7=503123<=24:3783A1K43=2G45623;4>=64:367357BB7836450Q

81D@4236737G61B1[43<=8:C1:60E3/04387K4>6\3123673=GG>\3604B3=6360432=B4361B43
673B=H1B1[434AA151485\3183=32G451A153C=\3A7;3=3J7186321B@>5=26E3/04\3=;4]

3̂21B@>5=2618?3C16018360432=B43B@>61G>4H_
3̂6;=5R320=;18?3<46C448324;K1542_
3̂NM3=??;4221K4357BG;422178_
3̂LM3K1:473D@=>16\36C4=R18?_
3̂57B<184:326=612615=>3B@>61G>4H18?E

1̀?@;43a31>>@26;=64236043:1AA4;485423<46C4483=3;4?@>=;318:4G48:486321B@>Q
5=263=8:37@;3J7186321B@>5=26E3F235=83<432448I3604;43=;43<=215=>>\36C73?484;=>3
:1AA4;48542]3bac3d160360434H54G617837A3K1:47I3=>>37604;34>4B48623=;43185>@:4:3
78>\3785431836043J7186321B@>5=26I3C01>43604\3=;43;4G4=64:3183604326=8:=>7843
27>@6178E3bWc3/043K1:47326;4=B231836043J7186321B@>5=26327>@61783=;4321?81A15=86>\3
B7;4357BG;4224:360=83183604326=8:=>784327>@6178I3C16036043=1B37A3755@G\18?3
60432G=5434D@1K=>4863673=3218?>4324;K154E3M@436736043>=664;I36043A18=>3D@=>16\3123
>7C4;360=8360=63=5014K4:3C1603=8318:4G48:486321B@>5=26E3P@6360123>72237A3D@=>Q
16\35=83<434K=>@=64:E3F8:357824D@486>\3A7;3=3G=;615@>=;3M//3846C7;RI3163C7@>:3
<432@AA1514863673D@=861A\3163673:464;B1843=63C0=6360;4207>:3604327>@617835=83
<4357821:4;4:3K=>1:E3d435=>>36012327>@61783effghiijkhlmnjoplqjrstuvipI32185436043
57BG;4221783A=567;31234H6;4B4>\301?031837;:4;3673<43=<>43673whlxvupn3:7@<>436043
8@B<4;37A324;K154231836043:126;1<@61783846C7;R3@218?360432=B438@B<4;37A3ỳ3
50=884>2E

z{|}~������������~��|�����z�

L0=;18?3164B23<46C4483:1AA4;486324;K15423183M/O3123876384CE3/043:1AA4;4863
26=8:=;:23=>;4=:\3185>@:4327B434>4B4862360=63=;4320=;4:3<\324;K1542E3̀7;3
4H=BG>4I360724360=63G;7K1:436043T;7?;=BB43V@1:43:=6=3bU�/c3185>@:4318A7;Q
B=61783A7;324K4;=>324;K15423bP487163W��WcE3P@63604;43=;437604;3B7;4321?81A1Q
5=8634H=BG>42I32@503=2364>464H6324;K1542E3�631236\G15=>>\320=;4:3<\324;K15423A;7B3
60432=B43G;7K1:4;3C0483604\3=;4318360432=B43B@>61G>4HE3�83601235=24I3=3?>7<=>3
64>464H6324;K1543123<@1>63673<43@24:3<\3=3?;7@G37A321B1>=;324;K1542E3/01235=83<43
=5014K4:3<45=@243604;431238736450815=>3>1B16=61783183604326=8:=;:2360=63G;4K48623
=3?1K483TUL3A;7B3<418?3;4A4;4854:3<\3B7;4360=83784324;K154E3�8360123C=\I3163123
=554G6=<>4360=636C737;3B7;43TS/36=<>429;4A4;367360432=B43T�ME3N7C4K4;I360123
20=;18?3;4D@1;4232G451=>3B4=2@;42E3̀7;31826=854I3C0483604364>464H6326;4=B3123
20=;4:3=8:31635=;;14232@<616>42I360483163123845422=;\3673185>@:436042432@<616>423
18360432=B435786=184;3=8:31:4861A\3604B357;;456>\E3/0123123=5014K4:3<\31824;6Q
18?34=5037843783=3:1AA4;4863G=?4I3=8:360483=::18?3604357;;42G78:18?364>464H63
:425;1G67;36736043TS/3G718618?36736043B=65018?3G=?4318360432@<616>43:425;1GQ
6178324561789bU/L�3W�a�cE3/01234H=BG>431>>@26;=6423C0=63844:23673<43:7843673
20=;43=83164B3=5;7223:1AA4;486324;K154237A360432=B43ST/L]360434>4B4863B@263<43
57826;@564:31832@503=3C=\360=631635=83<4320=;4:I3=8:360483=3:425;1G67;3B@263<43
=::4:36734=50324;K154360=63@242316E
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&'()*+,(-./0(1'00/23,(/4(-.,(0/)53-*4,'50(-6*40)/00/'4('7(16'86*)),0(
/4(9:(*4;(<:=(*4(,00,4-/*3(6,>5/6,),4-()50-(2,(7537/33,;?(-.,(0,6@/A,0()50-(
*3B*C0(2,(B/-./4(-.,(0*),(&6*401'6-(9-6,*)D(&./0(7'6A,0(-.,(50,('7('43C('4,(
)';53*-/'4(-,A.4'3'8C(B/-.'5-(2,/48(*23,(-'(5186*;,(-'(*(4,B('4,D(E0(*(
6,053-=(*3-.'58.(-.,(:FGH&I(0-*4;*6;(16'@/;,0(*(0/84/7/A*4-(/4A6,*0,(/4(2*4;H
B/;-.(1,67'6)*4A,(A')1*6,;(-'(:FGH&=(-.,6,(/0(4'(A.'/A,(25-(-'(A'4-/45,(
50/48(-.,(3*--,6D(E4;=(,@,4(-.'58.(/-(/0(1'00/23,(-'(/4A6,*0,(-.,(2/-6*-,(2C(JKLM(
1,6(A,4-(50/48(-.,(0*),(0-*4;*6;(N50-(2C(*;N50-/48(0'),(4,-B'6+(1*6*),-,60=(
-./0(A*4(2,(A'54-,616';5A-/@,D(&.,(6,*0'4(/0(-.*-(/-(6,;5A,0(-.,(6'250-4,00('7(
-.,(0/84*3=(*4;(A'40,>5,4-3C(-.,(A'@,6*8,(/0(3'B,6,;D(9'=(/-(/0(2,--,6(4'-(-'(
A.*48,(-.,(4,-B'6+(1*6*),-,60D(&.,6,7'6,=(0.*6/48(,3,),4-0(50/48(-.,(0*),(
-6*401'6-(4,-B'6+(/0(0.'B4(*0(-.,(2,0-(1'00/23,(0'35-/'4D
9-*6-/48(76')(-.*-(/;,*=(-.,(;/77,6,4-(,3,),4-0(-.*-(A')1'0,(*(0,6@/A,(

*4;(-.*-(A'53;(2,(0.*6,;(*6,?(-,3,-,O-=(*5;/'=(),-*;*-*=(*;;/-/'4*3(0,6@/A,0(
PQ*6'50,3=(<22&F=(,-ADR=(A'4;/-/'4*3(*AA,00(;*-*(PSTT(*4;(SQTR(*4;(0'('4D(
U4(7*A-=(*4C-./48(A*4(2,(0.*6,;=(B/-.(-.,(0'3,(,OA,1-/'4('7(-.,(@/;,'=(0/4A,(
/-(/0(-.,(;/77,6,4-/*-/48(,3,),4-D(E5;/'(/0(4'-(*(0/4853*6(,3,),4-(2,A*50,(
0,6@/A,0(A*4(4*-/@,3C(/4A35;,(0,@,6*3(*5;/'(-6*A+0(,4A';,;(50/48(;/77,6,4-(
A';,A0D(&.,6,7'6,=(-.,(/4A350/'4('7()53-/13,(*5;/'(-6*A+0(;',0(4'-(A*50,(-6'5H
23,0=(*0(13*C,60(;/0A*6;(54+4'B4(7'6)*-0D(9'=('43C(2C(/4A35;/48('4,(*5;/'(
0-6,*)(,4A';,;(B/-.(*(3,8*AC(A';,A(-.,4(*33(6,A,/@,60(B/33(2,(*23,(-'(13*C(-.,(
0,6@/A,(P9'-'(IMLJRD(<'B,@,6=(/-(/0()*4;*-'6C(-'(*-(3,*0-(/4A35;,(-./0(3,8*AC(
*5;/'(-6*A+(-.*-(/0(A')1*-/23,(B/-.(-.,(16,@/'50(8,4,6*-/'4=(*0(B/-.'5-(/-(-.,(

VWXYZ[\]̂\_̀a[b[̀a[̀c\dWeYfghdc\idj\hXXZ[ddWi[\klẀc\dWeYfghdcj
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!"#$%&'(")*%"+',*!!'-./'0"'$0!"'/.'1!$&'$-&'$2(*.3'45"6"7.6"8'*/',*!!'16.0$0!&'0"'
9.6"'$()$-/$#".2+'/.'+*91!&'2+"'.-!&'16")*.2+:#"-"6$/*.-'$2(*.'%.("%+'7.6'
$!!'/6$%;+3
<.,")"68'/.'9$;"'/5*+'72-%/*.-$!8'/5"')*(".'*-'0./5')"6+*.-+'92+/'0"'

1"67"%/!&'+&-%56.-*="(3'45*+'9"$-+'/5$/'+*-%"'$!!'./5"6'+5$6"('"!"9"-/+'$6"'
/5"'+$9"8'*/'*+'-"%"++$6&'/5$/'/5"'/*9"+/$91+'0"'*("-/*%$!'7.6'0./5')*(".'
+">2"-%"+3'?-!&'/5"-'/5"'/*9"'6"7"6"-%"+'7.6'/5"'6"+/'.7'/5"'"!"9"-/+',*!!'0"'
)$!*('6"#$6(!"++'.7'/5"')*(".')"6+*.-8'$-('/5"-'/5"6"',*!!'0"'-.'+&-%56.-*=$:
/*.-'16.0!"9+'*-'/5"'6"16.(2%/*.-3'<.,")"68'*-'.6("6'/.'$11!&'/5*+'/"%5-*>2"'
%.66"%/!&8'*/'*+'+/*!!'-"%"++$6&'/.'1"67.69'./5"6'.1/*9*=$/*.-'/$+;+3'45"'7.!!.,*-#'
+20+"%/*.-+'"@1!$*-'./5"6'+/"1+'-"%"++$6&'/.'$%5*")"'/5"'#.$!'.7'$'%.91!"/"'
+*92!%$+/'*-'/5"'+$9"'AB4C3

DEFGHIJEKLMNOJPIJQRNSTHREUOPEHR

V$%5'W4X'+"6)*%"'92+/'5$)"'$'9$+/"6'%!.%;'/.'$%5*")"'16.1"6'+&-%56.-*=$:
/*.-'.7'$!!'"!"9"-/+'1"6/$*-*-#'/.'/5$/'+"6)*%"3'Y*/5.2/'$'9$+/"6'%!.%;8'*/'9$&'
0"'*91.++*0!"'/.'2+"'/5"'B4CZW4C'9$6;+'/.'+&-%56.-*="'/5"'(*77"6"-/'BVC'
+/6"$9+3'45"'9$+/"6'%!.%;'+*#-$!'*+'/6$-+9*//"('0&'*-%!2(*-#'B[\'/*9"+/$91+'
$/'+5.6/'*-/"6)$!+'.-'/5"'1$%;"/+'.7'/5"'BVC'+/6"$9'/5$/'+"6)"+'$+'/5"'9$+/"6'
%!.%;3']+2$!!&8'*-'$'4X'+"6)*%"8'/5"'B[\'*+'/5"-'*-%!2("('*-'/5"')*(".'+/6"$93'
<.,")"68',5"-'/5"6"'$6"'/,.')*(".'+/6"$9+8'.-!&'.-"'.7'/5"9'%$-'%$66&'/5"'
9$+/"6'%!.%;'+*#-$!8'+.'$'9$+/"6')*(".'+/6"$9'$-('$'+!$)"')*(".'+/6"$9'$6"'
-""("(3'45*+'*+'/5"'%$+"8'7.6'"@$91!"8',*/5'92!/*:%$9"6$'+"6)*%"+'.6',5"-'
2+*-#'̂W'%.-/"-/'%.916"++"('2+*-#'*-("1"-("-/')*",+8'$!+.'%$!!"('+*92!%$+/'
.7'92!/*)*",')*(".'_X"/6.'"/'$!3'̀abbc3'd-('$'+*9*!$6'$116.$%5'*+'2+"('*-'/5"'
e!2:6$&'+1"%*7*%$/*.-8',5"6"'/5"'eWdX'7.69$/'2+"+'$'7*@"('BfW'_a@baabc',*/5'
"91/&'1$&!.$('/5$/'%$66*"+'/5"'B[\'9$6;+3'f-'$!!'/5.+"'%$+"+8'/5"6"'*+'+*91!&'$'
)*(".'+!$)"'+&-%56.-*="(',*/5'$'9$+/"6')*(".3
]+*-#'/5"'+$9"'+.!2/*.-'*/'9$&'0"'$!+.'1.++*0!"'/.'#"-"6$/"'/,.'+*92!:

%$+/'+"6)*%"+'+5$6*-#'/5"'+$9"'/*9"'0$+"3'g*#26"'̀'+299$6*="+'/5"'16.%"++'.7'
#"-"6$/*-#'$-'AB4C'+/6"$9',*/5'+&-%56.-*="('+*92!%$+/'+"6)*%"+3
45"'16.%"++'0"#*-+',*/5'/5"'16.(2%/*.-'.7'/5"'+.26%"'16.#6$99"'_*-'

<W'7.69$/c3'e2/8'*-+/"$('.7'%.916"++*-#'/5"')*(".'*-'/5"'2+2$!',$&8'$'
+"%.-(')"6+*.-'.7'/5"')*(".'*+'#"-"6$/"('0&'(.,-+$91!*-#'/5"'.6*#*-$!3'45"'
%.916"++*.-'*+'/5"-'1"67.69"('*-'+*92!%$+/3'45*+'9"$-+'/5$/'"$%5')"6+*.-'
*+'%.916"++"('2+*-#'$'(*77"6"-/'%.("%8'02/'+5$6*-#'/5"'+$9"'/*9"'0$+"3'45*+'
,.2!('0$+*%$!!&'0"'/5"'">2*)$!"-/'.7'#"-"6$/*-#'$'92!/*:%$9"6$')*(".'02/'
2+*-#'(*77"6"-/'%.("%+3'd/'/5"'+$9"'/*9"8'$!!'./5"6'"!"9"-/+'_$2(*.8'/"!"/"@/8'
"/%3c'$6"'%.916"++"('*-'/5"'2+2$!',$&3
45"'-"@/'+/"1'*+'/.'$(('B[\'/*9"+/$91+'/.'0./5')*(".'+/6"$9+3'f-'/5".6&8'

/5*+'*+'0"&.-('W4X'+/$-($6(+8'0"%$2+"'.-!&'.-"'+/6"$9'%$-'0"'/5"'9$+/"6'
%!.%;3'<.,")"68'/5*+'(."+'-./'6$*+"'$-&'/"%5-*%$!'*++2"'$/'$!!3'45*+'*+'0"%$2+"'
B[\'/*9"+/$91+'$6"'!*-;"('/.'1$%;"/+'.7'$'#*)"-'BVC3'45"6"7.6"8'*-%!2(*-#'
9.6"'B[\'/*9"+/$91+'*-/.'./5"6'+/6"$9+'(."+'-./'*-/"67"6"',*/5'"@*+/*-#'
/*9"+/$91+3'45*+'*+'/62"'0"%$2+"'/5"'+"6)*%"'("+%6*1/*.-'*-'/5"'BA4'/$0!"h,*!!'
%.-/*-2"'/.'1.*-/'/.'/5"'9$+/"6')*(".'+/6"$98'$-('*/+'B[\'/*9"+/$91+',*!!'
0"'16"+"-/3'd-('$-&'1!$&"6',*!!'i2+/'*#-.6"'/5"'/*9"+/$91+'16"+"-/'*-'./5"6'
+/6"$9+3'[.-+">2"-/!&8'/5"'6"+2!/*-#'46$-+1.6/'C/6"$9',*!!'6"9$*-')$!*(3'
<.,")"68'*/'*+'+/*!!'-"%"++$6&'/5$/'/5"'B[\'/*9"+/$91+'$(("('/.'/5"'+!$)"'
)*(".'+/6"$9'0"'1"67"%/!&'+&-%56.-*="(',*/5'/5.+"'*-'/5"'9$+/"6')*(".'+/6"$93'
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'()*+,-.(/.)0/*10*2+(*)(0340(03.(/.5.0*0*2+(*+0./64-)(27(89:(0*;.)04;5)(27(<203(
6*=.2)(;>)0(<.(*+=.5.+=.+0?
@3.(03*/=()0.5(*)(02(;>-0*5-.A(03.()./6*1.(*+02(03.(7*+4-(B8@C?(D+(03*)(14).E(

03.(5/21.=>/.(=2.)(+20(=*77./(7/2;(03.(>)>4-?(C2E(470./(,.+./40*+,(03.()./6*1.E(
*0(;./.-F(34)(02(<.(;./,.=(*+02(03.(2>0,2*+,(B8@C?(@3.(2+-F(=*77./.+1.(
<.*+,(0340(03.(;>-0*5-.A./(;>)0(;4*+04*+(03.(89:(0*;.)04;5)(*+(<203(6*=.2(
)0/.4;)?(@3*)(*)(4(5/2<-.;(0340(14+(<.(.4)*-F(4==/.)).=?(G2/(4--(03.(541H.0)(
27(03.()4;.()./6*1.E(;>-0*5-.A40*2+(*)(5./72/;.=(>)*+,(03.(89:(64->.)(27(03.(
;4)0./(6*=.2E(4+=(I*032>0(04H*+,(*+02(4112>+0(03.(0*;.)04;5)(27(03.()-46.(
6*=.2E(04H*+,(14/.(02(+20(/.;26.(03.(4==*0*2+4-(89:(0*;.)04;5)(5/.).+0(*+(03.(
)-46.(6*=.2(541H.0)?(C2E(2+-F(4()*;5-.(/.J)04;5*+,(27()>13(89:(64->.)(*+(03.(
)-46.(6*=.2()0/.4;(I*--(<.(+.1.))4/F(I*032>0(+..=*+,(02(;26.(03.*/(52)*0*2+?(
K*03(4--(03.(4<26.E(4-032>,3(03.(89:(0*;.)04;5)()..;(02(<.(*+=.5.+=.+0E(
)F+13/2+*L40*2+(27(<203()0/.4;)(211>/)(I*03*+(03.()4;.(1-21H?
'-032>,3(03*)()2->0*2+(I2>-=(1./04*+-F(I2/HE(03./.(*)(4+203./(4-0./+40*6.(M(

03.(2+.(455-*.=(02(N->J/4F(=*)1)?(@3*)(*+62-6.)(4==*+,(4(03*/=(0/41H(I*03(.;50F(
54F-24=E(I3*13(2+-F(12+04*+)(89:(0*;.)04;5)?(@3*)(4==*0*2+4-()0/.4;(*)(03.+(
)34/.=(<.0I..+(03.(0I2()*;>-14)0()./6*1.)?(D+(03*)(I4FE(<203(6*=.2()0/.4;)(
)*;5-F(=2(+20(14//F(89:(;4/H)(4+=(03.(;4)0./(1-21H(*)(4))21*40.=(I*03(03*)(
.A0/4()0/.4;?(@3.(7*+4-(/.)>-0(*)(.A410-F(03.()4;.(4)(*+(03.(5/.6*2>)(14).E()2(
.*03./()2->0*2+(14+(<.(455-*.=(*+=*)0*+10-F?
@3.(72>/03(4+=(-4)0()0.5(*)(5./72/;.=(I*03(03.(7*+4-(B8@C?(D+(*0E(03.(8CDOCD(

04<-.)P4/.(;2=*7*.=(02(=*6*=.(03.(,.+./40.=()./6*1.(*+02(0I2(=*77./.+0()./6*1.)?(
@3*)(04)H(12+)*)0)(27(5./72/;*+,(0I2(03*+,)Q(7*/)0E(=.J-*+H*+,(03.()-46.(6*=.2(
)0/.4;(7/2;(03.()./6*1.R(4+=().12+=E(1/.40*+,(4(+.I()./6*1.(I*03(0340()-46.(
6*=.2()0/.4;(4+=(03.(/.)0(27(03.()34/.=(.-.;.+0)?(G2/(.A4;5-.E(72/(4(;4)0./(
6*=.2(*+(STE(03.(72--2I*+,(72>/(410*2+)(I2>-=(<.()>77*1*.+0(02(12;5-.0.(03.(
5/21.))Q(UVW(125F(03.(8B@(541H.0)(27(03.()./6*1.(*+02(4(+.I(7/..(8DT(UI3*13(

XYZ[\]̂_̀̂ ab\cdebf̂db\̂ghijk\biYlYiẐm̂nbYiôgYp[ejmgoq
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!"##$%&'($)'$*$('!$+,-$%*)#'./$01.$234"56$%&'$37"8"(*#$+,-$%*)#'935$%&'$:'7;"<'$
)6$7'23;"(8$%&'$7'5'7'(<'$%3$%&'$:'<3(4*76$;"4'3$35$%&'$=>$:%7'*2/$0?.$7'<3(@
:%7A<%$%&'$<3B"'4$+,-$%*)#'9%3$*::"8($"%$*$('!$"4'(%"5"'7/$B3"(%$%&'$+CD$+E>$
%3$%&'$=>$;"4'3$:%7'*2/$*(4$7'23;'$%&'$7'5'7'(<'$%3$%&'$F>$;"4'3$:%7'*2G$
H3%'$%&*%$!&'($A:"(8$%&'$%&"74$'2B%6$:%7'*2$!"%&$+CD$2*7I:J$*44"%"3(*#$
:%'B:$*7'$7'KA"7'4L$5"7:%$<7'*%'$%&'$'M%7*$:%7'*2J$%&'($<3B6$%&'$+CD$2*7I:$
5732$%&'$2*:%'7$;"4'3J$%&'($7'23;'$%&'$+CD$2*7I:$"($%&'$2*:%'7$;"4'3$*(4$
5"(*##6$<&*(8'$)3%&$+,-$:'7;"<'$%*)#':9:3$%&*%$%&'6$B3"(%$%&'$+CD$%3$%&":$'M%7*$
:%7'*2/$*(4$0N.$2*I'$<&*(8':$"($%&'$+=EO=E$%*)#':9%3$*44$%&'$('!$=>$:'7;"<'$
0"($%&":$<*:'J$"4'(%"56"(8$%&'$:'7;"<'$*:$=>$"(:%'*4$35$F>.G$P*%'7$"%$":$B3::")#'$
%3$2*I'$*44"%"3(*#$<&*(8':$)6$2*("BA#*%"(8$3%&'7$+=EO=E$%*)#':935$%&'$,+-=J$
)A%$*##$%&':'$234"5"<*%"3(:$!"##$)'$<32B#'2'(%*76G
-&'$3A%<32'$":$%&'($*($,+-=$!"%&$%!3$:'7;"<':$"($:"2A#<*:%$%&*%$:&*7'$

'#'2'(%:G$-&'$:"8(*##"(8$35$'*<&$35$%&':'$%!3$:'7;"<':$":$"(4'B'(4'(%G$QA%$
%&'$:6(<&73("R*%"3($)'%!''($'#'2'(%:$":$:&*7'4$*(4$*<<A7*%'G$-&'7'537'J$*(6$
7'<'";'7$<*($B#*6$)*<I$'"%&'7$:'7;"<'$!"%&3A%$B73)#'2:G$S&'($4'<34"(8$%&'$
F>$:'7;"<'J$%&'$37"8"(*#$+CD$%"2':%*2B:$!"##$)'$"($A:'G$T(4$!&'($%&'$=>$
:'7;"<'$":$)'"(8$B#*6'4J$%&'$+CD$%"2':%*2B:$!"##$)'$%&'$3(':$*::3<"*%'4$!"%&$
%&'$:#*;'$;"4'3G$QA%J$%&'7'$2"8&%$)'$(3$:6(<&73("R*%"3($B73)#'2:$)'<*A:'$%&'$
3%&'7$'#'2'(%:$*7'$:6(<&73("R'4$!"%&$%&'$2*:%'7$;"4'3$*(4J$*%$%&'$:*2'$%"2'J$
%&'$:#*;'$;"4'3$":$:%"##$:6(<&73("R'4$!"%&$"%G$-&'7'537'J$%&'$+CD$%"2':%*2B:$35$
%&'$:#*;'$;"4'3$<*($3B'7*%'$*:$%&'$2*:%'7$<#3<I$!"%&3A%$%73A)#':G$T(4$!&'($
%&'$'M%7*$+CD@3(#6$:%7'*2$":$A:'4J$%&'7'$!3A#4$)'$(3$B73)#'2$'"%&'7J$*:$%&'$
B#*6)*<I$A:':$:&*7'4$+CD$2*7I:G
F3!';'7J$"%$":$7'#';*(%$%3$2'(%"3($&'7'$%&*%$*5%'7$%&'$:B#"%%"(8$B73<'::J$

