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Abstract

Scalable video distribution schemes have been studied for quite some time. For very
popular videos, open-loop broadcast schemes have been devised that partition each
video into segments and periodically broadcast each segment on a different channel.
Open-loop schemes provide excellent scalability as the number of channels required
is independent of the number of clients. However, open-loop schemes typically do
not support VCR functions. We will show for open-loop video distribution how,
by adjusting the rate at which the segments are transmitted, one can provide VCR
functionality. We consider deterministic and probabilistic support of VCR functions:
depending on the segment rates chosen, the VCR functions are supported either
100% of the time or with very high probability. For the case of probabilistic support
of PLAY and Fast Forward only we model the reception process as a semi-Markov
accumulation process. We are able to calculate a lower bound on the probability of
successfully executing Fast Forward actions.
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1 Introduction

1.1 Classification

VoD systems can be classified in open—loop systems [12] and closed—loop sys-
tems [10,16]. In general, open loop VoD systems partition each video into
smaller pieces called segments and transmit each segment on a separate chan-
nel at its assigned transmission rate. Those channels may be logical, imple-
mented with an adequate multiplexing. All segments are transmitted period-
ically and indefinitely. The first segment is transmitted more frequently than
later segments because it is needed first in the playback. In open—loop systems
there is no feedback from the client to the server, and transmission is com-
pletely one—way. In closed-loop systems, on the other hand, there is a feedback
between the client and the server. Closed-loop systems generally open a new
unicast/multicast stream each time a client or a group of clients issues a re-
quest. To make better use of the server and network resources, client requests
are batched and served together with the same multicast stream.

Open-loop systems use segmentation in order to reduce the network bandwidth
requirements, which makes them highly scalable because they can provide
Near Video on Demand (NVoD) services at a fixed cost independent of the
number of users. In this paper, we will show how open-loop NVoD schemes
can support VCR functions, which are defined as follows:

PLAY Play the video at the basic video consumption rate, b;

PAUSE Pause the playback of the video for some period of time;

SF/SB Slow forward/Slow backward: Playback the video at a rate equal to
Ys x b for some period of time. We have Yg < 1;

FF/FB Fast forward/Fast backward: Playback the video at a rate equal to
Xr x b for some period of time. We have X > 1.

1.2 Related Work

Most VoD systems do not support VCR functions. It is assumed that users
are passive and keep playing the video from the beginning until the end with-
out issuing any VCR function. However support of VCR functions makes a
VoD service much more attractive. Most research on interactive VoD focuses
on closed-loop schemes [1,6,15,13]. To support VCR functions such as Fast-
Forward (FF), all these schemes serve the client who issues a FF command via
a dedicated unicast transmission, referred to as contingency channel. When the
client returns into PLAY state, (s)he joins again the multicast distribution.
It is obvious that such a solution is not very scalable since it requires sepa-



rate contingency channels and also explicit interaction with the central server.
Thus, open-loop schemes are particularly well suited when: a) the number of
users grows large, or b) the communication medium has no feedback channel,
which is the case in satellite or cable broadcast systems.

Very little work has been done to support VCR functions in open-loop VoD
schemes [2,4,8,14]. Except for the paper by Fei et al. [8], all the other schemes
only consider PAUSE or discrete jumps in the video. Fei et al. propose a
scheme called “staggered broadcast” and show how it can be used together
with what they call “active buffer” management to provide limited interac-
tivity. In staggered broadcast, the whole video of duration L is periodically
transmitted on N channels at the video consumption rate b. Transmission of
the video on channel i starts t; = L/N time units later than channel i —1. De-
pending on the buffer content and the duration of the VCR action, the VCR
action may be possible or not. In the case that the VCR action is not possible,
it is approximated by a so-called discontinuous interactive function where the
viewing jumps to the closest (with respect to the intended destination of the
interaction) point of the video that allows the continuous playout after the
VCR action has been executed.

The big difference between the related work and our scheme is that up to now,
the support of VCR functions either required a major extension of the trans-
mission scheme (e.g. contingency channels) or was very restricted (e.g. stag-
gered broadcast). We will demonstrate the feasibility of deterministic support
of VCR functions in open-loop VoD systems by increasing the transmission
rate of the different segments. While this idea looks very straightforward, it
has been, to the best of our knowledge, never proposed before.

