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Virtual Reality (VR) and 360° Video Streaming have attained a lot of popularity recently.
Streaming 360° video to Head Mounted Displays (HMDs) over the internet is extremely
demanding owing to its huge size, desirability to be viewed at higher resolutions, high bandwidth,
and low latency requirements. However, viewers can view only a small portion of a scene in the
video at a time, since viewers are limited by the Field of View (FoV) of the HMD. A few solutions
use adaptive 360° video streaming by streaming high resolution video of only the part on the video
in the viewers FoV, and low-resolution video for the part of the video that is not in the viewers
FoV. FoV Adaptive 360° video streaming has been instrumental in decreasing the bandwidth
requirements, but network latency is another factor that adversely affects the streaming of 360°
videos from distant content servers. To overcome this, some solutions use caching of popular
content at the mobile edge cloud server close to the end user. This caching policy helps reduce
latency in the network and alleviate network bandwidth demands by decreasing the number of
future requests that must be sent to the content server, thus reducing the load on the server. But
most of these strategies use generic heat maps to determine popular content in videos among users.
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A viewers’ FoV is a depiction of that viewers’ area of interest in the video at any point in time with the center of the FoV being of utmost importance grabbing the viewers’ attention and the
peripheries of the FoV of relatively lesser importance, importance decrease as we move from the
center to the periphery in the FoV. Anything outside the FoV of the viewer is of no importance
since the user chose not to see that part in the video. The importance of a part in the video portrays
its popularity among users – the more the importance, the more the popularity. The popularity of
different parts of the video based on the past viewers’ viewing history determines how significant
each part of the video is to be cached at the edge servers in the above-mentioned caching policy.
More the popularity, the more the probability of the content to be cached. However, the use of
traditional heat maps to determine the popularity of video content gives equal importance to the
entire FoV and fails to cater to the requirement of declining importance given to different parts of
the FoV as we move farther away from the center of the FoV. In this thesis, we show how the use
of such heatmaps gives wrong impression of the popularity of video contents -contents that are not
so popular appear to be popular. This false notion created by heat maps renders them useful only
in highly constricted cases. We demonstrate the relevance of some indices used in election analysis
to overcome this limitation in heat maps and discuss where they would work best. We also
introduce the concept of Vote decay in the popularity of contents in the FoV to remove
misinterpretations of content importance so that we can improve caching decisions and future FoV
predictions.
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CHAPTER 1
INTRODUCTION

Popularity of Virtual Reality (VR) has been growing over the years. This has been made possible
by technologies such as 360° video streaming. 360° videos, also called spherical or immersive
videos are video recordings where an omnidirectional camera or collection of cameras is used to
record a view in every direction simultaneously. This allows us a view of the entire surroundings
around the camera. These videos are used not just in gaming and entertainment but also in
education, medicine, and sports. The viewers are placed at the center of the spherical 360° video
and are allowed to look in any direction at will. This gives them an experience of being a part of
the environment they are looking. These videos at times allow users to interact with them.
Traditional fixed-frame videos, limit the view of the user to wherever the camera is pointing at,
whereas 360° videos offer a full 360° x 180° panoramic field of view. The users can look up, down,
and all around and can explore a scene from any point of view they choose.
Due to omnidirectional content of 360° videos, they are much larger in size. Streaming 360° video
over the internet is extremely demanding due to its large size, low latency, and high bandwidth
requirements. To add onto the challenges the videos need to be streamed at higher resolutions since
the images in the videos are close to the viewer’s eyes.
Displaying the video at low resolution will expose the artefacts and negatively impact the Quality
of Experience (QoE) of the viewers. With this increasing usage of Virtual Reality in various fields,
factors such as communication network requirement, Field of View (FoV) prediction and edge
caching of popular contents become important considerations.
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A few solutions in VR use adaptive 360° video streaming which decreases the bandwidth
consumption by leveraging the fact that users at any point of time cannot watch the entire 360°
video. They can watch only a part of the video at any point of time since their field of view is
limited by the viewport of the Head Mounted Display (HMD). Field of View (FoV) is the extent
of observable environment in the video at any given time. This adaptive streaming technique
reduces bandwidth consumption by transferring only the contents in the users FoV at high
resolution to the user’s HMD, while sending the remaining contents of the video to the HMD at
low resolutions. Some solutions also suggest not sending the remaining contents to the client at all
to reduce the bandwidth consumption further. Although this streaming technique has been
effective in decreasing bandwidth requirements, network latency still makes streaming 360° video
from distant content servers demanding.

Figure 1: Viewer, 360° Video and FoV of the viewer [33]
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Network latency and bandwidth consumption has been significantly decreased by deploying proxy
servers with caching abilities between users and content servers. This reduces the load on the
content server by decreasing the number of future requests that must be sent all the way to remote
content servers and makes the implementation scalable. This concept leverages the caching service
used in Content Delivery Networks (CDNs) architecture to improve viewer’s quality of experience
(QoE).
CDNs have been instrumental in decreasing the network latency and bandwidth consumption.
However, with the ever-increasing demand on mobile data traffic, efforts have been made to bring
content closer to the viewer by deploying mobile cloud servers at the edge of the Radio Access
Network (RAN) on base stations, to enhance the performance of the mobile network and maintain
good QoE. This strategy allows to address some of the client’s requests for contents in the video
without contacting CDNs. This results in reduced load of CDNs, quick response time and reduced
backhaul link consumption in the RAN. Caching at the edge of RAN also allows spatial and
temporal decisions in updating cache’s content in near real-time. Figure 2 shows the architecture
of edge caching.

