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Virtual reality (VR)
VR has vast applications in entertainment, healthcare,
military, education, etc.

(a) Entertainment (b) Healthcare

(c) Military (d) Education

Figure:Typical VR applications
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Virtual reality (VR)

VR market revenue worldwide grows rapidlly and will reach
12.19 billion USD by 2024[Statista'20]

Figure:VR market revenue
worldwide

Figure:VR market growth rate
by geography

Shanghai Jiao Tong University Ying Cui IEEE PIMRC 2021 5 / 75



Virtual reality (VR)
VR techniques can provide immersive experiences in
interactive applications via personal computers, mobile
devices, or head-mounted displays (HMDs)

Track the positions of HMDs, controllers, other objects or
body parts by sensors
Display according to head and body movement

A user can freely watch the scene of interest in any viewing
direction at any time

Figure:VR position tracking system
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Wireless VR

Wireless VR eliminates geographical or behavioral restrictions
and allows VR users much greater freedom of movement

Wireless VR will unlock a whole new range of applications in
gaming, simulation, education, and commerce

(a) Oculus Quest 2 (b) HTC Vive Pro 2 (c) Samsung Gear VR

Figure:Wireless VR HMDs
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360 video
A VR spherical video is generated by capturing a scene of
interest in every direction simultaneously using
omnidirectional cameras and stitching and wrapping the
captured video onto a sphere
A 360 video is generated by projecting a VR spherical video
onto a rectangle
A 360 video is of a much larger size than a traditional video

The data rate of a 4k 360 video is about 400 Mb/s
The data rate of a traditional 4k video is about 25 Mb/s

At any moment, a user watching a 360 video is interested in
one �eld-of-view (FoV), whose center is termed viewpoint

Figure:VR spherical video, 360 video, and FoV
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360 video
Tiling: a 360 video is divided into smaller rectangular
segments of the same size, known as tiles
Each tile is encoded into multiple GOPs, each lasting 0.5s-1s
The viewpoint of a user does not change within one GOP
FoV prediction: predict one or multiple FoVs to be viewed
based on past viewpoint sequences and video features (e.g.,
saliency)

Human's head rotation rate is limited (below 100� =s)
FoV can be well predicted in a time interval of 0.1s-0.5s

When the prediction time interval is 0.5s, the average
prediction error is usually in (8� ; 16� ) [Ju'17]

Tiles possibly to be viewed will be transmitted
Encoding rate (bitrate) adaptation: pre-encoding each GOP
into multiple representations with di�erent qualities allows
quality adaptation

Adapt to users' channel conditions, quality requirements,
communication resources, etc.
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FoV prediction and transmission

Model 1
Predict one FoV (most likely to be viewed)
Transmit tiles covering the predicted FoV (plus a safe margin)
at desired quality

Model 2
Predict one FoV (most likely to be viewed)
Transmit tiles covering the predicted FoV (plus a safe margin)
at desired quality and some remaining tiles at lower quality

Figure:Model 1 Figure:Model 2
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FoV prediction and transmission
Model 3

Predict multiple FoVs (possibly to be viewed) and the
corresponding viewing probability distribution
Transmit tiles covering the predicted FoVs at di�erent qualities

Determined by the viewing probability distribution
Model 4

Predict multiple FoVs (possibly to be viewed), the
corresponding viewing probability distribution, and the
prediction error
Transmit tiles covering the predicted FoVs at di�erent qualities

Determined by the viewing probability distribution and
prediction error

Figure:Model 3 Figure:Model 4
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FoV reception
Each viewer �rst receives and decodes the GOP of each
transmitted tile and then stores all decoded GOPs of the tiles
covering his predicted FoV (FoVs) in the playback bu�er
The bu�er occupancy is generally tracked in seconds of video
Every second, one second of video is removed from the bu�er
and played to the user

Figure:Playback bu�er

Shanghai Jiao Tong University Ying Cui IEEE PIMRC 2021 12 / 75



Quality of experience (QoE) for 360 video streaming

Rebu�ering: playback bu�er is empty
Su�cient condition for avoiding rebu�ering: download rateis
no smaller than encoding rate at any time

Quality: Sum of encoding rates of tiles covering the FoV
Quality variation

Spatial variation: encoding rate changes between adjacenttiles
in the FoV of one GOP
Temporal variation: encoding rate changes between tiles inthe
FoVs of consecutive GOPs

Figure:Quality spatial variation Figure: Illustration of bu�er dynamics
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Wireless streaming of 360 video
Assumptions on channel conditions

Remain constant within each slot and change over slots
Perfectly known at the BS and the users

Typical wireless streaming scenarios
Single-user scenario[TIP'21]
Multi-user scenario: unicast[TIP'21] and multicast[TWC'21,
TMM'21, WCL'19, CL'18]

Figure:Single-user

Figure:Multi-user unicast Figure:Multi-user multicast
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Wireless streaming of 360 video
The wireless streaming system operates with two time units,
GOP duration (usually 0.5s-1s) and slot duration (usually
1ms-5ms)

Each GOP contains multiple (100-1000) slots
Adapt encoding rate (bitrate) at the beginning of each GOP
Adapt transmission rate at the beginning of each slot

TDMA: time and power allocation
OFDMA: subcarrier and power allocation
MIMO: beamforming

The goal is to maximize QoE or minimize resource
consumption

Figure:Two time-scale system Figure:Two time-scale adaptation
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Previous work on adaptive wireless streaming

Single-user scenario[Xie'17, Kan'19]
Optimize the quality level selection to maximize the total
utility [Kan'19] or total distortion [Xie'17]

Multi-user unicast scenario[Chakareski'20, Huang'18, Zou'20]
Optimize the quality level selection and communication
resource allocation to maximize the total utility[Chakareski'20,
Huang'18]or total distortion [Zou'20]

Multi-user multicast scenario[Bao'17, Ahmadi'17]
Optimize the quality level selection to maximize the total utility
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Limitations

Most previous work relies on the assumption of perfect FoV
prediction which may yield poor performance when prediction
error is large

