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ABSTRACT

Interactive multiview video streaming (IMVS) is an application that
streams to a client one out of N available video views for obser-
vation, but client can periodically request switches to neighboring
views as the video is played back uninterrupted in time. Previous
IMVS works focused on the design of a frame structure at encod-
ing time, trading off expected transmission rate with storage, with-
out knowing the exact view trajectory a client may select at stream
time. None of the existing IMVS schemes, however, explicitly ad-
dressed the network delay problem, and so a client will suffer a round
trip time (RTT) delay for each requested view-switch. In this pa-
per, we optimize frame structure for a bounded RTT, so that a client
can switch to neighboring views as the video is played back with-
out view-switching delay. The key idea is to send additional views
likely to be requested by a client within one RTT beyond the cur-
rent requested view. Each required set of contiguous views (corre-
sponding to a given current requested single view) are pre-encoded
using frames of previously transmitted set of views as predictors to
lower transmission rate. Using I-, P- and distributed source coding
(DSC) frames, we first formulate the structure design problem as a
Lagrangian minimization for a desired bandwidth/storage tradeoff.
We then develop a low-complexity greedy algorithm to automati-
cally generate a good structure. Experimental results show that for
the same storage cost, the transmission rate of the proposed structure
can be 42% lower than that of I-frame-only structure, and 8% lower
than that of the structure without DSC frames.

Index Terms— multiview video coding, video streaming

1. INTRODUCTION

Multiview video consists of video sequences captured simulta-
neously by multiple closely spaced cameras. Much of previous
research on multiview video focuses on multiview video coding
(MVCQ) [1, 2], i.e., how to efficiently compress all captured videos
in a rate-distortion (RD) optimal manner by exploiting inherent cor-
relation among neighboring views. However, MVC frame structures
are not suitable for applications such as interactive multiview video
streaming (IMVS) [3, 4, 5], where a client watches only one single
view among IV captured views at a time, but can periodically request
switches to adjacent views, as the single-view video is streamed and
played back in time. This is because typical MVC structures create
interdependency among cross-view frames of the same time instant
via inter-view prediction, and hence a server must send video data
of multiple views just to correctly decode one single view requested
by the client, wasting precise bandwidth.

Recently, frame structure optimizations [4, 5, 6] for IMVS have
been studied, where the goal is to design frame structures at encoding
time to trade off expected transmission rate and storage required to
store the structure, without knowing the exact view trajectory a client
will take at stream time. As an example, in [6] a distributed source
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coding (DSC) method is proposed for IMVS, where a pre-coded
DSC frame can be correctly decoded at stream time, no matter which
one of a known set of frames a client has available in its buffer for
prediction. DSC frame is used for a targeted view in IMVS, so that
multiple frames of a set of adjacent views in previous time instant
can switch to the decodeable DSC frame without using a bandwidth-
expensive I-frame. Though SP-frame in H.264 [7] also possesses
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DSC frame can achieve demonstratably better storage/transmission
tradeoff due to its efficient exploitation of correlation between the
target frame and multiple frames of previous time instant (side infor-
mation) for coding gain.

Previous IMVS works, however, do not explicitly address the
problem of network delay, and hence the resulting view-switch due
to a client’s request will suffer a round trip time (RTT) delay. In
an IMVS scenario, view-switches can occur often (e.g., on the order
of several frames for view selection driven by client’s head move-
ments [8]), and hence a view-switching delay of typical RTT in
the Internet (up to 300ms) can be detrimental to the interactive me-
dia experience. In this paper, we focus on the problem of IMVS
with bounded network delay (IMVS-ND), where a client can play
back the video in time without interruption and perceive no view-
switching delay, even when RTT is non-negligible. The key idea
is to send additional views likely to be requested by a client within
one RTT beyond the current requested view. Each required set of
contiguous views (corresponding to a given requested view) are pre-
encoded using frames of previously transmitted set of views as pre-
dictors to lower transmission rate.

More specifically, using I-, P- and DSC frames as building
blocks, we formulate a Lagrangian optimization to find the optimal
frame structure that enables zero-delay view-switching in IMVS-
ND. The crux of the optimization lies in finding the right mixture
of different prediction types to encode video frames, each offer-
ing different tradeoff between storage and transmission rate. For a
given RTT, different tradeoffs between expected transmission rate
and storage are possible by varying the Lagrange multiplier value.
Experimental results show that structure using appropriate I-, P- and
DSC frames can lower expected transmission rate of IMVS-ND over
I-frames-only structure by up to 42%, and over the structure without
DSC frames by up to 8% for the same storage cost.

