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Virtual reality (VR)

@ VR has vast applications in entertainment, healthcare,
military, education, etc.

(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 2024Statista’20]

$

Figure:VR market revenue Figure:VR market growth rate
worldwide by geography
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Virtual reality (VR)

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

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

@ A user can freely watch the scene of interest in any viewing

direction at any time

VO —

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

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

L
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(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

o 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
o 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

Sphere

Equirectangular

VR é;:;ture N - =

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

e Each tile is encoded into multiple GOPs, each lasting 0.5s-1s
o The viewpoint of a user does not change within one GOP
e FoV prediction: predict one or multiple FoVs to be viewed

based on past viewpoint sequences and video features (e.g.,
saliency)

s Human's head rotation rate is limited (below 106s)

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'1l7]

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

e Model 1
s Predict one FoV (most likely to be viewed)
e Transmit tiles covering the predicted FoV (plus a safe majgi
at desired quality
e Model 2
s Predict one FoV (most likely to be viewed)
@ Transmit tiles covering the predicted FoV (plus a safe majgi
at desired quality and some remaining tiles at lower quality

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

o Model 3
e Predict multiple FoVs (possibly to be viewed) and the
corresponding viewing probability distribution
s Transmit tiles covering the predicted FoVs at di erent quids
@ Determined by the viewing probability distribution
o Model 4
e Predict multiple FoVs (possibly to be viewed), the
corresponding viewing probability distribution, and the
prediction error
s Transmit tiles covering the predicted FoVs at di erent quids
@ Determined by the viewing probability distribution and
prediction error

lllll N I I

Figure: Model 3 Figure:Model 4
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FoV reception

o 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
e Every second, one second of video is removed from the bu er

and played to the user

Input | Download Rate
Rate | Encoding Rate

Buffer Buffer
Occupanc Size
(seconds) (seconds)
Output
Rate 1

Figure: Playback bu er
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Quality of experience (QoE) for 360 video streaming

@ Rebu ering: playback bu er is empty
@ Su cient condition for avoiding rebu ering: download ratés
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 adjadées
in the FoV of one GOP

e Temporal variation: encoding rate changes between tilethim
FoVs of consecutive GOPs

Buffer === Rebuffering time

occupancy R """"""""
[

—
GOP t+1

Figure: Quality spatial variation ~ Figure: lllustration of bu er dynamics
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Wireless streaming of 360 video

@ Assumptions on channel conditions
s Remain constant within each slot and change over slots
s Perfectly known at the BS and the users

@ Typical wireless streaming scenarios
s Single-user scenari@IP'21]

s Multi-user scenario: unicadilIP'21] and multicast[TWC'21,

TMM'21, WCL'19, CL'18]
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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)

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

s TDMA: time and power allocation

o OFDMA: subcarrier and power allocation

¢ MIMO: beamforming
o The goal is to maximize QOE or minimize resource

consumption

Encoding rate adaptation

GOP duration 8

l—l—\ €

IIIIHIHIIHf””“”““”“”‘ :g Encoding rate
E

[ERRAREERS Siot duraidn 1 | :

Transmission adaptation

Trai

Time

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

@ Single-user scenariXie'l7, Kan'19]
@ Optimize the quality level selection to maximize the total
utility [Kan'19] or total distortion [Xie'17]

@ Multi-user unicast scenarifChakareski'20, Huang'18, Zou'20]

s Optimize the quality level selection and communication
resource allocation to maximize the total utiliffChakareski‘20,
Huang'18]or total distortion [Zou'20]

@ Multi-user multicast scenarigBao'l7, Ahmadi'l7]
s Optimize the quality level selection to maximize the totatility
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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

o 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 multidas
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 scema
@ Multi-user unicast: maximize total utility under total
transmission power constraints
¢ Multi-user multicast: minimize total power for given quii
requirements
@ The system has two time units, GOP duration (usually 0.5-1
s) and slot duration (usually 1-5 ms)
¢ Each GOP containg slots
e DenoteT , f1;:::;Tg
@ Encoding rate adaptation is operated per GOP
s Transmission rate adaptation is operated per slot