"%$!"##$(3$#3(8'7$)'$B3::")#'$%3$7'@2A#%"B#'M$*8*"(G$T(6$234"5"<*%"3($%3$%&'$
,+-=$"2B#6"(8$*$7'2AM"(8$B73<'::$!"##$#3:'$%&'$:6(<&73("R*%"3($*23(8$)3%&$
:'7;"<':G$U37$%&":$7'*:3(J$%&'$B73<'::$35$4";"4"(8$AB$%&'$:'7;"<':$2A:%$*#!*6:$
)'$2*4'$*%$%&'$'(4$35$%&'$B734A<%"3($<&*"(G$Q'537'$7'*<&"(8$%&*%$B3"(%J$"%$
":$B3::")#'$%3$3B'7*%'$*:$A:A*#$!&"#'$2*"(%*"("(8$*$2A#%"@<*2'7*$:'7;"<'$37$
I''B"(8$%&'$+CD$%"2':%*2B:$:&*7'4G$-&'7'537'J$*5%'7$:B#"%%"(8$%&'$:'7;"<':J$"%$
!"##$3(#6$)'$B3::")#'$%3$2*I'$<&*(8':$%3$%&'$,+-=$:3$5*7$*:$%&*%$"%$!3A#4$(3%$
"2B*<%$:6(<&73("R*%"3(G$F3!';'7J$"%$":$3);"3A:$%&*%$%&":$<3(:%7*"(%$":$(3%$'55'<@
%";'$!&'($A:"(8$*$7'@2A#%"B#'M'7$%&*%$":$*!*7'$35$%&'$:6(<&73("R*%"3($)'%!''($
4"55'7'(%$:"2A#<*:%$:'7;"<':G$E($%&*%$<*:'J$%&":$7':%7"<%"3($<3A#4$)'$7'23;'4G

VWWXYZZ[\Y]̂_]̀abcXYZZ[ad

-&'$4":%7")A%"3($35$F>$:'7;"<':$<*($)'$43('$A:"(8$*$!"4'$;*7"'%6$35$<32B7':@
:"3($B*7*2'%'7:G$E($5*<%J$*##$>-e$:%*(4*74:$*7'$5#'M")#'$*(4$*##3!$%3$<&33:'$
4"55'7'(%$B*7*2'%'7:$4'B'(4"(8$3($%&'$<32B732":'$)'%!''($4"55'7'(%$5*<%37:$
0'G8G$(A2)'7$35$<&*(('#:J$%3%*#$)*(4!"4%&J$*23A(%$35$7'4A(4*(<6J$KA*#@
"%6$35$:'7;"<'.$0Q'(3"%$1ff1/$>A*7%'$*(4$g#4*7$1fhh.G$T(4$%&":$<3A#4$)'$43('$
"($*(6$35$%&'$4"55'7'(%$#*6'7:L$%7*(:2"::"3($0DU.J$'(<*B:A#*%"3($0,+gi1@-=.$
*(4$<32B7'::"3($0TOe.G$-&":$":$&3!$)73*4<*:%'7:$*4*B%$%&'"7$:'7;"<':$%3$%&'$
%7*(:B37%$('%!37IG$F3!';'7J$"($%&'$<*:'$35$*$j3"(%$:"2A#<*:%J$%&'$5A(4*2'(%*#$
B*7*2'%'7$%3$)'$<3(%73##'4$":$%&'$#';'#$35$;"4'3$<32B7'::"3(G$E%$":$%&'7'537'$
<7"%"<*#$%3$3B%"2"R'$%&'$<32B7'::"3($35$;"4'3$:%7'*2:$%3$%&'$'M%7'2'G$T(4$%&":$
":$%7A'$537$)3%&$=>$*(4$F>$;'7:"3(:G$F3!';'7J$'*<&$7'KA"7':$"%:$3!($B73<'::@
"(8J$:3$!'$!"##$5"7:%$4":<A::$%&'$<*:'$35$F>$;"4'3G
D'8*74"(8$%&'$;"4'3J$"%$!"##$)'$('<'::*76$%3$A:'$!&*%$!'$<*($<*##$kllmnoopqnr

stuvmnooptwG$E%$)*:"<*##6$2'*(:$A:"(8$%&'$23:%$'M%7'2'$;*#A':$*##3!'4$)6$%&'$
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'()*'+,(+(-,./0+,1*+2(3*4,+5(44/-2*+-/,6.,*7+82,1(9:1+,1*4*+*;,6*<*+=.29*4+.6*+
0(,+94*)+/0+,>5/'.2+-6(.)'.4,4?+/,+/4+*44*0,/.2+1*6*7+@1/4+/4+-*'.94*+,1*+:(.2+/4+,(+
-90)2*+,3(+=*64/(04+(A+,1*+=/)*(+/0,(+,1*+45.'*+0(6<.22>+(''95/*)+->+.+4/0:2*+
4*6=/'*7+B(04*C9*0,2>?+,1*+0*:.,/=*+/<5.',+(A+94/0:+49'1+*;,6*<*+'(<56*44/(0+
(9,3*/:14+,1*+-*0*A/,+(A+,1*+6*C9/6*)+-.0)3/),1+4.=/0:47+8<(0:+,1*+5.6.<D
*,*64+,1.,+'.0+-*+.)E94,*)+,(+/0'6*.4*+,1*+'(<56*44/(0+2*=*2+(A+=/)*(+.6*+,1*+
A(22(3/0:F

G+HIJKLMNOPQR+8+A90).<*0,.2+56/0'/52*+/4+,1.,+,1*+:6*.,*6+,1*+)/4,.0'*+
-*,3**0+,3(+SDA6.<*4?+,1*+:6*.,*6+,1*+'(<56*44/(0+*AA/'/*0'>+TU94VWX+.0)+
S<6*+YZ[Z\7+@1*6*A(6*?+.+2(0:*6+]̂ _+3/22+/<56(=*+'(<56*44/(0+*AA/'/*0'>+
31*0+'(0,6(22/0:+5(44/-2*+)*:6.).,/(0+A6(<+4'*0*+'1.0:*47+U(3*=*6?+/0+
@̀a?+,1*+)96.,/(0+(A+]̂ _+4*C9*0'*4+'.00(,+-*+=*6>+2(0:?+.4+,1/4+3(92)+
)/4695,+,1*+4,.6,+,/<*+(A+52.>-.'X+)96/0:+V.55/0:7+@1/4+/4+31>+=.29*4+'2(4*+
,(+[ZZZ+<4+(6+2*44+.6*+(A,*0+94*)?+A(6+.+,>5/'.2+1.2AD4*'(0)+'.)*0'*+(A+
'1.00*2+'1.0:*7+U(3*=*6?+/,+/4+5(44/-2*+,(+42/:1,2>+/0'6*.4*+,1*4*+=.29*4+
'2(4*+,(+YZZZ+<47+80)+4/0'*+,1*+'966*0,+45*'/A/'.,/(04+(A+̀@a+6*'*/=*64+
.22(3+A(6+,1*4*+2.6:*+=.29*4?+,1/4+'1.0:*+3/22+(02>+/<5.',+,1*+6*45(04*+,/<*+
31*0+.+'1.00*2+/4+,90*)7+80)+/0+A.',+)96/0:+,1*+,6.04/,/(0+5*6/()?+,1/4+/4+
0(,+.+)*,*6</0/0:+A.',(67

G+bccdKeQMefR+@1*+*AA/'/*0'>+(A+/0,*6DA6.<*+'(<56*44/(0+/4+4/:0/A/'.0,2>+
/<56(=*)+31*0+A9,96*+A6.<*4+.6*+,.X*0+/0,(+.''(90,+T](2)<.0+YZZg\7+
h9'1+A6.<*4+3/22+56(=/)*+.))/,/(0.2+/0A(6<.,/(0+.-(9,+,1*+94.:*+(A+
*.'1+<.'6(D-2('X?+.44/:0/0:+)/AA*6*0,+56/(6/,/*4+,(+,1*<+)*5*0)/0:+(0+
,1*+)*:6**+(A+/0A29*0'*+(0+,1*+56*)/',/(0+(A+A9,96*+A6.<*47+@1.,+/4+31>+
'(<<(0+̀@a+'(<56*44(64+(5*6.,/0:+/0+6*.2+,/<*+.0)+0(,+94/0:+/0A(6<.D
,/(0+A6(<+0*.6+A9,96*+'.00(,+.'1/*=*+,1*+4.<*+*AA/'/*0'>+.4+,1(4*+3(6X/0:+
3/,1+4,6*.</0:+'(0,*0,7+@1*6*A(6*?+->+/0,6()9'/0:+.+'*6,./0+)*2.>+/0,(+,1*+
4,6*.<?+/,+/4+5(44/-2*+,(+,.X*+.)=.0,.:*+(A+,1/4+A*.,96*+.24(+31*0+(5*6.,/0:+
/0+6*.2+,/<*7+@1/4+)*2.>+/4+0(,+)*4/6.-2*+/0+,1*+)/4,6/-9,/(0+(A+̀@a+4*6=/'*4?+
-9,+.4+,1*6*+3/22+-*+0(+)*2.>+-*,3**0+,1*+)/AA*6*0,+=*64/(04+(A+,1*+4/<92D
'.4,?+(0+.''(90,+(A+4>0'16(0/V.,/(0?+,1*+,(,.2+)*2.>+3/22+0(,+-*+0(,/'*)+
)/6*',2>+->+,1*+94*647+@1*6*A(6*?+,1/4+3/22+0(,+-*+.+)*,*6</0/0:+A.',(6+)96/0:+
,1*+,6.04/,/(0+5*6/()+*/,1*67

G+ijNjkeLKljPmePMR+@1*+94*+(A+=*6>+2(3+-/,6.,*4+/4+0(,+6*'(<<*0)*)+A(6+̀@a+
-6(.)'.4,4+*/,1*67+@1*+<./0+6*.4(0+/4+5(,*0,/.2+-9AA*6+(=*6A2(3+(6+90)*6D
A2(3?+.4+3*22+.4+<(6*+'(<52*;+<92,/52*;/0:+Tn.0:+.0)+a/0'*0,+[ggg\7+
@1/4+/4+31>+31*0+,1*+'(<52*;/,>+(A+.+4*C9*0'*+/4+=*6>+2(3?+,1*+*0'()*64+
'(<<(02>+A/22+,1*+-/,6.,*+,(+.+</0/<.2+,16*41(2)?+*=*0+/A+,1*+C9.2/,>+4*,,/0:+
/4+.-(=*+,1*+,.6:*,+=.29*7+U(3*=*6?+->+6*2.;/0:+,1/4+6*4,6/',/(0?+/,+/4+5(44/D
-2*+,(+,.X*+.)=.0,.:*+(A+,1*+45.'*+.=./2.-2*+,(+/<56(=*+,1*+5*6A(6<.0'*+
(A+E(/0,+4/<92'.4,7+o9,?+.2,1(9:1+,*'10/'.22>+,1/4+.)E94,<*0,+/4+5(44/-2*?+/,+
/4+0*'*44.6>+,(+)(+/,+=*6>+'.6*A922>+/0+(6)*6+,(+0(,+:*0*6.,*+.+@6.045(6,+
h,6*.<+3/,1+-9AA*6+*66(647

G+IpPjkjqePjcNKcrKspePjeLKmMscLtPjcNR+80(,1*6+-.4/'+56/0'/52*+/4+,1.,+,1*+4<.22*6+
,1*+45.,/.2+6*4(29,/(0?+,1*+<(6*+*AA/'/*0,+3/22+-*+,1*+'(<56*44/(07+@1.,+
/4+31>+,1*+=/)*(+56*D56('*44/0:+.22(34+,(+6*.'1+1/:1*6+*AA/'/*0'>+6.,*4+
To69'X4,*/0+*,+.27+YZZu\7+o9,?+/0+.))/,/(0+,(+)(/0:+,1.,?+/,+/4+.24(+5(44/-2*+,(+
)/6*',2>+6*)9'*+,1*+45.,/.2+6*4(29,/(07+S,+/4+/<5(6,.0,+,(+0(,*+,1.,+,1*+56*D
56('*44/0:+A/2,*64+94*)+/0+̀@a+.6*+:*0*6.22>+.)E94,*)+,(+56*4*6=*+.4+<9'1+
45.,/.2+/0A(6<.,/(0+.4+5(44/-2*7+o9,?+4/0'*+/0+,1*+,6.04/,/(0+5*6/()+/,+/4+0(,+
4,6/',2>+0*'*44.6>+,(+3(6X+3/,1+,1*+<.;/<9<+6*4(29,/(0?+,1/4+6*4,6/',/(0+
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!"#$"%&'$()$*)%"+),-$.#,$/0"/$12%%$"%%'1$/'$2#!*)"&)$/0)$!'34*)&&2'#$5"!/'*$
)6)#$12/0'7/$4*',7!2#8$"44*)!2"(%)$"*/)5"!/&-$902&$3":$()$)&4)!2"%%:$
234'*/"#/$"/$/0)$/23)$'5$&237%!"&/$%"7#!0;$()!"7&)$,7)$/'$/0)$32#2373$
#73()*$'5$*)!)26)*&$2#&/"%%),;$/0)$4*)&)#!)$'5$<=$&)*62!)&$2&$37!0$3'*)$
234'*/"#/$/0"#$2/&$)55)!/26)$>7"%2/:-

?$@ABCDEFGHIDCJJKGLEGIAKHKMNAKGLJO$P)!"7&)$/0)$"6"2%"(%)$("#,12,/0$,7*2#8$
/0)$/23)$'5$"$&237%!"&/$2&$6)*:$&!"*!);$2/$2&$!'#6)#2)#/$/'$"44%:$"%%$"6"2%Q
"(%)$'4/232R"/2'#&$12/02#$/0)$#)1$!',)!-$P7/$,'2#8$&'$3":$#'/$()$"$6)*:$
!'33'#$3)"&7*)$10)#$2#/*',7!2#8$"$#)1$8)#)*"/2'#$'5$=9S-$90)$*)"&'#$
2&$/0"/$/0)$/)!0#'%'8:$3":$#'/$()$3"/7*)$)#'780;$"#,$/0)*)5'*)$/0)*)$3":$
()$4*'(%)3&$12/0$!)*/"2#$*)!)26)*&-$P7/$/02&$2&$T7&/$"$&/"#,"*,2R"/2'#$4*'(Q
%)3-$P:$3"U2#8$/0)$#)!)&&"*:$!'34"/2(2%2/:$/)&/&;$2/$2&$4'&&2(%)$/'$&'%6)$
/02&$4*'(%)3-$V#$/02&$1":;$5*'3$/0)$52*&/$3'3)#/$'5$/0)$/*"#&2/2'#$4)*2',;$
2/$&0'7%,$()$!0'&)#$/'$7&)$/0)$3"+2373$4'&&2(%)$)552!2)#!:$'5$/0)$#)1$
!',)!-

?$WGXCDEYZEAND[CAO$90)$%"&/$"#,$4'&&2(%:$3'&/$!*2/2!"%$4"*"3)/)*$/0"/$!"#$
()$",T7&/),$2&$/0)$52#"%$>7"%2/:$'5$/0)$62,)';$!'#/*'%%),$(:$/0)$>7"#/2R"Q
/2'#$4"*"3)/)*$\]̂ _-$.%%$%'&&:$!',)!&$0"6)$"#$'(T)!/26)$5"!/'*$/0"/$/0):$
/*:$/'$"!02)6)$2#$'*,)*$/'$4*'62,)$/0)$()&/$4'&&2(%)$62&7"%$>7"%2/:-$9'$"6'2,$
4'/)#/2"%$"*/)5"!/&$2#$=9S$(*'",!"&/2#8;$!'#&)*6"/26)$6"%7)&$"*)$7&),-$
<'1)6)*;$,7*2#8$/0)$/*"#&2/2'#$4)*2',;$"&$/0)$&237%!"&/$2&$'#%:$62"(%)$7&2#8$
"#$"88*)&&26)$!'34*)&&2'#;$/0)$*)&/*2!/2'#$'5$4'/)#/2"%$"*/)5"!/&$37&/$()$
*)%"+),-$V/$&0'7%,$()$#'/),;$0'1)6)*;$/0"/$/0)$)552!2)#!:$'5$/0)$#)1$!',)!$
2&$&7(&/"#/2"%%:$0280)*$/0"#$/0"/$'5$/0)$4*)62'7&$'#)-$90)*)5'*);$",T7&/2#8$
/0)$]̂ $6"%7)$/'$"$&'3)10"/$%'1)*$6"%7)$5'*$/0)$<=$6)*&2'#$3":$"%%'1$"$
&28#252!"#/$4"*/$'5$/0)$("#,12,/0$/'$()$"6"2%"(%);$102!0$!"#$/0)#$()$7&),$
(:$/0)$37!0Q%)&&Q)552!2)#/$̀=$6)*&2'#-

a2#"%%:;$2/$&0'7%,$()$#'/),$/0"/$62,)'$!'34*)&&2'#$4"*"3)/)*&$3":$()$
",T7&/),$'6)*$/23)-$.&$"$*)&7%/;$,255)*)#/$4)*2',&$!'7%,$()$,)52#),$,7*2#8$/0)$
/*"#&2/2'#$4)*2',-$90)&)$1'7%,$,)4)#,$'#$/0)$!2*!73&/"#!)&;$&7!0$"&$/0)$
#73()*$'5$*)!)26)*&$2#&/"%%),;$"#,$,255)*)#/$6"%7)&$!'7%,$()$7&),$2#$/0)3-$
a'*$)+"34%);$2#$/0)$)"*%:$&/"8)&$'5$/0)$/*"#&2/2'#;$<=$&)*62!)&$!'7%,$7&)$6)*:$
)+/*)3)$&)//2#8&-$90)&)$6"%7)&$!'7%,$/0)#$()$4*'8*)&&26)%:$#'*3"%2R),$"&$/0)$
/*"#&2/2'#$4)*2',$!'3)&$/'$2/&$)#,-$902&$3280/$#'/$()$,2552!7%/$()!"7&)$/)!0#2Q
!"%%:$#'$4*'(%)3&$1'7%,$"*2&)$"#,$2/$3280/$'#%:$0"6)$"#$234"!/$'#$/0)$52#"%$
>7"%2/:-

bcdefghidjklmfnodpfqhrnkqfqs

90)$4*'!)&&2#8$'5$̀=$62,)'$,255)*&$5*'3$/0"/$'5$<=$62,)'-$90)*)$"*)$&)6)*"%$
*)"&'#&$5'*$/02&-$t#$/0)$'#)$0"#,;$/0)$3"/7*2/:$'5$̀=$/)!0#'%'8:$2&$"%*)",:$
!'#&'%2,"/),-$90)*)5'*);$/0)$)552!2)#!:$%)6)%$'5$/0)$'%,$!',)!$12%%$#'/$2#!*)"&)$
37!0-$t#$/0)$'/0)*$0"#,;$/0)$/*"#&2/2'#$4)*2',$&0'7%,$&)*6)$/'$/7*#$/0)$'%,$
!',)!$2#/'$"$%)8"!:;$7#/2%$2/$52#"%%:$2&$#'$%'#8)*$2#$7&)-$V#$/02&$&)#&);$"&$/0)$#)1$
/)!0#'%'8:$2&$",'4/),;$2/$3"U)&$&)#&)$/'$*),7!)$/0)$>7"%2/:$'5$̀=$6)*&2'#$"&$
37!0$"&$4'&&2(%)-$9'$,'$/0"/;$&'3)$'5$/0)$",T7&/3)#/&$/0"/$!"#$()$3",)$"*)$
/0)$5'%%'12#8u

?$vCHIGDNwEDCJGwxAKGLEDCyxFAKGLO$90)$52*&/$8)#)*"/2'#$'5$=9S$2&$!0"*"!/)*2R),$
(:$3"2#/"2#2#8$/0)$5'*3"/&$'5$"#"%'87)$(*'",!"&/&-$902&$2&$)&4)!2"%%:$/*7)$
10)#$2/$!'3)&$/'$/0)$7&)$'5$2#/)*%"!),$5''/"8)-$V#$*)!)#/$8)#)*"/2'#&$'5$
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&'()*+,-./012.3*45/61-7*819.*:..,*1:1,35,.3*+,*4195;/*54*5,0<*=/5>/.7?
7+9.*45/61-7*@A;>1B1/1*.-*10C*DEFGHC*'8+7*+7*1*20.1/*7-.=*45/B1/3)*1,3*-8./.?
45/.*+,-./012.3*:/513217-7*1/.*,5B*6.1,+,>0.77C*'8+7*412-*21,*:.*;7.3*-5*
+6=/59.*-8.*256=/.77+5,*.44+2+.,2<*54*0.>12<*A&*9+3.5C*I,*-8+7*B1<)*:<*
7B+-28+,>*4/56*+,-./012.3*256=/.77+5,*-5*=/5>/.77+9.*256=/.77+5,*B+-8*
8104*54*-8.*-.6=5/10*/.750;-+5,)*+-*+7*=577+:0.*-5*544./*1*7+6+01/*J;10+-<*:<*
7+>,+4+21,-0<*/.3;2+,>*-8.*/.J;+/.3*:+-/1-.C*K5/*.L16=0.)*5,.*A&*7./9+2.*
617-./.3*1-*MDE*N*OMPQOE+*21,*:.*-/1,745/6.3*+,-5*1,*A&*MDE*N*OMPQDO=*
7./9+2.C*'8+7*281,>.*B+00*,5-*21;7.*-/5;:0.7*B+-8*/.>;01/*&'(*/.2.+9./7)*17*
,.1/0<*100*RSTU?D*3.253+,>*28+=7*819.*:..,*256=1-+:0.*B+-8*-8+7*=/5>/.7?
7+9.*45/61-*45/*1*05,>*-+6.*@T'AI*DEFVHC*'8.*5,0<*0577*B+-8*-8+7*281,>.*+7*
-.6=5/10*/.750;-+5,)*:;-*+,*=/5>/.77+9.*/.2.+9./7*-8.*=57-?=/52.77+,>*21,*
=1/-+100<*256=.,71-.*45/*-8+7*0577C

W*XYZ[\Z]̂_̀ab]c[\bd̂Zefca[g̀d[h*A+6+01/*-5*B81-*81==.,7*B+-8*-8.*i&*9./7+5,)*
/.3;2+,>*7=1-+10*/.750;-+5,*21,*+,2/.17.*256=/.77+5,*.44+2+.,2<C*j0-85;>8*
+-*+7*=577+:0.*-5*;7.*-8.*21=1:+0+-<*54*05B./+,>*7=1-+10*/.750;-+5,)*17*-8.*
7-1,31/37*7;==5/-*3+44./.,-*7+k.7)*-8+7*785;03*5,0<*:.*35,.*+,*-8.*01-./*
7-1>.7*54*-8.*-/1,7+-+5,*=./+53C*l,.*/.175,*6+>8-*:.*-81-*05B?:1,3?=177*
4+0-./7*21,*1075*:.*1==0+.3*.44.2-+9.0<)*17*-8.*25,-.,-*+7*=/5>/.77+9.C*m7+,>*
.+-8./*5=-+5,)*+-*+7*-8.,*=577+:0.*-5*/.3;2.*-8.*nS*-1/>.-*910;.*B+-85;-*
21;7+,>*7+>,+4+21,-*1/-.412-7*+,*-8.*9+3.5)*1,3*-8+7*6+>8-*/.7;0-*+,*1,5-8./*
7+>,+4+21,-*:1,3B+3-8*719+,>7C

W*o[p̀_̂qbgY_̀aa\bd̂bY[\g\rZ[\bdah*K+,100<)*+-*+7*1075*3.7+/1:0.*-5*61s.*5-8./*
6+,5/*13t;7-6.,-7*-5*-8.*256=/.77+5,*910;.7C*'8.*UlS*0.,>-8*25;03*
:.*+,2/.17.3)*10-85;>8*+,*-8+7*217.*,5-*6;28*21,*:.*35,.*B+-8*-8.*i&*
9./7+5,C*'8+7*+7*:.21;7.*-8.*7=.2+4+21-+5,7*54*-8.*RSTU?D*253.2*45/*&'(*
1/.*;7;100<*6;28*65/.*/.7-/+2-+9.*-81,*45/*-8.*iCDPG*253.2C*T9.,*75)*-8+7*
=1/16.-./*21,*7-+00*:.*.L-.,3.3*1*:+-*:.<5,3*-8.*;7;10C*I-*+7*1075*=577+:0.*
-5*12-+91-.*5-8./*5=-+6+k1-+5,7)*:;-*+-*+7*+6=5/-1,-*,5-*-5*9+501-.*-8.*>;+3.?
0+,.7*54*1*7=.2+4+2*&'(*7-1,31/3*;7.3C*I-*+7*,.2.771/<*-5*s..=*+,*6+,3*-81-*
,5-*100*.L-.,7+5,7*B+00*:.*191+01:0.*5,*+,7-100.3*/.2.+9./7)*1,3*1*7+>,+4+21,-*
281,>.*:.<5,3*-8.*7-1,31/3*25;03*2/.1-.*;,.L=.2-.3*=/5:0.67C

uvwwxyz{|v|}{|}~v�z���|}����}��

�8.,*7-1-+7-+210*6;0-+=0.L+,>*+7*1==0+.3*+,*1,*RS'A)*-8.*>1+,*+,*9+3.5*J;10+-<*
+7*,5-+2.1:0.*@i.*1,3*�;*DEE��*�15*.-*10C*DEEVHC*�8.,*;7+,>*(��*+,7-.13*54*
���)*256=0.L*7.J;.,2.7*21,*:.*.,253.3*B+-85;-*3.>/131-+5,*;7+,>*8+>8./*
:+-/1-.7)*1,3*7+6=0./*7.J;.,2.7*-8.,*/.J;+/.*05B./*:+-/1-.7C*'8+7*412-*21,*:.*
.L=05+-.3*-5*+,2/.17.*-8.*.44.2-+9.*,;6:./*54*7./9+2.7*3.0+9./.3*-8/5;>8*1*
6;0-+=0.LC*i5B.9./)*-8+7*+6=0+.7*1*,.B*28100.,>.*B8.,*7+6;0217-+,>*A&?*1,3*
i&?0+,s.3*7./9+2.7*+,*-8.*716.*RS'AC*j7*-8.*i&*1,3*A&*7-/.167*1/.*3+/.2-0<*
25//.01-.3)*-8.*716.*256=0.L*7.J;.,2.7*1==.1/*1-*-8.*716.*-+6.C*'8.*2810?
0.,>.*+7*-8.,*85B*-5*1==0<*1*7+6=0.*7-1-+7-+210*6;0-+=0.L+,>*B+-85;-*+,2/.17+,>*
-8.*256=0.L+-<*54*.,253./7C
A+,2.*7-1-+7-+210*256=/.77+5,*+7*1*256=0.L*=/5:0.6)*-8./.*1/.*7.9./10*7-/1-?