Figure 2: Architecture of edge caching [32]
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A 360° video is made up of segments of a few second duration. Each segment is made up of frames,
and each frame is divided into tiles. The brute force solution to caching tile based 360° video is to
cache all contents at all resolutions for the whole video. But this method would require ever
increasing cache storage to accommodate all videos or for a fixed cache storage, be capable of
caching only a limited number of 360° videos. One other approach is to cache all the tiles in only
high resolution and apply transcoding method to generate them at other resolutions. But this would
impose processing requirements on the cache servers. FoV - Aware Edge Caching for adaptive
360° video streaming comes to the rescue to overcome this problem. In this method, whether a tile
must be cached or not depends on how popular the tile is. The more popular a tile has been in the
past, the more likely it is to be viewed in the future, and hence a good candidate to be cached. This
is achieved with the use of heat maps where tiles in a video initially start with a popularity vote of
0, whenever a tile appears in the FoV of a viewer the tile gets a vote of 1 otherwise it gets a vote
of 0. The cumulative votes of every tile at any point of time denotes how popular a tile is. Based
on the popularity, tiles are cached and evicted to make space for other tiles when the cache capacity
is exceeded.
With increase in 360° video contents, caching decisions must be highly efficient. We should be
able to cater to the QoE of the viewer and not over utilize the cache. The FoV of a user in a segment
of the video is the part of the segment the user is interested in. Since the user ignores the part
outside the FoV in that segment in the video, his votes go to only those tiles in the user's FoV.
None of the user's vote go to the tiles outside the FoV. Also, the center of the FoV is the area which
the viewer is most interested in, and the peripheries are the areas that the user has relatively lower
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interest in. The strategy of assigning equal importance to all tiles in the FoV in case of a heat map
can result in erroneous representation of the importance of certain tiles. We analyze the
shortcomings of the prevailing heat map-based approach in more details and present a solution to
rectify this problem in the subsequent chapters.
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CHAPTER 2
SYSTEM ARCHITECTURE

2.1 Network Model
The network has two parts – the wired backbone and the wireless access network. A wired network
connection is one where cables are involved in establishing a connection to other devices on the
network or to the Internet. Ethernet cables are used to transfer data from one device to another or
over the Internet. Wireless networks operate on radio frequency or microwave signals. The radio
signals allow wireless enabled devices to communicate with the Internet or with one another
without having to be connected to the network via an Ethernet cable. Wired networks are generally
faster, more reliable, and stable as compared to Wireless networks, whereas wireless networks
offer more mobility and less maintenance requirement.
We are considering a network model where we have 360° videos stored in original video source
servers at one end. Traditionally these servers are connected over a wired network. Users trying to
view video contents on their HMDs, generally over a wireless network, are at the other end. In
between the source servers and the users, CDNs are deployed. There are cache-enabled base
stations between CDNs and users, deployed in proximity of clients watching these videos. The
base stations have limited cache capacity and we need to make the most of the cache storage. Since
cache storage is limited, whenever the cache capacity is exceeded, we need to make space using a
proper cache replacement policy. Two scenarios might arise when it comes to fetching data from
the cache - cache hit and cache miss. If the requested content is available in the cache, it
immediately sends the content. Otherwise, it downloads the requested content first from the remote
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content delivery networks and then sends it to the client. Therefore, a cache miss increases the
bandwidth consumption and download latency experienced by the client. Hence, increasing cache
hit would be beneficial both for the network and the clients. So, we need effective caching strategy
to ensure optimal usage of the cache.

2.2 Video Model
Dynamic Adaptive Streaming over HTTP (DASH) is at the heart of the content transfer protocol
used in 360° video streaming. In this protocol a video is temporally divided into few seconds long
segments, each segment is made up of several frames which correspond to a sphere centered at the
viewer. This spherical frame is mapped onto a two-dimensional space - equirectangular
representation of the frames as shown in Figure 3. This is like the mapping of the globe to a
rectangular world map. A frame consists of tiles. Tiles can be encoded in different video
resolutions and have varying sizes: encoding a tile in higher resolution means greater size in bytes.

Figure 3: Equirectangular Projection of Frames in a 360° Video and Field of View [32]
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Each frame in a 360° video is made up of 𝑀 x 𝑁 array of tiles as shown in Figure 4. Here 𝑀 is the
number of vertical tiles on each column and 𝑁 is the number of horizontal tiles on each row
forming the equirectangular representation of the frame. A viewer cannot watch the entire frame
at any given point in time. They watch only the part of the frame that is in the viewer’s FoV. The
entire figure depicts a frame, and the shaded portion represents a FoV in the frame. A viewers’
FoV is broken into 𝑚 x 𝑛 array of tiles. Here, 𝑚 is the number of vertical tiles on each column,
and 𝑛 is the number of horizontal tiles on each row forming the FoV.
N

M

m
n

Figure 4: Tiling of each frame and the FoV

Each FoV in a frame is made up of r concentric rectangular ring of tiles around the center of the
FoV as we see in Figure 5. We call this value r the radius of the FoV. The radius r of the FoV is
𝑚

𝑛

equal to the value - Min (⌈ 2 ⌉ , ⌈ 2 ⌉). These rings cover all the m x n tiles in the FoV. The innermost
central ring in the FoV has m − 2 ∗ (r − 1) vertical tiles on each column and n − 2 ∗ (r − 1)
horizontal tiles on each row. All other outer rings form concentric rectangular rings around the
central ring. These outer rings have a width of 1 tile around its immediate inner ring.
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r
Width of Outer Ring = 1 tile

Center of FoV

Center Ring

First Ring around the Center

Second Ring around the Center

Figure 5: Illustration of Center and Rings of a sample FoV
Past viewer’s FoVs in each frame in a 360° video could be grouped into x different clusters [17].
So, each frame in the video could have x different FoV clusters based on the past viewers viewing
pattern. This value of x would differ across different frames. x would also change in the same
frame with time. Each cluster could be made up of overlapping or non-overlapping FoVs of
different users.