:
(M) user 14,

-AER ., ..
: .

h —\Z .
;

Figure: Multi-user unicast Figure: Multi-user multicast
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Tiled 360 video

o Consider tiling to enable exible transmission
s 360 video is divided int&X Y rectangular segments (tiles)
o DenoteX , f1;:::;XgandY, f1;:::;Yg
s The (x;y)-th tile refers to the tile in thex-th row and they-th
column, for allx 2 X andy 2Y

e Considerl viewpoints (i.e.,] FoVs)

s Let F; denote the set of tiles fully or partially included in
the i-th FoV

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

s The encoding rate of thé-th representation of a tile is
denoted byD, (in bits/s), whereD; <:::< Dy, foralll 2L

@ 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 anHl users in a single-cell wireless network

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

s The bandwidth of each subcarrier & (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 Hc., 2 CM 1 denote the random channel state on
subcarriem between usek and the BS
o Denote H, (Hk:n)k2k :n2n  @s the random system channel
state
Let he.n(t) 2 CM 1 denote the channel state on subcarrier
between usek and the BS at slott

s Denote ht) , (hk:n(t))k2k :n2n  @s the system channel state
at slott
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Outline

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

Shanghai Jiao Tong University Ying Cui IEEE PIMRC 2021 22175



Wireless streaming in multi-user unicast scenario
o Consider wireless streaming Kf tiled 360 videos tK users,

respectively
o Maximize total utiliy under total transmission power

constraints
o Consider multi-FoV prediction
s Let | represent the set of indices of thg FoVs of videdk
that userk may watch
@ | is known to the BS
@ Userk will watch only one of thelx FoVs
o Letpc, (pi)iai , denote the FoV viewing probability
distribution of userk, wherep;.x denotes the probability that
the i-th FoV of videok is viewed by usek

user
1l

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

e Case-pp: perfect FoV viewing probability distributions
s px has been estimated with negligible estimation errors
@ The BS knows the exact value okp

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

o P« denotes the estimation ofp;.k
@ ik, Pk Pix denotes the estimation error

e The BS kn()ws that the exact value ofipsatis es )
) P
Pk 2Pk, Pc Py Pk Pl 2l pik=1
' i21
with Py max Pk "ik;0g andpy ., minfpk + ik 19
(known to the BS)
e Case-up: unknown FoV viewing probability distributions

¢ The BS does not know any prior information about the exact
value of p
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Encoding rate and smoothness

e ThetilesinFy, [iz . Fi may be transmitted to usek
@ Let Ry,y (in bits/s) denote the encoding rate of thex¢y)-th
tile of videok, where

@ The encoded (source coding) bits of the tiles . are
\aggregated" into one message for uskr

o To limit the quality spatial variations, consider a relative
smoothness requirement for tiles in an FoV:

ik Reyk Tlik+ 5 (Xy)2Fi 121 k2K

where

@ ri-x (in bits/s) represents the minimum of the encoding rates
of the tiles in thei-th FoV of videok

¢ > 0is a small number representing the tolerance for quality
spatial variation in an FoV
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Total utility

o U(r) denotes the utility for an FoV with the encoding rate
e U() can be any nonnegative, strictly increasing, and strictly
concave function
s Logarithmic functions satisfy the requirements
s Peak Signal-to-Noise Ratio (PSNR) and Structural Simitgri
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:
8 P P
< p kK Q2 pi;lﬂJ(ri;k); = pp
QUM = bk MiMpor, iz, PkU(TiK);  =ip
C kek Minizr U(rik); = up

¢ case-pp: average total utility
s case-ip: worst average total utility
s case-up: worst total utility
o QU (r) and QUP)(r) are adopted to guarantee the worst-case
performance under uncertain system parameters
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Rate splitting

@ The aggregated message for usesent at slott is split into a
common part of ratedx(t) and a private part of rated, (t)