The rest of the paper is organized as follows. We first describe the so-called tai-
lored transmission scheme, then discuss how to adapt this scheme to support
VCR functions. For the case of PLAY and FF user interactions we develop an
analytical model that allows the computation of a lower bound on the prob-
ability that a user interaction can be successfully executed and then provide
some quantitative results. The paper ends with a brief conclusion.

2 Open-loop NVoD

2.1 Introduction

Many different open-loop NVoD schemes have been proposed in the literature;
for a survey see [12]. These schemes typically differ in the way a video is
partitioned into segments and can be classified mainly in three categories:



e Schemes that partition the video in different length segments and transmit
each segment at the basic video consumption rate [9,19];

e Schemes that partition the video in equal-length segments and decrease the
transmission rate of each segment with increasing segment number [3];

e Hybrid schemes that combine the two above methods [14,20].

In the following, we will present in more detail the scheme called tailored trans-
mission scheme that was proposed by Birk and Mondri [3] and is a general-
ization of many of the other open-loop NVoD schemes previously described.

2.2 Tailored Transmission Scheme

The base version of the tailored transmission scheme works as follows. A video
is partitioned into NV equal-length segments. Each segment is transmitted pe-
riodically and repeatedly on its own channel. A client who wants to receive
a video starts by listening to one, more, or all channels and records these
segments.

We shall need the following notation:

s; denote the time the client starts recording segment ¢;

w; denote the time the client has entirely received segment ¢;
v; denote the time the client starts viewing segment %;

r; denote the transmission rate of segment i [bits/sec];

D denote the segment size [bits];

b denote the video consumption rate [bits/sec].

To assure the continuous playout of the video we require that each segment
is fully received before its playout starts, i.e. v; > w;. Given a segment size
D and v; — s; > w; — s; = D/r;, the transmission rate r; of segment i must
satisfy the following condition to assure a continuous playout of the video:

’f‘i>

) 1
(Ui - Sz) ( )
If the client starts recording all segments at the same time, i.e. s; = tg, Birk
and Mondri have shown (Lemma 1 in [3]) that the transmission rate will be
mintmal and is given as

it = (wzlz to) (2)

Without loss of generality, we may assume that ¢, = 0, which implies w; =



i X D/b, where D/b is the duration of a segment. Then, r™™ = b/i, and the
total server transmission bandwidth is

. N1
R™ =1b Z;wbxln(N).

=1

Figure 1 illustrates the tailored transmission scheme for the case of minimal
transmission rates. The client starts receiving all segments at time ¢,. The
shaded areas for each segment contain exactly the content of that segment as
received by the client who started recording at time ¢y. A client is not expected
to arrive at the starting point of a segment; instead a client begins recording
at whatever point (s)he arrives at, and stores the data for later consumption.
Therefore, the startup latency of is the scheme corresponds to the segment
duration D/b.
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Fig. 1. An example of the tailored transmission scheme with minimal transmission
rates.

3 How to Support VCR Functions

Given the base scheme of the tailored transmission with its minimal transmis-
sion rates, we will show how to adapt (increase) the segment transmission rates
to support VCR functions. To convey the main idea, we will limit ourselves
first to the case where the only VCR function possible is FF. In fact, the FF is
the only VCR action that “accelerates” the consumption of the video, which
possibly can lead to a situation where the consumption of the video gets ahead
of the reception of the video. We present a solution that makes sure that any
FF command issued can be successfully executed. The other user interactions
such as SF, SB, FB or PAUSE can be accommodated by buffering at the client
side. From now on, we therefore consider only two states: PLAY and FF.

We make the following two central assumptions:

e The client has enough disk storage to buffer the contents of a large portion
of the video;



e The client has enough network access and disk I/O bandwidth to start
receiving the NV segments at the same time.

The trend for terminal equipments appears to be that more and more storage
capacity is available. Actually, there already exist products that meet the
above assumptions. An example is the digital video recorder by TiVo [18] that
can store up to 60 hours of MPEG II video and, connected to a satellite feed,
can receive transmissions at high data-rates.

However, for the case where the assumption on storage does not hold, we also
know how to support VCR functions: the idea will remain the same, only the
individual segment transmission rates required will be higher. The scheme we
propose may be adapted to this situation. Note that the trade-off between the
storage capability of the client and segment transmission rates for the case of
NVoD has already been explored by Birk and Mondri [3].