.>+.7*-5*61s.*;7.*54*+-C*�;-*/.>1/30.77*54*-8.*10>5/+-86*;7.3)*+,*5/3./*,5-*-5*
4;/-8./*+,2/.17.*256=0.L+-<*B8.,*;7+,>*t5+,-*7+6;0217-+,>)*+-*+7*B5/-8B8+0.*-5*
1==0<*1*7+6=0.*7+6=0+4+21-+5,C*I-*25,7+7-7*54*>/5;=+,>*-8.*:+-/1-.7*54*:5-8*9+3.5*
7-/.167*17*+4*-8.<*B./.*1*7+,>0.*5,.C*K5/*.L16=0.)*6;0-+=0.L+,>*�*=/5>/166.7*
+,*7+6;0217-*+6=0+.7*-8.*=/.7.,2.*54*DN�*7./9+2.7*+,*-8.*RS'AC*A5)*+,7-.13*54*
256=;-+,>*45/*1*-5-10*54*DN�*7-/.167)*+-*+7*.,5;>8*-5*35*+-*45/*-8.*�*7.-7*54*
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!"#$"%&'()*&*)+,-).)/01)23&+04&56&6..6/1)76&56/08*6&1(6&*69863/6*&1(01&0:6&
,0:1&2.&236&*)+8-/0*1&;28-<&56&)<631)/0-%&!2=&).&1(6&$"&76:*)23&366<*&+2:6&
5)1:016=&1(6&*0+6&;28-<&56&1:86&;)1(&1(6&!"&76:*)23%&'(6:6.2:6=&)1&;)--&56&
36/6**0:4&12&:6<8/6&1(6&5)1:016&2.&1(6&:6+0)3)3>&*1:60+*&12&0**)>3&)1&12&1()*&*61%
$2;676:=&;(63&1;2&<)..6:631&/2<6/*&0:6&8*6<=&1()*&/2::6-01)23&+04&321&

0-;04*&56&1(6&*0+6%&?6/08*6&1(6&36;&/2<6/&)*&+2:6&6..)/)631&1(03&1(6&2-<&236=&
1(6&6..)/)63/4&2.&1(6&$"&76:*)23&+04&56&+8/(&()>(6:&)3&/6:10)3&/):/8+*103/6*%&
@1&)*&3676:1(6-6**&,2**)5-6&12&0<2,1&0&*)+,-6&*2-81)23&12&10A6&0<70310>6&2.&1()*&
.0/1%&@1&/23*)*1*&2.&8*)3>&23-4&1(6&980-)14&70-86*&2.&!"&76:*)23*&.2:&0--&/2+,810B
1)23*&;()-6&0-;04*&+0)310)3)3>&1(6&*8+&2.&1(6&1;2&76:*)23*&0*&1(6&70-86&2.&1(6&
:6*8-1)3>&5)1:016%&'()*&*)+,-).)/01)23&+)>(1&;2:A&)3&+2*1&/0*6*=&6C/6,1&;(6:6&
1(6&$"&76:*)23&/2310)3*&0&-0:>6&0+2831&2.&()>(B.:69863/4&)3.2:+01)23&1(01&)*&
321&,:6*631&)3&1(6&!"&76:*)23%&$2;676:=&*8/(&/0*6*&0:6&83-)A6-4&12&0,,60:&276:&
0&-23>&,6:)2<&2.&1)+6=&*2&1(6:6&)*&32&366<&12&56&;2::)6<&05281&)1%
D*&.2:&(2;&12&<)*1:)5816&1(6&070)-05-6&503<;)<1(&561;663&1(6&1;2&76:*)23*&

2.&1(6&*0+6&*)+8-/0*1=&)1&)*&0-*2&,2**)5-6&12&0,,-4&0321(6:&*1:0)>(1.2:;0:<&*1:01B
6>4%&'()*&)*&12&.):*1&/2+,:6**&1(6&$"&76:*)23&:6*6:7)3>&0&*,6/).)/&,6:/6310>6&.2:&
1(6&!"&76:*)23%&?6/08*6&1(6&6..)/)63/4&2.&1(6&$"&/2<6/&)*&*8,6:)2:=&1(6&:6*8-1B
)3>&5)1:016&+04&,2**)5-4&56&56-2;&1(6&10:>61&-)+)1&2.&1(6&$"#!"&63*6+5-6%&
'()*&0--2;*&1(01&6C1:0&*,0/6&12&56&0--2/016<&12&1(6&!"&76:*)23=&;()/(&)*&1(63&
/2+,:6**6<&50*6<&23&1(6&*,0/6&.)30--4&070)-05-6%&$2;676:=&1(6&5)1:016&0**)>36<&
12&1(6&!"&76:*)23&+04&321&56&()>(&6328>(&12&>80:03166&0&+)3)+8+&980-B
)14%&@3&1(01&/0*6=&1(6&183)3>&0->2:)1(+&;28-<&,:2>:6**)76-4&)3/:60*6&1(6&0--2/0B
1)23&12&1(6&!"#$"&63*6+5-6=&1(6:654&/2+,63*01)3>&.2:&1(6&-0/A&2.&5)1:016&01&
034&>)763&1)+6%&E)1(&0&*)+,-6&<616:+)3)*1)/&:6*6:701)23&2.&5)1:016&.2:&1(6&!"&
76:*)23=&)1&)*&,2**)5-6&12&60*)-4&<)*1:)5816&1(6&070)-05-6&503<;)<1(&561;663&1(6&
1;2&76:*)23*&;)1(281&366<)3>&/2+,-6C&/2+,8101)23*%&@3&1(6&*0+6&;04=&1()*&
*1:016>4&0--2;*&12&0<F8*1&1(6&503<;)<1(&:6*6:76<&.2:&1(6&!"&76:*)23&<8:)3>&1(6&
1:03*)1)23&,6:)2<%
D&-0116:&.0/12:&/28-<&0-*2&56&/23*)<6:6<&12&.8:1(6:&)3/:60*6&1(6&6..)/)63/4&

2.&*101)*1)/0-&+8-1),-6C)3>%&!)3/6&1(6&1;2&76:*)23*&2.&1(6&*)+8-/0*1&0:6&*1:23>-4&
/2::6-016<=&)1&)*&321&0,,:2,:)016&1(01&GHI&56>)33)3>*&276:-0,&01&1(6&*0+6&
1)+6%&'()*&)*&<86&12&1(6&.0/1&1(01&1(6&@B.:0+6*&8*6&+2:6&*,0/6&1(03&1(6&:6*1%&@1&
)*&1(6:6.2:6&/23763)631&12&<)*1:)5816&GHI&56>)33)3>*&)3&*8/(&0&;04&1(01&1(64&
276:-0,&581&321&/2)3/)<6%&'()*&/03&56&0/()676<&54&8*)3>&GHI&-63>1(*&1(01&0:6&
+8-1),-6*&2.&60/(&21(6:=&03<&54&)3/-8<)3>&0&.)C6<&<)*103/6&561;663&1(6&*10:1&
2.&236&03<&1(6&21(6:%&'()*&;28-<&:6<8/6&5)1:016&,60A*&.2:&1(6&*)+8-/0*1=&03<&
)+,:276&1(6&276:0--&6..)/)63/4&2.&1(6&631):6&JI'!%

KLMKNOPKQRSTUNKVWTRV

'()*&0:1)/-6&,:6*631*&1(6&:6*8-1*&2510)36<&54&0,,-4)3>&1(6&/23/6,1*&;)1(&0&
<6+23*1:012:%&E6&/23<8/16<&1;2&<)..6:631&16*1*&;)1(&1()*&<6+23*1:012:X&'6*1&
D&03<&'6*1&?%&'(6&,8:,2*6&2.&1(6&.):*1&;0*&12&,:276&1(6&.60*)5)-)14&2.&8*)3>&03&
0>>:6**)76&F2)31&*)+8-/0*1&)3&16::6*1:)0-&5:20</0*1*%&'(6&*6/23<&16*1&.2/8*6<&23&
*(2;)3>&1(6&7)<62&980-)14&2510)36<&8*)3>&1()*&16/(3)986%
'2&58)-<&1(6&<6+23*1:012:=&;6&8*6<&03&2,63&*28:/6&*2.1;0:6%&'(6&;6--B

A32;3&YYZ[\]&,0/A0>6&̂?6--0:<&_̀abc&;0*&8*6<&0*&1(6&/2+,:6**)23&122-%&
@3&2:<6:&12&0/()676&980-)14&-676-*&*)+)-0:&12&,:2.6**)230-&/2+,:6**2:*=&GId&
(0:<;0:6&;0*&6+,-246<%&@3&,0:1)/8-0:=&1(6&efghgij\klmh\n&̂o7)<)0&_̀abc&;0*&
8*6<&.2:&63/2<)3>&;)1(&1(6&$%_pq&/2<6/=&03<&1(6&rks\tj\klmh\n&̂@316-&_̀abc&
.2:&JIuGB_&/2+,:6**)23%&H3&1(6&21(6:&(03<=&1(6&vwxylzjsmmtzgs&̂{6-6>0:<&
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'()*+,-./,0/12,34,5.67809.31,3:1,;<.6/84<3,=3<1.5>,;:7/,3449,?4092,81<@4<5,
.6A,B762,4@,3<.6/@4<5.3746,46,3:1,CD;=E,/4,73/,0/1,5.21,73,84//7F91,34,/18.G
<.31E,?45F761,.62,5.67809.31,3:1,/1<H7?1/,76,3:1,31/3/>,I1,21H194812,/81?7@7?,
8.3?:1/,@4<,F443:,8.?B.J1/,34,?4589131,?1<3.76,@06?3746.97371/,643,.H.79.F91,FA,
21@.093,3:.3,.<1,61?1//.<A,34,?4589131,3:1,21546/3<.34<>,K6,.2273746E,8.<37?0G
9.<9A,@4<,3:1,/1?462,31/3E,-1,21H194812,.,6.7H1,758915163.3746,4@,.,/3.37/37?.9,
50937891L1<>
;:1,-4<B@94-,7990/3<.312,76,M7J0<1,N,-./,@4994-12,@4<,3:1,31/3/>,O93:40J:,

3:1,3./B/,76,.,8<420?3746,16H7<465163,50/3,F1,1L1?0312,76,8.<.9919E,.6,4@@9761,
8<4?1//76J,-./,?:4/16>,K6,3:7/,-.AE,1.?:,4@,3:1,7631<5127.31,<1/093/,-./,/34<12,
76,31584<.<A,@791/>,;:1,9./3,4@,3:1,<1/09376J,@791/,7/,.6,CD;=,3:.3,5113/,PQRG;,
/81?7@7?.3746/,.62,?.6,F1,3<.6/573312,0/76J,.,54209.34<E,34,F1,89.A12,F.?B,FA,
/3.62.<2,P;Q,<1?17H1</>

STUVWXYZ[Y\]Ŵ_̀]aY]_Y]VWYbXc]defWgf]Wh
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()*+*,-./0-1-23*4+56*72,8*9*:+/8;<2,*<2=;0+<*>?@A7*B<C+3:+,8,*+)3*8<+),1C<.,*
8D2*:C)82)8*-)8C*+*)24*EF7G*;,-)=*8D2*+==<2,,-H2*IC-)8*,-.;0:+,8*82:D)-J;2K*
7D2*<2,;08*.-.-:,*+00*+,/2:8,*C1*8D2*C<-=-)+0*,C;<:26*/<2,2<H-)=*+00*.28+3+8+*
+88+:D23*8C*8D2*,2<H-:2,K*7D-,*-):0;32,*.;08-/02*+;3-C*8<+:L,6*,;B8-802,6*820282M86*
NBB7?6*28:K*7D2*=C+0*-,*8D2)*8C*H2<-15*8D+8*,D+<-)=*202.2)8,*B28422)*,2<H-:2,*
C1*8D2*,+.2*/<C=<+..2*-)*,-.;0:+,8*4C;03*)C8*-)82<<;/8*:;<<2)8*+)3*02=+:5*
/0+52<,6*+)3*8D+8*+00*8D2*C<-=-)+0*:+/+B-0-8-2,*+<2*/<2,2<H23*+8*8D2*,+.2*8-.2K*
7D2<21C<26*8D2*CBI2:8-H2*4+,*8C*H+0-3+82*8D2*1;):8-C)+0-85*C1*8D-,*82:D)-J;2*-)*+*
/<C3;:8-C)*2)H-<C).2)8K
72:D)-:+0056*8D2*82,8*:C),-,8,*C1*:+/8;<-)=*,2H2<+0*.;08-/02M2,*C1*8D2*

G/+)-,D*>77K*7D2,2*3-=-8+0*B<C+3:+,8,*:;<<2)805*:C./<-,2*C)05*+*124*,2<H-:2,*
-)*N>6*4D-:D*+<2*+0,C*-)32/2)32)805*,-.;0:+,823*-)*G>*+)3*:C./02.2)823*
4-8D*C8D2<*,2<H-:2,*2M:0;,-H205*-)*G>K*O,-)=*8D2,2*,2<H-:2,*-)*N>*+,*,C;<:2*
/<C=<+..2,6*-./02.2)8-)=*8D2*4C<L10C4*<2,;0823*-)*+*,-)=02*EF7G*:C)8+-)A
-)=*8D2*,-.;0:+,8*C1*+00*/<C=<+..2,K*900*C<-=-)+0*-)1C<.+8-C)*4+,*/<2,2<H23K*
7D2*<2,;08-)=*EF7G*:+)*B2*B<C+3:+,8*H-+*+*>?@A7*.C3;0+8C<K*PC<*H+0-3+A
8-C)6*3-112<2)8*85/2,*C1*<2:2-H2<,*42<2*123*4-8D*8D2*2.-8823*,-=)+0,*8C*2H+0;+82*
:C./+8-B-0-85K
@2:+;,2*+*/<C12,,-C)+0*.;08-/02M2<*4-8D*,8+8A.;M*:+/+B-0-8-2,*4+,*)C8*;,23*

-)*8D-,*82,86*42*:C),-32<*1-H2*3-112<2)8*:+,2,K*Q+:D*82,8*:+,2*=2)2<+82,*+*R@S*
EF7G*4-8D*+*3-112<2)8*B-8<+826*.+8:D-)=*1;005*3-112<2)8*,8+)3+<3*>?@A7*C/2<A
+8-)=*.C32,K*QH2<5*:+,2*;,2,*8D2*,+.2*1C;<*3-112<2)8*/<C=<+..2,*-)*1;00*N>*
<2,C0;8-C)*TUVWVXYV-Z6*4-8D*+;3-C*8<+:L,*:C./<2,,23*-)*EF[6*+)3*=2)2<+82,*
C)2*EF7G*4-8D*2-=D8*3-112<2)8*,2<H-:2,K*7D2,2*+<2*1C;<*/+-<,*C1*G>*TEFQ\A[Z*
+)3*N>*TNK[]̂Z*0-)L23*,2<H-:2,*-)*+*1;00*,-.;0:+,8K*7D2<21C<26*8D2*.+-)*3-112<A
2):2*-)*2+:D*:+,2*-,*8D2*:C./<2,,-C)*C1*8D2*H-32CK*7D-,*.+L2,*-8*/C,,-B02*8C*
:C./+<2*3-112<2)8*02H20,*C1*+==<2,,-H2*:C./<2,,-C)*4-8D*8D2*-)32/2)32)8*
,-.;0:+,8K*Q,/2:-+005*-)*:+,2,*4D2<2*+0.C,8*8D2*,+.2*B+)34-38D*-,*;,23*+,*
-)*8D2*:+/8;<23*B<C+3:+,8,K*7D-,*/<CC1AC1A:C):2/8*32.C),8<+82,*8D2*12+,-B-0-85*
C1*+*1;00*,-.;0:+,8*;,-)=*8D2*,+.2*B+)34-38D6*+08DC;=D*4-8D*,C.2*0C,,*-)*8D2*
1-)+0*J;+0-85K
PC<*H-32C*:C./<2,,-C)6*42*+//0-23*+*)+-H2*+//<C+:D*B28422)*R@S*+)3*

?@S*4-8D*,8+8-,8-:+0*.;08-/02M-)=K*(8*;,23*+*:C),8+)8*J;+0-85*<+82*:C)8<C0*8D+8*
=2)2<+823*?@S*H-32C*,8<2+.,K*RC./+<23*8C*<2+0*,8+8-,8-:+0*.;08-/02M-)=6*8D2*
J;+0-85*CB8+-)23*4+,*:C),8+)8*1C<*+00*,8<2+.,*8D<C;=DC;8*8D2*2)8-<2*,2J;2):2K*
908DC;=D*8D-,*4+,*,;BC/8-.+06*-8*4+,*,;11-:-2)8*8C*2H+0;+82*8D2*82,8*<2,;08,K*
()*1+:86*1C<*2+:D*82,8*:+,26*42*.+);+005*,202:823*8D2*8+<=28*_F*+)3*;,23*8D-,*
H+0;2*1C<*8D2*4DC02*,2J;2):2K*7D2*:+0:;0+8-C)*C1*8D-,*8+<=28*H+0;2*4+,*B+,23*
C)*3-112<2)8*:D2:L,*8C*CB8+-)*8D2*.+M-.;.*B-8<+82*B20C4*8D2*)C.-)+0*B-8<+82*
C1*8D2*EF7GK
N2<2*-,*+*,;..+<5*C1*8D2*82:D)-:+0*/+<+.282<,*C1*,C;<:2*-)/;8,̀

a*EF7G*)C.-)+0*B-8<+82̀*UbKbV*EB/,K
a*>?@A7*.C3;0+8-C)̀*W*ENc*B+)34-38D6*Wd*.C326*]̂_9E*:C),8200+8-C)6*
[Xe*:C32*<+826*UX̂*=;+<3*-)82<H+0K

a*G2<H-:2,̀*1C;<*N>*Tf*84C*G>*-)32/2)32)8*,-.;0:+,8*f*84C*G>*+33-8-C)+0*
/<C=<+..2,ZK

a*?-32C*,8<2+.,*N>̀*Ub[V*g*UVWVXYV-6*NK[]̂*?@S*T[hW*EB/,ZK
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'()'*+,-',-.'./0.1,+23'
24'526.'178,+09:78'
;783+3<5'428'=.5,'
>)?'7@29,'.88285'+3'
,-.'AB=',7@:.5)'=-.C'
78.'+35+<3+4+073,'
.88285'8.:7,+3<',2',-.'
8.1.,+,+23'+3,.8D7:5'
24',-.'182<8766.5'+3'
.6+55+23)

EFGHIJKFLMNJOPLFQRSFTUVFWFXTYZXVH[F\]̂_̀UFGabFcUdYF\efLgh
EFijIHKFLMNJOPLSFUZkFMNOlmL[F\]̂_̀UFKNFiǹkFnabFcoUpdoqUFrefLgh
EF\JMOIOMOSF]QsZQs[F̂st[FueetG[FMJvJMJwMh

txJFlKyMJyMFKzFMxJFLJN{HlJLFLJvJlMJIFOLFLKjNlJFHLFOLFzKvvK|LS

EFik̀uRFcQsRSo}qgSFyJ|LFfNK~NOPPJ[FPJIHjPFlKPfvJwHM�h
EF�ỲuRFcQsRSoXogSFLfKNMLFfNK~NOPPJ[FxH~xFlKPfvJwHM�h
EFtX̀uRFcQsRSoqVgSF�jH�FLxK|FczHNLMgFOyIFyJ|LFcOzMJNg[FPJIHjPZxH~xF
lKPfvJwHM�h

EFn}̀uRFcQsRSoqogSFNJOvHM�FfNK~NOPPJ[FvK|FlKPfvJwHM�h

�HMxFMxJLJFLKjNlJLF|JFfJNzKNPJIFMxJFMJLMLFe�FlKPeHyHy~FzKjNFuRF
fNK~NOPPJLFHyFzjvvFLHPjvlOLMFHyMKFOFLHy~vJF\]tQhFtxOMFHL[FOFMKMOvFKzFzKjNF
LJN{HlJLFHyFuRFOyIFzKjNFHyFQR[FlKPfONJIFMKFMxJFKNH~HyOvFKzFM|KFLJN{HlJLFHyFuRF
OyIFzKjNFHyFQRhFtxJFNJLjvMHy~F\]tQFHLFzjvv�FlKPfOMHevJF|HMxFMxJFRGàtFLMOyÌ
ONIFOyIFNJMOHyLFOvvFMxJFlxONOlMJNHLMHlLFKzFMxJFKNH~HyOvFLJN{HlJL[FOLF|JvvFOLFMxJF
POyO~JPJyMFMOevJL�KzFMxJFeNKOIlOLMHy~FyJM|KNmhFsyFOIIHMHKy[FOvvF\]tQF~JyJǸ
OMJIF|JNJFMJLMJIFjLHy~FOyFOyOv�LJNFHyFlKPfvHOylJF|HMxFMxJF̂tQsFtbFoVoFUqVF
ĉtQsFUVo}gFNJlKPPJyIOMHKyhF̂OlxFKyJFKzFMxJPFfOLLJIFOvvFfNHKNHM�Fo[FUFOyIFkF
MJLMLhUFtxJFzH{JFMJLMFlOLJLFlKyIjlMJIFONJFLjPPONH�JIFOLFzKvvK|LS