2.3 Voting Models
Since clients watch only a part of the 360° video at a time, their FoV shows which part of the video
they are interested in. Anything outside the FoV, is what the viewer chooses to ignore which tells
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that the user is comparatively less interested in the other regions on the video frame. Even in an
FOV there are tiles arranged in the form of concentric rectangular rings, with tiles on the ring at
the center being the tiles of highest importance since the users focus on the center of the FOV.
Tiles on the subsequent rings are of lower importance, farther the ring from the center the lesser
the importance. This is analogous to multi-party election system where there are multiple
candidates fighting an election and there are voters who cast a preference list of votes for those
candidates. The candidates in the election here are the tiles in a frame and the voters are the viewers
watching the video, their preference list of votes contain the tiles in all the rings that constitutes
the FoV. If they are interested in a particular candidate, they cast their vote for those candidates
with their eyes in the form of a preference list - by watching all the candidate tiles in that part of
the video. Using this preference list, we consider the different voting methods. In all these methods,
initially every tile starts with a clean slate and all of them has a vote of 0 associated with them. As
viewers start watching videos, tiles on each frame get votes from the viewer if that tile is in the
FoV. The cumulative vote associated with a tile on a ring 𝑟𝑘′ at any point in time is given by 𝑉𝑟𝑘 ′ .
With time this value may be different for different tiles on the ring.
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CHAPTER 3
RELATED WORK

Users watch a limited subset of tiles most of the time. However, they do not watch the same group
of tiles [30]. Viewers can be divided into several clusters based on their region of interest (FoV)
in the frame, with each region corresponding to a subset of tiles appearing in the users’ FoV. In
the past Density-Based Spatial Clustering of applications with Noise (DBSCAN) [30] has been
used to cluster previous viewers’ FoV in each frame and calculate the probability of tiles in each
cluster being viewed. This probability is the same as the proportion of viewers mapped to that
cluster. The maximum number of such clusters in a frame can be assessed using the LaaksoTaagepera Effective Number of Parties [13][28].

Heat maps have been traditionally used to make caching decisions of tiles in a 360° video in the
edge cache server. Heat maps [15][17][32][33] use the concept of elections to cast votes in favor
of tiles in the FoV of a user. We also use the works of Borda [3][5][10] and Dowdall [10] and
apply it to our setup to see if they can overcome the shortcomings of the traditional heat map. We
also introduce the idea of vote decay value to overcome the limitations of various voting methods.

3.1 Traditional Heatmap
In traditional heatmap approach every time a tile appears in the FoV of the viewer the tile is given
a vote of 1. At any point of time the cumulative vote of each tile denotes the popularity of that tile
in terms of all the past users’ viewing histories. Ideally, popularity determines a tile’s importance
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in terms of being cached - more the popularity more is the importance to be cached. Since, each
tile gets a vote of 1 as and when the tile appears in the FoV of the user, there is no distinction
between the tiles at the center of the FoV and the ones at the periphery of the FoV, each tile in the
FoV is equally important.

3.2 Borda Count
The Borda count [3][5][10] is used in elections in Slovenia to come up with a societal preference
from a collection of individual preferences. Borda count gives highest weight to the first-choice
candidates, and the wight reduces at a constant rate as we go down the ranked list of preferred
candidates. In this method, the most preferred candidate of a voter among k candidates fighting
the election gets k votes, the second most preferred candidate gets k– 1 votes, and so on from that
voter. The least liked candidate gets 1 vote from the voter. Applying this to the setup of r rings of
tiles in the FoV, the tiles on the center ring are the most preferred candidates. The center ring is
the part on the video frame the user is most attracted to. In this method the tiles on the center ring
get the highest number of votes 𝑟, and the tiles on the outermost ring get the lowest number of
votes 1 each. The number of votes offered to tiles on each ring decreases as we go away from the
center in arithmetic progression: 𝑟, 𝑟 − 1, 𝑟 − 2, … , 2, 1. In this method, the difference in weight
between any two consecutively ranked candidates is the same giving no preference to the better
ranked candidates, that is the second-choice candidate is at a same disadvantage from the firstchoice candidate as is a third-choice candidate from the second-choice candidate.
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3.3 Dowdall Rule
The Dowdall rule [10] is used in elections in the island of Nauru. Here the most preferred candidate
is given a vote of 1, the second most preferred candidate is given a vote of 1/2, the third is given
a vote of 1/3, and so on. So, when this method is applied to the setup of r rings of tiles in the FoV,
votes on the tiles on each ring changes in a harmonic progression: 1, 1/2, 1/3, . . . ,1/𝑟 for each
ring around the center from the center itself to the periphery. So, in this method, the decline in the
weight is not steady across rings as in Borda Count. The decline in weight is the fastest close to
the center and tapers off as we move farther from the center. Afterall, the decline of 1/2 in the
number of votes between the tiles in the two innermost rings is greater than the decline of 1/6 in
the number of votes between the tiles on the second and third ring. Thus, a first-place candidate is
given a much higher preference than the second-place candidate when compared to the preference
given to the second-place candidate over the third-place candidate.

3.4 Vote Decay Method
In this method we use a decay value 𝑞 to reduce the count of votes assigned to tiles as we move
outward from the center ring to the peripheral ring. This vote assigned is in the form of a geometric
progression where the common ratio is 1/𝑞. Thus, the count of votes assigned to tiles on each ring
as we move away from the center looks like this: 1,1/𝑞, 1/𝑞2 , … ,1/𝑞(𝑟−1) as we move from the
center to the peripheral rings. In this method the decline in the votes is even more drastic than the
normal Dowdall rule, thus increasing the difference in preference of the first-choice candidate over
the second choice and so on. We can change the decay value 𝑞 as and when required independently
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without changing any other parameters to increase/decrease the weight of votes given to a
candidate over the next preferred candidate. When we change the decay factor 𝑞 with time, all the
votes that were cast by the past viewers need to be recalculated with the changed value of 𝑞.
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CHAPTER 4
PROPOSED METHODS AND RESULTS
As per the system architecture in Chapter 2, each frame in a segment has 𝑀 𝑥 𝑁 tiles, the video
server maintains information of the votes associated with each tile in a frame, based on all previous
viewers’ viewing history. These votes are assigned to each tile based on the voting protocol used
- traditional heat map, Borda, Dowdall rule, or Vote Decay based voting method. As discussed
earlier, votes assigned to a tile is determined by two factors: (i) how frequently a tile appears in a
viewer’s FoV and (ii) the proximity of the tile to the center of the FoV. To address viewers’ Quality
of Experience, it is desirable that we cache the most popular contents at high resolution and less
popular content at a slightly lower resolution on the edge cache server, unpopular contents can be
chosen not to be cached at all. We group all these FoVs into different clusters based on past
viewers’ region of interest in each frame and calculate the proportion of viewers viewing a
particular cluster. We can cap the number of FoVs or clusters to be considered for caching using
the Laakso-Taagepera Effective Number of Parties [13][28]. In this approach, the maximum
number of effective clusters is determined by the formula 𝑁 = 1/ ∑𝑖=1 𝑝𝑖2 where 𝑁 is the effective
𝑛