The outline of the paper is as follows. We overview the proposed
IMVS-ND system in Sec. 2. In Sec. 3, we formulate the problem
of generating the optimal frame structure for IMVS-ND. A greedy
algorithm is then developed in Sec. 4 to generate the structure. Ex-
perimental results and conclusion are given in Sec. 5 and Sec. 6,
respectively.

2. SYSTEM OVERVIEW

In our proposed IMVS-ND framework, videos from N closely
spaced cameras capture a scene of interest, which are then encoded
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offline by a server into a frame structure with I-, P- and DSC frames.
A client can watch one of N available views at a given time, and
can switch to adjacent viewpoints every A frames (view-switching
period). In addition, the server inserts an I-frame for each viewpoint
every A’ frames to permit a required level of random access.

In the sequel, we denote frame to be a particular coded version
of an original captured image. We use Fj ; to denote a frame at
view-switching instant i and view j; i.e., given view-switching pe-
riod A, F; ; represents a frame at frame number :A. We assume
a view switching model where, after observing frame F; ; of view
J at view-switching instant ¢, the client can switch to frame Fj 1 %
of adjacent view k for the next view-switching instant ¢ + 1, where
max(1l,j — 1) < k < min(N,j + 1). We define view transition
probability «; ;(k) as the probability that upon watching view j at
view-switching instant 4, the client requests view k at the next view-
switching instant ¢ + 1. Client remains in the same view j between
frame F3 ; of view-switching instant ¢ and frame Fj1x of instant
i + 1. Thus, conventional P-frames can be used to code A — 1 orig-
inal images of the same view j after F; ;. We focus instead on the
coding structure for original images at view-switching instants.

2.1. Timing Events in Server-Client Communication

Server Client

streaming starts —
0.5*RTT

piayback starts

RTT|
1% view-switch

1* feedback arrives - A RTT

2" feedback arrives - - .
1* slice arrives

2" slice arrives

Fig. 1. Timing diagram showing communication between streaming
server and client during session start-up.

We first discuss timing events during server-client communica-
tion in our system, shown in Fig. 1. At time 0, server first transmits
an initial chunk of coded multiview data to the client, arriving at the
client %RTT frame time' later. The client starts playback at time
%RTT, and makes her first view-switch A frame time later. Her
first view-switch decision (feedback) is tranmitted immediately after
the view-switch, and arrives at server at time RTT + A. Respond-
ing to the client’s first feedback, server immediately sends a struc-
ture slice, arriving at the client %RTT frame time later, or RTT
frame time after the client transmitted her feedback. More generally
then, the client sends feedbacks in interval of A frame time, and in
response, server sends a structure slice for each received feedback
every A frame time. We assume there are no packet losses, and the
round-trip delay between server and client remains constant.

Notice that from the time the client started playback to the time
the first structure slice is received, A+ RT'T frame time has elapsed.
That means the initial chunk must contain enough data to enable
0 = [(A+ RTT)/A] = 1+ |RTT/A] view-switches before
the first structure slice arrives. In other words, given initial view
v° at the start of the IMVS-ND streaming session and each view-
switching instant can alter view position by £1, initial chunk must
contain frames spanning contiguous views v° — ¢ to v° + . Because
subsequent structure slices arrive every A frame time, each structure
slice only needs to enable one more view-switch of one instant for
the client to play back video uninterrupted and select view without

I'We express time in number of frames for fixed video playback speed.

=0 t=1 t=2 t=3 =0 =1 t=2 t=3
' ! ! ' ! ! !
1 1 ]
. , ; |
1
FB2=v2 ! 3 2®
: I
; : >
' T

(07,4,)« 1,4 42,I4|<—|3,¢4|
\ [%T“"

(75 {25k {55]

T *

‘ 2,6 |< 3,6

[s7]

(b

Fig. 2. Two examples for 7 total views, initial view v° = 4, and
RTT = A — ¢: (a) progressive view-switches; (b) redundant frame
structure where I-, P- and DSC frames are represented by circles,
squares and diamonds, respectively. (4, j) denotes a frame at view-
switching instant ¢ of view j. A solid edge from I, ; to F; ; means
Fy 4 is predictively coded using reference frame F; ;.