EF������F�����������������������SFiFLHPfvJFNJ̀PjwFKzFMxJFuRFLJN{HlJLF
zKjyIFHyFLKjNlJLFfvjLFMxJFKNH~HyOvFQRF{JNLHKyLhFsMFNJfNJLJyMLFOFlKPfvJMJF
HyIJfJyIJyMFLHPjvlOLMhFsMFLxK|LFxK|FPjlxFeOyI|HIMxFHLF|OLMJIF|HMxFOF
NJ~jvONFLHPjvlOLMh

EF���������������SFiF�KHyMFLHPjvlOLMFKzFMxJFfNJ{HKjLFMJLMF|HMxKjMFOy�FNJ̀JylKÌ
Hy~hFsMFNJfNJLJyMLFMxJFPKLMFLHPfvJF�KHyMFLHPjvlOLM[FLxONHy~FKyv�FJvJPJyMLhF
sMFlKyzHNPLFMxOMFLxONJIFJvJPJyMLFlOyFeJFfvO�JIF|HMxKjMF{HKvOMHy~FMxJF
LMOyIONIh

EF���������������SFiF�KHyMFLHPjvlOLMF|HMxFNJ̀lKPfNJLLHy~FKyv�FMxJFQRF{HIJKhFsMF
LxK|LFMxJF�jOvHM�FvJ{JvFOlxHJ{OevJF|xJyFjLHy~FMxJFfNK~NJLLH{JFNJLKvjMHKyF
|HMxFO~~NJLLH{JF\]̂_̀UFJylKIHy~h

EF���������������SFiF�KHyMFLHPjvlOLMFKzFOvvF{HIJKFLMNJOPLFO~~NJLLH{Jv�FNJlKP`
fNJLLJIhFsMFLxK|LFMxJF�jOvHM�FKeMOHyJIFOzMJNFO~~NJLLH{JFuhUY}FJylKIHy~h

EF���������������SFiF�KHyMFLHPjvlOLMF|HMxFMxJFPHyHPjPFeOyI|HIMxhFtxHLFMJLMF
HylNJOLJLFMxJFlKPfNJLLHKyFvJ{JvFjyMHvFHMFPOMlxJLFMxJFKNH~HyOvFeHMNOMJhFsMF
fNK{JLFMxJFzJOLHeHvHM�FMKFOlxHJ{JFOFzjvvFLHPjvlOLMFjLHy~FMxJFLOPJFeOyI|HIMxh

txJFNJLjvMLFONJFLjPPONH�JIFHyFtOevJFo[FHylvjIHy~FMxJFfONOPJMJNLFKzFMxJF
LMNJOPLFjLJIFOLF|JvvFOLFMxJFfJNzKNPOylJFKeMOHyJIhFROMOFONJF~NKjfJIFOllKNÌ
Hy~FMKFJOlxFMJLMFlOLJ[FLxK|Hy~FzKNFJOlxF{HIJKFLMNJOPFMxJFzKNPOMFjLJI[FMxJF
eHMNOMJFlKyLjPJIFcPHyHPjPZO{JNO~JZPOwHPjPg[FMxJF ]FMON~JMF{OvjJFjLJIF
|xJyFJylKIHy~FOyIFMxJFNJLjvMHy~F]Q¡bFcPHyHPjPZO{JNO~JZPOwHPjPghF
QfJlHOvFNK|LFONJFHylvjIJIFMKFIJLlNHeJFMxJFlKPfvJMJFtNOyLfKNMFQMNJOPFOyIFMxJF
LjPFKzFOvvFMxJF{HIJKFLMNJOPLF|HMxHyFMxOMFtNOyLfKNMFQMNJOPh
¢{JNOvvFMxJFNJLjvMLFKzFtJLMFiF{OvHIOMJFMxJFfNKfKLOvFHyFM|KFIHzzJNJyMFONJOLhF

£HNLM[FKjNFOffNKOlxFIHIFyKMF~JyJNOMJFfNKevJPLFOMFMxJFlKPfOMHeHvHM�FvJ{JvhFsyFOvvF
MxJFMJLMLFfJNzKNPJI[FyKFfNKevJPLF|JNJFIJMJlMJIF|xJyFfvO�Hy~FMxJFNJLjvMHy~F
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 !"# $!%&'(! )*%+,# -./+'0 -./,&1 -./+,2 345678-849 4$:./+'0 4$:./,&1 4$:./+,2

;<=>?@ ABCDEA F F GHIIHJKHLLM F F F F F

NOP@QR ABCDEA F F SHGTHTLHUUI F F F F F

V<WOXG ABCDEA F F SHJGHTJHUMY F F F F F

;<=>?@HZNOP@QRZ[ZV<WOXG \S]̂_ GJLJ̀KJW GRIII SRSLS URKJM F a a a

\S];_ KYT̀KJW GRJJK MRSGU SRMTI F a a a

bT]̂_ GJLJ̀KJW MRSJJ SRLUM KRKTI F a a a

bT];_ KYT̀KJW GRTML MRTYJ URSYM F a a a

cK]̂_ GJLJ̀KJW MRKYY SRYKJ KRTST F a a a

cK];_ KYT̀KJW GRIJY SRMGG URMMY F a a a

dU]̂_ GJLJ̀KJW MRUII MRLYJ SRYKI F a a a

dU];_ KYT̀KJW GRGKI MRJUK SRMMK F a a a

NOPRZ[ZVG AefghihjkA F F MURJLK F F F F F

V<WOXM ABCDEA F F MHYGHUUHSLK F F F F F

\S]̂_ GJLJ̀KJW GRIII SRSLS URKJM F a a a

\S];_ KYT̀MKQ JRSGI GRKIS SRKLK KZ̀ZKZ̀ZI STRYT UGRLI KURMK

bT]̂_ GJLJ̀KJW MRSJJ SRLUM KRKTI F a a a

bT];_ KYT̀MKQ JRYJY MRJGJ URTJK KZ̀ZKZ̀ZI STRST UGRYT KJRJI

cK]̂_ GJLJ̀KJW MRKYY SRYKJ KRTST F a a a

cK];_ KYT̀MKQ JRTYJ MRJUL URJMI KZ̀ZKZ̀ZI STRSI UGRUK KIRSJ

dU]̂_ GJLJ̀KJW MRUII MRLYJ SRYKI F a a a

dU];_ KYT̀MKQ JRKJJ GRMUS MRJSL KZ̀ZKZ̀ZI SLRYM UMRTK ULRJK

AefghihjkA F F MJRYSI F F F F F

lminhonfpqr
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'()* +(,-./( 01,23* 4562.7 4563-8 456239 :;<=>?4?;@ ;+A562.7 ;+A563-8 ;+A56239

BCDEFG HIJKLH M M NONPOPQORSQ M M M M M

TGUVW PXYXZ[XD X\NPN P\]]] S\]PQ PQ̂ẐPŶẐN[ R\]X P]\PR SX\SQ

TGU_W [QRZN[̀ X\NQY P\PQG N\RRS Q̂ẐQ̂ẐPP GS\YX G]\]Y [G\[X

aRUVW PXYXZ[XD X\RRN N\RPS [\SQ] PŶẐP]̂ẐN[ ]\XR PQ\GG G]\XR

aRU_W [QRZN[̀ X\[[G P\SYG G\GR] Q̂ẐQ̂ẐPP GS\]G G]\]P SY\[S

b[UVW PXYXZ[XD X\GNQ N\SQG [\SY] PŶẐP]̂ẐN[ G\[Y PQ\][ SX\RS

b[U_W [QRZN[̀ X\[PP P\[PR N\][N Q̂ẐQ̂ẐPP GS\YQ G]\[R [R\RS

cSUVW PXYXZ[XD X\[RX P\[]R N\[NR PQ̂ẐPŶẐN[ Y\YQ NX\N[ SP\NN

cSU_W [QRZN[̀ X\SP] X\]NS P\SG] Q̂ẐQ̂ẐPP GQ\GR SX\YG SR\RX

HdefghgijH M M PG\QQY M M M M M

BCDEFS HIJKLH M M PO]]OX[OYYN M M M M M

TGUVW PXYXZ[XD X\PR] P\[[S S\XNN P]̂ẐNX̂ẐNR R\]X P]\PS G]\S[

TGU_W [QRZN[̀ X\NQX P\PX[ N\S]N ŶẐŶẐPN GS\X[ G]\SP [N\]X

aRUVW PXYXZ[XD X\[]X N\G[X [\XXX P]̂ẐNX̂ẐNR ]\XR PQ\GG GY\SY

aRU_W [QRZN[̀ X\[NR P\G]N G\PNQ ŶẐŶẐPN GS\SN G]\G[ SQ\YX

b[UVW PXYXZ[XD X\GXG N\NGQ S\]]P P]̂ẐNX̂ẐNR G\[Y PQ\]S G]\]P

b[U_W [QRZN[̀ X\SYS P\SNN N\QSY ŶẐŶẐPN GS\GX GY\]Y [[\Y[

cSUVW PXYXZ[XD X\SPY P\N[X N\XRP P]̂ẐNX̂ẐNR Y\YQ NX\NR G]\YP

cSU_W [QRZN[̀ X\SXG X\YQN P\GSG ŶẐŶẐPN GR\]N SX\GP SR\PN

HdefghgijH M M PN\PYN M M M M M

KifjklmnlKkdglolpkdejgdq
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!"#$ %"&'()" *+&,-$ ./0,(1 ./0-'2 ./0,-3 450-'2 5%6/0,(1 5%6/0-'2 5%6/0,-3

7898:;8:<9=>?@=8:A=BC>
D:8E>FG@H>AHGIH9??B;>
:J>KG:J8>;:?@=<9;8>
LMNOPLM7O

QRSTUQ > V WXYYXZ[X\\] V V > > V

_̂̀abNO WZ\Zc[Z: Zd]\[ Wde\f LdZYg gZdg] gZd]L LgdW\ efdLe

_̂̀ab7O [fec][A ZdgW] WdWWY ]d\eY WgdZ\ \dLW ]ed[g [Wd[e

7a7bNO WZ\Zc[Z: ZdWZe ]df]W [d[[f ]edf] \dZg ]gd\W eZdfe

7a7b7O [fec][A Zdg]] WdWZY gdZe\ WgdW\ \d]f ]gdYY [YdZe

NhLibNO WZ\Zc[Z: ZdWWf ]dfeW [dLYW ]Yd]Z [dZW WYdLL [WdLW

NhLib7O [fec][A ZdW\e WdfYL LdWZ[ WgdLf [dWY ]]df\ []d[]

j_̀bNO WZ\Zc[Z: WdZL] gdfZg \dgWY ]\dWe LdWW WedfW Ledg[

j_̀b7O [fec][A ZdL]Z WdY\L gdW]g WgdLY Ldgg Wfdg[ LfdW]

klkmno > Zd]WY WdWgf gdW]Y V > > V

QmkpqrqstQ V V W\dZW[ V V V V V

7898:;8:<9=>?@=8:A=BC>
D:8E>F:uB>AHGIH9??B;>
:J>KG:J8>;:?@=<9;8>
[MNOP[M7O

QRSTUQ V V ]XgLXW\Xe\[ V V V V V

_̂̀abNO WZ\Zc[Z: Zd]ff WdeL[ LdLeY gZd[[ gZdZ[ LgdZ[ eYde\

_̂̀ab7O [fec][A ZdgW[ WdW]\ ]d\f[ WgdZY \dLW ]ed[W [Wd[e

7a7bNO WZ\Zc[Z: Zdfge ]de\\ [d\\Z ]ed\Z \dZg ]gd\W eZdfe

7a7b7O [fec][A ZdgW[ WdWZL gdZLY Wgd]] \d]f ]LdZZ [YdZe

NhLibNO WZ\Zc[Z: ZdWWY ]df[e edZLf ]YdLW [dZZ WYdYZ [WdLW

NhLib7O [fec][A ZdW\Z Wd\ZY LdWZY WgdLZ [dWY ]]dWL [Zdee

j_̀bNO WZ\Zc[Z: ZdY[f gdegL \df[Z ]\dgW LdWW WedYg LfdYW

j_̀b7O [fec][A ZdLL\ WdY\Y gdZLL WgdLf Ldgg Wfdg[ LfdW]

v̀ wbNO WZ\Zc[Z: ZdWgY WdfLg gd[Y] ]fd\W \dY\ ]ed[e [WdY\

v̀ wb7O [fec][A Zd]e\ Wd]Lg ]dYZW WgdZZ YdgZ ]edfW L\dfW

klkmno > ZdgZZ Wdg\L gdLLW V > > V

QmkpqrqstQ V V ]WdW]L V V V V V

TsptnxyzxTnmqx{x|nmktqm}
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'()*+,'-./(0-)*1*/2*)'-34-5/44*)*6(-(78*'9-:*1365;-/(-.+'-83''/<=*-(3-/61)*+'*-
(0*-13,8)*''/36-=*2*=-34-(0*-2/5*3-(3-(0*-5*>)**-(0+(-(0*-?3/6(-'/,@=1+'(-@'*'-
(0*-'+,*-<+65./5(0-+'-636A'/,@=1+'(-<)3+51+'('9-B=(03@>0-(0*-C@+=/(7-.+'-
=3.;-/(-.+'-'@44/1/*6(-43)-,+D/6>-+-4@==-'/,@=1+'(-5@)/6>-+-1*)(+/6-()+6'/(/36-
8*)/359-E@)(0*),3)*;-36=7-<7-'0+)/6>-+==-(0*-5+(+-/6-(0*-'/,@=1+'(-.+'-/(-83''/A
<=*-(3-/61)*+'*-(0*-*44/1/*617-<7-F-8*)-1*6(-./(03@(-+44*1(/6>-(0*-2/5*3-C@+=/(79

GHIJKLMNHON

P*'(-Q-431@'*5-36-,+R/,/S/6>-(0*-2/5*3-C@+=/(7-34-(0*-+>>)*''/2*-?3/6(-'/,@=A
1+'(9-T6-(0/'-1+'*;-5/44*)*6(-'3@)1*-8)3>)+,,*'-/6-UVW-)*'3=@(/36-.*)*-(+D*6-
(3->*6*)+(*-+-4@==-VWX:W-?3/6(-'/,@=1+'(9-Y6=7-(0*-2/5*3-'()*+,-+65-36*-+@5/3-
()+1D-.*)*-@'*59-B-)*=*2+6(-5/44*)*61*-./(0-(0*-8)*2/3@'-(*'(-/'-(0+(-'(+(/'(/1+=-
,@=(/8=*R/6>-.+'-@'*59-P0*-3<?*1(/2*-.+'-(3-2*)/47-(0+(-(0*-C@+=/(7-34-(0*-2/5*3-
'03@=5-<*-/6-=/6*-./(0-(0+(-3<(+/6*5-./(0-+-()+5/(/36+=-'/,@=1+'(9
E3)-(0/'-(*'(;-43@)-5/44*)*6(-UVW-8)3>)+,,*'-.*)*-1+8(@)*5-4)3,-'+(*=A

=/(*-<)3+51+'('-8=@'-+63(0*)-4)3,-(0*-:8+6/'0-WPP9-P0*'*-8)3>)+,,*'-.*)*-
53.6A1362*)(*5-+65-/6(*)=+1*5-/6-0/>0-C@+=/(7-(3-)*,+'(*)-(0*-VW-2*)'/36;-
+65-'/,/=+)=7-43)-(0*-:W-2*)'/369-T6-(0/'-.+7;-136()/<@(/36-4**5'-.*)*-'/,@A
=+(*5-./(0-(0*-'+,*-=*2*=-34-C@+=/(7-+'-@'*5-<7-<)3+51+'(*)'9-U'/6>-(0*'*-
'3@)1*';-(.3-5/44*)*6(-Z[P:-2*)'/36'-.*)*->*6*)+(*5\-36*-2*)'/36-./(0-43@)-
8)3>)+,,*'-]*/>0(-'*)2/1*'̂-+65-+63(0*)-./(0-4/2*-8)3>)+,,*'-](*6-'*)2/1*'̂9-
P0*-4/)'(-36*-/'-/6-8+/)-./(0-W_QAP-6*(.3)D'-(0+(-<)3+51+'(-@'/6>-</()+(*'-34-
+)3@65-̀a-Z<8'-]*9>9-/6-:8+/6̂b-+65-(0*-'*1365-36*-(+)>*('-W_QAP-6*(.3)D'-
@'/6>-̀̀ c̀d-Z<8'-]*9>9-/6-T(+=7-3)-E)+61*̂9
T6-(0/'-1+'*;-'(+(/'(/1+=-,@=(/8=*R/6>-.+'-@'*5-./(0-+-1@'(3,-/,8=*,*6(+A

(/369-Y@)-/,8=*,*6(+(/36-.+'-<+'*5-/6-+-6+/2*-43).+)5-+=>3)/(0,-)*'()/1(*5-
(3-1=3'*5-eY['9-W@*-(3-/('-8@)*=7-5*(*),/6/'(/1-6+(@)*;-(0*-+=>3)/(0,-1+6-<*-
*R*1@(*5-/6-)*+=-(/,*9-V3.*2*);-(0/'-)*C@/)*'-+-1=@'(*)-34-5/44*)*6(-e[U-8)31*'A
'3)'-)@66/6>-/6-8+)+==*=9-P0*)*43)*;-43)-3@)-(*'(';-.*-)+6-*+10-8+)(-/65/2/5@+==7-
36-(0*-'+,*-13,8@(*)9-P0*-+=>3)/(0,-5/2/5*5-(0*-8)31*''/6>-/6(3-43@)-'(*8'\-
8)*A8)31*''/6>;-+6+=7'/';-13,8)*''/36-+65-,@=(/8=*R/6>9-f+10-34-(0*'*-(+'D'-
.+'-*R*1@(*5-+(-(0*-eY[-<3@65+)/*'9-P0*)*43)*;-43)-*R*1@(/6>-/6-)*+=-(/,*;-
/(-/'-6*1*''+)7-(3-4/6/'0-/6-=*''-(/,*-(0+6-(0*-'/S*-34-eY[9-P0*-(3(+=-5*=+7-/6-
)*+=-(/,*-/'-(0*6-*C@+=-(3-43@)-(/,*'-(0+(-2+=@*9-P0*-+=>3)/(0,-/'-(/,*A=/,/(*5-
'/61*-/(-8)*A1+=1@=+(*'-(0*-(+)>*(-'/S*-34-*+10-)*'@=(/6>-eY[;-'*=*1(/6>-(0*-2+=@*-
43)-*+10-'*)2/1*-<+'*5-36-(0*-+6+=7'/'9-P0@';-(0*-13,8)*''/36-(+'D-'/,8=7-
@'*'-8)*5*(*),/6*5-2+=@*'-(0+(-,+R/,/S*-(0*->=3<+=-C@+=/(7-.0*6-8)31*''/6>-
*+10-eY[9-P0/'-*6'@)*'-(0+(-(0*-,+R/,@,-</()+(*-./==-63(-<*-*R1**5*5-/6-(0*-
,@=(/8=*R/6>-80+'*9
V*)*-+)*-(0*-(*106/1+=-8+)+,*(*)'-34-(0*-/68@(-2/5*3'\

g-hijklmnopqnirsknt\-uvda-w-̀xyaXFa8-v-</(;-Vf_z-zQ{-]̀F-Z<8'̂9
g-hijklmnopqnirskn|\-uvda-w-̀xyaXFa8-xa-</(;-Vf_z-V}e-zQ{-]xv-Z<8'̂9
g-hijklmnopqnirskn~\-uvda-w-̀xyaX̀F8-xa-</(;-Vf_z-V}e-zQ{-]̀x-Z<8'̂9
g-hijklmnopqnirskn�\-uvda-w-̀xyaX̀F8-v-</(;-Vf_z-zQ{-]xa-Z<8'̂9
g-hijklmnopqnirskn�\-uvda-w-̀xyaXFa8-v-</(;-Vf_z-zQ{-]̀a-Z<8'̂9



���������	�


��

�������
��
�������
�����
�
����� 

!"#!$%&'!&'(!()*(+&%,-!
,.!/,0(!+12&%*3412!
512-%-6/!.,2!7(/&!
"#8!19,3&!(22,2/!-,&!
2(4(:1-&!%-!&'(!;<7!
&194(/#

=>?@ABCD?CD@BE@D>?@F?GHIA?F@F?J?AD?K@LF@FBMGA?@IF@LF@EBJJBNFO

P@QRSTUVWXO@KBAMY?CDLJ@ZGB[GLYY?\@Y?KIMY@ABYZJ?]ID̂_
P@ T̀̀UVWXO@YMFIALJ@K?YB@ZGB[GLYY?@aEIGFDb@LCK@FZBGDF@aLED?Gb\@Y?KIMYc
>I[>@ABYZJ?]ID̂_

P@WdefgUVWXO@DGLH?J@ZGB[GLYY?\@Y?KIMYc>I[>@ABYZJ?]ID̂_
P@hRSUVWXO@ELF>IBC@ZGB[GLYY?\@>I[>@ABYZJ?]ID̂_
P@iSjUVWXO@ABYY?GAILJF@\@JBNcY?KIMY@ABYZJ?]ID̂_

kID>@D>?F?@FBMGA?F\@N?@[?C?GLD?K@DNB@G?FMJDIC[@lm=n@D>LD@ICAJMK?@?I[>D@BG@
D?C@FIYMJALFD@F?GHIA?F_@oBD>@HIK?B@H?GFIBCF@apq@LCK@nqb@N?G?@ZG?rZGBA?FF?K@
NID>@L@>I[>rsMLJID̂@tq@CBIF?@G?KMADIBC@EIJD?G\@ZJMF@L@EIC?@[LMFFILC@uJMG_@=>?C@
D>?̂@N?G?@ABYZG?FF?K@MFIC[@L[[G?FFIH?@ZLGLY?D?GF_@vF@EBG@D>?@LMKIB@DGLAw\@ID@
NLF@ABYZG?FF?K@NID>@D>?@lmxyrz@{L̂?G@||@ABK?A@LCK@F>LG?K\@LF@N?JJ@LF@D>?@
x|=@KLDL_@|C@LKKIDIBC\@LJJ@uLFIA@mn|cn|@DLuJ?F}N?G?@ICAJMK?K@DB@Y??D@NID>@D>?@
q~or=@FDLCKLGK_@=>?@MCMF?K@FZLA?@NLF@u?DN??C@z_z@LCK@z_�@luZF@BC@LH?GL[?\@
LCK@ABMJK@u?@MF?K@DB@ICAJMK?@BD>?G@LKKIDIBCLJ@KLDL@FMA>@LF@L@EMJJ@xmy_@vF@IC@
D>?@ZG?HIBMF@D?FD\@D>?@[?C?GLD?K@lm=n@NLF@D?FD?K@MFIC[@LC@LCLĴF?G@IC@ABYZJIr
LCA?@NID>@D>?@x=n|@=�@z�z@���@ax=n|@��z�b@G?ABYY?CKLDIBC_@oBD>@ZLFF?K@LJJ@
ZGIBGID̂@z\@�@LCK@t@D?FDF_t@=>?@G?FMJDF@LG?@FMYYLGI�?K@IC@=LuJ?@�_
v@K?DLIJ?K@LCLĴFIF@BE@D>?@BMDABY?F@BE@D>IF@F?ABCK@D?FD@ABMJK@J?LK@DB@FBY?@

ABCAJMFIBCF_@�IGFD\@û@uGIC[IC[@DB[?D>?G@LJJ@D>?@LHLIJLuJ?@D?A>CIsM?F\@ID@IF@E?LFIr
uJ?@DB@G?KMA?@D>?@DBDLJ@uIDGLD?@BE@D>?@lm=n@DB@LA>I?H?@D>?@[BLJ@BE@L@EMJJ@FIYMJr
ALFD_@ô@ABYuICIC[@D>?@EIH?@LFZ?ADF@JIFD?K@IC@D>?@ZG?HIBMF@F?ADIBC\@D>?@G?FMJDIC[@
sMLJID̂@YL̂@u?@FMEEIAI?CD@DB@LZZĴ@D>IF@D?A>CIsM?_@|D@F>BMJK@u?@CBD?K@D>LD@BMG@
FBJMDIBC@LKKG?FF?F@L@FZ?AIEIA@FA?CLGIB@�@D?GG?FDGILJ@uGBLKALFDF@�@N>?G?@L@EMJJ@
FIYMJALFD@YL̂@u?@IYZBFFIuJ?@IC@BD>?G@NL̂F_@=>?C\@ABYZLGIC[@BMG@FBJMDIBC@NID>@
L@G?[MJLG@ICK?Z?CK?CD@FIYMJALFD\@D>?@IYZGBH?Y?CDF@N?G?@?HIK?CD_
v@F?ABCK@ABCAJMFIBC@ABCA?GCF@ZBFFIuJ?@?EEIAI?CÂ@[LICF_@nICA?@BMG@FDLDIFDIr