3.1 Deterministic Support

Whenever a client issues a FF command, the video is viewed at a playout rate
X faster than the normal rate, i.e. the consumption of the video occurs at
a rate equal to Xz x b and each segment will be consumed after bxl)’(F units
of time instead of D/b units of time in case of PLAY. As a consequence, the
viewing times of all segments not yet viewed will be “advanced” in time. To
obtain a deterministic guarantee that every FF command issued during the
viewing of a video can be executed, we consider the worst case scenario where
the client views the whole video in FF.

Let vI'F' denote the time the client starts viewing segment i, given that (s)he

has viewed segments 1,2,... 7 — 1 in FF mode. We can compute the v/'F" as
follows !
o i—1 D
vt =w X — .
i A R

If the client starts recording all segments at the same time, i.e. s; = tg, we can
compute, similar to (2), the transmission rate 7'’ that allows unrestricted FF
interactions as

D D
PFF

ST 2 x 2=t

1 The playout and therefore VCR actions do not start before segment 1 has been

entirely received; we therefore have vf F=u.



If we assume that ¢, = 0, which implies v; = D/b, the expression simplifies to

¢ XF—l-’l;—l'

(3)

3.2 Probabilistic Support for FF

In the previous subsection, we have computed the minimal transmission rates

rFF such that all the FF interactions issued can be realized. We have con-

sidered the worst case scenario where the client views the whole video in FF
mode. While a client might do so, we think that it is much more likely that
the viewing of a video will alternate between PLAY and FF modes (and pos-
sibly other VCR, actions). We will in the following use a model for the viewing
behavior where a user strictly alternates between PLAY and FF. We refer to

this behavior as S-FF (for Simple FF).

Our goal is to support FF interactions with high probability while transmitting
each segment at a rate lower than 7¥'¥. To this purpose we define the rates r!
as follows:

e The server transmits the segments i € {2,...,N} at a rate r/ = Ar™n,
where A is the rate increase factor, with 1 < A < Xp, and r™" is
computed in (2);

e The server transmits segment 1 at rate r/ = 7" still because the playout
does not start before segment 1 has been entirely received.

4 Analytical Model for the S-FF Model

In this section we will compute a closed-form lower-bound on the probability
that a segment is successfully consumed by the client. Segment ¢ is successfully
consumed by the client if segment ¢ + 1 is available to him/her before the
consumption of segment ¢ has been completed; otherwise we will say that
the consumption of segment 7 has failed. A failure is resolved once the next
segment is entirely available to the client. It is worth pointing out that failures
may occur both in mode PLAY and in mode FF, as shown on Figure 2.

We will assume that the client alternates between both modes of consump-
tion. More precisely, we introduce two independent renewal sequences of rvs
{Sp(n)}n and the {Spp(n)},, where Sp(n) and Spr(n) will represent the
duration of the n-th PLAY and FF periods, respectively.
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Fig. 2. Failures occurring in PLAY and FF modes.

For modeling purposes, and also because we believe this assumption corre-
sponds to a reasonable behavior of the client, we will assume that the remain-
ing duration of a PLAY or FF period when a failure occurs is resumed when
the next segment is available to the client. This corresponds, for instance, to
the situation where the client wants to reach a particular point in the video
or avoid a particular scene, regardless of the failures that (s)he may encounter
while viewing the video.

In order to ensure a probabilistic support for FF (cf. Section 3.2) recall that
segment 7 is transmitted at rate r/ = Ar®™® = Ab/i [bits/sec]. Therefore,
the i-th segment will be entirely available to the client at time w; = iD/Ab.
The continuous playout of segment ¢ requires that at the viewing time v;, this
segment has been entirely received, that is v; > w;. Segment ¢+ = 2,3,... | N
will fail if this inequality does not hold. The continuous playout of the video
requires that all segments be on time, namely,

Recall that v; = w; since the client cannot start viewing the first segment
before it has been entirely received.

The number L of segments on time is given by

N
L= Z Livi>w)

=1

where 1, stands for the indicator function of the event A, from which we



deduce the mean number of segments on time

N

E[L] = Z P(v; > w;). (4)

=1

Denote by R(t) the number of bits of the video which have been consumed by
the client in [vy,v; + t). Clearly,

vi=inf{t >0 : R(t)> (i—1)D} i=2,3,... N. (5)

Computing P(v; > w;) in closed-form for all 7 is not an easy task. Indeed, it is
related to computing the distribution of the length of a busy period in a fluid
queue fed by a Markov-Modulated Rate Process. In the present paper, we will
content ourselves with the derivation of an elementary lower bound.