RTT delay. The view span of each structure slice, like the initial
chunk, is also 26 + 1.

2.2. View Switching Example

Fig. 2(a) illustrates a concrete example, where the number of views is
N = 7, initial view is v° = 4, and round trip time is RTT = A — ¢
for some small positive constant € > 0. Therefore, the initial chunk
contains only enough multiview data to enable § = 1 view-switch,
spanning view v° — § = 3 to v° 4+ & = 5. If the first view-switch
is view 3, then the first structure slice must provide multiview data
at instant 2 for possible view-switches to view 2, 3 and 4. If the
first view-switch is instead view 5, then the next structure slice must
contain data for possible view-switches to view 4, 5 and 6.

3. PROBLEM FORMULATION

Given the description of IMVS-ND system in previous section, the
problem is to find optimal frame structure so that the expected server
transmission rate is minimized while providing zero-delay view-
switching. We first present necessary definitions in Section 3.1. We
then formally define the IMVS-ND optimization problem in Sec-
tion 3.2. Note that, for simplicity, we will use the term “instant” to
mean ‘“‘view-switching instant” in the sequel.

3.1. Definitions
3.1.1. Redundant Frame Structure

Given a fixed number of views N, one can construct a redundant
frame structure T, comprised of I-, P- and DSC frames, denoted as
1 ;’s, P; ;’s and M; ;’s respectively, to enable neighboring view-
switches for IMVS-ND. By “redundant”, we mean a given original
image F;; of instant ¢ and view j can be represented by more than
one frame F; ;. Fig. 2(b) shows an example of a redundant frame
structure for seven captured views. We see that original image F3 o
is represented by two P-frames, Pefylz) and sz) , each encoded us-
ing a different predictor, P> > and M3 3 respectively (indicated by
edges). Corresponding to which predictor frame is available at the
decoder buffer, different coded frames F; ;’s can be transmitted to
enable correct (albeit slightly different) rendering of original image
F7;. This is done to lower transmission cost by exploiting correla-
tion between requested images and frames in the decoder buffer, and
to avoid coding drift [4].

As an alternative to the described redundant P-frames, a single
DSC frame M;_ ; (diamond in Fig. 2(b)) can achieve an identical ren-
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dering of image F;’; no matter which one of several potential pre-
dictor frames is available at decoder [6]. However, unlike an I-frame
(circle), by exploiting correlation between predictor frames (side in-
formation) and target frame, the size of a DSC frame is much smaller
than that of I-frame. Further, DSC frames have been shown to offer
better transmission/storage tradeoffs than H.264 SP-frames [7]. A
DSC frame is nevertheless large than a single P-frame. Given re-
dundant P-frames and DSC frames offer different transmission rate
/ storage tradeoffs, the crux of a structure optimization is to judi-
ciously limit the use of redundant P-frames that offer saving in trans-
mission rate over DSC frames but incur larger storage cost.

3.1.2. Structure Slice

In words, (2) states that ¢(Z;41) is the sum of probabilities of each
slice E; tarnsitioning to slice Z; 1, scaled by the slice probability
of Z; itself, ¢(Z;), given schedule G dictates slice transmission in
structure 7.

Further, we define frame transmission probability q.(F; ;) as the
probability that a frame F; ; is transmitted from server to decoder,
which can be calculated using the defined structure slice probability

2):
ge(Fig)= Y

Ei|F; €5,

q(Z:) 3)

In words, the transmission probability of a frame F; ; is the sum of
probabilities of slices Z;’s that include Fj ;.