ALJ@YMJDIZJ?]?G@IF@FMuBZDIYLJ\@IYZGBH?Y?CDF@ABMJK@u?@BuDLIC?K@MFIC[@L@ZGBE?Fr
FIBCLJ@?sMIZY?CD_@x]DG?Y?@ABYZG?FFIBC@HLJM?F@MF?K@IC@BMG@D?FDF@F>BN?K@D>LD@
ID@IF@ZBFFIuJ?@DB@MF?@D>?Y@NID>BMD@ZGBuJ?YF\@N>IJ?@ID@IF@LJFB@ZBFFIuJ?@DB@F>LG?@
KLDL@D>GBM[>@F?GHIA?F_@=>?C\@D>?@ZBD?CDILJ@?EEIAI?CÂ@[LIC@MFIC[@LJJ@DB[?D>?G@
NBMJK@u?@LuBMD@z�@Z?G@A?CD@YLICDLICIC[@FIYIJLG@ABYZG?FFIBC@KIFDBGDIBC_@=>IF@
LFFMYZDIBC@NBMJK@u?@uLF?K@BC@FDMKI?F@ICKIALDIC[@D>LD@FDLDIFDIALJ@ABYZG?FFIBC@
ZGBHIK?F@LZZGB]IYLD?Ĵ@L@z�@Z?G@A?CD@ICAG?LF?@IC@?EEIAI?CÂ�@LC@LKKIDIBCLJ@�@Z?G@
A?CD@BE@KLDL@F>LGIC[@NBMJK@̂I?JK@D>?@ICKIALD?K@z�@Z?G@A?CD_

�����������

�MG@D?FDF@F>BN?K@D>LD@ID@IF@ZBFFIuJ?@DB@BZDIYI�?@D>?@FIYMJALFD@BE@q=~@
ZGB[GLYY?F@û@F>LGIC[@?J?Y?CDF_@|D@NLF@LJFB@K?YBCFDGLD?K@D>LD@û@G?KMAr
IC[@FBY?N>LD@D>?@sMLJID̂@ID@IF@ZBFFIuJ?@DB@LA>I?H?@L@ABYZJ?D?@FIYMJALFD@BE@
LJJ@ZGB[GLYY?F@MFIC[@LC@L[[G?FFIH?@ABYZG?FFIBC_@qBIC[@FB@YL̂@u?@u?C?EIr
AILJ@EBG@D>?@DGLCFIDIBC@u?DN??C@KIEE?G?CD@[?C?GLDIBCF@BE@q=~@F>LGIC[@D>?@FLY?@
DGLCFYIFFIBC@FDLCKLGK_@�C?@ALF?@N>?G?@D>IF@YL̂@u?@NBGD>N>IJ?@IF@IC@D>?@DGLCr
FIDIBC@EGBY@nq@lmxyr�@DB@pq@p_���@uGBLKALFDF@MFIC[@D>?@q~or=@FDLCKr
LGK_@vF@?]ZJLIC?K@u?EBG?\@IC@D>?@ALF?@BE@D?GG?FDGILJ@C?DNBGwF\@D>?G?@LG?@BED?C@



������������	�
���	
������	
��	��������
������

���������������� !���"##$%$

&'()*+(,-./0)123-4,(/5*67-)8,-&*72/)*16-)1-)8,-6,9-),0861(175:-;8,2,.12,<-*6-
3'08-3*)'/)*163-)8,-/++(*0/)*16-1.-)8*3-),0861(175-01'(4-/00,(,2/),-)8,-&*72/=
)*16-01&+/2,4-)1-/-&,2,-*64,+,64,6)-3*&'(0/3):
>6-/44*)*16<-)8,-?'/(*)5-1.-)8,-3*&'(0/3)-0/6-@,-/4A'3),4:->)-*3-,B+(/*6,4-

8,2,-819-/6-/772,33*C,-01&+2,33*16-1.-,/08-,(,&,6)-0/6-@,-/4A'3),4-31-)8/)-
16,-12-)8,-1)8,2-C,23*16-*3-7*C,6-&12,-+2*12*)5-12-(,33-?'/(*)5:-;8'3<-4'2*67-
)8,-)2/63*)*16-+,2*14-98,6-)8,-3*&'(0/3)-*3-@,*67-'3,4<-3,C,2/(-+8/3,3-01'(4-
@,-,3)/@(*38,4-*6-98*08-4*..,2,6)-?'/(*)*,3-0/6-@,-/++(*,4:-;8,6<-9*)8-3'..*=
0*,6)-0163'&,2-/00,+)/60,-/64-9*)8-)8,-3'++12)-1.-@21/40/3),23<-)8,-&*72/=
)*16-01'(4-@,-/001&+(*38,4-72/4'/((5-/64-3),/4*(5<-,C,6-9*)81')-4*3)'2@*67-
)8,-&13)-6,7(,0),4-'3,23:->6-./0)<-6,*)8,2-'3,2-9*((-@,-.120,4-)1-'+72/4,-'6)*(-
)8,-&*72/)*16-*3-.'((5-01&+(,),4-D-)8/)-*3<-/)-)8,-&1&,6)-98,6-)8,-3*&'(0/3)3-
/2,-.*6/((5-2,&1C,4:
;8,2,.12,<-)8,-),0861(175-4,302*@,4-*6-)8*3-/2)*0(,-01'(4-+1),6)*/((5-/00,(=

,2/),-)8,-&*72/)*16-@,)9,,6-3+,0*.*0-7,6,2/)*163-1.-E;F:-;8,-013)-1.-41*67-31-
*3-&*6*&*G,4-@5-(*&*)*67-)8,-*6C,3)&,6)-)1-)8,-,?'*+&,6)-6,,4,4-)1-+,2.12&-
)8,-+21+13,4-3*&'(0/3)-9*)8-/772,33*C,-A1*6)-01&+2,33*16<-98*(,-)8,-4*3)2*@'=
)*16-6,)912H-41,3-61)-2,?'*2,-/65-&14*.*0/)*16:

IJKJLMNOPLQ

;8,-912H-+2,3,6),4-8,2,<-/()81'78-'3*67-16(5-.2,,(5-/00,33*@(,-31(')*163-
/64-0'3)1&-*&+(,&,6)/)*163<-38193-)8,-+1),6)*/(-*&+21C,&,6)-)8/)-0/6-@,-
/08*,C,4-'3*67-/6-/772,33*C,-A1*6)-3*&'(0/3):-;8,2,.12,<-*)-*3-,B+,0),4-)8/)-
'3*67-+21.,33*16/(-,?'*+&,6)-/4/+),4-)1-)8*3-),086*?',-&*78)-+21C*4,-3'+,=
2*12-2,3'()3:-;8*3-*3-)8,-6,B)-3),+-9,-9/6)-)1-)/H,:
R19,C,2<-/3-.12-)8,-6,B)-)2/63*)*16-.21&-RE-)1-SRE<-*)-/(31-3,,&3-.,/3*@(,-

)1-/++(5-)8,-*4,/-1.-38/2*67-,(,&,6)3-@,)9,,6-3,2C*0,3-*6-124,2-)1-/08*,C,-/-
&12,-,..*0*,6)-3*&'(0/3):-R19,C,2<-/()81'78-)8,-+2*60*+(,3-2,&/*6-)8,-3/&,<-
)8,-+2,3,6)-3)'45-16(5-1..,23-/-31(')*16-98,6-)8,-)2/63&*33*16-3)/64/24-*3-
)8,-3/&,:-;8,2,.12,<-.12-/-)2/63*)*16-.21&-EFT=;-)1-EFT=;U<-)8*3-),0861(175-
&*78)-61)-@,-4*2,0)(5-/++(*0/@(,:-R19,C,2<-*)-*3-+133*@(,-)8/)-6,9-+21+13/(3-
@/3,4-16-VWV-.2/&,3-9*((-/((19-38/2*67-+/2)-1.-)8,-&'()*+(,B-'3*67-4*..,2=
,6)-014*67-),0861(17*,3:->6-)8/)-0/3,<-*)-91'(4-@,-+133*@(,-)1-/++(5-)8,-3/&,-
0160,+)-/64-)8,6-4,C,(1+-/6-REXSRE-3*&'(0/3):-;1-)8*3-,64<-1'2-*4,/-*3-)1-
,B+(12,-)8,-'3,-1.-R:UYZ-30/(/@(,-,B),63*163-)1-+21C*4,-/-(/5,2,4-A1*6)-3*&'(=
0/3):-R19,C,2<-*)-91'(4-)8,6-@,-6,0,33/25-)1-3)'45-98*08-,(,&,6)3-381'(4-@,-
1+)*&*G,4-/64-98*08-,B)2,&,-01&+2,33*16-C/(',3-)1-'3,-)1-1@)/*6-/-C*/@(,-
3*&'(0/3)-)8/)-'3,3-/++21B*&/),(5-)8,-3/&,-@/649*4)8:

[\][̂__̀abccdefgh]ijjikh]
ljmcdefghcnjkdheac[
opqrstmuvqwxlyz{|[
y}~dt�����pqo�ae�[
�à�â�ef{i][zllhaahd[
��[�h�e��e�[����]
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*+,-.,/012/-34-/560172538/-9,/:.5;,9-58-2+5/-7.25:1,-:78-;,-93<81379,9=-43.-
>,.545:72538?-@11-2+,-2,/2-/,A0,8:,/-7.,-344,.,9-4.,,1BC-;02-<52+-.,/2.5:2538/-/58:,-
2+,-3.5D5871-672,.571-5/-:3EB.5D+2,9-789-E,.65//538-4.36-2+,-702+3.-60/2-;,-
3;2758,9?-F8-30.-:7/,C-2+,-0/,-34-/+3.2-,G2.7:2/-089,.-475.-0/,-E315:B-7EE15,/?-
*+,-451,/-0/,9-7.,-15/2,9-58-*7;1,-H-43.-*,/2-@-789-58-*7;1,-=-43.-*,/2-I?

JKLMNOPM QMRSTKUVKWN XKVTOVM YWZ[LOVKWN

\]̂_̀_abc̀ad̀_ae_bebfghi jk]hlm̂nopmq\or]kstiuovwwo

xfrvy_zvotsngoit\l{|kih}

bdgdbo~�]i �f��~o_��ob�f

\]̂�̀_abc̀ad̀_ae_beb�ghi jk]hlm̂nopmq\or]kstiuovwwo

xfrvy_zvotsngoit\l{|kih}

bdgdbo~�]i �f��~o_��ob�f

\]̂_e�̀tsn̂]̀it\l{ghi �sn̂]̂sn̂short\l{|kiho��kit|om̂\l��o
xfrvyfzv}

�bg��o~�]i �f��~o��cob��_

\]̂_e�̀�qtshb̀it\l{ghi �qtshort\l{|kihoh�]̂bo�sqo�tn̂qo

hmksi|qnts��frvyfzv}

�agb�o~�]i �f��~o���ob��_

\]̂_e�̀�qtsh_̀it\l{ghi �qtshort\l{|kihoh�]̂_o�rvohmksi|qnts�o

qs{��ofrvyfzv}

_�gbfo~�]i �f��~o��fob��_

\]̂_e�̀�qtsh�̀it\l{ghi �qtshort\l{|kihoh�]̂�o�pl{{ohmksi|qǹ

ts��oxfrvyfzv}

__gb_o~�]i �f��~o_��ob�c

\]̂_e�̀�qtshf̀it\l{ghi �qtshort\l{|kihoh�]̂fo�̂�hm̂\ ô
hmksi|qnts��xfrvyfzv}

bdgdbo~�]i �f��~o_��ob�f

�gksk{��̂gh�h rl\\km�oqpohûo|ukmk|ĥmtiht|ioqpo

k̂|uowmksi]qmhorhm̂k\

� �

�g]ismg{q� �q�opt{̂ioqpohûo�r��oksk{�iti � �

���������� ¡¢�£¤���¡¢�¥�¦��¡§

©̈ª«¬­®« «̄°±²©³́©µ¬ ¶©́²­́« ·µ̧¹ª­́©µ¬

º*»¼½=¾¿ÀÁÂÃ½ÂÀ½ÁÃ¿Â=½HÁ?2/ Ä7E20.,9-4.36-ÅE785/+-Æ**-ÇÂ-È-=¾-

ÀÂÉÁÊËÁEÌ

»Iº Í

Å¼Å½ÎÏÆÂ¿ÀÁÂÃ½Ð?2/ Ä7E20.,9-4.36-@/2.7-ÂÃ?À¼-ÇÂ-È-=¾-
ÀÂÉÁÊËÁE½ÏÑÒÌ

»Iº Í

Ï32I5.9½=¾Â¿ÀÁÂÃ½Ð?2/ Ä7E20.,9-4.36-Ï32I5.9-ÂH¼-ÇÂ-È-=¾-

ÀÂÉÁÊÀËE½ÏÑÒÌ

»Iº Í

Ó*»½ÎÏÆ¿ÀÁÂÃ½Ð?2/ Ä7E20.,9-4.36-Ï32I5.9-ÂH¼-ÇÂ-È-=¾-
ÀÂÉÁÊÀËEÌ

»Iº Í

Ô»Ä½ÎÏÆ¿ÀÁÂÃ½Ð?2/ Ä7E20.,9-4.36-@/2.7-ÂÃ?À¼-ÇÂ-È-=¾-

ÀÂÉÁÊËÁEÌ

»Iº Í

Ð½67/2,.?ÏÆ½.,67/2,.?2/ º,67/2,.,9-ÏÆ->,./538-ÂÁÕÁÊËÁ5 »Iº Í

Ð½67/2,.?ÅÆ½.,67/2,.?2/ º,67/2,.,9-ÅÆ->,./538-ËÖÉÊÀËE »Iº Í

Å5601:7/2?/27260G?E=?2/ ×3582-/5601:7/2-<52+-Å*@*½ØÎÙ-

Ç=ÅÆÚ=ÏÆÌ

ÂÃ?ÃÂØ;E/ É=Ô@Ø-ÀÊH-ÂÊ=

Å5601:7/2?/27260G?EË?2/ ×3582-/5601:7/2-<52+-Å*@*½ØÎÙ-

ÇËÅÆÚËÏÆÌ

ÀH?=ÀØ;E/ É=Ô@Ø-ÀÊH-ÂÊÂÉ

Ð?7871BÛ,?2G2 Å0667.B-34-2+,-:+7.7:2,.5/25:/-34-

,7:+-*.78/E3.2-Å2.,76

Í Í

Ð?19Ü/38 Ñ3D-451,/-34-2+,-ÔÝ->710,/ Í Í

Ð?E/8.?13D Ñ3D-451,/-34-2+,-ÝÅÞº-7871B/5/ Í Í

������ß��� ¡¢�£¤���¡¢�à�¦��¡§
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'()('(*+(,

-.//01234564789:;<34=55>?.@4ABB/C3455>?.@D4EF.4G.02HI@4JK/AH>.2H04510>.LB1M34
:N4O.?A.>P.134FAA?DQQLLL6RR>?.@6B1@Q64STT.UU.248;45.P1K01V489896

-.IBHA34W6478998<34XYZY[\]̂_̀]̀aYbYcdêfghijkl̂fghijm̂\dn̂goYdpYq]̀b̂cr̂[s̀X̂tû
vwb[̀x34y.L4zB1MD4{BKA/.2@.6

-1KTMUA.HI34S64J634|/0234J640I24}H>>./34{647899~<34=�BLI�UT0/HI@4RB14P.AA.14
A10IURB1>4TB>?1.UUHBIC34�hhĥ_o\db\p[Ycdb̂cd̂�x\Z̀̂ gocp̀bbYdZ34:8D;34??64
::~8���6

�K01A.34J645640I24|/20134z64�64789::<34=OA1KTAK1.24TB>?1.UU.24U.IUHI@D451B>4
AF.B1V4AB40??/HT0AHBIUC34�hhĥ_o\db\p[Ycdb̂cd̂vYZd\]̂gocp̀bbYdZ34N;D;34??64
�9N~��N6

|EO�47|K1B?.0I4E./.TB>>KIHT0AHBIU4OA0I2012U4�IUAHAKA.<4789:�<34XYZY[\]̂tYǹĉ
uoc\np\b[YdẐ�Xtu��̂f \̀b�òx̀d[̂i�Yǹ]Yd̀b̂rcôXtûvwb[̀xb34E{4:9:48;94
�:6~6:4789:��9�<34OB?FH04SIAH?B/HUD4|EO�Q|-�6

���4789:�<34XYZY[\]̂tYǹĉuoc\np\b[YdẐ�Xtu��̂vq̀pYrYp\[Ycd̂rcô�cdàwYdẐ
�_�j�̂vwb[̀x̂û_̀]̀[̀�[̂Yd̂XtûuY[b[ò\xb34|y4~994��84�:6�6:4789:��9:<34
OB?FH04SIAH?B/HUD4|EO�Q|-�6

���4789:;<34XYZY[\]̂tYǹĉuoc\np\b[YdẐ�Xtu��̂vq̀pYrYp\[Ycd̂rcô[s̀�̂b̀̂cr̂tYǹĉ
\dn̂��nYĉ�cnYdẐYd̂uoc\np\b[̂\dn̂uoc\n�\dn̂�qq]Yp\[Ycdb34EO4:9:4:N�4�86N6:4
789:;�9:<34OB?FH04SIAH?B/HUD4|EO�Q|-�6

�B/2>0I34J64O647899;<34=��ACU4IBA42.024V.A��D4J�|��84�H2.B4TB2HI@4.RRHTH.ITV4
H>?1B�.>.IAUC34qocp̀̀nYdZb̂cr̂[s̀ �̂�ûuoc\np\b[̂hdZYd̀ òYdẐ�cdr̀òdp̀34
G0U4�.@0U34y�34:��8~4S?1H/6

W.34�640I24�K34�64�647899�<34=GHI.01410A.4TBIA1B/40I24B?AH>K>4UA0AHUAHT0/4>K/AH�
?/.�HI@4RB14W648 �4�H2.B4P1B02T0UAC34�hhĥ_o\db\p[Ycdb̂cd̂f�][Yx̀nY\34:9D�34
??64:8~���;6

WKU¡¢M34£640I24�>1.34O64789:9<34=SI0/VUHI@4���4UA1KTAK1.40I24?0TM.A4/BUU4.RR.TAU4
BI4.11B14?1B?0@0AHBI4HI4J�|���4�H2.B4UA1.0>UC34m¤k¤̂¥[ŝ�d[̀od\[Ycd\]̂
vwxqcbY�x̂ cd̂�cxx�dYp\[Ycdbl̂�cd[oc]̂\dn̂vYZd\]̂gocp̀bbYdẐ��v��vg�344
GH>0UUB/34�V?1KU34~�N4J01TF34�|||34??64:�N6

�IA./4�B1?B10AHBI4789:;<34=�IA./4¦KHTM4UVIT4�H2.B4O�}C34�IA./4J.2H04O�}34:N4
O.?A.>P.134FAA?DQQUBRAL01.6HIA./6TB>Q.I�KUQ>.2H0�U2MQ64STT.UU.248;4
5.P1K01V489896

�E��{47�IA.1I0AHBI0/4E./.TB>>KIHT0AHBI4�IHBI34{02HBTB>>KIHT0AHBI4O.TAB1<4
789:�<34vq̀p[o�x̂�̀§�Yòx̀d[b̂rcô_̀oòb[oY\]̂_̀]̀aYbYcd̂uoc\np\b[YdẐYd̂[s̀^
�̈ ©̂©ò§�̀dpŵu\dn̂Yd̂�̀ZYcd̂k̂\dn̂[s̀ �̂b]\xYp̂�̀q��]Yp̂cr̂�o\d34�E��{4
-E68~98�934�.I.�0D4�E�6

G./.@01234E64789:;<34=EO�KTM4ABB/MHAC34EO�KTMD4EF.4J�|�4E10IU?B1A4OA1.0>4
EBB/MHA34:N4O.?A.>P.134FAA?DQQAU2KTM6HBQ64STT.UU.248;45.P1K01V489896

y�H2H04�B1?B10AHBI4789:;<34=y�H2H04�H2.B4TB2.T4O�}D4y�|ITB2.C34y����S4
�H2.B4�B2.T4O�}34:N4O.?A.>P.134FAA?DQQ2.�./B?.16I�H2H06TB>QI�H2H0�
�H2.B�TB2.T�U2MQ64STT.UU.248;45.P1K01V489896

{0B34}64{634-BªMB�H«34�640I24JH/B�0IB�H«34�647899;<34=¬BHIA4�H2.B4.ITB2HI@4HI4
��-QSEO�4>K/AH�?1B@10>4A10IU>HUUHBID4J�|��84�U64W648 �QS��4PHA10A.4
TBIA1B/C34­[ŝ�d[̀od\[Ycd\]̂�cdr̀òdp̀̂ cd̂_̀]̀pcxx�dYp\[Ycd̂Yd̂fcǹod̂
v\[̀]]Y[̀l̂�\�]̀l̂\dn̂uoc\np\b[YdẐv̀oaYp̀b34yHU34O.1PH034��;4�TABP.134�|||34
??64~�:86

OBAB34�64789:N<34=�H@HA0/4E�4UH>K/T0UA4LHAF4UF01.240K2HB4UA1.0>UC34�hhĥ®[ŝ
�d[̀od\[Ycd\]̂�cdr̀òdp̀̂cd̂�cdb�x̀ôh]̀p[ocdYpbl̂ùo]Yd̂����hjùo]Yd�34-.1/HI34
�.1>0IV34 �;4O.?A.>P.134??64~~9�~�6
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!"#$%$&$'()*'(+,-.'(!*(/*($01(2--1'(3*(456789'(:;<=&$>,.#,>1?@.0.=.-0(=?<?A.B.-0(
4C?D*(EF;>C(GF*(56569H(I(#?0?&$=.-0$<(<?$J(.0(=,?(?A-<"=.-0(-@(=?<?A.B.-0(
4B=$01$&1B(.0($(0"=B,?<<9K'(LMMMNOPQRSTNUVWXYZZPRQN[SQS\PRY'(]7H]'(JJ*(7̂6_̂8*

?̀=&-'(I*'(F-"&$J.B'(I*()*'()"<<?&'(a*($01(+,?0'(F*(456779'(:]3>F̀(D-0=?0=(
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Chapter 3 
 

 

CONCLUSIONS AND FUTURE WORK 

 

As described in the previous sections, DTV is a good technology. However, the lack of 

inter-generational compatibility can be considered a pitfall. Certainly not in all scenarios 

this deficiency has a significant impact. However, as discussed above in some cases —

such as the broadcast of terrestrial television services— it can become the main cause of 

large and unnecessary migration periods between generations. This is why it is 

important to work to ensure that there is a sufficient degree of compatibility in the 

future. The aim of this research has been to work in that direction. But that goal still 

needs much more work to be fully implemented. 

So there are still many areas of research open in the field of Digital Television. In 

addition to ongoing research into the development of new audio and video compression 

techniques, which are evolving and are likely to increase the efficiency of DTV 

broadcasts, there are also other topics that require attention. The reason is due to the 

development model that has been used so far in DTV. In summary, the problem is that 

each new generation is based on the adoption of new technical solutions that improve 

one or more of the three areas on which DTV is based: encoding, packetization and 

transport. However, as previously discussed this purely forward model is problematic. 

However, as discussed above, this purely forward model is problematic. And the 

potential risk is that at some point the gap between one generation and another will be 

large enough to disrupt the evolution of Digital Television. 

With regard to that risk, it is now clear that DTV is a technology that competes with 

many others. Over the past four or five decades the regular consumption of television as 

a form of entertainment has been tremendous. But since the birth of DTV, consumption 

habits have changed substantially. And the cause seems to be more related to the 

introduction of new services that compete with TV than to any other factor. The 

problem is that the broadcasting model used in TV, although very efficient for mass 

consumption, is very slow to absorb the changes. And therefore, compared to other 

services with which TV competes, if the speed of technological evolution is not 

accelerated, there is a real risk that consumption will decrease significantly due to a lack 

of innovation. And the final consequence would then be that DTV could become a 

marginal service. 