¢ Encoding rate-transmission rate constraints:
X

1 X
(y)2F Rayik T (desk(t) + dpc (1)) 5 k 2K

va
@ Avoid rebu ering for the GOP

@ The common parts of the messages of t[geusers are
combined into a common message of rate, ;. de:k (1)

e The private part of usek's message is termed uskls private
message

@ The common message and thé 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 subcarriar at slot t:

k2

¢ S:n denotes a symbol of the common message (with
normalized power)

s Sn denotes a symbol of usde's private message (with
normalized power)

@ Wen(t) is the common beamforming vector on subcarrieat
slot t

8 Wg.n(t) is the private beamforming vector for uséron
subcarriem at slot t

o Total transmission power constraints at thE slots:
X X

oy Kwen(DKE+  kwien(DkE Pt 2T
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Successive decoding

@ At each slott, each usek decodes the common message by
treating the interference from th& users' private messages
on each subcarrien as noise

cp i (Owea(®)i?
) SINR o jh;‘:n(t)wj;n(t)jz"' 2

@ At each slott, after successfully decoding and removing the
common message, each udedecodes his private message by
treating the interference from the remaining 1 users'
private messages on each subcarneas noise

cp i (Owin(t)i®
® SINR: e T w07 2

@ Achievable transmission rate constraints at theslots:
!

X jhE L (t)Wein(t)]2
de;k () Blog, 1+ P I kg"( JWein( )1.2 .
kaK n2N j2K i (O)win()j2 +
|

X jhi L (t)Wicn(t)j2
dpik(t) Blog, 1+ P Jan(Wen(OF
n2N i2x ek I (DWin(t)j2 +

k2K:;t2T

k2K;t2T
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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 7y :kk
@ Encoding rates of FoVs . (ri;k)i2i k2K
¢ Transmission adaptation fof slots in the considered GOP
@ Rates of common and private messages
d(t) . (dek(t);dpw(t)rax ;t 2T
@ Transmission beamforming vectors
w(t) , Wicn(t)ocinon 52T
@ Obijective function:
o 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

Q)

m
R;r;d(t);w(t);t2T
st:0 Ry Dus (x5y) 2 Fy; k2K
0 li:k D|_;i2|k;k2K
Nk Rayik Tk + 5 (Xy)2Fi 021 k2K

X 1 X
)2 F Rx;y;k ? dc;k(t) + dp;k(t) i k2K
t21 '
X X jhi (Owe;n (1) '
de:k (1) Blog, 1+ P J_kg”( Jein )1_2 5 s k2Kst2T
ke n2N jok ihin (Dwjn(t)j2 +

X it (Wi (t)j2
dp;k (1) Blog, 1+ P jhicn (Wicn (1]

PR > 5 k2K;t2T
n2N jok sjek 1N, (OWjn(1)j% +

X
2 2 .
N kwe;n(t)ks + KoK kwi:n(t)k5 P;t2T

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

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

Q)M

max
R;r;d(t);w(t);t2T
st:0 Ry Di; (Xy) 2 Fy; k2K;
0 li:k D;i2lg; k2K
Rayik T+ 5 (Xy)2Fi 021 k2K
X

dc;k(t)+ dp;k(t) ; k2K

fi;k
X 1
(i Ok T
' : t2T
X ) X )
oy Wen(@ka+ o kwin(Dke Pt 2T |
X ihg o (Owen(8)i? '
de:k(t) Blog, 1+ pP——<m T
« n2N jok ihicn (OWjn(t)] +|
X iht n(Owien (1) '
dpik (1) Blog, 1+ P K i k2K;t2T
n2N i2k sjs ki (DWjin(t)j2 +

i k2K;t2T

k2

@ The optimization is unrealizable at the beginning of the trslot
@ Channel conditions of the subsequent slots of the GOP are unaailable

@ Approximately separate the problem infb 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

o Based on the channel condition at slot 1

max QU

Ririd(1);w(1)
st:0  Ryeyk  Dis (x5y) 2 Fy; k2K
0 r.k Dpi2lg k2K
ikt 5 (Xy)2Fi; i 21 k2K

fi:k  Rx:yik
X
(x;y)ZF_k Rx;y;k ? dc;k(1)+ dp;k(l) k2K
t2T
X jhH (Lwe:n(1)j?
dek (D) Blog, 1+ P——Xn Wein )1,2 5 k2K
kaK n2N jok ihicn(Dwj;n(1)j= +
1
X b (Dwin(1)j2 ’
Aok (1) Blog, 1+ § k_’”,g) kin(L)] k2K
n2N j2k cjek M (MWjn(1)j% +