To derive this lower bound, we consider the semi-Markov accumulation process
{Q(t),t > 0} which is constructed as follows: during a PLAY period Q(t)
continuously increases with the rate b and during a FF period it continuously
increases with the rate bXr. More precisely, for ¢t > 0,

Q)= L <t<tutspmin} [0t — Zpp(n)) + bXpZpp(n)]

n>0
+ Z 1{Tn+5P(ﬂ+1)<tSTn+1} [bZP(TL -+ 1) + bXF(t — ZP(TL -+ 1))]

n>0

with Tn = ?:1(SP(Z)+SFF(Z)), Zp(n) = ?':1 SP(Z), ZFF(TL) = Z?:l SFF(Z)
By convention Ty = Zp(0) = Zpr(0) = 0.

By construction of Q(¢) and R(t) it is obvious that (see Figure 3)

R(t) < Q) t > wi. (6)

Observe that both processes {R(t),t > wi} and {Q(¢),t > wi} would be
identical in the absence of failures. We see from (6) and the definition (5) that
v; > w; will hold if Q(w;) < (¢ — 1) D, which implies that

P(v; > w;) > P(Q(w;) < (1 — 1)D).
Hence, cf. (4),
E[L] > ; P(Q(w;) < (i = 1)D)). (7)

For the transmission scheme we described in Section 3.2, the segment arrival
times are given by w; = iD/Ab for i > 2, but the analysis above actually holds
for any reception schedule of segments given by a sequence {w;;i > 1}.
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Fig. 3. Comparison of Q(t) and R(t).

In Section 5, we present results for determining P(Q(T) < =z), for any T
and z. These results are actually obtained for any semi-Markov accumulation
process with a finite state-space (see Section 5.2). When Sp(n) and Spr(n)
are exponentially distributed random variables (rvs) with respective means
1/7p and 1/7pp, we can apply the formulas in Section 5.3. First, use (16)
with r; = b and 7y = bXp. Then, use the formulas for ¢;;(z) (the density
of the distribution of @), conditionally on the start/end states) with o = 7p
and 8 = 7pp. The probabilities P(Q(7) < x) are then obtained by numerical
integration.

5 Semi-Markov Accumulation Process

In this section, we develop a framework for evaluating the workload distribu-
tion generated in a given time-interval by a semi-Markov accumulation process
with an arbitrary (but finite) state-space.

After defining the process (Section 5.1), we show that the Laplace transforms
of the sought distributions satisfy the linear system of equations (15). Finally,
we apply the formula to the case of a two-state continuous-time Markov pro-
cess (Section 5.3), where the Laplace transform can be inverted to obtain the
density of the distribution.

10



5.1 Definition

We first construct formally the accumulation process from a semi-Markov
process. Let £ = {1,2,..., K} be a finite state-space. Let

e {S;(n)}, be a sequence of i.i.d. rvs, for each i € &;
e {Z(n)}, be a homogeneous discrete-time Markov chain on the state-space
&, with one-step transition matrix P = (p;;)i jee-

The semi-Markov process {X(¢),t > 0} is defined jointly with a sequence
{T,}» of jump times as

Tn+1 =T, + SZ(n—I—l) (n)
X()=Z(n+1) T, <t<Thn
X(t)=2(0) 0<t<T

with Ty some nonnegative rv.

The accumulation process @(t) is such that while the process X (%) is in state 4,
Q(t) accumulates at a constant rate r;. Formally, {Q(¢),?¢ > 0} is constructed
as follows: set Q(0) = 0 and let

Q) = Q(T,) + 241y (t —Tp) T, <t < Tpis

(8)
Q) =Tzt 0<t<Ty.

This construction is illustrated in Figure 4. The upper part shows the evolution

of the discrete-time Markov chain Z(n), and of X (¢). The lower part displays

Q(t) as a function of the jump times 7;,. The accumulation rates are such that

O0=r3<r; <rs.