To avoid this dark scenario, one element that can help is the research and development 

of technical solutions that focus on smoothing the evolution between the different 

generations. Among some of the potential solutions, the following new technical 

challenges currently faced by DTV can be considered as examples: the future coding 

standards, the jump to the next generation, and the optimization of the broadcasts using 

the current standards. Therefore, in this chapter we will try to discuss these issues from 

the point of view of future work. 
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3.1  Future Coding Standards and the Hybrid Scalable 
Compression 

The work carried out during this research has concentrated on the MPEG-2 and H.264 

video codecs because they are the standards used in the first and second consumer 

generations of DTV under the DVB-T standard. However, the standardization of the 

HEVC or H.265 video codec has been completed some time ago, so the industry has 

already started using this codec for a while. It is therefore urgent to start defining 

migration plans towards the use of this codec. Because if not properly planned, the same 

problem of incompatibility between generations will arise again. In fact, it is already 

possible to cite a specific example of this problem. The ATSC 3.0 standard —soon to be 

ratified— uses this video codec by default. And as has happened before, this revision of 

the standard does not incorporate any kind of inter-generational compatibility. 

Therefore, it will be necessary to replace all the devices in order to make them 

compatible with this standard. And that will probably make the migration process using 

this standard very slow for the reasons explained in this thesis. 

In addition, and to make the problem even worse, the next generation of video codecs is 

already in development. Work is currently underway to complete the specifications of 

the codecs that will replace the H.265/HEVC. Candidates include AV1 and 

H.266/FVC/VCC. Regardless of the characteristics of each one, as well as which one is 

ultimately chosen by the industry for use in future DTV standards, it should be noted 

that at this time there is no work focused on incorporating compatibility between 

standards from different generations. Therefore, it can already be assumed that 

broadcasts with these codecs will not be interoperable with current devices. And that 

will once again raise the same challenge of migration between generations. However, 

this may not necessarily be the case. After all, once a problem has been identified, 

solutions can be found. Based on this, and in accordance with the criteria of the author 

that the migration between generations in DTV is a true problem, the following are 

some possible lines of research to overcome this problem. 

The first outstanding challenge is the compatibility between different video codecs. 

When it is the case that the codecs are incompatible with each other, i.e. one is not a 

subset of the other, as is currently the case, then specific techniques must be applied to 

obtain a certain degree of compatibility. In this sense, the author proposes to use the 

concepts of scalability already exposed in this thesis. This would facilitate the transition 

from the H.264 codec to the H.265/HEVC. Some open lines of research based on this 

idea are presented below. 

One potential technical solution is to use the scalable native extensions of some codecs. 

The H.264 codec has an extension that provides scalability, it is the codec called 

H.264/SVC. The efficiency of this extension is good enough to be used in production 

environments. Although it is true that so far the industry seems to have shown little 

interest in adopting such extension. While it is possible that the cause is the lack of 

environments where its use is really productive. However, from a technical point of 

view such extension is very robust. Furthermore, the H.264 codec standards require that 

all decoders must be transparent to the use of this. And that is a very helpful feature. 

Because when a video stream is encoded using the H.264/SVC codec, it is guaranteed 

that any decoder, even if it does not support the scalable extensions, will be able to 

decode the base stream. And this simple requirement can be very valuable for 
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implementing compatibility between different codecs. For this reason, the author 

proposes the hybrid scalability as a potential line of investigation. Below is a brief 

explanation of what this concept consists of and how to apply it. 

A first model where it is possible to apply some hybrid scalability is when the two 

codecs to be used support scalability extensions. That is, when both the old codec in use 

and the new codec to be introduced are capable of operating in scalable mode. When 

this happens, it will always be possible to decompose the video stream into two streams, 

regardless of the codec used, and make them to work together. This is already possible 

using the H.264/SVC standard in combination with the more modern H.265/HEVC 

standard, since the specifications of the scalable extensions that were concluded not 

long ago in the latter, under the name SHVC, provide precisely support for that case. 

This means that a scalable stream in which the base stream is encoded with H.264 and 

the extension is encoded with H.265/HEVC, is then processable by a H.265/SHVC 

decoder. Therefore, since it is then technically feasible for both codecs to work in 

scalable mode, the simplest strategy would be to compress the video stream in scalable 

mode, but compress each of the streams using a different codec. The only problem, 

however, is that at present the development of this form of scalable hybrid encoding 

remains a line of research that needs to be further explored. 

Therefore, as a future work based on this specific line of research, the author proposes 

the following similar approach to be applied to the DTV. It would consist in 

compressing the base stream with the old codec —a codec without scalable support—, 

and the extended stream with the new codec, but using as base stream the one encoded 

with the old codec. This solution, which we can call translated hybrid scalability, 

compared to the native hybrid scalability mentioned above, is in general simple but 

technically more complex. The reason is that no direct support is included in the codecs 

in use, so some degree of adaptation is required. For example, just with regard of the 

encoder, a new challenge comes up. Since the codecs are different and no scalable 

extensions are supported, the encoder needs to generate both streams together and do 

the decomposition at the same time. However, such type of encoder does not currently 

exist. Another, and more important problem, is the compatibility with decoders. In order 

to support this translated hybrid scalable mode, certain changes are required inside the 

decoders. Such new changes need to be developed, tested, implemented and verified. 

Nevertheless, this should not be a huge problem, as the industry has not yet deployed 

the equipment for the latest generation involved, so there is still enough time. 

At the technical level, this proposal for a translated hybrid scalable coding is based on 

two new concepts: on the one hand, on the transparent encapsulation of the extended 

stream; and on the other hand, on the scalable decoding using different codecs. The first 

is necessary to avoid creating incompatibilities with legacy devices. The problem here is 

that if the extended stream is compressed directly using the new codec, this could cause 

problems with unadapted decoders that do not support hybrid scalability. A simple 

solution would be to encapsulate the stream as if it were a scalable stream using the old 

codec, but adding some small change so that it would be discarded by the decoders of 

the old codec with scalable support. Then there would be no problem either with the old 

decoders or with the new ones, whether they have scalable support or not, because they 

would never use the extended stream. Only the new decoders with support for this kind 

of translated hybrid scalability would use both streams to reconstruct the sequence from 
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these streams. The end result would be a seamless operation when it comes to 

unsupported devices. 

On the other hand, as for the decoders compatible with this new format, where changes 

should be made, these could be reduced to the following. First, support for scalable 

extensions should be mandatory. Obviously, without this support it is impossible to 

implement any type of hybrid scalability solution. But as already mentioned, for the 

HEVC standard such extensions are defined and standardized, so the only requirement 

is that the industry implements them in DTV devices. Second, support for scalable 

hybrid streams should also be mandatory. And on this last requirement there are at least 

two possible technical ways to implement this functionality: native support or direct 

transcoding. 

The native support of scalable decoding consists simply in that a scalable decoder is 

able to determine with which codec each scalable stream is coded and work indistinctly 

with one or the other. Thus, if the base stream is encoded using the old codec, simply 

use that other codec, instead of the native codec. This as a technical solution is very 

easy to implement, as it is common for new equipment to incorporate support for both 

new and old codecs. So support for the non-native codec is already present, and it would 

then be very easy to add such an extension. Actually it would only be necessary to add 

the support to interpret the transparent encapsulation of the extended stream, which is 

trivial to be done. The only variation then with regard to a regular scalable decoding is 

that the base stream will use a different codec. Doing this should not limit the 

reconstruction results in terms of quality, although it would affect the efficiency that can 

be achieved. The reason is that the efficiency of the old codec to encode the base stream 

will be lower than that which would be obtained using the new codec. So as can be 

seen, this option is technically feasible and easy to implement. It is for that reason that 

as discussed above the SHVC extensions of the H.265/HEVC codec are supporting this 

mode of operation with a base stream in H.264. However, for a general implementation 

it would be necessary that all codecs used now and in the future in DTV have that 

particular feature. 

With regard to the other implementation option, the direct transcoding solution, it is a 

bit more complex but also feasible. In this option, the scalable decoder does not require 

any modification, but the video stream is transformed before being injected into the 

decoder. This transformation is done in real time and is divided into two different tasks. 

The first, and simplest, is to decapsulate the extended stream and remove the wrapper 

that masks the data as if it were an extended stream encoded with the old codec (but 

note that this stream is transparent to any decoder of the old codec with scalable 

support). After this simple process this extended stream will 100% compliant with the 

scalable extensions of the new codec standard. The second task is therefore to transcode 

the base stream to be compatible with the new codec. This task, although it may seem 

costly, can be done in a simple way. On the one hand, the resulting stream does not have 

to be transmitted, but will be consumed directly. Therefore, in theory there are no major 

bandwidth restrictions. So it would be feasible to apply a mere pure I-frame coding 

only, which is very fast and requires few resources. This stream, created in real time 

with a fast transcoding, will then be used to feed the standard scalable decoder that uses 

the new codec. With this approach, the only essential prerequisite is that the transcoding 

performed must be absolutely lossless. Otherwise, the reconstruction will include errors. 
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An interesting advantage of the latter solution of direct transcoding is that it does not 

require technical changes of any kind in the decoders. And this is a relevant key point. 

Of course, it requires a specific encoder and the transcoding capability implemented in 

the receivers. But there is still the option that none of that processing has to be done 

inside the devices. Using external equipment, such as CI cards, it is possible to carry out 

this translation. So the decoders will not be modified in any way. This makes the 

solution easy to implement, and for this reason it is therefore the option recommended 

by the author when a native hybrid scalability is unavailable. 

In sum, it can be seen that there are solutions to the problem of future compatibility 

between generations. And although these solutions have not yet been explored outside 

of the work done in this thesis, it has been possible to see a small overview of how they 

could be implemented. Thus, a very interesting line of future work is being suggested to 

enable future DTV broadcasts to be compatible between different generations. And as 

already mentioned, it is already possible to natively combine HD streams with the 

H.264 codec along with UHD extended streams using the H.265/HEVC codec with the 

SHVC extensions. This would undoubtedly facilitate the transition between generations 

of Digital Television using these codecs. Therefore, it would be very interesting if the 

industry would be encouraged to include and promote the use of scalable extensions in 

DTV devices and standards. 

 

3.2  GPU based Advanced Compression 

Although the main objective of this thesis, as already mentioned, is not the optimization 

of video compression, it has been possible to explore certain related areas in which it 

would be useful to be able to continue working. One of these fields is the use of GPU 

hardware for video encoding. Along this line it is necessary to comment that in the 

research on aggressive compression the author has been able to know this technology 

closely, and the results are very interesting. If until now it was necessary to use 

professional equipment to compress DTV streams in order to achieve acceptable 

quality, now with GPU assisted encoders this requirement no longer seems necessary. 

The price of encoding equipment for Digital Television has for a long time exceeded by 

several units of magnitude the economic capabilities of both individual users and 

modest companies and researchers. What has led during all this time to limited results 

around this line of research outside large groups specifically dedicated to the area of 

DTV. 

However, with the popularization of GPUs it is now possible to remove this barrier. 

Since video compression on the GPU can now be considered a commodity, it is possible 

to generate fully compatible DTV streams with non-professional equipment. This opens 

up the opportunity to investigate new optimization methods, such as statistical 

multiplexing. So far, this type of multiplexing only exists in professional equipment 

when it comes to real time. However, a more innovative technical implementation could 

now be possible. For example, it would be possible to develop new open source tools — 

which do not yet exist—, that could generate MPTS streams using this technology. This 

would allow the techniques presented here, the aggressive compression and the joint 

simulcast, to be explored further. And as the results published in this thesis show, a 

simple working statistical multiplexer based on GPU compression could be built. 

Although this prototype does not work at the moment in real time, it allows to see that 

such implementations are possible. So its use could well be used to find more effective 
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techniques to improve significantly the efficiency of simulcasts. This would perhaps 

attract more attention to this line of research, and more studies could be done. And 

perhaps that could eventually encourage the industry to take a greater interest in the 

inter-generational compatibility in the Digital Television. 

Specifically speaking, the advantages of GPU hardware assisted encoding are many. On 

the one hand, it is possible to work in real time using a modest computer. On the other 

hand, it is possible to achieve efficiency and quality rates that are not possible with 

current software algorithms. And the fact that GPUs are now a mass market product 

means that it is possible to use several GPUs at the same time. This opens up the 

possibility of simultaneously processing multiple streams, and even applying multiple 

filtering processes simultaneously to the same stream. In this way, using clusters of 

GPU equipment, large-scale processing tasks that would otherwise be much more 

difficult can be addressed. 

However, it should be noted that video compression on the GPU is not intended to 

replace professional DTV equipment. It is not even intended to be used in any other 

type of Digital Television environments. This is because all existing implementations 

are based on proprietary drivers. And the GPU manufacturing industry has incorporated 

the ability to compress video for other reasons. These reasons are basically two: 

hardware video decoding and video streaming. To understand the limitations of this 

technology, these two reasons are detailed below. 

Today, whatever device the user uses —no matter if it is a PC, a smartphone, a laptop or 

any other electronic device— the ability to play video content is considered inherent. 

However, the increasing use of video in electronic devices means that this capability 

needs to be added to the hardware. The reason is that the bandwidth required for 

uncompressed video exceeds by far the transmission capabilities of the networks. This 

means that compressed video is required. And because better quality is increasingly 

desired, but taking up the same space, it is necessary to use codecs with high efficiency 

rates. However, to achieve this goal, massive computational efforts are required. For 

this reason it is necessary that the devices have dedicated video decoding hardware. 

Otherwise, they will not be able to play back compressed video streams smoothly. 

So the primary use case for GPU decoders is for conventional multimedia playback. 

This often excludes formats commonly used in DTV, such as interlaced video. 

Fortunately, the implementations provided by manufacturers often support interlaced 

formats as well. As do existing open source tools used by GPU decoding libraries. This 

is very useful, because in order to apply complex compression processes it is often 

necessary to process a stream in multiple stages. And to do so, the simplest way is to 

recompress the same stream several times. Therefore, to retain high quality while being 

fast enough to operate in real time, it is useful to rely on specialized hardware for 

decoding. For this reason, decoding on the GPU is extremely useful, even though the 

work involved is the compression of DTV streams. 

When it comes to GPU hardware encoding, the reason why the industry supports this 

feature is completely different. There are basically two reasons that can be identified, 

although they are both related. The first is the ability to capture sessions in video games 

and the second is the ability to project the desktop onto external displays. The first use 

case is very significant because, in fact, much of the success of GPUs is in their use for 
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video games —they are actually their niche market—. And the second use case is 

notable because it is not limited to desktop devices. Today, the screen projection on 

other displays is being introduced strongly in the smartphone and notebook 

environments. There the aim is to provide simple solutions for the user to connect 

additional displays. And one way to do this is to capture the screen as a video stream 

and then send it to an external device. This use case works very well as long as 

dedicated hardware is available. 

Thus, following the needs of both use cases described, the industry has now turned 

video encoding/decoding on the GPU into a commodity. However, because the focus is 

completely different from that of Digital Television, there are many limitations to how 

GPUs can be used in this field. In essence, it must be considered that the support 

provided by manufacturers for video encoding using the GPU will not provide the 

expected support for DTV broadcasts. At least two reasons have been identified during 

the development of this thesis. First, the settings that would be common when 

compressing a television stream are not suitable for what are considered common 

usages in the GPU market. On the other hand, bitstreams generated with a GPU often do 

not meet the requirements for DTV broadcasts. The reasons for this are explained 

below. 

With regard to the first point, the settings used in the video encoding, it should be noted 

that in the case of synthetic images, such as in video games or computer monitors, the 

final quality can be greatly compromised if specific settings are not used. For example, 

when using lossy codecs it is essential that certain types of noise are not introduced into 

the video sequence. As well as not losing certain details. However, the video sequences 

typically used in Digital Television are in many cases relatively immune to the effect of 

both of these issues. Therefore, it should be understood that GPU video encoders may 

have quality drawbacks when compared to professional DTV equipment. A simple 

solution would be to test and select settings that will give similar results to those 

obtained by dedicated equipment. A future line of research could then be to explore 

these configuration parameters and try to improve the results. 

And as for the second point, the compliance of the bitstreams generated by the GPU 

video encoders with the DTV standards, here the problem is to adhere to the 

specifications. The standards are very strict in this regard in terms of how the stream 

should be in order to be played back smoothly by DTV decoders. The work done during 

this thesis has highlighted this problem, as these bitstreams often do not meet the strict 

specifications imposed by the standards. These limitations have been shown when using 

analysers to verify the streams and regular DTV boxes for playback. However, it has 

also been found that it is actually viable to adapt the generated bitstreams to meet the 

specifications. To achieve this, two techniques were used which have proven to be 

effective: modifying the streams on-the-fly and forcing certain compression parameters. 

By doing that the streams that are obtained can be perfectly used for DTV broadcasts 

without any trouble. However, it should be highlighted that this limitation is very 

important, so it would be necessary to work on improving the compatibility in order to 

allow the compression in the GPU to be used in the field of DTV in a more trouble-free 

way. 

And it should also be mentioned that in addition to video encoding/decoding on the 

GPU, this dedicated high-performance hardware can also be used for other 
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computational processes. Because video pre-processing can be used to increase 

compression efficiency, dedicated hardware is very useful for performing these filtering 

tasks. In fact, this functionality is already present in many GPU drivers. So it is easy to 

take advantage of this feature. And since the entire video stream is already stored in 

GPU memory, it is faster and more efficient to do all the filtering on the GPU than to 

move the video stream into RAM for processing it by the CPU, and then copy it back to 

the GPU memory. Therefore, using standard libraries such as OpenCL, it is possible to 

apply any type of filtering to video streams, which can certainly help improving 

efficiency. So another area for further research would be to use GPU processing to 

optimize the compression performance. 

And in close connection with that, there is one last point to consider about the use of the 

GPU. In recent years, there have been lines of research on AI and BigData that use 

GPUs. But so far there are few studies that apply these techniques to video processing, 

although this is likely to be a very promising area as well. If these techniques and 

knowledge could be applied to joint compression within a DTV simulcast, then it might 

be possible to make the correlation between the streams in the simulcast even further 

exploitable. This would be possible by using a platform where all the processing and 

coding can be done on a GPU cluster, which would then be able to address the 

investigation of the application of these AI and BigData techniques to the sequence to 

be processed. 

 

3.3  Channel Bonding and Mixed Modulation Broadcasts 

One of the areas of research that has not been addressed during this thesis concerns the 

modulation of RF signals. As mentioned earlier, this area —the transport layer— is the 

third basic component of Digital Television (the other two are encoding layer and 

packetization layer). Therefore, all the results presented here are based on the premise 

of using a single modulation mode to broadcast all the data within a single multiplex on 

a single frequency. This means that all simulcast services are within the same MPTS. 

However, it is also possible to go further and improve intergenerational compatibility by 

making changes in the transport layer. 

Aside from the improvements made to the various standards in terms of modulation 

modes —which is an open research area, as is audio and video coding— improvements 

focused on adding compatibility between different broadcast signals are potentially 

possible. Among the possible approaches, the author proposes at least two in this area: 

the channel bonding and the mixed modulation. 

The bonding technique is a simple solution to the problem of combining two 

modulations, one new and one old, which also adequately complements the joint 

simulcast. Bonding in general involves the use of two paths to send a single stream. 

This technique is widely used in other areas of telecommunications, such as in 

networking, where by using the transport or link layers it is possible to combine the 

bandwidth provided by multiple transport connections. But this technique could also be 

applied to the broadcasting of DTV signals. In fact, some standards already support this 

technique to some degree. For example, DVB-C2 incorporates support for a Channel 

Bonding extension; also the future ATSC 3.0 will support the Channel Bonding 

functionality of two channels; and DVB-S2X also incorporates an option that makes it 

possible. In all of them, the channel bonding solution basically involves the use of two 
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frequencies (or more, depending on the standard used) to broadcast a single MPTS. 

Thus, the packets of the Transport Stream are distributed among the different physical 

channels. And the initial order of the packets is reconstructed in the decoder to obtain 

the original MPTS. In this way it is possible to increase the effective bandwidth by 

combining more than one frequency and achieve higher bit-rates. 

But this technique in itself only increases the bandwidth. It does so mainly by 

aggregating the bandwidth of the channels. Although also by reducing the overhead of 

the channel spacing when the two are adjacent and the modulation used allows this gap 

between the two frequencies to be exploited. However, it has one drawback: it requires 

the use of more than one tuner (or using one with a wider channel width, if the 

frequencies are adjacent). But in return there is a very large bandwidth that can be 

exploited for better efficiency from statistical multiplexing. And this will increase the 

total number of services that can be broadcasted, which in itself is a clearly significant 

improvement, especially when the services occupy a large part of the MPTS. For 

example, by joining three frequencies it is easy to go from 9 services distributed in three 

groups in 3 frequencies, to 11 (or more) services distributed in a bond of those same 

frequencies. And the best part is that all of this is using exactly the same RF spectrum 

and maintaining the same quality of services. 

But better still, this technique could also be used for the purpose of allowing inter-

generational compatibility. To do so a combination of two (or more) frequencies would 

be required, but using different modulations in each. In this way it would be possible to 

build a WTPS that shares parts of the services, as explained in this thesis, but instead of 

using a single channel to broadcast it, several channels are used. Thus, one of the 

channels could still use the old modulation, which is compatible with legacy devices. 

And the others could use the new, more advanced modulation, which will be compatible 

with the new devices. Then, using the channel bonding, the video streams using the old 

codec, as well as the rest of the service data, would be delivered through the channel 

with the old modulation. And video streams using the new codec would be delivered on 

the channel(s) with the new modulation. This would maintain compatibility with legacy 

devices, but allow the new devices to receive the new services by reusing some of the 

data broadcasted using the old technology. 

However, this mixed bonding mode is completely new and is not covered by any 

standards. So further work on its implementation would therefore be very beneficial. 

And due to the great advantage that its use could bring to the terrestrial distribution of 

DTV broadcasts, its incorporation as an extension of the DVB-T2 standard would be 

very attractive. However, it should be pointed out that the type of bonding proposed 

implies the use of different modulations. Therefore, some form of encapsulation would 

be necessary to make the use of this technique on the old frequency —the one that uses 

the old modulation and carries the services using the old codecs—. This is because 

usually the use of the bonding technique implies that all channels are used to receive the 

original stream. However, in the proposed scenario the bonding would be asymmetrical. 

In other words, one channel would operate on its own as if there were no merging 

channels at all, while the other would operate as an extension. Therefore, there would 

actually be two modes in operation: the first is the basic mode (the legacy mode) which 

uses only one channel, and the second is the extended mode (the new mode) in which 

both channels are combined. This operating method could be called Asymmetric 
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Channel Bonding with Multiple Modulations. And this is one of the developments that 

the author is interested in continuing to work on. 

The other technique that could be investigated further in this area is the Mixed 

Modulation. This technique involves modulating more than one digital signal within the 

same channel on the same frequency. And in the case of a DTV broadcasting, it is 

equivalent to the fact that part of the occupied spectrum is used to transmit other digital 

signals. In a nutshell, it involves making a Time Division Multiplexing (TDM), or a 

Frequency Division Multiplexing (FDM), but using completely different digital signals. 

Both modes of signal multiplexing are commonly used in many areas of 

telecommunications. It is therefore not surprising that certain of the DTV standards 

incorporate particular modes of operation that are based on some of these two 

techniques. For example, the ISDB-T standard divides the spectrum of each channel 

into different parts and it may use different modulations in each part. In other words, 

using FDM, each television channel is subdivided into smaller portions. And each of 

these sections can be used for a different purpose. For example, single frequency 

broadcasting services can be provided with different capabilities in relation to error 

correction and other similar characteristics. Or each of these sections can be used for 

completely different services. Even so, the standard only allows the use of specific 

modulations within the channel, and always for broadcasting DTV services. 

And as for TDM, a combination using time division is also possible. For example, the 

DVB-T2 standard, with the incorporation of the Super-frames and supporting the Future 

Extension Frames (FEF), is able to allocate part of the bandwidth to other digital 

signals. This feature allows dividing the symbols of the signal carriers into frames, and 

signalling and identifying each of them. The frames can then be of different types, even 

unknown types. Thus, it is possible to send any digital signal within unused frames. And 

using this feature it is possible to modulate DVB-T2 Lite (radio) or LTE (mobile phone) 

signals together with the DVB-T2 signal on the same channel. 