X
2N kwi;n(1) k3 + KoK kwin(DK3 P
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Sum of infeasibilities minimization at subsequent slots

@ Optimize the transmission design of each subsequent slot

rate-transmission rate constraint to zero
@ Based on the resultant encoding rates of the previous profrie
Ri;y);yk; (x;¥) 2 Fi;k 2 K and the channel condition at slott
@ s(t) bounds the maximum infeasibilities from above
o Di erent cases have di erent problem parameters
R( Y- (x;)z/) 2 Fx;k 2 K but identical problem form

X;y;k?
min Sc(t)
d(t);w(t);s(t) O

k2K
X )y
Rx;y;k de:k (1) + dp:k (1) sc(t); k2K
(x;y)2Fy |
X -hH, t)We n(t i2 :
ko deik(t) Blog, 1+ P i (Owein(t)i k2K

n2N j2K jh'l:;n(t)wj;n(t)jz+ 2

X jht (6w (t)j?
dp:k (1) Blog, 1+ P jhicn (OWin(t)]

- - ; k2K
n2N j2K ;jSthE;n(t)Wj:n(t)Jz"' 2

X
2 2
oy Wen(tka+ o kwien(t)ka P
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Interpretation of separate approach

e 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)2F ¢

1 X
Ry:y:k T (de;k(t) + dpi(t)) ; k2K
t2T

@ 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)

e If the constraint for usek is violated, usek su ers rebu ering

o If the constraints for theK users are strictly satis ed, there
will be reduction in total utility

s The constraint violation can be e ectively controlled at ¢h
sacri ce of total utility by adding a positive constant to L.}$
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Optimality properties

Theorem (Optimality properties of total utility maximiza

fort =1)

®? _

() For =pp,ip, up, Ryiy max ri(;tk)?; (x;y) 2 Fy; k2K.

121 k:(X;y)2F

(i) For =ppandforall i;j21;i6 j;k2K,ifp;x pjk and
iTiwd > iTjd > 1, then P77 (BP?,
For t = ip and for all i;]j 2I kil 6 ] k 2K, if pj.x Py and
iTizki > iTjxi > 1, then r('p)9 rj(;E)?.

_(ukp)

T

For = up, ;i 21 are identical, k 2 K .

(iii) uerm?  yle? yup)?,

@ (i): at least one of ri;k  Ruy;k; k 2 K is active at an optimal solution

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

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

e Total utility maximization fort = 1
¢ Transform the nonconvex problem into an equivalent DC
problem by introducing auxiliary variables and extra coasits
@ Case-pp: directly tackle the DC problem
@ Case-ip: further transform the DC problem into an equivalén
problem with a di erentiable objective function by replacig
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 far=2;:::;T
s Transform the nonconvex problem into an equivalent DC
problem

¢ Obtain a KKT point using CCCP
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Simulation setup

e Consider ve 360 video sequences, i.Biyving, Rollercoaster
Timelapse Venice Paris provided by[Corbillon'17] indexed

s Each video sequence lasts 60 s
o UseKvazaaras the 360 video encoder
s SetX =8, Y =8, and choosel = 64 FoVs, each of size 3 3
s SetD;1 2 L according to the following table
s Each tile is encoded into 60 GOPs, each of 1 s

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

D,12L
D; = 500; D = 3000, D3 = 8000
D; = 500; D; = 1000; Dj = 3000; Dy = 6000; Ds = 8000
D; = 500; D, = 1000; D3 = 2000; D, = 3000; Ds = 4000; D = 6000; D; = 8000

408 % & - (

P~ meas s -

Figure:Illustration of tiles, viewpoints, and FoVs in a tiled 360 giul
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Simulation setup

e For each video sequence, obtain a viewpoint sequence fdr eac
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

o Set the set of indices of the FoVs that uskrmay view as
Iy = fik 8k Lk ik +1;ik +89g