5.2 Distribution of Q(t)

Let Q%" (T) denote the quantity accumulated in [0,7) given that X (0) = 4
and 7'(0) = r. In other words, the process X starts in state ¢ with a residual
sojourn time 7 in this state. Similarly, denote Q%% (T) the same quantity, but
given that X (0) = ¢ with a residual time 7°(0) distributed according to the
total sojourn time distribution (i.e., as if a transition to state i had occurred
at time 0).

Depending on the problem to be solved, one may be interested in the distribu-

tion of Q%5 (T') or that of Q%5 (T'), where S; is the forward recurrence time of
S;. The latter corresponds to the case where the semi-Markov process { X (¢)}

11
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Fig. 4. Construction of the accumulation process

is stationary. The common procedure for computing these distributions is to
compute that of Q" (T') for an arbitrary r, and then integrate with respect to
the proper distribution.

We are therefore interested in the distribution of Q%" (T), jointly with that

of X(T), namely P(Q""(T) < z, X(T) = j). We shall actually compute the
Laplace-Stieltjes Transform (LST)

Q" (v) = Ele " Dixayy| = /0 e PdP(QY(T) < 2, X(T) = j) .

(9)
The computation below may be seen as a generalization of the analysis de-
veloped by Cox and Miller in [5, §9.3] for alternating renewal processes (i.e.

K =2).

First, if » > T, then no jump occurs before time T, and since X (0) = 4, then
X(T)=1iand Q(T) =r; T. In that case,

W) = Ele | = e 5 (10)
where 6; ; =1 if ¢ = j and 0 otherwise.

On the other hand, if » < 7', then at least one jump occurs in the time-interval
[0,7T), and conditioning on the state reached after the first jump (i.e. Z(1))
then using the stationarity and independence of the underlying sequences, we

12



have

3isJ5T —7r TV —vQkiS —r
€

We now compute the Laplace transform of Q%" (v) with respect to T. With
the help of (10)-(11), we obtain

I e QT (v) AT
0

:/ e Hle=Triv ;5 dT
0

+ / e —uT Zpke TV E[ —vQFSk(T— r)]-{X(T " J}] dT
ke&
1 el

k;S
= + szk/ e HMr+Dg=rriv | [¢—vQ" k(T)].{X(T):'} dT
0i;j j
Bt i ke€ [ ]
1 — o—(utrivyr

- iV —vQk:S
= b et ,ép’“/ e E e D)y dT
? S
(12)

A relation involving only the rvs Q%% (T') is obtained from (12) by integrating
both sides with respect to r, considered to be distributed as S;. Let S;(r)

denote the distribution function of S; and let S} (s) = IE[ _ssﬁ] be its LST.
Introduce also the notation

Kij(p,v) = / e " E[e @ D1 x| AT
_ / et / T dP@QS(T) < ¢, X(T) =4) AT . (13)

Then, we have

1 T 61'7]' dSz (’f‘)

4 /O e (ptriv)r dS szk/ e —uT E [e_,,Qk;Sk(T)l{X(T):j}] dT

ke€
1—5*(/14+7'Z'V)

13



This is a system of linear equations from which the required Laplace transforms
can be computed. To see this better, define the matrices

K = (Ki;(p, V))(i,j)ESXE S = diag (S (u+ TiV))ieS
L =diag < )
KTV ) e
where diag(a;)1<i<m denotes the mxm diagonal matrix with elements a1, . .. , am.

Then, (14) rewrites as

K=L (I-S) + SPK
K=I-SP)"' L (I-5). (15)

The matrix I — SP is invertible because the spectral radius of SP is less than
1 when R(p + r;v) > 0 for all i. This follows by application of a standard
bound on the spectral radius ([11, Cor. 6.1.5]): p(SP) < max; 35, |(SP)y;| =
max; |SF(p + rv)|. This is less than one in the specified domain, from well
known properties of Laplace transforms.

Once the matrix K is computed, other initial conditions of the process { X (¢),
t > 0} may be investigated.

e For instance, if the residual sojourn time in state ¢ is r, then the distribution
is obtained using (12), that is

1 ¢ (wtravr

o] e
e FT O (L)) dT = 5. . + e (wtrav)r oK (V)
/0 Q7" (v) i+ T 0] %pzk ki (1, V)

e If the residual sojourn time in state 7 is given by S;, the forward recurrence
time of S; (in other words, if {X(¢),¢ > 0} is stationary), then integrating
(12) gives, with obvious notation

o vQIS(T)

K;j(u,v)= /0 e " E 1ix(r)=53| dT

K=L (I-S) + SPK .