number of clusters, 𝑝𝑖 is the proportion of users viewing that cluster and 𝑛 is the total number of
clusters in the frame. We would take one extra ring around the periphery of the FoV as a margin
ring to ensure that partial overlaps between the FoV and the tiles on each frame in a video segment
is taken care of as in Figure 6.
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Figure 6: Illustration of FoV not perfectly aligned with the tiles

Correctness Condition
It is desirable to cache tiles with higher vote count at higher resolution compared to tiles with lower
vote count. This will ensure good QoE and efficient usage of cache space. Based on this premise
and since the tiles on the center ring of a FoV is more popular than the outer rings, we should
ensure that a tile on an inner ring (close to the center of an FOV) has a cumulative vote count
higher than the cumulative vote count of an adjacent tile on a comparatively outer ring in the FoV.
A tile is said to be adjacent to another tile if and only if one of either the row or column of both
the tiles is the same.
𝑉𝑟𝑗 ′ ≥ 𝑉𝑟𝑘 ′
where 𝑟𝑗 ′ and 𝑟𝑘’ are two rings in an FoV 𝑖, 𝑟𝑗 ′ is the inner ring closer to the center ring and 𝑟𝑘’ is
the outer ring farther away from the center ring as compared to 𝑟𝑗 ′ , that is 1 ≤ 𝑟𝑗 ′ < 𝑟𝑘’ ≤ 𝑟. This
is shown in Figure 7. This condition must hold for the solution to be correct. We check under what
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conditions each method satisfies this correctness criteria, and if it is possible to achieve such a
criterion to determine which method works best to determine importance of contents.

𝑟𝑘’

Field of View

𝑟𝑗 ′

Figure 7: Depiction of center of the FoV, inner and outer rings around the center in FoV

4.1 Traditional Heatmap
Based on the traditional heat map approach, initially each 𝑀 𝑥 𝑁 tile in every frame of the 360°
video has a vote of 0 associated with them. Each time a tile is in a viewers’ FoV it gets a vote of
1, all other tiles not in the FoV get a vote of 0. The resultant heat map depicts how frequently each
tile in a frame has appeared in the past viewers’ FoV. This frequency depicts how popular a tile is
- higher the frequency, higher the popularity and vice versa. The more popular a tile is, the more
important it is to be considered for caching. As discussed earlier, the center ring of FoV in a frame
of a video is more important than the peripheral ring on the FoV since that center ring is where the
viewer is interested the most. So, in terms of viewers Quality of Experience it would be acceptable
to have the tiles on the central ring at a higher resolution and the tiles on the peripheral rings at a
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slightly lower resolution, but the other way round would not be acceptable. But a heat map makes
no difference between a tile on the center ring and a tile on the peripheral ring and casts equal
votes to all the tiles in the FoV. Thus, in terms of achieving QoE and effective usage of edge cache
storage, heat maps do not do a great job. Also, it is possible that FoVs 𝑖 and 𝑗 in a frame intersects
with each other, that is the distance between the centers of FoV 𝑖 and 𝑗 is less than 2𝑟. Then there
will be tiles that will be common in both these FoV, 𝑖 ∩ 𝑗 is non-empty, and these tiles will get
votes from both the FoVs. When the distance (𝑑) between the center of the FoVs 𝑖 and 𝑗 is 𝑟 < 𝑑
≤ 2𝑟 then the votes of tiles on the outer peripheral rings would be greater than the votes of the tiles
on the inner central rings, which violates the correctness condition. Thus, heat maps do not provide
an efficient means of using cache storage and providing good QoE.

Lemma
For

the

solution

using

heat

maps

to

be

correct,

the

correctness

condition

Vrj′ ≥ Vrk′ must hold. A tile on an inner ring 𝑟𝑗 ′ (close to the center of an FOV) should have a
cumulative vote count (𝑉𝑟𝑗 ′ ) greater than the cumulative vote count (𝑉𝑟𝑘 ′ ) of an adjacent tile on
a comparatively outer ring 𝑟𝑘’ in the FoV.