All previous work considers single-antenna servers, which
cannot exploit spatial degrees of freedom and hence cannot
e�ectively boost performance

Most previous work considers encoding rate adaptation but
ignores transmission rate adaptation

Previous work on multicast fails to exploit potential multicast
opportunities and hence cannot e�ectively utilize
communication resources

Our goal is to address the above issues
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System model
Consider wireless streaming of tiled 360 video in the
multi-user unicast scenario and multi-user multicast scenario

Multi-user unicast: maximize total utility under total
transmission power constraints
Multi-user multicast: minimize total power for given quality
requirements

The system has two time units, GOP duration (usually 0.5-1
s) and slot duration (usually 1-5 ms)

Each GOP containsT slots
Denote T , f 1; : : : ; T g

Encoding rate adaptation is operated per GOP
Transmission rate adaptation is operated per slot

Figure:Multi-user unicast Figure:Multi-user multicast
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Tiled 360 video
Consider tiling to enable 
exible transmission

360 video is divided intoX � Y rectangular segments (tiles)
Denote X , f 1; : : : ; X g and Y , f 1; : : : ; Y g

The (x; y)-th tile refers to the tile in thex-th row and they-th
column, for allx 2 X and y 2 Y

ConsiderI viewpoints (i.e.,I FoVs)
DenoteI , f 1; : : : ; I g
Let F i denote the set ofFi tiles fully or partially included in
the i -th FoV

Each tile is pre-encoded intoL representations corresponding
to L quality levels using HEVC, as in DASH

Let L , f 1; : : : ; Lg denote the set ofL quality levels
The encoding rate of thel -th representation of a tile is
denoted byDl (in bits/s), where D1 < : : : < DL, for all l 2 L

The FoV of each user does not change within one GOP

Focus on one GOP unless otherwise speci�ed
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Physical layer model
Consider one BS andK users in a single-cell wireless network

Let K , f 1; : : : ; K g denote the set of user (video) indices

The BS hasM antennas, and each user has one antenna
Consider a multi-carrier system withN subcarriers

Let N , f 1; : : : ; Ng denote the set of subcarrier indices
The bandwidth of each subcarrier isB (in Hz)

Adopt the block fading model for small-scale fading
The channel on each subcarrier remains constant within each
slot and changes in an i.i.d. manner over slots within one GOP

Let Hk;n 2 CM � 1 denote the random channel state on
subcarriern between userk and the BS

Denote H, (Hk;n)k2K ;n2N as the random system channel
state

Let hk;n(t ) 2 CM � 1 denote the channel state on subcarriern
between userk and the BS at slott

Denote h(t ) , (hk;n(t )) k2K ;n2N as the system channel state
at slot t
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Wireless streaming in multi-user unicast scenario
Consider wireless streaming ofK tiled 360 videos toK users,
respectively
Maximize total utiliy under total transmission power
constraints
Consider multi-FoV prediction

Let I k represent the set of indices of theIk FoVs of videok
that userk may watch

I k is known to the BS
User k will watch only one of theIk FoVs

Let pk , (pi ;k ) i 2I k denote the FoV viewing probability
distribution of userk, wherepi ;k denotes the probability that
the i -th FoV of videok is viewed by userk

Figure:Multi-user unicast scenario.L = 3 ; K = 2.
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Three cases of FoV viewing probability distributions

Case-pp: perfect FoV viewing probability distributions
pk has been estimated with negligible estimation errors
The BS knows the exact value of pk

Case-ip: imperfect FoV viewing probability distributions
pk has been estimated with certain estimation errors

p̂i ;k denotes the estimation ofpi ;k

� i ;k , pi ;k � p̂i ;k denotes the estimation error

The BS knows that the exact value of pk satis�es

pk 2 P k ,

(

pk

�
�
� p

i ;k
� pi ;k � pi ;k ; i 2 I k ;

P

i 2I k

pi ;k = 1

)

with p
i ;k

, maxf p̂i ;k � " i ;k ; 0g and pi ;k , minf p̂i ;k + " i ;k ; 1g
(known to the BS)

Case-up: unknown FoV viewing probability distributions
The BS does not know any prior information about the exact
value of pk
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Encoding rate and smoothness
The tiles inF k , [ i 2I k F i may be transmitted to userk
Let Rx;y;k (in bits/s) denote the encoding rate of the (x; y)-th
tile of videok, where

Rx;y;k 2 f 0; D1; : : : ; DLg; (x; y) 2 F k ; k 2 K

The encoded (source coding) bits of the tiles inF k are
\aggregated" into one message for userk
To limit the quality spatial variations, consider a relative
smoothness requirement for tiles in an FoV:

ri ;k � Rx;y;k � ri ;k + �; (x; y) 2 F i ; i 2 I k ; k 2 K

where
ri ;k 2 f 0; D1; : : : ; DLg; i 2 I k ; k 2 K

ri ;k (in bits/s) represents the minimum of the encoding rates
of the tiles in thei -th FoV of videok
� > 0 is a small number representing the tolerance for quality
spatial variation in an FoV
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Total utility
U(r ) denotes the utility for an FoV with the encoding rater
U(�) can be any nonnegative, strictly increasing, and strictly
concave function

Logarithmic functions satisfy the requirements
Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity
Index Measure (SSIM) numerically satisfy the requirements

Q(� ) (r) ; � = pp, ip, and up denote the performance metrics in
the three cases of FoV viewing probability distributions:

Q(� ) (r) =

8
<

:

P
k2K

P
i 2I k

pi ;kU(ri ;k ); � = ppP
k2K minpk 2P k

P
i 2I k

pi ;kU(ri ;k ); � = ipP
k2K mini 2I k U(ri ;k ); � = up

case-pp: average total utility
case-ip: worst average total utility
case-up: worst total utility

Q(ip) (r) and Q(up) (r) are adopted to guarantee the worst-case
performance under uncertain system parameters
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Rate splitting

The aggregated message for userk sent at slott is split into a
common part of ratedc;k (t ) and a private part of ratedp;k (t )

Encoding rate-transmission rate constraints:

X

(x;y)2 F k
Rx;y;k �

1
T

X

t 2T

(dc;k (t ) + dp;k (t )) ; k 2 K

Avoid rebu�ering for the GOP

The common parts of the messages of theK users are
combined into a common message of rate

P
k2K dc;k (t )

The private part of userk's message is termed userk's private
message

The common message and theK users' private messages are
then encoded (channel coding) into codewords that span over
N subcarriers, respectively
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Linear precoding

Transmitted signal on subcarriern at slot t :

xn(t ) = w c;n(t )sc;n +
X

k2K
wk;n(t )sk;n; n 2 N ; t 2 T

sc;n denotes a symbol of the common message (with
normalized power)
sk;n denotes a symbol of userk's private message (with
normalized power)
wc;n(t ) is the common beamforming vector on subcarriern at
slot t
wk;n(t ) is the private beamforming vector for userk on
subcarriern at slot t

Total transmission power constraints at theT slots:

X

n2N

�
kwc;n(t )k2

2 +
X

k2K
kwk;n(t )k2

2

�
� P; t 2 T
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Successive decoding
At each slott , each userk decodes the common message by
treating the interference from theK users' private messages
on each subcarriern as noise

SINR:
j hH

k; n(t )wc; n(t )j 2

P
j 2K j hH

k; n(t )w j ; n(t )j 2+ � 2

At each slott , after successfully decoding and removing the
common message, each userk decodes his private message by
treating the interference from the remainingK � 1 users'
private messages on each subcarriern as noise

SINR:
j hH

k; n(t )wk; n(t )j 2

P
j 2K ; j 6= k j hH

k; n(t )w j ; n(t )j 2+ � 2

Achievable transmission rate constraints at theT slots:

X

k2K
dc;k (t ) �

X

n2N

Blog2

 

1 +
jhH

k;n(t )wc;n(t )j2
P

j 2K jhH
k;n(t )wj ;n(t )j2 + � 2

!

; k 2 K ; t 2 T

dp;k (t ) �
X

n2N

Blog2

 

1 +
jhH

k;n(t )wk;n(t )j2
P

j 2K ; j 6= k jhH
k;n(t )wj ;n(t )j2 + � 2

!

; k 2 K ; t 2 T
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Total utility maximization

Optimization variables:
Encoding rate adaptation for the considered GOP

Encoding rates of tiles R, (Rx;y;k ) (x;y)2 F k ;k2K

Encoding rates of FoVs r, (ri ;k ) i 2I k ;k2K

Transmission adaptation forT slots in the considered GOP
Rates of common and private messages
d(t ) , (dc;k (t ); dp;k (t )) k2K ; t 2 T
Transmission beamforming vectors
w(t ) , (wk;n(t )) k2 K ;n2N ; t 2 T

Objective function:
Total utility Q(� ) (r) ; � = pp,ip,up

Optimization constraints:
Continuous relaxation of encoding rate constraints
Encoding rate-transmission rate constraints
Achievable transmission rate constraints
Total transmission power constraints
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Total utility maximization

max
R;r;d(t );w(t ); t 2T

Q ( � ) (r)

s:t :0 � Rx;y;k � DL; (x; y) 2 F k ; k 2 K

0 � ri ;k � DL; i 2 I k ; k 2 K

ri ;k � Rx;y;k � ri ;k + �; (x; y) 2 F i ; i 2 I k ; k 2 K
X

(x;y)2 F k
Rx;y;k �

1

T

X

t 2T

�
dc;k (t ) + dp;k (t )

�
; k 2 K

X

k2K
dc;k (t ) �

X

n2N

Blog2

 

1 +
jhH

k;n(t )wc;n(t )j2
P

j 2K jhH
k;n(t )w j ;n(t )j2 + � 2

!

; k 2 K ; t 2 T

dp;k (t ) �
X

n2N

Blog2

 

1 +
jhH

k;n(t )wk;n(t )j2
P

j 2K ; j 6= k jhH
k;n(t )w j ;n(t )j2 + � 2

!

; k 2 K ; t 2 T

X

n2N

�
kwc;n(t )k2

2 +
X

k2K
kwk;n(t )k2

2

�
� P; t 2 T

It is a two-timescale nonconvex problem due to the nonconvexities
of the achievable transmission rate constraints

It has non-di�erentiable objective functions when� = ip and up
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Total utility maximization

max
R;r;d(t );w(t ); t 2T

Q ( � ) (r)

s:t :0 � Rx;y;k � DL; (x; y) 2 F k ; k 2 K ;

0 � ri ;k � DL; i 2 I k ; k 2 K

ri ;k � Rx;y;k � ri ;k + �; (x; y) 2 F i ; i 2 I k ; k 2 K
X

(x;y)2 F k
Rx;y;k �

1

T

X

t 2T

�
dc;k (t ) + dp;k (t )

�
; k 2 K

X

n2N

�
kwc;n(t )k2

2 +
X

k2K
kwk;n(t )k2

2

�
� P; t 2 T

X

k2K
dc;k (t ) �

X

n2N

Blog2

 

1 +
jhH

k;n(t )wc;n(t )j2
P

j 2K jhH
k;n(t )w j ;n(t )j2 + � 2

!

; k 2 K ; t 2 T

dp;k (t ) �
X

n2N

Blog2

 

1 +
jhH

k;n(t )wk;n(t )j2
P

j 2K ; j 6= k jhH
k;n(t )w j ;n(t )j2 + � 2

!

; k 2 K ; t 2 T

The optimization is unrealizable at the beginning of the �rst slot
Channel conditions of the subsequent slots of the GOP are unavailable

Approximately separate the problem intoT problems by decoupling
eachencoding rate-transmission rate constraint
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Total utility maximization at �rst slot
Optimize the encoding rate of the GOP and transmission
design of the �rst slot to maximize the total utility

Based on the channel condition at slot 1

max
R;r;d(1) ;w(1)

Q ( � ) (r)

s:t :0 � Rx;y;k � DL; (x; y) 2 F k ; k 2 K

0 � ri ;k � DL; i 2 I k ; k 2 K

ri ;k � Rx;y;k � ri ;k + �; (x; y) 2 F i ; i 2 I k ; k 2 K
X

(x;y)2 F k
Rx;y;k �

1

T

X

t 2T

�
dc;k (1) + dp;k (1)

�
; k 2 K

X

k2K
dc;k (1) �

X

n2N

Blog2

 

1 +
jhH

k;n(1)w c;n(1) j2
P

j 2K jhH
k;n(1)w j ;n(1) j2 + � 2

!