@ ix denotes the index of uséd's FoV corresponding to the
current GOP in his viewpoint sequence

o Calculate FoV viewing probabilities

pi;k: %;i2|k;k2K
i21 ) Migsi

@ n;;; denotes the number of users with the current GOP and
the next GOP in his viewpoint sequence for videdeingi
andi, respectively

) Setp};k = pi;k;"i;k ="i2l k2K
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Simulation setup

@ SetB =39 kHz, N =128,and 2=10 °W
@ Set the slot duration as 5 ms

o 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-
e QU)(r); =pp, ip, up are termed total utility for simplicity
o Adopt U(r)=0 :6Iog(1OOODr—L) as the utility function
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Performance evaluation

o Evaluate the average total utility of the 3-rd GOP over 100
random realizations of fi;;k 2 K;n 2 N for the rst slot of
the 3-rd GOP

e 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

o Evaluate the means and variances of the total PSNR, PSNR
variation, SSIM, and SSIM vatriation for the viewing FoVs over
the 60 GOPs

Table: Prediction parameters for the 3-rd GOP.

k Video  seq{ User Current | Predicted FoVs FoV viewing probability distributions
quence FoV
L _ . (P201; P27;1; Pasi1; Pgi1i Pasi1)
1 Diving 2 28 11= 120272829360 | Z\.41380:1724 0:2414 0:1667 0:0417
2 | Rollercoastef 8 21 1, = 13202122 2% (_pzéz ety %Z;ég 011538)
3 Timelapse | 24 24 I3= 116,23 24,17.3 (,ngi‘l’jgi 55;;7%72395252185 0
4 Venice 32 29 1= 121,28 29,3037 (p§642’;2“0‘3’;2§6 235 o 0625) 00625)
5 | Paris 40 18 Is= 10,1718 19 269 (=ng73';‘5". e 82)5 2
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Numerical results of proposed solutions

A

Figure: Worst average total utility for the 3-rd GOP versusat M = 64,
P =30 dBm.
@ Worst average total utility of OptER-OptRS-up is irreleviato "
s 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-OptRB-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

Figure:Worst average total utility for the 3-rd GOP verstisat 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
o Imperfect FoV viewing probability distribution becomesdes
important when" is large
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Numerical results of proposed solutions

(a) Total utility versus M at P = 30 (b) Total utility versus P at M = 64.
dBm.
Figure: Total utility for the 3-rd GOP of the proposed solutions at
" =0:4.
@ Total utility of each proposed solution increases with and P
o UPPY > ylpy > ypy
@ In accordance with the optimality properties in statemenii)(i
of the theorem

Shanghai Jiao Tong University Ying Cui IEEE PIMRC 2021 44 | 75



Numerical results of proposed solutions

(a) OptER-OptRS-pp (b) OptER-OptRS-ip (c) OptER-OptRS-up

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

e 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 statemeni) (i
of the theorem
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Baseline schemes

e Encoding rate adaptation
s 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
Bik;i 21 ;k 2K (rather thanp;.x;i 21 ;k 2K)
s BIER-up choose®; as the encoding rate of each FoV in
| xnfig and optimizes the encoding rate for the current FoV
e Transmission adaptation
o 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

(a) Total utility (b) Total utility variation

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

@ In each case, the proposed solution outperforms the two basel
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 aM = 64, P = 30 dBm, and" = 0:4.