Proof
If there are 𝑥 FoVs in a frame of a video and the proportion of viewers looking at FoV 𝑖 be 𝑝i, then,
∑𝑥𝑖=1 𝑝i = 1. This value 𝑝i is also the probability of the FoV 𝑖 to be viewed by a user. Then, using
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the traditional heat map method all tiles in each FoV 𝑖 would get a vote of 1 every time it is in the
FoV. So, each tile in the FoV would have a normalized vote count of 𝑝i ∗ 1 = 𝑝i.

r

r

d > 2r

d = 2r

Figure 8: Two non-overlapping FoVs with d > 2r and d = 2r

If there is no intersection among FoVs that is the distance between the center of all FoVs 𝑑 is
greater than or equal to 2𝑟, then the vote count of each tile in every ring on FoV 𝑖 would be 𝑝i.
Thus, all rings in an FoV – inner or outer have the same number of votes 𝑉𝑟𝑗 ′ = 𝑉𝑟𝑘 ′ and the
correctness condition holds.
Let 𝑦 of these 𝑥 FoVs (2 ≤ 𝑦 ≤ 𝑥) in the frame intersect with each other and form a cluster such
that the distance 𝑑 between the center of the FoVs is greater than 𝑟 and less than 2𝑟, 𝑟 < 𝑑 < 2𝑟.
We consider an FoV 𝑗 in those 𝑦 overlapping FoVs and all other 𝑦 – 1 FoVs in the cluster
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separately. Each tile on the FoV 𝑗 would have a normalized vote of 𝑝𝑗 . Because of the overlap
from the other 𝑦 – 1 FoVs, the tiles on the overlapping section would get an additional vote of
∑𝑖∈y,i≠j 𝑝𝑖 from the other 𝑦 − 1 FoVs. So cumulative normalized vote on tiles on the overlapping
section 𝑉𝑟𝑘 ′ = ∑𝑖∈y,i≠j 𝑝i + 𝑝j = ∑𝑖∈y 𝑝i. Tiles on the immediate inner ring 𝑟𝑗 would have a vote
of 𝑉𝑟𝑗 ′ = 𝑝𝑗 . Since 2 ≤ 𝑦 there is at least another FoV in addition to FoV 𝑗. The sum of the
proportion of viewers watching both these FoVs is greater than the proportion of viewers watching
just FoV 𝑗. That is ∑𝑖∈y 𝑝i = ∑𝑖∈𝑦,𝑖≠𝑗 𝑝i + 𝑝j > 𝑝j, 𝑉𝑟𝑘 ′ > 𝑉𝑟𝑗 ′ that is a tile on an outer ring would
have a vote count greater than a tile on an inner ring. Thus, the correctness condition 𝑉𝑟𝑗 ′ ≥ 𝑉𝑟𝑘 ′
does not hold. In heat map-based approach the correctness condition does not hold if there is an
overlap between FoVs.

𝑑 > 2𝑟

𝑑 = 2𝑟

Figure 9: Votes of tiles of non-intersecting FoVs using Borda Count (d > 2r and d = 2r)
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Let us also look at the example in Figure 11. There are 2 FoVs of radius 𝑟 - FoV1 and FoV2. The
distance between the center of the FoVs 𝑑 is 2𝑟 – 1, that is they overlap on the outermost ring. Let
the proportion of users viewing FoV1 be 𝑝𝑖 and the proportion of users viewing FoV2 be 𝑝𝑗 . Now,
let us evaluate only FoV1 - the normalized vote count of each tile on every ring in FoV1 is equal
to 𝑝𝑖 . Due to the overlap from FoV2, FoV2 contribute a vote of 𝑝𝑗 to the overlapping sections of
FoV1. On the outer intersecting ring the tiles will have a cumulative normalized vote equal to the
𝑝𝑖 + 𝑝𝑗 as shown in the figure. Now this vote is greater than the vote 𝑝𝑖 on the immediate inner
ring of FoV1 and 𝑝𝑗 of FoV2. Thus, the correctness condition does not hold.

Overlapping Section

𝑟

𝑟

𝑑 < 2𝑟

Figure 10: Two FoVs overlapping with each other (d < 2r)

Heat maps give a lot of importance to the intersection regions of FoVs, so heatmaps should be
used in scenarios where tiles on the intersecting regions of FoVs are of utmost priority to be cached
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to improve viewers’ QoE. Heatmaps are not efficient means of voting if the tiles on the center ring
are more important candidates to be cached to improve viewers’ QoE.

𝑑 < 2𝑟

Figure 11: Votes of tiles of intersecting FoVs using Heat maps

4.2 Voting using Borda Count
In the voting using Borda Count, initially all 𝑀 𝑥 𝑁 tiles in every frame have a vote of 0 associated
with them. Each time a tile is in the FoV, it gets a vote. All tiles on the center ring get 𝑟 votes, all
tiles on the immediate next outer ring get 𝑟−1 votes, and so on, the tiles on the outermost peripheral
ring get 1 vote. This method has both the factors mentioned earlier needed to ensure good QoE
and effective usage of caching storage.

Lemma
For

the

solution

using

Borda

Count

to

be

correct,

the

correctness

condition

Vrj′ ≥ Vrk′ must hold. A tile on an inner ring 𝑟𝑗 ′ (close to the center of an FOV) should have a
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cumulative vote count (𝑉𝑟𝑗 ′ ) greater than the cumulative vote count (𝑉𝑟𝑘 ′ ) of an adjacent tile on
a comparatively outer ring 𝑟𝑘’ in the FoV.

Proof
If there are 𝑥 FoVs in a frame in the video and the proportion of viewers looking at FoV 𝑖 be 𝑝i,
i.e., ∑𝑥𝑖=1 𝑝𝑖 = 1 then using the method of voting with Borda Count, each FoV 𝑖 will have vote
counts on tiles on every ring around the center in an arithmetic progression decreasing as we go
further away from the center. Tiles on the center ring will have 𝑟 votes each, tiles on the first ring
around the center will have 𝑟−1 votes, decreasing all the way to the outermost ring where each tile
will get just one vote.
Actual Votes on tiles on each ring in FoV 𝑖:
𝑟, 𝑟−1, 𝑟−2, . . ., 2, 1

Normalized Votes on tiles on each ring in FoV 𝑖:
𝑝i ∗ 𝑟, 𝑝i ∗ (𝑟−1), 𝑝i ∗ (𝑟−2), . . ., 𝑝i ∗ 2, 𝑝i ∗ 1

Figure 12: Votes of tiles of non-intersecting FoVs using Borda Count
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Without any overlap among FoVs the correctness condition holds true based on the voting criteria.
This is because Vrj′ , the cumulative normalized vote of a tile on an inner ring 𝑟𝑗’ is always greater
than Vrk′ , the cumulative normalized vote of a tile on an outer ring 𝑟𝑘’ .