; k 2 K

dp;k (1) �
X

n2N

Blog2

 

1 +
jhH

k;n(1)w k;n(1) j2
P

j 2K ; j 6= k jhH
k;n(1)w j ;n(1) j2 + � 2

!

; k 2 K

X

n2N

�
kwc;n(1)k2

2 +
X

k2K
kwk;n(1)k2

2

�
� P
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Sum of infeasibilities minimization at subsequent slots
Optimize the transmission design of each subsequent slott
(= 2 ; : : : ; T ) to drive the sum of infeasibilities of each encoding
rate-transmission rate constraint to zero

Based on the resultant encoding rates of the previous problem
R( � )y

x;y;k ; (x; y) 2 F k ; k 2 K and the channel condition at slott
s(t ) bounds the maximum infeasibilities from above
Di�erent cases have di�erent problem parameters
R( � )y

x;y;k ; (x; y) 2 F k ; k 2 K but identical problem form

min
d(t );w(t );s(t ) � 0

X

k2K

sk (t )

X

(x;y)2 F k

R( � )y
x;y;k �

�
dc;k (t ) + dp;k (t )

�
� sk (t ); k 2 K

X

k2K
dc;k (t ) �

X

n2N

Blog2

 

1 +
jhH

k;n(t )wc;n(t )j2
P

j 2K jhH
k;n(t )w j ;n(t )j2 + � 2

!

; k 2 K

dp;k (t ) �
X

n2N

Blog2

 

1 +
jhH

k;n(t )wk;n(t )j2
P

j 2K ; j 6= k jhH
k;n(t )w j ;n(t )j2 + � 2

!

; k 2 K

X

n2N

�
kwc;n(t )k2

2 +
X

k2K
kwk;n(t )k2

2

�
� P
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Interpretation of separate approach

The encoding rate-transmission rate constraints for the �rst
slot together with the sum of infeasibilities minimization
problems for all subsequent slots are to reduce the sum of
infeasibilities of the encoding rate-transmission rate
constraints for the GOP:

X

(x;y)2 F k
Rx;y;k �

1
T

X

t 2T

(dc;k (t ) + dp;k (t )) ; k 2 K

The separate approach yields small performance loss as the
number of subcarriers is usually large in a practical system
(overall channel conditions do not change much over slots)

If the constraint for userk is violated, userk su�ers rebu�ering
If the constraints for theK users are strictly satis�ed, there
will be reduction in total utility
The constraint violation can be e�ectively controlled at the
sacri�ce of total utility by adding a positive constant to L.H.S
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Optimality properties

Theorem (Optimality properties of total utility maximization
for t = 1)

(i) For � = pp, ip, up, R(t )?
x;y;k = max

i 2I k :(x;y)2F i

r (t )?
i ;k ; (x; y) 2 F k ; k 2 K .

(ii) For � = pp and for all i ; j 2 I k ; i 6= j ; k 2 K , if pi ;k � pj ;k ; and

jTi ;k j > jTj ;k j > 1, then r (pp) ?
i ;k � r (pp) ?

j ;k .
For t = ip and for all i ; j 2 I k ; i 6= j ; k 2 K , if pi ;k � p

j ;k
; and

jTi ;k j > jTj ;k j > 1, then r (ip) ?
i ;k � r (ip) ?

j ;k .

For � = up, r (up) ?
i ;k ; i 2 I k are identical, k 2 K .

(iii) U (pp) ? � U (ip) ? � U (up) ? .

(i): at least one of ri ;k � Rx;y;k ; k 2 K is active at an optimal solution

(ii): an FoV with a higher viewing probability has a higher encoding rate
in case-pp and case-ip, and the encoding rates of the FoVs areidentical in
case-up

(iii): the optimal value decreases as the uncertainty in FoVprediction
increases
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Solution method

Total utility maximization for t = 1
Transform the nonconvex problem into an equivalent DC
problem by introducing auxiliary variables and extra constraints

Case-pp: directly tackle the DC problem
Case-ip: further transform the DC problem into an equivalent
problem with a di�erentiable objective function by replacing
the inner problem with its dual problem
Case-up: further cast the DC problem in hypograph form

Obtain a KKT point using CCCP in each case

Sum of infeasibilities minimization fort = 2 ; : : : ; T
Transform the nonconvex problem into an equivalent DC
problem
Obtain a KKT point using CCCP
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Simulation setup
Consider �ve 360 video sequences, i.e.,Diving, Rollercoaster,
Timelapse, Venice, Paris, provided by[Corbillon'17], indexed
by 1; 2; : : : ; 5, respectively

Each video sequence lasts 60 s
UseKvazaaras the 360 video encoder

Set X = 8, Y = 8, and chooseI = 64 FoVs, each of size 3� 3
Set Dl ; l 2 L according to the following table
Each tile is encoded into 60 GOPs, each of 1 s

Table: Encoding rates (in kbit/s) forL = 3 ; 5; 7.