Depending on the view-switch decision made by the client at in-

B). Storage Cost: For a given frame structure 7, we can define

stant ¢ — ¢, different sets of coded frames will be transmitted for

the corresponding storage cost by simply adding up the sizes of all

decoding at instant ¢. We define structure slice =;, with center view
v(E;), as a set of coded frames for decoding at instant ¢. Given
center view v(Z;), the set of contiguous views covered by slice

the coded frames F; ;’sin T, i.c.,
> IFl “

=, is {max(1,v(Z;) — 9),...,min(N,v(Z;) + §)}. Center view
v(E;) is the view selected by client at instant 7 — §. For exam-
ple, in Fig. 2(b), initial chunk contains frames Io 4, P1,3, P1,4, P15
to cover view-switches to view 3, 4 and 5 at instant 1. If client’s
view selection at instant 1 is 3, then the structure slice that needs
to be transmitted is 25" = {Pa2, Pos, Poa} with v(Z2(Y) = 3.
Instead, if client remains in view 4 at instant 1, then structure slice
2 = {Ps3, Pa s, Ps s} will be sent to decoder with v(2) = 4.
Notice that different slices (Egl) and Ef) in this example) can con-
tain the same frame(s) (2,3 and /- 4).

3.1.3. Transmission Schedule

As shown in the above example, given a frame structure 7, the struc-

B(T) =
Fy ;€T

C). Transmission Cost: Given a frame structure 7 and asso-
ciated schedule G, transmission cost is defined as the sum of the
sizes of all the frames F; ;’s in T, scaled by the corresponding frame
transmission probabilities g.(F3,;)’s:

C(T) = > a(Fij)|Fi;l ©)
F; ;€T
3.2.2. Optimization Problem Definition

We can now define the design of redundant frame structure for
IMVS-ND as an optimization problem: given a fixed number of

ture slice =; of instant ¢ to be transmitted depends on the structure
slice Z;_1 of previous instant available in decoder, and client’s view
selection h at instant ¢ — §. The center view v(Z;) of Z; will neces-
sarily be h, where h € {v(E;-1),v(Ei—1) £ 1}. We can formalize
associations among Z;—1, h and Z; for all ¢ given frame structure
T via a transmission schedule GG. More precisely, G dictates which
structure slice =; will be transmitted for decoding at instant 4, given
previous slice Z;_1 is available at decoder and client selects view h
at instant ¢ — §:

G:(Ei—1,h) = E;, he{v(Ei—1),v(Ei—1) £ 1} (1)

where center view of Z; is v(Z;) = h. In what follows, we denote
a scheduled transmission from slice =;_1 to slice Z;, with client

. . . - G —
selected view h at instant ¢ — ¢, as: (Z;—1,h) = E;.
3.2. Optimization Problem

Having defined a structure slice =; and transmission schedule G for
a given frame structure 7, we can now formalize the design of an op-
timal redundant frame structure as an optimization. We first present
some necessary definitions, then formally define the problem.

3.2.1. Definitions

A). Structure Slice Probability: q(E;) is the probability that struc-
ture slice =; for decoding at instant ¢ is transmitted. Considering the
initial chunk = is always sent to the client, this probability could be
computed recursively using view transition probability ;,;(k):

aE0) = 1 2
qEiy1) = > 4(Zi) 5,0z, (V(Eit1))

E:’.|(EL»U(EL+1)):G>EL+1
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viewpoints, how to find a structure 7 and associated schedule G™,
using a combination of I-, P- and DSC frames, that minimizes the
transmission cost C'(7") while a storage constraint B is observed:

arg m7'1n C(T) st. B(T)<B 6)

Instead of the constrained problem in (6), we solve the correspond-
ing unconstrained Lagrangian problem; i.e.,

min J(T) = C(T) + AB(T) = 3 (ac(Fig) + NI Fiil ()
F; ;€T

where A is the Lagrangian multiplier. From (7), we can see that
a captured image can be represented by redundant P-frames, each
having a comparatively small transmission cost q(Pi(f;)) PZ.(,?)L but
all together comprising a large storage Xh: |P¢(,?) |. When X is small,

the penalty on large storage is negligible and redundant P-frames are
attractive. However, when A is large, the penalty on large storage
cost becomes expensive and one single representation of the picture
as I- or DSC frame with large transmission cost but small storage is
more preferable.

4. ALGORITHM DEVELOPMENT

We now derive a greedy optimization algorithm to generate good
frame structures, based on the optimization problem defined in
Sec. 3.2. In a nutshell, we iteratively build one “layer” ¢; (composed
of structure slices Z;’s) at each instant from front to back; i.e., given
structure from initial chunk Zg up to layer ¢; of instant /, we con-
struct layer ¢;41 and corresponding local schedule g;11 at instant
[ + 1, then layer ¢;2 and local schedule g;42 at instant [ + 2, etc.
At each instant ¢, the key question is: given the scheduled structure
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Ti—1(Gs-1) constructed up to instant ¢ — 1, how to optimally con-
struct layer ¢; and its local schedule g; at instant ¢ to minimize (7)
for a given A.