Figure 13: Votes of tiles of intersecting FoVs using Borda Count

If there are 𝑦 FoVs among those 𝑥 FoVs in the frame that overlap with each other and form a
cluster, 2 ≤ 𝑦 ≤ 𝑥. Let an FoV 𝑗 in those intersecting FoVs have an overlap with all other 𝑦 − 1
FoVs and that overlap is up to the 𝑘 𝑡ℎ ring from the center, that is the distance between the center
of the FoV 𝑗 and all other intersecting FoVs is 𝑟 + 𝑘. The tiles on the overlapping section of FoV
𝑗 would receive votes from (i). The FoV 𝑗 itself for being a part of it and (ii). The vote from the
outermost ring of the other 𝑦 – 1 FoVs overlapping with it. The vote the tiles on the 𝑘 + 1𝑡ℎ ring
will receive for being a part of FoV 𝑗 is 𝑝𝑗 ∗ (𝑟 − 𝑘 − 1), and the vote cast by the outermost ring
of the other 𝑦 − 1 FoVs is ∑𝑖∈𝑦,

𝑖≠𝑗

𝑝𝑖 ∗ 1. The vote on the immediate inner ring of this

overlapping section will have a vote of 𝑝𝑗 ∗ (𝑟 − 𝑘) for being a part of FoV 𝑗, and no other votes
since there is no overlap on that ring.
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The maximum cumulative vote count in the overlapping section is –
Vrk′ = 𝑝𝑗 ∗ (𝑟 − 𝑘 − 1) + ∑𝑖∈𝑦,

𝑖≠𝑗

𝑝𝑖 ∗ 1, where 𝑗 ∈ 𝑦

Cumulative Sum of votes of tiles on the immediate inner ring
Vrj′ = pj ∗ (𝑟−𝑘), where 𝑗∈𝑦
For the correctness condition to hold –
𝑉𝑟𝑗 ′ ≥ Vrk′
Solving the inequality,
𝑝𝑗 ∗ (𝑟 − 𝑘) ≥ 𝑝𝑗 ∗ (𝑟 − 𝑘 − 1) + ∑𝑖∈𝑦,
𝑝𝑗 ≥ ∑𝑖∈𝑦,

𝑖≠𝑗

𝑖≠𝑗

𝑝𝑖 ∗ 1

𝑝𝑖

So, the proportion of viewers watching each FoV that overlap in the cluster must be greater than
or equal to the proportion of viewers watching the other videos in the cluster. This is only possible
when 𝑦 = 2, that is the cluster is made up of just 2 overlapping FoVs and both the FoVs have equal
probabilities of getting viewed. So, the correctness condition stands good if any overlap of FoVs
in the frame is constituted by maximum 2 FoVs 𝑖 and 𝑗, and probabilities of these FoVs being
viewed are equal, 𝑝𝑖 = 𝑝𝑗 . Otherwise, the correctness condition is not satisfied.
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4.3 Voting using Dowdall Rule
In the voting method using Dowdall Rule, initially all 𝑀 𝑥 𝑁 tiles in every frame in the video has
a vote of 0 associated with them. Each time a tile is in the FoV, it gets a vote. All tiles on the center
ring get 1 vote each, all tiles on the immediate next outer ring get a vote of 1/2, and the tiles on
the next outer ring get a vote of 1/3 and so on, the tiles on the outermost peripheral ring gets a
vote of 1/𝑟. This method has both the factors mentioned earlier needed to ensure good QoE and
effective usage of caching storage.

Lemma
For

the

solution

using

Dowdall

rue

to

be

correct,

the

correctness

condition

Vrj′ ≥ Vrk′ must hold. A tile on an inner ring 𝑟𝑗 ′ (close to the center of an FOV) should have a
cumulative vote count (𝑉𝑟𝑗 ′ ) greater than the cumulative vote count (𝑉𝑟𝑘 ′ ) of an adjacent tile on
a comparatively outer ring 𝑟𝑘’ in the FoV.

Proof
If there are 𝑥 FoVs in a frame in the video and the proportion of viewers looking at FoV 𝑖 be 𝑝𝑖 ,
i.e., ∑𝑥𝑖=1 𝑝𝑖 = 1 then using the method of voting with Dowdall rule, each FoV 𝑖 will have vote
counts on tiles on every ring around the center in a harmonic progression decreasing as we go
further away from the center. Tiles on the center ring will get a vote of 1 each, tiles on the first
ring around the center will get a vote count of 1/2, decreasing all the way to the outermost ring
where each tile will get 1/𝑟 vote.
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Actual Votes on tiles on each ring in FoV 𝑖:
1, 1/2, 1/3, … , 1/(𝑟 − 1), 1/𝑟
Normalized Votes of tiles on each ring in FoV i:
𝑝𝑖 ∗ 1, 𝑝𝑖 ∗ 1/2, 𝑝𝑖 ∗ 1/3, … , 𝑝𝑖 ∗ 1/(𝑟 − 1), 𝑝𝑖 ∗ 1/𝑟