L Dl , l 2 L
3 D1 = 500; D2 = 3000; D3 = 8000
5 D1 = 500; D2 = 1000; D3 = 3000; D4 = 6000; D5 = 8000
7 D1 = 500; D2 = 1000; D3 = 2000; D4 = 3000; D5 = 4000; D6 = 6000; D7 = 8000
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Figure:Illustration of tiles, viewpoints, and FoVs in a tiled 360 video
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Simulation setup
For each video sequence, obtain a viewpoint sequence for each
user based on the viewpoint data of 59 users provided by
[Corbillon'17], with one viewpoint for each GOP

ChooseK = 5, and view users 2, 8, 24, 32 and 40 in
[Corbillon'17]as the users who request videos 1, 2, 3, 4, and
5, respectively
Set the set of indices of the FoVs that userk may view as
I k = f ik � 8; ik � 1; ik ; ik + 1 ; ik + 8g

ik denotes the index of userk's FoV corresponding to the
current GOP in his viewpoint sequence

Calculate FoV viewing probabilities
pi ;k =

nik ; iP
i 2I k

nik ; i
; i 2 I k ; k 2 K

nik ;i denotes the number of users with the current GOP and
the next GOP in his viewpoint sequence for videok beingik
and i , respectively

Set p̂i ;k = pi ;k ; " i ;k = "; i 2 I k ; k 2 K
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Simulation setup

Set B = 39 kHz, N = 128, and � 2 = 10 � 9 W

Set the slot duration as 5 ms

Consider the spatially correlated Rayleigh-fading channel
model with the correlation following the one-ring scattering
model

In case-� , the proposed solution is termed OptER-OptRS-�

Q(� ) (r) ; � = pp, ip, up are termed total utility for simplicity

Adopt U(r ) = 0 :6 log(1000 r
DL

) as the utility function
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Performance evaluation
Evaluate the average total utility of the 3-rd GOP over 100
random realizations of hk;n; k 2 K ; n 2 N for the �rst slot of
the 3-rd GOP
Evaluate the CDF of the total utility, the CDF of the total
utility variation, and the means and variances of the
rebu�ering time for the transmitted FoVs over the 60 GOPs
Evaluate the means and variances of the total PSNR, PSNR
variation, SSIM, and SSIM variation for the viewing FoVs over
the 60 GOPs

Table: Prediction parameters for the 3-rd GOP.
k Video se-

quence
User Current

FoV
Predicted FoVs FoV viewing probability distributions

1 Diving 2 28 I 1 = f 20; 27; 28; 29; 36g
(p20;1; p27;1; p28;1; p29;1; p36;1)
= (0 :4138; 0:1724; 0:2414; 0:1667; 0:0417)

2 Rollercoaster 8 21 I 2 = f 13; 20; 21; 22; 29g
(p13;2; p20;2; p21;2; p22;2; p29;2)
= (0 ; 0:4615; 0:3077; 0:0769; 0:1538)

3 Timelapse 24 24 I 3 = f 16; 23; 24; 17; 32g
(p16;3; p23;3; p24;3; p17;3; p32;3)
= (0 :1481; 0:037; 0:2963; 0:5185; 0)

4 Venice 32 29 I 4 = f 21; 28; 29; 30; 37g
(p21;4; p28;4; p29;4; p30;4; p37;4)
= (0 :25; 0:375; 0:25; 0:0625; 0:0625)

5 Paris 40 18 I 5 = f 10; 17; 18; 19; 26g
(p10;5; p17;5; p18;5; p19;5; p26;5)
= (0 :375; 0:5; 0:125; 0; 0)
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Numerical results of proposed solutions
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Figure:Worst average total utility for the 3-rd GOP versus" at M = 64,
P = 30 dBm.

Worst average total utility of OptER-OptRS-up is irrelevant to "
OptER-OptRS-up maximizes the worst-case total utility,
irrespective of FoV viewing probability distributions

In case-ip, the worst average total utility of OptER-OptRS-ip is
greater than that of OptER-OptRS-pp

Reveal the importance of explicitly considering imperfect
prediction of FoV viewing probability distributions
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Numerical results of proposed solutions
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Figure:Worst average total utility for the 3-rd GOP versus" at M = 64,
P = 30 dBm.

Gain of OptER-OptRS-ip over OptER-OptRS-pp increases with"
Information of FoV prediction error becomes more important
when" is large

Gain of OptER-OptRS-ip over OptER-OptRS-up decreases with"
Imperfect FoV viewing probability distribution becomes less
important when" is large
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Numerical results of proposed solutions
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(a) Total utility versus M at P = 30
dBm.
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(b) Total utility versus P at M = 64.

Figure:Total utility for the 3-rd GOP of the proposed solutions at
" = 0 :4.

Total utility of each proposed solution increases withM and P

U(pp) y > U(ip) y > U(up) y

In accordance with the optimality properties in statement (iii)
of the theorem
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Numerical results of proposed solutions
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(a) OptER-OptRS-pp
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(b) OptER-OptRS-ip
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(c) OptER-OptRS-up

Figure:Heatmap of encoding rates of tiles for the 3-rd GOP of user 4
given by the proposed solutions atM = 64, P = 30 dBm, and " = 0 :4.

The encoding rates of the tiles given by OptER-OptRS-pp and
OptER-OptRS-ip in an FoV with a larger viewing probability
are higher, and the encoding rates of the tiles given by
OptER-OptRS-up are identical

In accordance with the optimality properties in statement (ii)
of the theorem
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Baseline schemes
Encoding rate adaptation

OptER-pp adopts the same encoding rate adaptation
mechanism as the proposed one for case-pp
OptER-ip adopts the same encoding rate adaptation
mechanism as the proposed one for case-pp but is based on
p̂i ;k ; i 2 I k ; k 2 K (rather than pi ;k ; i 2 I k ; k 2 K )
BiER-up choosesD1 as the encoding rate of each FoV in
I k nf ig and optimizes the encoding rate for the current FoVi

Transmission adaptation
OptSDMA adopts SDMA and optimizes beamforming vector
OptOFDMA adopts OFDMA, considers the MRT on each
subcarrier, and optimizes subcarrier and power allocation

Consider six baseline schemes
case-pp: OptER-OptSDMA-pp, OptER-OptOFDMA-pp
case-ip: OptER-OptSDMA-ip, OptER-OptOFDMA-ip
case-up: BiER-OptSDMA-up, BiER-OptOFDMA-up
The total utility maximization problems are formulated and
solved similarly, but with the sum transmission rate as the
objective function for each subsequent slot
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Numerical comparisons with baseline schemes
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(b) Total utility variation

Figure:CDFs of total utility and total utility variation over 60 GOPs at
M = 64, P = 30 dBm, and " = 0 :4.