However, so far there is no solution to overlay two DTV signals using different 

modulations. Although it would clearly be useful to develop some extension that allows 

a partial modulation mode that reuses an old modulation. For example, it would be 

useful to explore how to encapsulate a DVB-T signal into a DVB-T2 multiplex. One 

way to do this could be to increase the bandwidth of the DVB-T2 channel to be wider 

than that of the DVB-T signal, and then place the entire spectrum of the DVB-T signal 

inside the DVB-T2 channel. To do this it would be necessary to develop a new 

extension that allows to define larger channels in DVB-T2 (the current maximum is 

10MHz, which would be insufficient to contain a DVB-T channel using 6, 7 or 8MHz), 

and then use a new FDM mode that allows to combine both signals. This approach 

would be necessary because the problem cannot be solved by using TDM and super-

frames, as the DVB-T signal does not allow TDM with other signals. However, it 

should be mentioned that in case of using a fixed mode of TDM with wider channels, it 

would be functionally equivalent to the bonding solution, and then there would be no 

advantage in using it. Therefore, the Mixed Modulation would only make sense if it 

could be used on the same frequency and be transparent to the old modulation. 

In any case, if any of the above solutions could be used to combine transport signals, it 

would certainly facilitate the migration between different generations of DTV. The main 

reason is that the Joint Simulcast technique presented here could be applied much more 
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efficiently. Instead of just sharing elements at the packetization level, this sharing 

capability would also extend it to the transport layer. And by combining this with the 

results of the Hybrid Scalable Compression an optimal and high-efficiency model for 

inter-generational compatibility could be achieved. The following lines describe how 

this would be possible. 

The basis of this new highly efficient model would be to include all simulcast services 

within the same MPTS. That MPTS could be identified as the complete MPTS (the 

reason is explained below). In this MPTS the services would be distributed in a joint 

simulcast solution, where each service would be composed of a shared part (audio and 

other data streams) and two different video streams. And these two versions of the video 

will be scalable, so there will be one basic video and one extended video. All elements 

would then be compressed using the old generation codecs, except for the extended 

scalable video stream that is compressed using the new codec. Finally, the MPTS is 

divided into two parts, one compatible and one extended. And the compatible part is 

broadcasted on one channel using the old generation modulation. The extended stream, 

along with some data required for the reconstruction, is broadcasted on another channel 

using a new modulation. In this way, any legacy device will be able to reproduce all 

services by tuning to the old channel. And the new devices will be able to play the 

services in simulcast using the improved video quality in conjunction with the other 

shared elements. To achieve this, they must additionally tune into the extended channel 

and rebuild the entire MPTS. Then, using the entire reconstructed MPTS, the new 

devices will only need to decode the enhanced quality video using the scalable hybrid 

compression. So, since the base video stream is encoded using the old codec, and all the 

base service streams are located in the shared part of the MPTS broadcasted in the 

channel with the old modulation, then the process for the legacy devices is completely 

transparent. Therefore the three parts into which the Transport Stream is divided are: the 

complete MPTS which is the original MPTS, the basic MPTS for the compatible part 

shared with legacy devices, and the extended MPTS which is the scalable part for new 

devices only. 

With this model it would be possible to achieve the maximum level of efficiency in a 

Joint Simulcast. And although here two channels are used to broadcast the entire 

simulcast, this could actually be done by reusing pre-existing frequencies. In other 

words, from a set of N frequencies, N-X (where X<N) could be reserved for the old 

technology (using the old modulation carrying the basic MPTS) and then use the 

remaining X frequencies for the new technology (which will use the new modulation to 

transport the scalable extended stream compressed with the new codec). The main 

advantage is that if this allocation can be done transparently, which would be possible 

by adding the necessary extensions to the current standards, then this would also be 

transparent to users. And then it would be possible to vary the distribution of the bit-rate 

between the old and the new technology. This would be a very interesting functionality 

to be used during the transition period, as described in this thesis. However, there would 

be the limitation that the basic versions can only go on the frequency with the old 

modulation. This should not be a problem, though, as this restriction does not apply to 

the extended versions.  

Therefore, as described above, it is actually feasible to implement an optimal model for 

distributing DTV services in such a way that it allows smooth migration between 

different generations of Digital Television. And that is the ultimate goal of this research. 
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So based on the results obtained, and the future work that has been outlined, it is 

demonstrated that it is certainly viable to develop the technical resources necessary for a 

real inter-generational compatibility in the standards of DTV. This would undoubtedly 

be very useful, and is the work for which the author has been fighting since the 

beginning of this investigation. 

 

3.4  Specific recommendations for the Spanish DTT 

To conclude this document, the author would like to include a number of 

recommendations for a particular scenario. During the research of this doctoral thesis, 

an specific scenario has always been used as a target example: the DTT in Spain. And 

the reason why these final comments are not included as an appendix is because the 

results can be directly applied in that scenario. In fact, they can be considered future 

work, as the author is currently working on being able to make this objective a reality. 

Consequently, it is valuable at this point to conclude this document with an attempt to 

apply to that case the experience acquired during the realization of this research. To this 

end, the author presents a list of recommendations based solely on his own experience. 

As a first general comment, it can be asserted that the introduction of DTT in Spain in 

substitution of the traditional analogue television must be considered like a success. 

Among the different reasons that support this argument there are several, but there are 

two in particular that stand out apart from the obvious improvement in quality: the 

universal access to services, and the increase of the television offer. With the use of 

analogue technology, access to television services was closely linked to the place where 

the audience resided. On the one hand, the quality in the reception of analogue signals 

was deficient in places distant from large population centres. On the other hand, 

advanced services such as dual and stereo audio, were only active in a few broadcasting 

centres (basically in only two —Torrespaña and Collserola— despite there being 

thousands of total emitters). And the extended services were reduced exclusively to 

Teletext. This created a technological gap between two population groups: those living 

in the most populated parts of the territory, and all the others. 

Moreover, the television offer was certainly very small with the analogue signals. And it 

varied greatly according to the location of the population. This was due to the fact that 

in some places multiple local and regional broadcasts were received, while in others the 

offer was exclusively the minimum of the services with national coverage. Also the 

number of providers was limited exclusively to the public broadcasters and a set of three 

or four private broadcasters. All this made up a rather limited offer of television services 

which again divided the population into groups according to their location. 

On this basis, it can be concluded that the substitution of analogue television by DTT in 

Spain led to a democratisation of terrestrial television in that territory. On the one hand, 

all services became identical. And all of them were then accessible under equal 

conditions in all the places with coverage. On the other hand, digital television being 

able to offer extended services such as multiple audio tracks, subtitles in multiple 

languages, audio description, etc. And as a result, it was possible to ensure that the 

entire population could now have access to all extended services. Furthermore, due to 

the significant increase in the number of broadcasted services (in an order of magnitude 

of 5 or 6 times more, due to the multiplexing capabilities of DTV), the public was able 

to start consuming content that was otherwise considered not cost-effective. This also 
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further democratised the television experience, as a large part of the population was no 

longer directly subject to the rules of the small group of media operators. 

But this apparent success, not always perceived as such by the people, is not free of 

problems. However, it is necessary to say that many of these problems are not due to a 

technical issue, but rather to other external factors; such as the effects of regulations 

imposed by legislators, the economic objectives of operators, and the failed proposals of 

some services. But even so, it must be noted that there are some technical deficiencies 

that could have been solved otherwise. In fact, the basis of this thesis shows that this is 

true: since almost twenty years after the first digital terrestrial television broadcasts in 

Spain, the same generation of digital television is still being used. And this despite the 

fact that the technology used is already obsolete and there are already a few generations 

that could replace it. So the current situation is that everything seems to have stalled for 

the reasons explained throughout this thesis. 

For this reason, and although the author does not discuss the success of the DTT in 

Spain, but rather values its success, he also wants to give visibility to some technical 

issues that could be improved. The purpose of this is to provide greater technical 

knowledge, as well as innovative solutions that could improve the DTT service. This is 

particularly significant when it is taken into account that some of the aspects that could 

be improved can be enforced based on the guidelines established by the regulator. In 

fact, these are viable solutions that only require a commitment from the regulator to 

implement them quickly with some limited investment in the improvement of the 

distribution networks. 

Among the aspects that could be improved, the following four are detailed: 

1. Design of the distribution network. 

2. Packaging of the broadcasted services. 

3. Multiplex management. 

4. Rules for service migration. 

We will analyze in a very short detail what each of these aspects implies. 

 

3.4.1.1  Design of the distribution network 

The distribution network used in Spain employs slightly different values from those 

used in other neighbouring countries (mainly France, Italy and the United Kingdom). 

Basically the problem is that the effective bit-rate is lower than used elsewhere. The 

reason for this difference has to do with the roots of the implementation of DTT in 

Spain. The initial configuration was planned to be an SFN network in the whole 

territory. The advantages of a network of this type are obvious, because for the user is 

much simpler to use. In addition, the effective coverage is usually greater, since 

receivers can be fed with the highest quality signal (usually the strongest) when several 

antennas are emitting the same signal. However, at the time of designing the network it 

was decided to use the most extreme value of the Guard Interval in order to maximize 

coverage using the minimum number of broadcasting centres. But that implies a notable 

reduction in the effective bit-rate that can be used on each frequency, leaving the value 
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at 19.9Mbps. And this is below the most common 22-24Mbps used in other territories. 

So now in order to achieve those much more streamlined values it is necessary to make 

changes. And only two options are possible: either the guard interval is reduced, or the 

redundancy is reduced. 

But altering the second parameter seems impractical because in that case the coverage 

decreases. In addition, many of the installations currently in use, which may be at their 

operating limit, could suffer signal drops. In fact, the author agrees that the current 

redundancy value (FEC 2/3) is correct. However, the guard interval should be changed. 

And there is a good reason to do so. Many of the broadcasting centres in use today are 

not SFN networks covering large areas. This is because some time ago changes were 

made in the distribution network to dismantle the use of SFNs at the national level and 

move to regional/local signal distribution. So currently in many cases a few, or even a 

single emitter, are covering one area. And in such circumstances it is very unusual to 

exceed the maximum distance between transmitters by using a greater value of the 

guard interval. Therefore, with a minor reconfiguration of the network and a minimal 

investment in a few additional transmitter centres, 10-20% more bandwidth could be 

gained. Which would be an important advantage that would be worth considering. 

 

3.4.1.2  Packaging of the broadcasted services 

From the inception of digital television specifications, the concept of Service Bouquets 

has been part of the standards. These bouquets or packages are usually linked to 

distribution networks in order to group services according to operators. This feature is 

essential in the operation of satellite broadcasts, where many operators share a single 

orbital position. But it is also widely used in cable and terrestrial networks for other 

reasons. Basically the grouping of services allows extended functionalities that are 

otherwise not available, such as channel management (LCN), shared programme guides 

(EPGs), and other similar ones. 

For example, the use of LCN descriptors greatly simplifies the use of digital television 

for users. One of the problems most criticized by DTT users in Spain is the arrangement 

of channels. At present, when a search is performed, services are stored without any 

logic. And the complex user interfaces of both TVs and STBs are often useless for 

sorting channels. This was in many cases the biggest problem detected by users during 

the initial DTV transition. But exactly the same problem has been repeated in 

subsequent re-tunes in the receivers due to changes made in the distribution networks. 

And in fact it is not an exaggeration to say that from the point of view of the user 

experience, this is the biggest problem of digital television in that territory. However, 

technically this problem does not exist, as all receivers are able to sort services 

according to a broadcasted list. And this is being used without any problem in other 

territories such as France or the United Kingdom, where users are not aware of such 

problems. But the Spanish regulator does not enforce the use of this capability. We can 

assume that the reason for this is undoubtedly the lack of consensus at political and 

commercial level among the operators. From any other point of view, however, it is a 

serious mistake not to use this capacity, which unnecessarily penalises users. And for 

the same reason in other territories this feature is always used. 

Another similar case, although this is already a minor problem, concerns program guide 

services (EPGs). Currently, EIT data from EPGs are sent only at the level of the same 
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multiplex. The reason for this again is the lack of regulation on coordination. And this 

simplistic multiplex coordination model unnecessarily limits user accessibility. Now in 

order for a user to have all the EPG information available on his device, s/he must 

navigate through all the received frequencies. But this is a fact that most users are 

unaware of. They misunderstand why the EPG service does not work properly on their 

terminals. And this is artificially creating an access barrier for users to use this enhanced 

service; and the worst thing is that on a technical level the problem does not exist. The 

feature of sharing EIT data between different frequencies is perfectly defined and easy 

to implement. When deployed, it is sufficient to tune into any television channel so that 

all data from all services are available. This greatly improves user accessibility and 

should therefore be a priority for the regulator. 

 

3.4.1.3  Multiplex management 

Since the initial deployment of the DTT in Spain, the regulator imposed that the 

different broadcasters operating the same multiplex should agree on its technical 

operation. However, this approach prevents maximising the capacity utilisation of a 

multiplex when it is not managed by a single operator (which is the case for at least half 

of the multiplexes in use). This implies that, for example, at the technical level, all the 

services distributed in the Spanish DTT are CBR; with the only exception of those 

which are broadcast in a multiplex where all the services are from the same operator. 

Only in those cases the statistical multiplexing is enabled. This results in insufficient 

video quality for some services, when it would not be the case if statistical multiplexing 

were enforced on all multiplexes. 

In addition to the abovementioned, the model in which the regulator establishes digital 

TV licenses is not very well suited. The current model establishes a license to the 

exploitation of 25% of the space of a multiplex for one service, and then imposes some 

restrictions to its use. From a technical point of view, this approach does not help to 

optimize the use of the multiplex. The reasons are simple to explain. On the one hand, 

bandwidth is wasted on non-essential services (data, radios, etc.) because it is 

permissible to do so (up to 10% of the assigned space). On the other hand, the empty 

space used for padding after multiplexing services is around 5-10% of the total. This 

leads to a significant waste of the multiplex, which can be easily verified when 

comparing the multiplexes managed by a single operator with the other multiplexes. 

Therefore, there is no doubt that better management would be beneficial for users, since, 

for example, it would be possible to simulcast services that would otherwise only be 

accessible with a single technology. 

 

3.4.1.4  Rules for service migration 

Another consequence of the implantation of a non-centralized multiplex management 

model is that service migration is very complex. For example, simple operations such as 

moving a service from one frequency to another, adding a new service or restructuring 

part of the network are such complex tasks that they require a long and carefully 

planned procedure. This contrasts with the ease that a satellite operator, for example, 

can add and remove services, make changes to the channel network, add or remove 

frequencies, etc. All these tasks, which are only technical adjustments that are fully 

covered by DTV standards, can be performed by the operator without user intervention. 



 82 

However, in the case of Spanish DTT, such changes are very difficult or even 

impossible to carry out in a transparent way. And this is not logical when the necessary 

technical tools exist to ensure that users only have to turn on their devices and receive 

automatic updates of the configurations. 

Furthermore, the problem is aggravated when it is proposed to initiate a transition 

process to another generation. In that case it is convenient to be able to move some 

services to new frequencies, in order to free up space for new services that use the new 

technology. But although it could be done in a way that is transparent to the user, it is 

now impossible. In addition, by using technical solutions already implemented it is 

possible to further simplify the migration. For example, when the HD Simulcast LCN 

identifier is activated then the transition will be even easier for the users. This identifier 

allows receivers with support for decoding HD signals to automatically replace the SD 

channel with the HD version, if this version is available. This means that users will start 

seeing the new services with better quality from day one if their equipment accepts it, 

and all without any manual intervention. 

 

3.4.2  Analysis of the proposed solutions 

These listed above, are the four most notable areas in which the author has detected 

deficiencies throughout the realization of this thesis. It should be noted, however, that 

the points listed above are only some of the problems that exist. The author does not 

claim that this is a complete list of all problematic areas; nor does he intend to suggest 

that they are the only ones that require attention or can be improved. These are simply 

the ones that generate relatively significant problems and yet could easily be improved. 

In this regard, a number of potential improvements are detailed below. These are 

improvements that from a technical point of view could be implemented without major 

problems. However, they fundamentally require changes at the regulatory level. In fact, 

virtually none of them can be implemented without the Spanish regulator making 

changes to its recommendations. However, this is far from being a problem, but rather 

an advantage. The reason is that the regulator bases its decisions partly on the 

recommendations of the technical working groups that collaborate with it12. And some 

of these problems have already been identified. Therefore, it is feasible to consider the 

recommendations analyzed here within these forums. This could perhaps encourage the 

regulator to work in that direction. 

Entering into this analysis, among the particular improvement actions suggested by the 

author, the following five are listed: 

▪ Migration to HD H.264 DVB-T using the Joint Simulcast. 

▪ Changes in the management model of the multiplexes. 

▪ Modifications to the technical parameters of Multiplexes. 

▪ Joint planning for upcoming migrations (DVB-T2 and UHD). 

▪ Alternative user access from other transport networks (TDT-SAT). 

 
12 See the documents of the Technical Forum of the Digital Television group of the Spanish Government / 

Foro Técnico de grupo de Televisión Digital del Gobierno de España. 
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Each of these points is now analysed in detail. 

 

3.4.2.1  Migration to HD H.264 DVB-T using the Joint Simulcast 

Currently in the Spanish DTT, an independent simulcast is used to broadcast only some 

services in HD. This partial simulcast has been running for many years, in fact for 

almost a decade. So actually the Spanish DTT has been in a migration process for a long 

time. But this situation have no sense. For example, in other countries the migration to 

the next generation, using HD H.264 services with DVB-T, is complete or nearly 

complete. A notable case is the neighbouring country of France. In that territory, from 

2016 all broadcasts are made using only the H.264 codec. So the fact that the first 

generation is still being used in Spain today, when in fact digital TV services started 20 

years ago, makes it certainly a rather peculiar case. But worst of all, this suboptimal 

situation is likely to persist for a few more years. According to the recently published 

plans for the second digital dividend13, it seems that SD signals in MPEG-2 will not be 

eliminated until 202214. However, this decision may not be very successful as it will 

prevent the full deployment of all HD services for another two years. The underlying 

problem will be that until that date, without direct action to provide a solution, about 

half of the television services will continue to be accessible exclusively in SD. This will 

certainly can further increase the serious delay in the development of digital terrestrial 

television suffered in this area. And this delay is more evident when comparing with 

other countries, such as the United Kingdom or Germany, where third generation 

services (H.264 HD with DVB-T2) are operating. So unless something is done, the 

problem will get worse. Being anchored in a completely obsolete technology is not 

good, so any solution addressed to solve this problem could compensate for the lost 

time. In that sense, the technology of the Joint Simulcast proposed in this thesis can be 

very positive to accelerate the migration to services only in HD. The key is that using 

this solution right now it would be possible to easily switch all services to HD, without 

having to turn off SD services yet. That would most likely move the public to upgrade 

their television equipments, and when the switch-off date comes, there will be no 

problem in completing the switch-off the MPEG-2 signals. 

At this point the opportunity factor for implementing such solution is significantly 

relevant. The reason is that currently the number of legacy receivers that only support 

MPEG-2 SD is still significant, so eliminating such broadcasts at this time would create 

social alarm. However, it is equally true that all products currently on the market are all 

compatible with one of the next two generations, that is all with H.264 HD, but with 

DVB-T or DVB-T2. It is therefore reasonable to implement as soon as possible a 

solution that allows all services to be received in HD. In fact, the only reason why this is 

not being done at the moment, as studied in this thesis, is because the shortage of 

available bandwidth. But by applying the Joint Simulcast solution it is expected that the 

migration of users to HD will be rapidly accelerated. Leaving only a residual amount of 

them for the 2022 date. All this without forcing anyone to complete the migration, and 

allowing for a non-traumatic change. With the added advantage of being in a better 

position to start the next migration on the date of the SD MPEG-2 codec removal. 

 
13 See the document https://www.televisiondigital.gob.es/2DD-5G/Documents/plan-actuaciones-

2DD5G.pdf . 
14 See the document https://avancedigital.gob.es/es-es/Participacion/Documents/Proyecto-RD-TDT-

segundo-Dividendo-Digital/Proyecto-RD-%20Plan-Tecnico-TDT.pdf . 

https://www.televisiondigital.gob.es/2DD-5G/Documents/plan-actuaciones-2DD5G.pdf
https://www.televisiondigital.gob.es/2DD-5G/Documents/plan-actuaciones-2DD5G.pdf
https://avancedigital.gob.es/es-es/Participacion/Documents/Proyecto-RD-TDT-segundo-Dividendo-Digital/Proyecto-RD-%20Plan-Tecnico-TDT.pdf
https://avancedigital.gob.es/es-es/Participacion/Documents/Proyecto-RD-TDT-segundo-Dividendo-Digital/Proyecto-RD-%20Plan-Tecnico-TDT.pdf
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In addition, it must be taken into account that the economic costs of implementing the 

Joint Simulcast solution are very low. This is because the changes are only at the 

headend level, specifically in the coding equipment, so the investment is minimal 

compared to the benefits. Furthermore, if the application of these changes was made to 

overlap with other re-tuning processes, it would make their application practically 

transparent. Therefore, on the basis of the opportunity cost and the benefits obtained, it 

does not seem reasonable to refuse to apply this option as soon as possible. 

 

3.4.2.2  Changes in the management model of the multiplexes 

If the Joint Simulcast solution is selected, it would be useful to make an additional 

change to make the result as efficient as possible. This change would involve a 

modification in the management of the Spanish DTT multiplexes. Instead of continuing 

to use the current uncoordinated management model, results would be improved by 

opting for centralized management. Basically, the new model, which is used in other 

countries, consists of replicating the operations of a network operated by a payment 

broadcaster on a vertical platform. The objective is not to establish a pay-per-use 

scheme, but to avoid the current ecosystem in which each of the multiplexes is managed 

as a separate unit. In the new model, all television programs are delivered to a single 

network operator by contribution feeds. The network operator then packages the 

programs into digital television services and distributes them through the corresponding 

networks (national and regional). This allows services to be aggregated on a purely 

technical basis to improve efficiency; rather than simply allocating 1/4 of a multiplex 

for each of the broadcasting licences. Furthermore, this opens up the possibility of using 

the technical features for auto-configuration of the receivers. This would greatly 

simplify actions such as switching services from one frequency to another. The only 

requirement to be able to work in this way is to define the figure of the network operator 

and to assign the licenses according to a broadcasting right of a digital television 

service. 

An interesting fact is that making this change would not be difficult. At present, there is 

already an operator who operates nationwide and is responsible for the transport of all 

signals with national coverage. It manages the entire distribution network for these 

signals. Therefore, the necessary infrastructure for such centralized management is 

already de facto in place. It would therefore only be necessary to define the figure of 

that network operator at the regulatory level and then directly begin to carry out the 

management in a coordinated way. 

And from the point of view of the users, this change of model has many advantages. On 

the one hand, certain aspects of the configuration of the broadcasts would be fully 

automatic: the ordered list of the services (main defect perceived by the users of the 

Spanish DTT), the automatic re-tuning of programs in case of changes, the global EPG 

service, the automatic selection of the HD versions in case of being present and 

compatible with the receiver, etc. On the other hand, it would be possible to maximize 

the full use of all network capabilities, which would result in the delivery of better 

quality to all users. This in turn would alleviate the pressure of the challenges associated 

with the migration of services to future generations when a new technology becomes 

available. This would be true because the necessary changes in the broadcasting 

network could in many cases be virtually transparent to users. And additionally that 

would make it much easier to free up space, or make other relevant changes, to start 
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emissions using new standards. Essentially, all this would be possible simply because 

the services, by being centralized, would be able to move between frequencies and the 

parameters within the network would change transparently. However, nothing of this is 

possible under the current regulation, so a change would be very necessary. 

 

3.4.2.3  Modifications to the technical parameters of Multiplexes 

The change proposed above in the management model would allow an easy 

modification of the parameters of the broadcasting network without affecting the users. 

This would open the possibility to plan ways to readjust the technical parameters of the 

network —always in a transparent way for the users— that would allow to increase the 

effective bandwidth of the different multiplexers. The objective would be to obtain 

more free space to facilitate the inclusion of the simulcast of all the services currently 

present in the DTT network. This is technically feasible because the values currently 

used were established more than 20 years ago with a particular objective that is not 

being met now (basically the goal was to use nationwide SFN networks). This increase 

in free space could now be achieved by changing certain parameters such as the guard 

interval, which would not reduce the robustness of the signal, and therefore the same 

coverage levels would be achieved. It should be mentioned, however, that making this 

particular change could mean in some specific cases having to incorporate some 

additional transmitting tower, due to the decrease in the effective separation distance 

between the antennas. But this would surely involve a perfectly acceptable cost. But it 

should still be taken into account that making changes in the parameters of the 

broadcasting network without disturbing the users necessarily implies that the 

management model has been modified before, in any other case such changes would be 

very difficult to carry out. Moreover, if this were not done, it is very likely that the 

holders of broadcasting licences would be clearly penalised. 