Figure 14: Votes of tiles of non-intersecting FoVs using the Dowdall rule

Figure 15: Votes of tiles of intersecting FoVs using the Dowdall rule

Without any overlap among FoVs the correctness condition holds true based on the voting criteria.
This is because Vrj′ , the cumulative normalized vote of a tile on an inner ring 𝑟𝑗’ is always greater
than Vrk′ , the cumulative normalized vote of a tile on an outer ring 𝑟𝑘’ .
If there are 𝑦 FoVs of those 𝑥 FoVs in the frame that overlap with each other and form a cluster,
2 ≤ 𝑦 ≤ 𝑥. Let an FoV 𝑗 in those intersecting FoVs have an overlap with all other 𝑦 − 1 FoVs in
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such a manner that there is no overlap is up to the kth ring from the center. The overlap starts from
the 𝑘 + 1𝑡ℎ ring of FoV 𝑗 where the peripheral ring of all the other 𝑦 – 1 FoVs overlap. The
distance between the center of the FoV 𝑗 and all other intersecting FoVs is 𝑟 + 𝑘. The tiles on the
overlapping section of FoV 𝑗 would receive votes from (i). The FoV 𝑗 itself for being a part of it
and (ii). The vote from the outermost ring of the other 𝑦 − 1 FoVs overlapping with it. The vote
the tiles on the 𝑘 + 1𝑡ℎ ring will receive for being a part of FoV 𝑗 is 𝑝𝑗 ∗ 1/(𝑘 + 1), and the vote
cast by the outermost ring of the other 𝑦 − 1 FoVs is ∑𝑖∈𝑦,𝑖≠𝑗 (𝑝𝑖 ∗ 1/𝑟). The vote on the
immediate inner ring of this overlapping section will have a vote of 𝑝𝑗 ∗ 1/𝑘 for being a part of
FoV 𝑗, and no other votes since there is no overlap on that ring.
The maximum cumulative vote count in the overlapping section is –
Vrk′ = 𝑝𝑗 ∗ 1/(𝑘 + 1) + ∑𝑖∈𝑦,𝑖≠𝑗 (𝑝𝑖 ∗ 1/𝑟), where 𝑗 ∈ 𝑦
Cumulative Sum of votes of tiles on the immediate inner ring
Vrj′ = 𝑝𝑗 ∗ 1/𝑘, where 𝑗 ∈ 𝑦
For the correctness condition to hold –
𝑉𝑟𝑗 ′ ≥ Vrk′
𝑝𝑗 ∗ 1/𝑘 ≥ ∑𝑖∈𝑦,𝑖≠𝑗 (𝑝𝑖 ∗ 1/𝑟) + 𝑝𝑗 ∗ 1/(𝑘 + 1), where 𝑗 ∈ 𝑦
𝑝𝑗 (1/𝑘– 1/(𝑘 + 1)) ≥ ∑𝑖∈𝑦,𝑖≠𝑗 𝑝𝑖 ∗ 1/𝑟
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𝑝𝑗 ∗ 1/(𝑘 ∗ (𝑘 + 1)) ≥ ∑𝑖∈𝑦,𝑖≠𝑗 𝑝𝑖 ∗ 1/𝑟
𝑟/(𝑘 ∗ (𝑘 + 1)) ≥ ∑𝑖∈𝑦,𝑖≠𝑗 𝑝𝑖 /𝑝𝑗
𝑟/(𝑘 ∗ (𝑘 + 1)) ≥ 1/𝑝𝑗 , since ∑𝑖∈𝑦,𝑖≠𝑗 𝑝𝑖 < 1
𝑟 ≥ 𝑘 ∗ (𝑘 + 1) ∗ 1/𝑝𝑗
Solving for r, we get
𝑟 ≥ 𝑘 ∗ (𝑘 + 1) ∗ 𝑀𝑎𝑥(1/𝑝𝑗 )
So, the correctness condition holds good if 𝒓 ≥ 𝒌 ∗ (𝒌 + 𝟏) ∗ 𝑴𝒂𝒙(𝟏/𝒑𝒋 ) that is if we can modify
the radius of the FoV dynamically, we will be able to ensure that the tiles on the center ring always
get higher vote than the tiles on the peripheral ring, and thereby work towards providing good
viewer QoE.

4.4 Vote Decay Method
In the Vote Decay method-based Voting, initially all 𝑀 𝑥 𝑁 tiles in every frame in the video has a
vote of 0 associated with them. Each time a tile is in the FoV, it gets a vote. All tiles on the center
ring get a 1 vote, all tiles on the immediate next outer ring get a vote of 1/𝑞, and the next outer
ring get a vote of 1/𝑞 2 and so on, the tiles on the outermost peripheral ring get a vote of 1/𝑞(𝑟−1) .
This method has both the factors mentioned earlier needed to ensure good QoE and effective usage
of caching storage.
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Lemma
For the solution using Vote Decay method to be correct, the correctness condition
Vrj′ ≥ Vrk′ must hold. A tile on an inner ring 𝑟𝑗 ′ (close to the center of an FOV) should have a
cumulative vote count (𝑉𝑟𝑗 ′ ) greater than the cumulative vote count (𝑉𝑟𝑘 ′ ) of an adjacent tile on
a comparatively outer ring 𝑟𝑘’ in the FoV.

Proof
If there are 𝑥 FoVs in a frame in the video and the proportion of viewers looking at FoV 𝑖 be 𝑝𝑖 ,
i.e., ∑𝑥1 𝑝𝑖 =1, then using Vote Decay based Voting, each FoV 𝑖 will have vote counts on tiles on
every ring around the center of the FoV in geometric progression with a common ratio of 𝑞,
decreasing as we go further away from the center. Tiles on the center ring will get 1 vote each,
tiles on one ring around the center will get a vote count of 1/𝑞, decreasing all the way to the
outermost ring where each tile will get 1/𝑞 (𝑟−1) vote. This common ratio 𝑞 is the decay factor, the
factor by which the count of votes decay as we move one ring away from the center of the FoV
towards the periphery.
Actual Votes on tiles on each ring in FoV 𝑖:
1,1/𝑞, 1/𝑞 2 , … ,1/𝑞 (𝑟−2) , 1/𝑞 (𝑟−1)
Normalized Votes on tiles on each ring in FoV 𝑖:
𝑝𝑖 ∗ 1, 𝑝𝑖 ∗ 1/𝑞, 𝑝𝑖 ∗ 1/𝑞 2 , … , 𝑝𝑖 ∗ 1/𝑞 (𝑟−2) , 𝑝𝑖 ∗ 1/𝑞 (𝑟−1)
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Figure 16: Votes of tiles of non-intersecting FoVs using the Vote Decay Method