In each case, the proposed solution outperforms the two baseline
schemes in total utiliy and total utility variation
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Numerical comparisons with baseline schemes

Table: PSNR, PSNR variation, SSIM, SSIM variation, and rebu�ering
time over 60 GOPs atM = 64, P = 30 dBm, and " = 0 :4.

PSNR PSNR variation SSIM SSIM variation Rebu�ering time (s)

OptER-OptRS-pp 169:30 � 6:67 5:61 � 0:36 4:717� 0:048 0:055� 0:004 1:263� 0:082
OptER-OptRS-ip 165:30 � 4:58 5:21 � 0:58 4:662� 0:043 0:052� 0:007 1:213� 0:079
OptER-OptRS-up 164:57 � 3:87 4:58 � 0:44 4:646� 0:050 0:047� 0:003 1:082� 0:074
OptER-OptSDMA-pp 160:95 � 8:73 5:69 � 0:63 4:683� 0:084 0:055� 0:007 1:478� 0:121
OptER-OptSDMA-ip 155:95 � 6:02 5:48 � 0:56 4:601� 0:048 0:054� 0:007 1:393� 0:106
BiER-OptSDMA-up 152:87 � 16:14 8:08 � 1:11 4:405� 0:161 0:171� 0:016 1:310� 0:094
OptER-OptOFDMA-pp 155:94 � 8:61 5:59 � 0:67 4:664� 0:084 0:054� 0:008 1:612� 0:113
OptER-OptOFDMA-ip 150:94 � 4:70 5:29 � 0:37 4:583� 0:077 0:053� 0:007 1:415� 0:095
BiER-OptOFDMA-up 145:94 � 16:24 8:04 � 1:13 4:377� 0:158 0:171� 0:013 1:211� 0:088

In each case, the proposed solution outperforms the two
baseline schemes in all considered performance metrics

The gain in total rebu�ering time derives from the reductionin
the sum of infeasibilities of the encoding rate constraints

The proposed approach achieves a tradeo� among the quality,
quality variation, and rebu�ering time

OptER-OptRS-pp achieves the highest PSNR (SSIM) and
PSNR (SSIM) and the longest rebu�ering time
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Gains in total utility, PSNR, and SSIM

In each case, the gains in total utility, PSNR, and SSIM come
from e�ective nonorthogonal transmission design

The cost for SDMA to suppress interference can be high
Nonorthogonal transmission design is usually less e�cient
Rate splitting together with SIC partially decodes interference
and partially treats interference as noise

In case-ip and case-up, the gains in total utility, PSNR, and
SSIM also derive from robust encoding rate optimization
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Outline

Introduction

System model

Wireless streaming in multi-user unicast scenario [TIP'21]

Wireless streaming in multi-user multicast scenario [TWC'21]

Conclusion
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Wireless streaming in multi-user multicast scenario
Consider wireless streaming of one tiled 360 video toK users

Minimize total power for given quality requirements
Consider single-FoV prediction

DenoteGk as the set of tiles covering the predicted FoV (plus
a safe margin) for userk
DenoteG ,

S
k2K Gk as the set of tiles covering the FoVs of

all K users

Denoterk 2 L as the quality level for the FoV of userk

Figure:Multi-user multicast scenario.K = 2 ; r = (2 ; 2).
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Wireless streaming in multi-user multicast scenario
DenotePS ,

� T
k2S Gk

� T �
G �

S
k2KnS Gk

�
as the set of

tiles needed by users inS and not needed by any user inK n S
P , fP S jPS 6= ; ; S � K ; S 6= ;g forms a partition ofG

I , fSjP S 6= ; ; S � K ; S 6= ;g speci�es the user sets
corresponding to partitionP
PS , S 2 I k , fSjS � I ; k 2 Sg represent the sets of tiles
required by userk
Let L S , f rk jk 2 Sg denote the set of required quality levels
of users inS, for all S 2 I
The encoding (source coding) bits of thel -th representations
of the tiles inPS are \aggregated" into one message indexed
by (S; l ), for all S 2 I ; l 2 L S

Let KS;l , f k 2 Sjrk = lg denote the set of users inS who
require message (S; l ), for all S 2 I ; l 2 L S

Wireless streaming of one tiled 360 video to theK users may
involve both unicast and multicast
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Two scenarios without and with user transcoding
Scenario without user transcoding: users cannot perform
transcoding but directly play

If jK S;l j > 1, message (S; l ) is transmitted to all users inKS;l

simultaneously via multicast
Have natural multicast opportunities

Scenario with user transcoding[TMM'21] : users can �rst
convert a tile representation at a certain quality level to a
lower quality level using transcoding tools (e.g., FFmpeg) and
then play

If jK S;l j = 1 and jK S;l 0j � 1 for somel0 < l , message (S; l )
may be transmitted to all users inKS;l and KS;l 0

simultaneously via multicast
The user inKS ;l directly plays
The users inKS ;l 0, l 0 < l �rst convert message (S; l ) to
message (S; l 0) using transcoding and then play

Have natural and transcoding-enabled multicast opportunities
Jointly utilize communication and computation resources

Transcoding requires computation and consumes energy
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OFDMA and beamforming
Let � S;l ;n(h) 2 f 0; 1g denote the subcarrier assignment
indicator for subcarriern and message (S; l ) under h, where

� S ;l ;n(h) 2 f 0; 1g; S 2 I ; l 2 L ; n 2 N
X

S2I

X

l 2L
� S ;l ;n(h) = 1 ; n 2 N

Let PS;l ;n(h) denote the transmission power for the symbols
for message (S; l ) on subcarriern under h, where

PS ;l ;n(h) � 0; S 2 I ; l 2 L ; n 2 N

Let wn(h) denote the normalized beamforming vector for the
message transmitted on subcarriern under h, where

kwn(h)k2 = 1 ; n 2 N

The maximum transmission rate for message (S; l ) to user

k 2 S on subcarriern under h isB log2

�
1 +

PS ; l ; n(h) j hH
n; k wn(h) j 2

� 2

�

Let cS;l ;n(h) denote the transmission rate for the symbols for
message (S; l ) on subcarriern under h, where

cS ;l ;n(h) � 0; S 2 I ; l 2 L ; n 2 N
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Scenario without user transcoding

Transmission rate constraints under h:

� S;l ;n(h)B log2

 

1 +
PS;l ;n(h)jhH

n;k wn(h)j2

� 2

!