PSNR PSNR variation SSIM SSIM variation Rebu ering time (s)
OptER-OptRS-pp 1680 667 561 0:36 4717 0:.048 Q055 0:004 1263 0:082
OptER-OptRS-ip 1680 4:58 521 058 4662 0:043 Q052 0:007 1213 0:079
OptER-OptRS-up 16467 3:87 458 044 4646 0:050 Q047 0:003 1082 0:074

OptER-OptSDMA-pp 16005 873 569 0:63 4683 0:084 Q055 0:.007 1478 0:121
OptER-OptSDMA-ip 1555 6:02 548 0:56 4601 0:048 Q054 0:007 1393 0:106
BiER-OptSDMA-up 15287 1614 808 1:11 4405 0:161 Q171 0:016 1310 0:094
OptER-OptOFDMA-pp 15894 861 559 0:67 4664 0084 Q054 0:.008 1612 0:113
OptER-OptOFDMA-ip 1594 470 529 0:37 4583 0077 Q053 0:007 1415 0:095
BiER-OptOFDMA-up 1434 1624 804 1:13 4377 0:158 Q171 0:.013 1211 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 reductian
the sum of infeasibilities of the encoding rate constraints
o The proposed approach achieves a tradeo among the quality,
quality variation, and rebu ering time
o 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
s Nonorthogonal transmission design is usually less e cient
s Rate splitting together with SIC partially decodes inteiderce
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

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

o Consider wireless streaming of one tiled 360 vided&tasers

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

s DenoteG as the set of tiles covering the predicted FoV (plus
a safe marg'g]) for usek

o DenoteG, ,« G as the set of tiles covering the FoVs of
all K users

@ Denotery 2 L as the quality level for the FoV of usdr

Figure: Multi-user multicast scenarioK =2;r =(2;2).
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Wireless streaminjg in mL%Iti-us%r multicast scenario
e DenotePs , kos G G wokns Gk as the set of

tiles needed by users B and not needed by any user KinS
s P, fPsjiPs 6 ;; S K ; S8 ;g forms a partition ofG

|, fSPs86;; S K ; S8 ;g species the user sets

corresponding to partitiorP

@ Ps,S21y, fSjS | ;k 2 Sg represent the sets of tiles
required by usek

o LetLs, frgjk 2 Sg denote the set of required quality levels
of users inS, forall S 2 |

e The encoding (source coding) bits of tHeth representations
of the tiles inPs are \aggregated" into one message indexed
by (S;1),forallS21;12Ls

o LetKs, fk 2 Sjrg = Ig denote the set of users i8 who
require messages(l), forallS 21 ;1 2Lg

o Wireless streaming of one tiled 360 video to tKeusers 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
o If j[Ks.j > 1, messageS;|) is transmitted to all users irKs;
simultaneously via multicast
¢ Have natural multicast opportunities
@ Scenario with user transcodin@MM'21]: users can rst
convert a tile representation at a certain quality level to a
lower quality level using transcoding tools (e.g., FFmpegda
then play
o If Ksyj=1andjKs.oj 1 forsomel®< |, message$;!)
may be transmitted to all users iKs.; andKs:o
simultaneously via multicast

@ The user inKs; directly plays
@ The users inKg.j0, I°< | rst convert message 8;1) to
message $:19 using transcoding and then play

s Have natural and transcoding-enabled multicast opporties
¢ Jointly utilize communication and computation resources

@ Transcoding requires computation and consumes energy
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OFDMA and beamforming

o Let s .n(h) 2f0;1g denote the subcarrier assignment
indicator for subcarrien and messageS;|) under h, where

sin(h) 2f0;1g; S21;12L;n2N
X X

s2i 12L sin()=1:n2N

@ Let Ps..n(h) denote the transmission power for the symbols
for message $;1) on subcarriem under h, where
Ps.:n(h) 0; S21;12L;n2N

o Let wy(h) denote the normalized beamforming vector for the
message transmitted on subcarrierunder h, where
kwh(h)k2=1; n2N
@ The maximum transmission rate for messad () to user

- - o i H n 2
k 2 S on subcarriem under h isBlog, 1+ Z3:ln®mictn®i”

@ Let cs..n(h) denote the transmission rate for the symbols for

message $;1) on subcarriem under h, where
CS;I;n(h) 0;SZ|;|2L;H2N
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Scenario without user transcoding

@ Transmission rate constraints under h:

|
Ps.1:n(n)jht, wy (h)j2
sin(N)Blog, 1+ —— — kT Csn(h);

S21;12Ls;k2Ks;n2N
e Encoding rate-transmission rate constraints under h:

2N Cg;|;n(h) jP SjD|; S 2| ;| 2Ls

¢ jPsj denotes the number of tiles iRg
@ Avoid rebu ering for the GOP
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Total power minimization without user transcoding

@ Optimization variables:

¢ Subcarrier allcocation (h) , ( s::n(h))s21 :12L s:n2n , foOr all

h
o Power allocationP (h) , (Ps:i:n(h))s21 :12L :n2n , for all h
o Transmission rates c(h) (Cs:i:n(h))s21 :12L s:n2n , for all h
¢ Transmission beamforming w(h) (wn(h))n2n , for all h

@ Obijective function: average total transmission power

2 3
X X X
E4 S;I:n(H)PS;I:n(H)5
n2N S21 2L g

@ Optimization constraints:

e 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 sepasately x

min S;I;n(h)PS;I;n(h)
()sP() Oieth) oW N s 12l

s):(t: S;(;n(h)ZfO;lg;SZI;IZL;nZN
s2i I2L sin()=1:n2N
kwh(h)ko=1; n2N |

Ps.i:n(h)jht , wa(h)j2
s;;n(h)Blog, 1+ : S’k : Cs:t:n(h);

S21;12Ls;k2Ks;n2N

Ly Csin() P siDi; S 215121 s

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

@ Special cases
s Obtain a globally optimal solution for small multicast grps
(Ksiqj 3,forallsS 21 andl2Ls)
¢ Obtain an asymptotically optimal solution for a large antem
aray M !'1 )
@ General case
¢ Obtain a suboptimal solution using continuous relaxation,
equivalent transformation, and CCCP
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Scenario with user transcoding
o Let x, (Xs::k)s2i 2L k2s denote the quality level selection
variables
s Xs:.kx =1 indicates that the BS transmits messagé&f{l) to
userk, and xs..x = 0 otherwise
@ Quality level selection constraints:

)§;|;k2f0;1g; S21;12L;k2S

XS;I;k:]-; S2I ;kZS
X 12L

oL IXs:k Tk; S21;k28S
@ Transmission rate constraints under h:

|
Ps:i:n(h)jhiy wa(h)j?
S;I;n(h)BIOQZ 1+ - g’k ! CS;I;n(h)XS;I;k;

S21;12L;k2S;n2N
@ Encodigg rate-transmission rate constraints under h:
Cs:in(h) JP sjDiXs::k; S21;12L;k2S
s jPsj denotes the number of tiles iRs
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Total power minimization with user transcoding

@ Optimization variables:
o Subcarrier allcocation (h) , ( s::n(h))s2 :12L <:n2N
o Power allocationP (h) , (Ps:i:n(h))s21 :12L 5:n2n
¢ Transmission rates c(h) (Cs:1:n(h))s21 :12L s :n2N
¢ Transmission beamforming vectors w(h) (wn(h)) n2n
o Quality level selection X (Xs::k)s2i :i2L k2s
o Objective function: the weighted sum of average total

transmission power and tragscoding power

X X X X X X o
E4 S;I;n(H)PS;I;n(H)5+ @ IXs ;1;k A P s jEx
n2N  S21 12L g S21  k2s 2L

1

@ E¢ denotes the transcoding power at uslerfor 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

s Quality level selection constraints
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Total power minimization with user transcoding

2 3 0 1
S XX 5 XX oX A
_ mn E s:in(H)Ps;n(H) S + Xsiik A P s Bk
®:PM) Ore)  Owix oy s 12 g s2l k2s  l2L
X
sit: gpn(h) 21 0;1g; S21 ;12L ;n2N ; sal o Sitn(M=1:n2N
kwn(h)kp =1; n2N
0 H 21
Ps.:n()jht  wn(h)j