Remark: A simple extension of this derivation shows that the accumulation
process may be generalized by replacing the constant-rate process by any
stationary process with independent increments. The formulas above hold with
the term “r;v” replaced by some ¢;(v) characteristic of the process (see |7,
Eq. (7.3’) p. 419]). For instance, for the Poisson process with rate r, ¢(v) =
r(1—e ), whereas for a diffusion process with drift  and variance o2, ¢(v) =
TV + %021/2.

14



5.8 Application to a Two-State Markov Accumulation Process

In this section, we address the case of a two-state, continuous-time Markov
process, with infinitesimal generator

- «
B =B

Let @y, r,(T) denote the quantity accumulated during the interval [0,7') when
accumulation rates in states 1 and 2 are r; and r9, respectively. In distribution,
we have

Qrr(T) = 11 Qo(T) + 12 (T —Q1o(T)) = 12T + (r1 — 1) Q1,0({) )
16

Computing the distribution of Q,, ,,(7T’) is therefore reduced to computing the
distribution of @y ¢(7"), which is the visit time in state 1 during the interval
[0,T). We therefore take ;1 = 1 and ro = 0 and apply formulas of Section 5.3.
We assume that the residual time in the initial state has the same distribution
as the total sojourn time. Observe that due to the memoryless property of the
exponential distribution, S; and S; have the same distribution. The relevant
matrices are:

«

Lflz ,Lb+l/0 ’ P — 01 ’ S — o+ pu+v

0 pu 10 =
B+ p

Using (15), we obtain

1 w4+ B Q
(w+B)pt+v+a)—af \ 5 Livta

The last step is to invert the Laplace transform K;;(u,v) with respect to v
and p. From the definition (13), this will give the density of the distribution

of Q(T).

The inversion can be performed using general rules and tables for Laplace
transforms (see e.g. [17]). Inverting with respect to v is straightforward, be-
cause we have a rational function of degree 1 in v. We obtain:

00 d .
/0 e,I_LT d_qP(Qz,Si (T) < q’X(T) — ]) dT = e ¥ ¢ M4 exp (ﬂafq'u> .

15



For the inversion with respect to u, we use in particular the following proper-
ties:

LN e ™ f(u), i T)=LHF (), ;T — o) Lirsay
L+ B),mT) =L (f (), 3 T) e™PT

o (2vaT) + 6(T)

T 1/2
L7 e™ /1, pu; T) = (E) I (2\/ aT)
where £71(g(s), s;t) = G(t) if g(s) = [;° exp(—st)G(t)dt (i.e. inverse of the
Laplace transform g¢(s) at point t), I,,(-) is the modified Bessel function of the

first kind and order n (see e.g. [17, p. 7]) and d,(¢) is the Dirac function at
point a.

Define
w(e) = SPQUT) < X(T) = j1X(0) = )

for x > 0. We finally find, with f(z) = 2y/afBz(T — z):

g (z) = e Top(z) + e e P70 [)(f(x)) To‘i 1750}
q12(2) = ae™® P Iy (f(2))

21 () = Be e PT2) Iy(f())

q22(x):€—/3’T50(x) + e e—B(T—m) Il(f(x)) w 1{T2w} .

In order to obtain the distribution functions P(Q(T") < z, X (T) = j| X (0) = 4),
the Laplace transforms K;;(u,v)/v should be inverted. This leads to more
involved series which shall not be reproduced here.

6 Numerical Results

We have applied the bound in (7) to a video of length 2 hours = 7200 sec.
We have varied the segment size from 200 sec to 800 sec. The number N of
segments varies inversely from 36 to 9. The playout factor for FF is Xp = 3.
This is a standard value for VCRs, also used in other papers. We consider two
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different duration ratios 7pr/7p = 2 and 5 (that is: PLAY periods last 2 times,
resp. 5 times longer than FF periods). The parameters chosen are detailed in
Table 1. We have displayed in this table the average “natural” consumption
rate of the video, given by

1, Xxp

b —bXTP+TFF _bXTFF+TpXF

SRR SIS W Tee + TP
TP TFF FF P

Table 1
Parameters of the numerical experiments.

l/Tp 1/TFF A bN/b
45 9 1.4 | 1.33
45 9 1.3 || 1.33

60 30 1.9 | 1.67
60 30 1.8 || 1.67
60 30 1.7 || 1.67

In order to compare the performance of our scheme for videos of different
lengths, we have measured the probability of success:

E[L]
Ty = A

The results should depend on how the natural rate by compares to the rate
increase factor A. If by /b < A, then the law of large numbers will force the
“natural” consumption curve Q(t) (and therefore R(t)) to lie below the playout
limit with large probability. Note that this effect may be long to appear if by /b
is close to A. If by /b > A, then the converse effect appears. In that case, it
also turns out that the actual curve R(t) records a large number of failures.