� cS;l ;n(h);

S 2 I ; l 2 L S; k 2 K S;l ; n 2 N

Encoding rate-transmission rate constraints under h:
X

n2N
cS;l ;n(h) � jP S jDl ; S 2 I ; l 2 L S

jPS j denotes the number of tiles inPS

Avoid rebu�ering for the GOP
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Total power minimization without user transcoding

Optimization variables:
Subcarrier allcocation� (h) , (� S;l ;n(h)) S2I ;l2L S ;n2N , for all
h
Power allocationP(h) , (PS;l ;n(h)) S2I ;l2L S ;n2N , for all h
Transmission rates c(h), (cS;l ;n(h)) S2I ;l2L S ;n2N , for all h
Transmission beamforming w(h), (wn(h)) n2N , for all h

Objective function: average total transmission power

E

2

4
X

n2N

X

S2I

X

l 2L S

� S ;l ;n(H)PS ;l ;n(H)

3

5

Optimization constraints:
Subcarrier allocation constraints
Power constraints
Beamforming constraints
Transmission rate constraints
Encoding rate-transmission rate constraints
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Total power minimization without user transcoding
As the optimization variables and constraints are separable for
all h, we can equivalently minimize the total transmission
power for all h separately

min
� (h) ;P (h) � 0;c(h) � 0;w(h)

X

n2N

X

S2I

X

l 2L S

� S;l ;n(h)PS;l ;n(h)

s:t : � S;l ;n(h) 2 f 0; 1g; S 2 I ; l 2 L ; n 2 N
X

S2I

X

l 2L
� S;l ;n(h) = 1 ; n 2 N

kwn(h)k2 = 1 ; n 2 N

� S;l ;n(h)B log2

 

1 +
PS;l ;n(h)jhH

n;k wn(h)j2

� 2

!

� cS;l ;n(h);

S 2 I ; l 2 L S ; k 2 K S;l ; n 2 N
X

n2N
cS;l ;n(h) � jP S jDl ; S 2 I ; l 2 L S

It is a challenging mixed discrete-continuous optimization
problem
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Solution method

Special cases
Obtain a globally optimal solution for small multicast groups
(jK S;l j � 3, for all S 2 I and l 2 L S )
Obtain an asymptotically optimal solution for a large antenna
array (M ! 1 )

General case
Obtain a suboptimal solution using continuous relaxation,
equivalent transformation, and CCCP
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Scenario with user transcoding
Let x , (xS;l ;k )S2I ;l2L ;k2S denote the quality level selection
variables

xS;l ;k = 1 indicates that the BS transmits message (S; l ) to
userk, and xS;l ;k = 0 otherwise

Quality level selection constraints:

xS;l ;k 2 f 0; 1g; S 2 I ; l 2 L ; k 2 S
X

l 2L
xS;l ;k = 1 ; S 2 I ; k 2 S

X

l 2L
lxS;l ;k � rk ; S 2 I ; k 2 S

Transmission rate constraints under h:

� S;l ;n(h)B log2

 

1 +
PS;l ;n(h)jhH

n;k wn(h)j2

� 2

!

� cS;l ;n(h)xS;l ;k ;

S 2 I ; l 2 L ; k 2 S; n 2 N

Encoding rate-transmission rate constraints under h:X

n2N
cS;l ;n(h) � jP S jDl xS;l ;k ; S 2 I ; l 2 L ; k 2 S

jPS j denotes the number of tiles inPS
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Total power minimization with user transcoding
Optimization variables:

Subcarrier allcocation� (h) , (� S;l ;n(h)) S2I ;l2L S ;n2N

Power allocationP(h) , (PS;l ;n(h)) S2I ;l2L S ;n2N

Transmission rates c(h), (cS;l ;n(h)) S2I ;l2L S ;n2N

Transmission beamforming vectors w(h), (wn(h)) n2N

Quality level selection x, (xS;l ;k )S2I ;l2L ;k2S

Objective function: the weighted sum of average total
transmission power and transcoding power

E

2

4
X

n2N

X

S2I

X

l 2L S

� S ; l ; n(H) PS ; l ; n(H)

3

5 + �
X

S2I

X

k2S

0

@
X

l 2L

lxS ; l ; k � rk

1

A jP S j Ek

Ek denotes the transcoding power at userk for lowering the
quality level of the representation of a tile by one

Optimization constraints:
Subcarrier allocation constraints
Power constraints
Beamforming constraints
Transmission rate constraints
Encoding rate-transmission rate constraints
Quality level selection constraints
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Total power minimization with user transcoding

min
� (h) ; P (h) � 0; c(h) � 0; w(h) ; x

E

2

4
X

n2N

X

S2I

X

l 2L S

� S ; l ; n(H) PS ; l ; n(H)

3

5 + �
X

S2I

X

k2S

0

@
X

l 2L

lxS ; l ; k � rk

1

A jP S j Ek

s: t : � S ; l ; n(h) 2 f 0; 1g; S 2 I ; l 2 L ; n 2 N ;
X

S2I

X

l 2L
� S ; l ; n(h) = 1 ; n 2 N

k wn(h) k 2 = 1 ; n 2 N

� S ; l ; n(h) B log2

0

@1 +
PS ; l ; n(h) j hH

n; k wn(h) j 2

� 2

1

A � cS ; l ; n(h) xS ; l ; k ; S 2 I ; l 2 L ; k 2 S ; n 2 N

X

n2N

cS ; l ; n(h) � jP S j Dl xS ; l ; k ; S 2 I ; l 2 L ; k 2 S

xS ; l ; k 2 f 0; 1g; S 2 I ; l 2 L ; k 2 S ;
X

l 2L
xS ; l ; k = 1 ;