S;I;n(h)B|092@1+ Sln—"knA CS;I;n(h)XS;I;k; S2I1 ;12L;k2S;n2N

2
Cs;i;n(h) P siDiXs;i;k; S21 ;12L;k2S
n2N

X
Xs::k 2f 0;1g; S21 ;12L ;k2S; Xs:k =15 - IXs::k ks S21 ;k2S

12L
@ It is a two-timescale mixed optimization problem and more aftienging
@ Quality level selection is in a larger timescale and adaptshe channel
distribution
@ Subcarrier, power, transmission rate allocation and beamérming design
are in a shorter timescale and adapt to instantaneous channlestate
@ The minimum average total power ( = 1) with transcoding is no greater
than the minimum average total transmission power withoutranscoding
@ Advantage of joint utilization of communication and comput ation
resources
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Solution method

@ Special cases
s Obtain a globally optimal solution for small multicast grps
(Sj 3 s21)
¢ Obtain an asymptotically optimal solution for a large antem
aray M !'1 )
@ General case

¢ Obtain a suboptimal solution using mean approximation,
equivalent transformation, continuous relaxation, and CE
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Simulation setup

o Consider 360 video sequen@eniceprovided by[Corbillon'17]
@ UseKvazaaras the 360 video encoder
e SetX =30, Y =15
s SetL =5, and chooseDy;| 2 L according to the table
@ Use 30 users' viewpoints for the 15-th frame \éénice
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
o SetE, =10 SWforallk 2K, =1, B=39kHz, N =64,
andng =10 °W
@ The elements of iy, k2K, n2N are i.id. CN(O;1v m)
e Evaluate the average total power over 100 random realizations

of H, for all G.;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 ( 10°) | 6.66 | 16.18 | 24.29 | 32.01| 40.23 | 50.45
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Baseline schemes

o Consider two baselines in the scenario without (w/0) user
transcoding

s Baseline 1 servelk users separately (unicast) and adopts the
normalized MRT beamformer for each user on each subcarrier

@ Baseline 2 utilizes natural multicast opportunities as et
proposed solution and adopts the normalized MRT
beamformer for a massage on each subcarrier based on the
channel matrix of its requesting users

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

s Baseline 3 transmits messag8;(rs.max) to all users inS using
multicast and adopts the same transmission design as in the

proposed solution, whergs:max , MaXas k
@ Maximally utilize transcoding-enabled multicast opportuities
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Numerical comparisons with baseline schemes

Figure: Average total power versus at M =4, r = (2 ;2;3;3;4).

e Evaluate the average total power over 1,000 random choices
for the viewpoints of 1-5 users
@ Average total power of each scheme increases With
s Transmission load increases wikh

o WhenK 3, the proposed solutions for the general case
achieve close-to-optimal average total powers
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Numerical comparisons with baseline schemes

Figure: Average total power versudl at K =4, r=(2 ;3;3;4).

e Evaluate the average total power over 1,000 random choices
for the viewpoints of 1-5 users

o Average total power of each scheme decreases With
s WhenM is su ciently large, the proposed asymptotically
optimal solutions reach close-to-optimal average totalwsws
@ 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' viewpointsy(; k)kar 1;::::5¢ @S shown in the
following gure
o Consider ve sets of viewpoints, i.e., {+ ; 1),
(a+ 54 (20 2:(3 1 3i(s 55, =1 ;11155
s re ects concentration of the viewing points
s Concentration increases with
o Consider three sets of required quality levels (minf ; 3g,
minf +1;3g; 3;max 3;5 g; max 3; 6 0, =1;23
s indicates similarity of the required quality levels
s Required quality levels are closer wheris larger

Figure: Viewing points and corresponding FoVs of 5 users
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Numerical comparisons with baseline schemes

(a) Average total (o) Average total

power versus at power versus .
r=(2;2;3;3;4).

Figure: Average total power versus and atK =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
o Natural multicast opportunities increase and transcodirgnabled
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 solugion
outperform Baseline 3
@ Optimally exploiting transcoding-enabled multicast
opportunities saves more power
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Outline

Conclusion
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Conclusion

o We investigate optimal wireless streaming of tiled 360 video i
a multi-user multi-carrier network

s Multi-user unicast scenario: maximize total utility undéestal
transmission power constraints
¢ Multi-user multicast scenario: minimize total power forvgn
quality requirements
o 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

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

@ We numerically show notable gains of the proposed solutions
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