Thus, in order to achieve this readjustment in the broadcasting network, it would be 

necessary to start first with the frequencies using the DVB-T standard (currently all of 

them); but then this would serve to initiate a smooth migration to the DVB-T2 standard 

(instead of doing a full or partial block-based migration to establish this transport 

standard). The increase in bandwidth proposed by the author would be based on a small 

change in the guard interval from the current 1/4 value to a value of 1/8. This would 

increase the effective bit-rate to 22.12Mbps from the current 19.90Mbps. The only 

problem with this modification is that the maximum distance between the transmitters 

would change from the current 67.2 Km to only 33.6 Km, because the maximum time 

between symbols would be reduced from 224µs to 112µs. And as explained above, this 

could imply the need to install some additional transmitting antennas. However, once a 

centralized broadcast network is in operation, it is relatively easy to schedule 

readjustments without affecting users. A simple study of the impact of this change on 

the current network could then quantify the total cost. However, it is quite easy to 

anticipate that since the network is currently divided into 75 geographical areas, each of 

which forms its own SFN, the expected technical and economic effort would be 

relatively low. 

As for the free space gain in each multiplex (which would represent a significant 10% 

increase in bandwidth) it could then be used in different ways. On the one hand, some of 

the currently distributed services could be packaged more efficiently by decoupling 

them from the current 25% usage model within a multiplex. That is, services could be 
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distributed in such a way that there would be 5 or more within a single multiplex (not 

including the simulcast versions). This would facilitate the introduction of the simulcast 

versions of the total of all services, since the Joint Simulcast used would not need to be 

very aggressive regarding the compression values. In addition, this would even free up 

space for other uses. For example, being the case that currently 7 multiplexes operated 

at 20Mbps are used with national coverage, then the total bandwidth available is 

140Mbps. So by switching to multiplexes with sizes of 22Mbps only 6 of them would 

be needed to reach almost the same bandwidth (132Mbps). Thus, the released frequency 

could be reused for other uses, such as being used to initiate broadcasts using the DVB-

T2 standard with national coverage from the first moment (i.e., without adding new 

broadcast equipment). 

 

3.4.2.4  Joint planning for upcoming migrations 

The potential flexibility offered by a centralized management of the broadcasting 

network is a very important factor to take into account. The change to a centralized 

model not only helps to improve efficiency in the current scenario, but can also bring 

benefits in the future. For example, in addition to the mentioned above, when this type 

of management is introduced, migration to future generations can be improved. The 

main reason behind this is that it provides simpler and more effective means of reducing 

transition periods, which will undoubtedly benefit in accelerating the adoption of the 

new technologies. Thus, taking the two upcoming migrations as examples, it is possible 

to analyse how these could be carried out. Note that the first of these future migrations 

will be the move from using the current DVB-T transmission standard to the more 

efficient DVB-T2, but maintaining the H.264 codec for video encoding. While the next 

will be to jump to the UHD using the H.265 codec and leaving the use of HD services 

encoded with the H.264 codec. See below how these future changes could be more 

easily accomplished. 

The first aspect to consider is that if nothing is done to simplify and/or accelerate the 

current transition —the switch from SD MPEG-2 to H.264 HD— the scenario is 

potentially very dark. On the one hand, by not doing anything the end of the transition 

period will be extended in time. This is likely to delay the introduction of the next 

generations, which would result in a slowdown in technological development and could 

have a negative impact on reducing the use of digital terrestrial television among users. 

However, if some changes, such as those suggested in the previous points, are 

intelligently implemented, it is possible that future changes can be implemented more 

quickly. The main reason for this is that once the efficiency in the use of the broadcast 

network has been maximized (either by a better packaging of the services, or by the 

increase of the bandwidth, and also by the feature of being able to make changes in the 

network parameters in a transparent way for the user), then it is possible to make the 

introduction of any new technology much easier. This is obviously so, because by 

minimizing the difficulties it is much easier to bring forward the time when changes are 

introduced, and therefore transition times can be expected to be much shorter. So below 

we see the possible specific scenarios that could occur with regards to the Spanish DTT. 

A first scenario to discuss would be to have implemented in the near future all the 

suggestions proposed by the author. Thus, in an ideal scenario, it would be possible to 

effectively eliminate the compatibility with the first generation at the expected date of 

2022. That is, all SD services with MPEG-2 would be switched off by that date. This 
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could be done in a non-traumatic way by applying the joint simulcast described in this 

thesis. This would be because the implementation of this solution would possibly result 

in that the number of devices that are not compatible with H.264 HD services would be 

virtually residual by that time. The reason that could be expected is because all services 

will already be available in their HD version, and since the quality of the SD versions 

has been reduced below the average, then users would be driven to upgrade their 

equipment, although not forced to do so. Then, and as long there were no changes in the 

DTT broadcasting licences at national level, the Spanish DTT would be expected to 

have the following characteristics: 

o 7 nationwide multiplexes in DVB-T with a bandwidth of 22.1Mbps. 

o 26 programs in full HD delivered only with H.264 codec. 

o Centralised management of all services within the broadcasting network.  

The last of these points is actually very important because, as explained above, it is a 

necessary condition for a smooth migration. From this scenario, some assumptions can 

then be formulated in order of planning the next migration to the use of DVB-T2 in the 

broadcasting network. First, there would be new free space in the network due to the 

switch-off of SD services. But because the use of the joint simulcast eliminates the need 

to duplicate the shared parts of the services, then in fact only the space occupied by the 

SD video stream is released. In addition, when aggressive compression is used, the 

space occupied by SD services is relatively small. And since it is also the case that the 

quality of HD services will be slightly below the common standards, the reality will be 

that not so much space will be released. Therefore, the first option when removing the 

SD services would be merely to occupy all the space with the HD services at maximum 

quality. That option, although attractive in principle, might not really be the best option. 

We should look at the reasons why it would not be. 

If it is decided to keep only HD services with H.264 codec after the SD services switch-

off, the migration to the next generation of digital TV could be seriously delayed. In 

fact, if the introduction of the DVB-T2 standard is not started quickly, the move to 

UHD services could be very difficult. The most important reason is that there will be no 

incentive for either users or broadcasters to embrace such technology, no matter how 

much compatible equipment is offered by the industry. Therefore, it seems much more 

appropriate to focus on a quick transition to the DVB-T2 standard in order to prepare 

the existing base of receivers for the use of UHD services. In this way, the migration 

periods could be greatly shortened because the changes towards future generations 

actually overlap. 

Based on this idea, a much more ambitious roadmap would consist of the following 

phases for future migrations: 

• Phase 1: Reallocating of H.264 HD services with DVB-T. 

• Phase 2: Progressive migration to DVB-T2 with HD/UHD simulcast. 

• Phase 3: Services only in UHD with H.265 and DVB-T2. 

As can be seen, the ultimate goal is to migrate all services completely to the most 

modern generation, i.e. to the use the DVB-T2 standard to broadcast all programs in 
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UHD quality. Doing this would represent a recovery of all the time lost in Spanish DTT, 

as the last phase could be reached in a relatively short time. However, achieving this 

goal in a non-traumatic way and with the agreement of users and broadcasters is not 

directly achievable. Therefore, the author proposes a different approach to this transition 

so that the time needed to complete it is not excessively long. 

For the proposal to be technically feasible, the above-mentioned roadmap should then 

be divided into the following sub-phases: 

• Phase 1.0: Reallocating of H.264 HD services with DVB-T. 

• Phase 2.1: First partial migration to DVB-T2 and starting of HD/UHD simulcast. 

• Phase 2.2: Second partial migration to DVB-T2 with added HD/UHD simulcast. 

• Phase 3.1: Total migration to DVB-T2 only and complete UHD/HD simulcast. 

• Phase 3.2: Shutdown of H.264 HD services and H.265 UHD only with DVB-T2. 

It should be noted that the duration of each of these phases need not be predetermined in 

principle. Possibly the degree of deployment of the receiving equipments would be the 

best way to establish the maximum and minimum duration. However, the technical 

actions to be implemented would be well established. These would be the following. 

 

3.4.2.4.1  PHASE 1.0 

The objective of this first phase, once the MPEG-2 SD services have been switched-off, 

is simply to rearrange the existing multiplexes to accommodate the maximum number 

of services in the minimum space. This will release entire frequencies that could be 

reallocated for DVB-T2 migration. In other words, this phase would only be the prelude 

to the implementation of the next phase. And it must be noted that doing this so quickly 

would not be a problem for the majority of the users because the centralised 

management of the network would allow the changes to be made in such a way that the 

receiving equipment would be self-configured to the new distribution of channels. 

Therefore, as there are no changes in the frequencies used, it would only be a process of 

thin channels search. The result of applying this change would configure the network as 

follows: 

o 4 multiplexes in DVB-T at 22.1Mbps. 

o 3 empty multiplexes. 

o 26 programs in total distributed as follows: 

o 2 multiplexes with 6 services in full HD (all in H.264). 

o 2 multiplexes with 6 services in full HD, plus 1 HD in 720/25p (H.264). 

The most important fact is that with this change the total number of services would 

remain the same, i.e. 26. And as for quality, with the exception of two services with 

reduced vertical and temporal resolution (which could correspond to two public 

services, one of 24h news and another exclusively of cartoons, which would therefore 

be minimally affected by this change in resolution), all the others would be in full HD 

resolution. It is then understood that the change would simply be in the location of the 
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services. However, the level of compression would be more aggressive than usual, since 

for a multiplex of that size the usual number of programs is 5. And this should in 

principle have a negative impact on the quality of services. But the reality is that until 

this moment the space of the multiplexes —with that same size— was being shared with 

the SD services, which implied that the level of compression was already bigger than 

usual. Therefore, in practice, the differences in quality by making this change would be 

minimal. Only two of the multiplexes would require additional space for the two low-

resolution programs. However, on a technical level, applying the aggressive 

compression techniques presented in this thesis, it would be perfectly feasible to handle 

this distribution of services. 

 

3.4.2.4.2  PHASE 2.1 

The next phase, immediately following the previous one, which means that they would 

actually be carried out together —although separated here for better understanding—, 

would consist of launching the simulcast of some programs in UHD format. And while 

this may seem premature, it would make perfect sense. We will explain the reason. This 

would be done by implementing H.265 encoded UHD services distributed over 

multiplexes using the DVB-T2 standard. This would be done by reusing the free 

frequencies left over from the previous phase. Therefore, no significant additional 

network investment would be required to migrate part of the network, as no new 

frequencies would need to be added. Moreover, this would not be a problem for users 

either, as no adaptation would have to be made to the antennas. Thus, assuming that a 

configuration of the multiplexes with a nominal capacity of 33.3Mbps was chosen for 

the operation of the network (the configuration corresponding to DVB-T2 more similar 

to that used then in the other DVB-T multiplexes), then the following organization 

would be obtained for the Spanish DTT: 

o 4 multiplexes in DVB-T at 22.1Mbps. 

o 3 multiplexes in DVB-T2 at 33.3Mbps. 

o 26 total programs, 26 HD services and 12 UHD services, distributed as follows: 

o 2 multiplexes DVB-T with 6 services in full HD (H.264). 

o 2 multiplexes DVB-T with 6 services in full HD, plus 1 HD in 720/25p 

(H.264). 

o 3 multiplexes DVB-T2 with 4 services in UHD 2160/25p (with H.265). 

This change allows that after SD services are disconnected, then the broadcasting can be 

started directly with the latest generation available. Thus overlapping the migration 

between the next two generations. Which would certainly be very interesting. A 

fundamental aspect is that the 12 new services are not new programs, but only a 

simulcast of some of the current services. And in fact these would represent almost half 

of all distributed programs. So there would be a significant advantage. And this feature 

is expected to attract both users and broadcasters. The users because they will be able to 

directly have the services already deployed with more quality (even if it is not with the 

full UHD quality). And to broadcasters because it will not force them to update their 

production channels, as only those interested in making the move to UHD production 

may have the opportunity to do so, which will be possibly for the programs with higher 

audiences. Consequently, change is likely to be very attractive to everyone. 
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However, since this is a transition period, the quality with which these UHD services 

are offered will not be at their maximum. In fact, the concepts of aggressive 

compression such as those proposed in this thesis for the SD/HD simulcast will have to 

be applied. It must be taken into account that the current recommendations for the use of 

UHD technology indicate a bit-rate of no less than 10Mbps. Therefore, for the 

suggested size for the DVB-T2 multiplexes the number of services is being increased by 

1 more in each one. But this should not be a problem. It is more than likely that the 

early introduction of UHD services will attract more users than if there were no such 

services at all. This could translate into a larger installed base of compatible equipment 

with the latest standards (H.265 and DVB-T2), which as explained in this thesis. As a 

consequence, this reduction in initial quality, which can be compensated through an 

aggressive compression, is not expected to be a problem at this stage. Especially since 

none of the HD services have been removed, and all users continue to have access to all 

programs. 

 

3.4.2.4.3  PHASE 2.2 

At a later undetermined stage, when the installed base of UHD and DVB-T2 compatible 

devices is sufficiently large, and at the same time the efficiency of H.264 compression 

has already reached its maximum, a second phase of service migration could be 

initiated. Note that from time to time the efficiency of professional compression 

equipment usually improves, and the H.264 codec is still capable of higher efficiency 

rates than the present ones. This phase would then consist of a simple change in the use 

of one of the multiplexes used with DVB-T to DVB-T2. The advantage of making this 

change is that it would increase the number of services in the UHD simulcast to 16 (4 

more services). But at the same time it would mean relocating the 26 services in HD in 

only 3 DVB-T multiplexes. Then, the configuration of the Spanish DTT will be as 

follows: 

o 3 multiplexes in DVB-T at 22.1Mbps. 

o 4 multiplexes in DVB-T2 at 33.3Mbps. 

o 26 total programs, 26 HD services and 16 UHD services, distributed as follows: 

o 1 multiplex DVB-T with 8 services in full HD (H.264). 

o 2 multiplexes DVB-T with 9 services in full HD (H.264). 

o 4 multiplexes DVB-T2 with 4 services in UHD 2160/25p (with H.265). 

A relevant factor about this new reallocation is that it should not be problematic at all 

for the following reasons. On the one hand, again the movement of services between 

frequencies would be almost transparent for users. On the other hand, as there is a much 

larger pool of users ready to receive UHD services, the potential impact on quality for 

the HD services would not affect all users. And finally, as the efficiency of H.264 

coding has increased, performance should not be significantly compromised. In fact, if 

necessary, and if the time from the previous phase is very long and the number of UHD 

compatible equipment is very high, the spatial and temporal resolutions of HD programs 

could be reduced to avoid compression problems. Therefore, the setting of 8 and 9 

services in a single DVB-T multiplex would be perfectly tolerable. And furthermore, 

with regard to UHD services, based on future technology development, it may also be 

possible to move them from 2160/25p to 2160/50p. 



 

 91 

3.4.2.4.4  PHASE 3.1 

This new phase solves the problem of the over-compression of HD services with the 

H.264 codec. Although users will not be required to migrate to the new technology, it 

will be true that priority will be given to UHD services. Therefore, from that moment 

the HD services in DVB-T will start to be residual. Therefore, the loss of quality of 

these services due to over-compression should not be a problem. However, despite this, 

the above phase should not be kept active for very long time. The reason is that a 

significant number of users without UHD compatible devices may be able to access 

DVB-T2 signals, which will then only be used for UHD simulcast. But technically it 

would be possible to distribute the same services in HD over those frequencies. 

Furthermore, it is very possible that by the time this phase is introduced the number of 

receivers without DVB-T2 support will be very low. It is therefore clear that the 

introduction of this new phase is focused on eliminating the second generation 

equipment, i.e. only those that support HD H.264 and DVB-T. That way the Spanish 

DTT configuration would become in this phase less complex: 

o 7 multiplexes in DVB-T2 at 33.3Mbps. 

o 26 programs in full HD/UHD simulcast, distributed as follows: 

o 5 multiplexes DVB-T2, 4 services in UHD (H.265) and 4 in HD (H.264). 

o 1 multiplex DVB-T2, 3 services in UHD (H.265) and 5 in HD (H.264). 

o 1 multiplex DVB-T2, 3 services in UHD (H.265) and 6 in HD (H.264). 

From this moment it can be seen that the complete package of programs will be 

accessible through the most modern technology. In addition, the quality of UHD 

services could be improved by increasing the temporal resolution to the common rate of 

50fps, if that has not been done before. And at this point, a joint simulcast could be 

applied to all services to maximize the network capacity and reduce HD services to the 

video stream only. This will also maximize overall efficiency, allowing this 

configuration to be maintained over time as long as necessary until the next phase is 

reached. However, it should be noted that by applying a joint simulcast it will also be 

possible to vary the priority in the quality between the HD and UHD services. 

Therefore, at the beginning of this phase, it would be possible to maintain the HD 

services with high quality, without increasing the quality of the UHD services, and 

adjusting the values until the HD services become residual. This would make a lot of 

sense as it may not be necessary at first to make any changes in order to increase the 

quality of the UHD versions compared to the previous phase. 

 

3.4.2.4.5  PHASE 3.2 

Finally, a last phase would be reached in which HD services with H.264 codec would be 

completely removed. The configuration of the Spanish DTT would then be: 

o 7 multiplexes in DVB-T2 at 33.3Mbps. 

o 26 programs in total distributed as follows: 

o 5 multiplexes DVB-T2 with 4 services in UHD (H.265). 

o 2 multiplexes DVB-T2 with 3 services in UHD (H.265). 
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The quality of the services would then be maximum, since all the space could be used 

for them and the capacities of the H.265 compressors would have been improved. And 

all this will possibly have been achieved in a relatively short time, perhaps as early as 

2030. However, it is necessary to comment that migrations do not necessarily have to 

end at this point. In fact it is quite possible that the space released now could actually be 

used for other purposes. Perhaps to deploy the simulcast of the services with new 

available standards. In fact, the opportunity to count with free space would open the 

possibility to migrate in a smooth way to the next new generations of digital television 

that will be developed in the future. Furthermore, in the case of being able to have some 

intergenerational compatibility in the new standards, which would certainly be desirable 

from the point of view of the author, then it would be even easier to be able to make 

those changes. 

In any case and as a final summary the following list shows the distribution of the 

available bandwidths in the proposed phases, which helps to better understand the 

development along these transition phases: 

• Phase 0 (current): 155Mbps (23 SD MPEG-2 + 11 HD H.264). 

• Phase 0.1 (joint simulcast): 155Mbps (26 SD MPEG-2 + 26 HD H.264). 

• Phase 1.0 (SD swtich-off): 88Mbps (26 HD H.264) + 100Mbps (free space). 

• Phase 2.1 (UHD sim I): 88Mbps (26 HD H.264) + 100Mbps (12 UHD H.265). 

• Phase 2.2 (UHD sim II): 66Mbps (26 HD H.264) + 133Mbps (16 UHD H.265). 

• Phase 3.1 (DVB-T2 only): 233Mbps (26 HD H.264 + 26 UHD H.265). 

• Phase 3.2 (UHD only): 233Mbps (26 UHD H.265). 

And as can be noticed, it is a fairly smooth and technically feasible roadmap. The author 

trusts in this way because it does not present major drawbacks. It should only be taken 

into account that it is essential to make a centralized control of the broadcasting 

network. This implies changing the regulation to make it possible. However, if the 

regulator decides to take this route, which it can do without legislative constraints, then 

there would be no major problems in carrying it out. And from the perspective of the 

author it would then be an outstanding way to make use of the knowledge acquired 

throughout the realization of this thesis. 

 

3.4.2.5  Alternative user access from other transport networks 

A last but not least important section is related with the coverage of the Spanish DTT. 

To date, the coverage of the DTT in Spain is quite good. However, it does not reach 

100% of the territory. The solution adopted to cover the shaded areas is somewhat 

particular. It is based on using satellite distribution to provide coverage to users in that 

shaded areas. However, the signals received by satellite are not specific to that service, 

but rather are reused. In other words, they are the link feeds that are used to feed the 

broadcasting towers. The nature of these feeds makes it impossible to give open access 

to them, so the system adopted requires the use of equipment specifically designed for 

the purpose of receiving such signals. However, this has many drawbacks. The first is 

that users cannot access this service freely. Only by requesting the installation of official 

installers is it possible to obtain the necessary equipment to receive these signals. And 
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the installers must first certify that there is no terrestrial coverage, and then submit a 

request to the regulator, who will approve or reject it. However, such equipment is 

simple, low quality set-top-boxes that only provide a basic functionality, and only 

connected to a single television device. It is therefore obvious that such model is far 

from offering an universal access to digital television services. Which unnecessarily 

creates a gap between citizens who have coverage and those who do not. 

A potential solution to this problem is however actually possible. The proposal that the 

author suggests is based on following the same model applied in other surrounding 

countries. For example, in France - as in other territories - it is possible to have free 

access to equipment that technically provides access to the DTT service via satellite. 

The basic requirement for purchasing the equipment is simply to be a citizen of the 

country and to be able to prove it. It is thus possible to acquire any of the equipment 

certified to receive the signals, which is based on the encryption of the signals as carried 

out by digital pay-TV operators. In other words, simply by introducing a state-owned 

digital pay-TV operator offering DTT's signals by satellite access, it is possible to 

guarantee access to the entire population. This model has many advantages. On the one 

hand, nobody is discriminated against with regard to access to this universal service 

because of their area of residence. On the other hand, it ensures that the digital 

television service is technologically neutral, as it does not require the use of any specific 

and limited equipment. It is therefore possible to use any of the equipment available on 

the market in accordance with the users' preferences. And finally, access management 

can be easily controlled by using the conditional access solutions available on the 

market, which are well tested. Furthermore, this also increases protection against 

potential abuses against the signal. 

However, nothing of the described is possible with the current DTT-by-SAT service in 

Spain. Therefore the author suggests the following change based on the model described 

above and already implemented in other countries. Assuming that the above suggestions 

have already been implemented, at least the one concerning the centralised management 

of the broadcasting network, then the figure of the network operator will be operational. 

It would then only be necessary for this operator to distribute the signal via the satellite 

and protect it as if it were a pay-TV carrier. But as explained, such operator already 

exists and the signals are already being distributed via satellite. Therefore, the change 

would basically imply changing the current system of protection from an ad-hoc 

solution, which there is evidence of having been compromised, to a more standard 

model of conditional access television system. For the application of this new model, 

and to ensure greater flexibility, we recommend the use of a multi-CAM conditional 

access, which allows the use for any model of device regardless of the manufacturer. 

This would be much more economical and beneficial to users. And that would also 

eliminate the dependence on the technology used with the access service. This means 

that if the conditional service is embedded in the receiver, then the signals must be 

specifically compatible with them, so it will not be possible to migrate to a new 

generation when it becomes available. However, by using an external conditional access 

system then it will be possible to de-link the service from the access equipment. In this 

way the use of this satellite transport technology will be more similar to terrestrial 

access, as users will be able to upgrade their equipment freely to access to the features 

provided by new generation services. All without worrying about conditional access, 

which will be compatible with all generations. 
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This last point is certainly critical to ensure that any new movement towards a next 

generation is not disrupted by the use of DTT-by-SAT. For any public service with 

universal access, it is necessary to ensure that all citizens have access to it, as the 

regulation does not allow discrimination per se of any citizen. Therefore, the only way 

to ensure that the complementary access to DTT via satellite is always compatible with 

future technological changes that are likely to be incorporated into the terrestrial 

distribution network, is precisely to make this access as neutral as possible. And this can 

only be guaranteed by using standard conditional access not linked to the equipment 

being used. Commercially this solution already exists, and it is the previously 

mentioned multi-CAM model. It is therefore very important that in addition to the 

changes suggested in the previous sections, this model is also adopted for the DTT-by-

SAT service for the benefit of all. 

 

3.5  Final comments 

The author of this thesis wishes to personally thank the support received by his thesis 

director during all the time he has been developing the hard research work that this 

thesis has entailed. In addition, he asks any potential reader of the thesis to contact him 

if they would like to collaborate in the development of solutions for intergenerational 

compatibility in the field of digital television. Personally, the author is already working 

on two future lines of research: the HD/UHD simulcast based on the scalable extensions 

of the H.265 codec, i.e. with the SHVC codec (scalable HEVC); and the DVB-T/DVB-

T2 mixed modulation based on the use of FEF and PLP. The first one seems to be the 

most promising line of research, since the support for a combination of a main stream in 

H.264 together with an extended stream in SHVC, is a pre-existing option already 

included in the SHVC standard. However, as with the Aggressive Joint Simulcast 

solution developed in this thesis, it is still necessary to analyze how to deploy such 

solutions in a way that is transparent and commercially viable. 
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