X

l 2L
lxS ; l ; k � rk ; S 2 I ; k 2 S

It is a two-timescale mixed optimization problem and more challenging
Quality level selection is in a larger timescale and adapts the channel
distribution
Subcarrier, power, transmission rate allocation and beamforming design
are in a shorter timescale and adapt to instantaneous channel state

The minimum average total power (� = 1) with transcoding is no greater
than the minimum average total transmission power without transcoding

Advantage of joint utilization of communication and comput ation
resources
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Solution method

Special cases
Obtain a globally optimal solution for small multicast groups
(jSj � 3; S 2 I )
Obtain an asymptotically optimal solution for a large antenna
array (M ! 1 )

General case
Obtain a suboptimal solution using mean approximation,
equivalent transformation, continuous relaxation, and CCCP
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Simulation setup
Consider 360 video sequenceVeniceprovided by[Corbillon'17]
UseKvazaaras the 360 video encoder

Set X = 30, Y = 15
Set L = 5, and chooseDl ; l 2 L according to the table

Use 30 users' viewpoints for the 15-th frame ofVenice
provided by[Corbillon'17]as the predicted viewpoints
An extra 15� in the four directions of each predicted FoV is
transmitted to deal with prediction error
Set Ek = 10 � 6 W for all k 2 K , � = 1, B = 39 kHz, N = 64,
and n0 = 10 � 9 W
The elements of Hk;n, k 2 K , n 2 N are i.i.d. CN(0; 1M � M )
Evaluate the average total power over 100 random realizations
of H, for all Gk ; k 2 K

Table: Encoding rates (in kbit/s) forL = 3 ; 5; 7.

Quality level 1 2 3 4 5 6
Quantization parameter 42 35 28 21 14 7
Encoding rate (� 105) 6.66 16.18 24.29 32.01 40.23 50.45
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Baseline schemes

Consider two baselines in the scenario without (w/o) user
transcoding

Baseline 1 servesK users separately (unicast) and adopts the
normalized MRT beamformer for each user on each subcarrier
Baseline 2 utilizes natural multicast opportunities as in the
proposed solution and adopts the normalized MRT
beamformer for a massage on each subcarrier based on the
channel matrix of its requesting users

Consider one baseline in the scenario with (w) user
transcoding

Baseline 3 transmits message (S; rS;max) to all users inS using
multicast and adopts the same transmission design as in the
proposed solution, whererS;max , maxk2S rk

Maximally utilize transcoding-enabled multicast opportunities
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Numerical comparisons with baseline schemes
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Figure:Average total power versusK at M = 4, r = (2 ; 2; 3; 3; 4).

Evaluate the average total power over 1,000 random choices
for the viewpoints of 1-5 users
Average total power of each scheme increases withK

Transmission load increases withK

When K � 3, the proposed solutions for the general case
achieve close-to-optimal average total powers
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Numerical comparisons with baseline schemes
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Figure:Average total power versusM at K = 4, r = (2 ; 3; 3; 4).

Evaluate the average total power over 1,000 random choices
for the viewpoints of 1-5 users
Average total power of each scheme decreases withM

When M is su�ciently large, the proposed asymptotically
optimal solutions reach close-to-optimal average total powers

Demonstrate the asymptotic optimalities of the proposed
solutions for the case of a large antenna array
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Impacts of concentration of viewpoints and similarity of
required quality levels

Choose 5 users' viewpoints (� k ; 
 k )k2f 1;:::;5g as shown in the
following �gure
Consider �ve sets of viewpoints, i.e., (� 1 + � ; 
 1),
(� 4 + � ; 
 4), ( � 2; 
 2); (� 3 � � ; 
 3); (� 5 � � ; 
 5), � = 1 ; : : : ; 5

� re
ects concentration of the viewing points
Concentration increases with �

Consider three sets of required quality levels, �r� = (min f �; 3g,
minf � + 1 ; 3g; 3; maxf 3; 5 � � g; maxf 3; 6 � � g), � = 1 ; 2; 3

� indicates similarity of the required quality levels
Required quality levels are closer when� is larger

Figure:Viewing points and corresponding FoVs of 5 users
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Numerical comparisons with baseline schemes
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(a) Average total
power versus � at
r = (2 ; 2; 3; 3; 4).
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Figure:Average total power versus � and� at K = 5, M = 4.
Each multicast scheme's average total power decreases with �, �

Multicast opportunities increase with � and �

The gaps between the average total powers of the multicast
schemes in the scenarios decrease with�

Natural multicast opportunities increase and transcoding-enabled
multicast opportunities decrease
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Gains in total power

The proposed solutions in the scenario with user transcoding
outperform those in the scenario without user transcoding

The gains derive from using transcoding-enabled multicast
opportunities in reducing power consumption

The proposed solutions outperform the baseline schemes
In the scenario without user transcoding, the proposed
solutions outperform Baseline 1 and Baseline 2

Multicast o�ers higher spectral e�ciency than unicast
Optimizing beamforming vectors more e�ectively utilizes
spatial resources

In the scenario with user transcoding, the proposed solutions
outperform Baseline 3

Optimally exploiting transcoding-enabled multicast
opportunities saves more power
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Outline

Introduction

System model

Wireless streaming in multi-user unicast scenario [TIP'21]

Wireless streaming in multi-user multicast scenario [TWC'21]

Conclusion
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Conclusion
We investigate optimal wireless streaming of tiled 360 video in
a multi-user multi-carrier network

Multi-user unicast scenario: maximize total utility undertotal
transmission power constraints
Multi-user multicast scenario: minimize total power for given
quality requirements

We propose novel models for imperfect FoV prediction and
reveal impact of FoV prediction error on 360 video streaming

We propose novel models for exploiting natural and
transcoding-enabled multicast opportunities and jointly
utilizing communication and computation resources

We formulate two-timescale optimization problems for
encoding rate adaptation per GOP and transmission
adaptation per slot and solve them using various optimization
techniques

We numerically show notable gains of the proposed solutions
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