Figure 17: Votes of tiles of intersecting FoVs using the Vote Decay Method

Without any overlap among FoVs the correctness condition holds true based on the voting criteria.
This is because Vrj′ , the cumulative normalized vote of a tile on an inner ring 𝑟𝑗’ is always greater
than Vrk′ , the cumulative normalized vote of a tile on an outer ring 𝑟𝑘’ .
If there are 𝑦 FoVs of those 𝑥 FoVs in the frame that overlap with each other and form a cluster,
2 ≤ 𝑦 ≤ 𝑥. Let an FoV 𝑗 in those intersecting FoVs have an overlap with all other 𝑦 − 1 FoVs in
such a manner that there is no overlap till the 𝑘 𝑡ℎ ring of the FoV 𝑗 from the center, but on the next
ring of FoV 𝑗, the peripheral rings of all other 𝑦 − 1 FoVs intersect. That is the distance between
the center of the FoV 𝑗 and all other FoVs that intersect with it is 𝑟 + 𝑘. The tiles on the
overlapping section of FoV 𝑗 would receive votes from (i). The FoV 𝑗 itself for being a part of it
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and (ii). The vote from the outermost ring of the other 𝑦 − 1 FoVs overlapping with it. The vote
the tiles on the 𝑘 + 1𝑡ℎ ring will receive for being a part of FoV 𝑗 is 𝑝𝑗 ∗ 1/𝑞 𝑘 , and the vote cast
by the outermost ring of the other 𝑦 − 1 FoVs is ∑𝑖∈𝑦,𝑖≠𝑗 (pi ∗ 1/q(r−1) ). The vote on the
immediate inner ring of this overlapping section will have a vote of 𝑝𝑗 ∗ 1/𝑞 (𝑘−1) for being a part
of FoV 𝑗, and no other votes since there is no overlap on that ring.
In this scenario, the Cumulative Sum of votes of tiles on the immediate inner ring:
Vrj′ = 𝑝𝑗 ∗ 1/𝑞(𝑘−1)
This cumulative vote count of tiles on the overlapping section is
Vrk′ = 𝑝𝑗 ∗ 1/𝑞 𝑘 + ∑𝑖 ∈𝑦,𝑖 ≠𝑗 𝑝𝑖 ∗ 1/𝑞 (𝑟−1)
This cumulative vote count of tiles on the overlapping section that is the tiles on the outer ring
should be less than or equal to the vote of tiles on the immediate inner ring.
𝑉𝑟𝑗 ′ ≥ Vrk′
𝑝𝑗 ∗ 1/𝑞 𝑘 + ∑𝑖 ∈𝑦,𝑖 ≠𝑗 𝑝𝑖 ∗ 1/𝑞 (𝑟−1) ≤ 𝑝𝑗 ∗ 1/𝑞(𝑘−1)
Solving the inequation,
∑𝑖 ∈𝑦,𝑖 ≠𝑗 𝑝𝑖 ∗ 1/𝑞(𝑟−1) ≤ 𝑝𝑗 ∗ 1/𝑞(𝑘−1) − 𝑝𝑗 ∗ 1/𝑞 𝑘
∑𝑖 ∈𝑦,𝑖 ≠𝑗 𝑝𝑖 ∗ 1/𝑞(𝑟−1) ≤ (𝑝𝑗 ∗ 𝑞 − 𝑝𝑗 )/𝑞 𝑘
∑𝑖 ∈𝑦,𝑖 ≠𝑗 𝑝𝑖 ∗ 1/𝑞(𝑟−1) ≤ 𝑝𝑗 ∗ (𝑞 − 1)/𝑞𝑘
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∑𝑖 ∈𝑦,𝑖 ≠𝑗 𝑝𝑖 ∗ 1/𝑞(𝑟−𝑘−1) ≤ 𝑝𝑗 ∗ (𝑞 − 1)
𝑞 (𝑟−𝑘−1) ∗ (𝑞 − 1) ≥ ∑𝑖 ∈𝑦,𝑖 ≠𝑗 𝑝𝑖 /𝑝𝑗
Now since 1/𝑝𝑗 ≥ 𝑝𝑖 /𝑝𝑗 , if we prove that for some value of 𝑞, 𝑞 (𝑟−𝑘−1) ∗ (𝑞 − 1) ≥ 1/𝑝𝑗 we can
say that the correctness condition holds true. On solving for 𝑞, we see that if 𝒒 ≥ 𝑴𝒂𝒙(𝟏/𝒑𝒋 ), for
all 𝑗∈𝑦 then the correctness condition is satisfied.
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CHAPTER 5
CONCLUSION

From the above results we conclude that traditional heat maps would work best in cases where the
tiles in the intersection are more important candidates to cache in the mobile edge cloud than the
tiles at the center of the FoVs. Traditional heat maps are not ideal to ensure QoE in cases where
the center of the FoV is considered more popular than peripheries of the FoV no matter how many
FoVs overlap. Voting using the Borda Count satisfies the correctness condition only if there is a
maximum of two FoVs overlapping with each other in a cluster, and the proportion of users
viewing those two FoVs are the same. If these conditions are not met Voting using Borda Count
fails to address the QoE and effective usage of cache space. Voting using the Dowdall rule can
cater to both these factors if we are able to modify the radius r of the FoV dynamically and maintain
𝒓 ≥ 𝒌 ∗ (𝒌 + 𝟏) ∗ 𝑴𝒂𝒙(𝟏/𝒑𝒋 ). The Vote Decay based voting is best in terms of providing good
QoE and edge cache space utilization since we just need to modify the decay factor 𝑞 such that
𝒒 ≥ 𝑴𝒂𝒙(𝟏/𝒑𝒋 ) to meet the correctness condition. As and when proportion of viewers viewing
the least popular cluster that has been cached changes with time the value of q would also change
and all votes past or present needs to be recalculated with the updated value. This would ensure
that the solution is correct.
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