Another effect may kick in: the probability that a failure occurs within segment
i may depend on i. First, the time between w; and wy (=D x (2/A —1)/b) is
smaller than the typical inter-arrival time between segments w; 1 —w; = D/Ab.
This may give a significant advance of data, and with few (large) segments,
may result in a large success probability. On the other hand, when by /b < A,
the first segments tend to be vulnerable to fluctuations in the consumption
rate and have a smaller success probability. But if by /b > A, the first segments
are more likely to be played out without failures than later ones.

The results are reported in Figure 5. The curve for 1/7p = 45, 1/7pr = 9 and
A = 1.3 exhibits the poorest performance. This was expected, since by /b > A
in this case. Note however that the accuracy of the bound is not good for small
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Fig. 5. Lower bounds on the probability of success E[L]/N for segments of the whole
video.

values of the segment length (see Table 2), and that the probability of success
is actually larger than 80%.

The other curves exhibit a probability of success larger than 85% for 1/7p =
60, 1/7pr = 30 and A = 1.7 (which is just slightly larger than by /b), and larger
than 95% for the three other sets of parameters. The curves with A = 1.4 and
A = 1.8 almost coincide. The experiments show that choosing a parameter
A only slightly larger than the expected consumption rate of the user, cou-
pled with sufficiently large segment sizes, achieves a very reasonable success
probability.

The accuracy of the bound (7) is not good in relative terms, as demonstrated
in Table 2. In this table, the bound is compared with values obtained by
simulating a million replications of a playout of the entire video. The relative
accuracy improves when D increases; this is explained by the fact that the
law of large numbers has more effects when segments are longer.

The accuracy is however sufficient to assess the efficiency of the rate increase
technique, and may be used to optimize the parameter A, in a compromise
between the probability of success and the bandwidth requirements. Such an
optimization is outside the scope of this paper.
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Table 2
Comparison of the lower bound on the success probability (B) with simulations (S);
1/p =45, 1/mpp = 9.

A=14 A=13
D B S D B S

200 0.9602 0.9837 | 200 0.5226 0.8099
300 0.9794 0.9898 | 300 0.6132 0.8110
400 0.9896 0.9941 | 400 0.6926 0.8259
500 0.9949 0.9970 | 500 0.7683 0.8512
600 0.9976 0.9985 | 600 0.8180 0.8727
700 0.9989 0.9993 | 700 0.8716 0.9021
800 0.9995 0.9997 | 800 0.9027 0.9212

7 Conclusions

We have shown how by increasing the segment transmission rates for the tai-
lored transmission scheme one can provide either deterministic or probabilistic
support of user interactions. Since the FF action is the most “challenging” one
to support, we restricted our analysis to a viewing behavior where only PLAY
and FF are allowed. We first derived deterministic guarantees for satisfying
all possible FF actions. Since the deterministic guarantees were based on the
pessimistic assumption that the user watches the whole video from start to
end in FF mode, we then defined a model for the viewing behavior (S-FF
model) that consists of the user alternating between the PLAY and the FF
modes.

For the S-FF model, we derived an analytic expression for a lower bound on
the success probability. The reception of the segments is modeled as a semi-
Markov accumulation process that allows the computation of the amount of
video data received. While supporting VCR functions (and in particular FF)
requires an increase in the segment transmission rates, our results indicate
that this increase remains “moderate”. The analytical results obtained for the
S-FF are still pessimistic ones in the sense that a user who executes not only
PLAY and FF but also actions such as PAUSE of SF will reduce the rate
at which the video is consumed compared to the case of the S-FF model. In
future extensions of this research, we shall exploit the theoretical formalism
for accumulation processes that we have developed in this paper in order to
handle various user’s behavior and other VCR functions.
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