To construct locally optimal structure layer ¢; at instant ¢, we ini-
tialize layer ¢; where one DSC-frame is used to represent each view.
This layer has no redundant representation (one frame per captured
image), and thus it has minimum storage while large sizes of DSC-
frames will lead to a large transmission cost. Next, to methodically
reduce transmission cost, we can incrementally add the most bene-
ficial redundant P-frames one at a time, thereby increasing storage.
We terminate when no more beneficial redundant P-frames can be
added to further lower local Lagrangian cost.

In details, we describe the algorithm as follows. First, as initial
structure for layer ¢;, we construct one DSC frame for each view
J at instant ¢, where all viable view-switches to view j from coded
frames F;_1,x’s int;—1 can transition. We then determine the corre-
sponding schedule g; and compute the local Lagrangian cost in (7).
Given the initial layer, we improve layer ¢; by iteratively making
augmentations: selecting one candidate from a set of structure aug-
mentations that offers the largest decrease in local Lagrangian cost.
The augmentations include:

e adding a new P-frame P; ; to t;, predicted from an existing
frame Fj  of neighboring view k of same instant 4.

e adding a new P-frame P; ; to t;, predicted from an existing
frame F;_1,; in Z;_1 of the same view of the previous instant
i—1.

e selecting a different predictor F; j, of the same instant % for an
already constructed P-frame F; ; in ¢;.

The above process repeats to find the most locally beneficial
augmentation at each iteration, update the corresponding schedule
and compute local Lagrangian cost, until no Lagrangian cost reduc-
tion can be found. Note that after updating the local schedule at
each iteration, it is possible that some frames in ¢; are not used by
any view-switch. In this case, those unused frames will be removed
from the structure to save storage.

5. EXPERIMENTATION

We use H.263 tools to encode the first 90 frames of VGA size (640 X
480) sequence akko&kayo of 5 views (N = 5), at 15 frames per
second. To generate data of DSC frames, we use the algorithm in
[6], developed using H.263 tools. We select quantization parameters
such that I-, P- and DSC frames are reconstructed to the same quality
(around 32dB). In addition, the random access period A’ and switch
period A are set to be 15 and 3, respectively. For view transition
probability «;,;(k), we assume a client remains at the same view
with probability « and switches to each adjacent view with proba-
bility (1 — «)/2. A boundary view (view 1 or N) switches to the
single neighboring view (view 2 or N — 1) with probability (1 — «).
We assume a = 0.5 throughout the experiment.

In Fig. 3(a), we compare the performance of frame struc-
tures generated by the proposed algorithm using I-, DSC and P-
frames (IPM), using I- and P-frames (IP), and using only I frames
(I-only), when round-trip delay RTT = A — ¢ for small positive
€ > 0. First, we observe that I-only had a single tradeoff point,
because placing I-frames at all switching points results in no flex-
ibility to trade off between storage and transmission rate. Second,
IPM offers lower transmission rates by up to 42% than IT-only for
the same storage, due to the judicious usage of redundant P- and
DSC frames. Third, using DSC frames can generate better tradeoff
points than using I-frames with smaller transmission rate up to 8%.
The improvement is larger at stringent storage constraint, because
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DSC frames are more often used by the optimized structure to lower
overall storage.

The tradeoff points of the proposed algorithm under different
round trip delays RTT’s are shown in Fig. 3(b). We observe that for
the same storage, larger RTT means larger transmission rate. This
is intuitive because larger RTT means larger view span 20 + 1 is
required for each structure slice Z; to enable zero view-switching
delay for IMVS-ND client.

6. CONCLUSION

In this paper, we address the problem of interactive multiview video
streaming with bounded network delay (IMVS-ND), and develop a
greedy algorithm to generate a good redundant frame structure to
enable bandwidth-efficient view switching with zero view-switching
delay. Experimental results demonstrate that the frame structure
generated from the proposed algorithm could significantly reduce
the expected transmission rate over standard frame structures like
I-frames-only structure for given storage cost.
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