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DESCRIPTION

TITLE: PARAMETER ESTIMATION DEVICE, PARAMETER ESTIMATION METHOD,

AND PARAMETER ESTIMATION PROGRAM

TECHNICAL FIELD
[0061]

The present invention relates to a communication throughput prediction device that
estimates comununication throughput and a control parameter determination device that

determines a control parameter used for transmitting data.

BACKGROUND ART
[0002]

A communication throughput prediction device that estimates communication
throughput, which is the size (the amount) of data delivered (transmitted) per unit time, 15
known. As one of this type of communication throughput prediction devices, a communication
throughput prediction device described in Patent Document I transmits test data having a
predetermined data size, and measures a time required for transmission of the test data to be
completed. Then, the communication throughput prediction device predicts {uture
communication throughput, based on the measured time.

[0003]

Patent Document 1: Japanese Unexamined Patent Application Publication No. 2003-037649
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[0004]

Communication throughput in communication using TCP/IP (Transmission Control
Protocol/Internet Protocol) relatively largely changes in a short period of time due to
complicated action of various factors (e.g., End-to-End delay, packet loss, cross traffic, the
intensity of radio waves in radio communication, etc.).

[0005]

For example, in the communication throughput prediction device, communication
throughput may decrease due to increase of cross traffic after transmission of test data is
completed, or communication throughput may increase due to increase of the intensity of radio
waves in radio communication. In these cases, there is a problem that the communication

throughput prediction device cannot estimate communication throughput with high accuracy.

SUMMARY
[0006]

Embodiments of the present invention provide a parameter estimation device capable
of solving the abovementioned problem, “there is a case where the accuracy of estimation of
communication throughput becomes excessively low.”

[06007]

According to a first aspect of the present invention, there is provided a parameter
estimation device comprising:

a communication throughput acquiring means for acquiring communication

throughput that is an amount of data transmitted per unit time; and
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a function specification parameter estimating means for estimating a function
specification parameter for specifying a probability density function where communication
throughput at a second time point later than a first time point is a random variable, based on
the communication throughput acquired by the first time point.

[0008]

According to a second aspect, there is provided a parameter estimation method
comprising;

acquiring communication throughput that 18 an amount of data transmitted per unit
time; and

estimating a function specification parameter for specifying a probability density
function where communication throughput at a second time point later than a first time point is
a random variable, based on the communication throughput acquired by the first time point.
[0009]

According to a third aspect, there is provided a parameter estimation program
including instructions for causing an information processing device to perform operations
including:

acquiring communication throughput that is an amount of data transmitted per unit
time; and

estimating a function specification parameter for specifying a probability density
function where communication throughput at a second time point later than a first time point is
a random variable, based on the communication throughput acquired by the first time point.

[0010]
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With the configurations as described above, embodiments of the present invention

can increase the accuracy of estimation of communication throughput.

BRIEF DESCRIPTION OF DRAWINGS
[0011]

Fig. 1 is a block diagram showing a function of a communication throughput
prediction device according to a first exemplary embodiment of the present invention;

Fig. 2 is a graph showing an example of change of communication throughput
following a probability density function used by the communication throughput prediction
device according to the first exemplary embodiment of the present invention;

Fig. 3 is a graph in which a standard deviation calculated based on the probability
density function used by the communication throughput prediction device according to the
first exemplary embodiment of the present invention is compared with a standard deviation
calculated based on communication throughput measured in an actual communication
network;

Fig. 4 is a block diagram showing a function of a delivery device according to a
second exemplary embodiment of the present invention;

Fig. 5 is a block diagram showing a function of a delivery system according to a third
exemplary embodiment of the present invention;

Fig. 6 1s a block diagram showing a function of a communication throughput
prediction device according to a fourth exemplary embodiment of the present invention;

Fig. 7 is a block diagram showing a function of a parameter estimation device
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according to a fifth exemplary embodiment of the present invention;

Fig. 8 is a block diagram showing a function of a delivery system according to a sixth
exemplary embodiment of the present invention;

Fig. 9 is a graph showing change of a remaining reproduction time in the delivery
system according to the sixth exemplary embodiment of the present invention; and

Fig. 10 is a graph showing change of a remaining reproduction time in a delivery

system that is a comparison example.

EXEMPLARY EMBODIMENTS
{0012}

Referring to Figs. [ to 10, the respective exemplary embodiments of a parameter
estimation device, a parameter estimation method and a parameter estimation program

according to the present invention will be described below.

[0013]
<First Exemplary Embodiment>

As shown in Fig. 1, a communication throughput prediction device (a parameter
estimation device) 100 according to a first exemplary embodiment is a device that predicts
communication throughput. Communication throughput is the amount of data transmitted per
unit time.
[0014]

The communication throughput prediction device 100 is an information processing
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device. For example, the communication throughput prediction device 100 is a personal
computer, a mobile phone terminal, a PHS (Personal Handyphone System}, a PDA (Personal
Data Assistance, Personal Digital Assistant), a smartphone, a car navigation terminal, a game
terminal, or the like,

[0015]

The communication throughput prediction device 100 includes a central processing
anit (CPU) and a storage device (a memory and 2 hard disk drive (HDDY), which are not
illusirated in the drawings. The communication throughput prediction device 100 is configured
to realize a function described later by the CPU’s execution of a program stored in the storage
device.

[ooi6]
(Function)

Fig. 1 is a block diagram showing a function of the communication throughput
prediction device 100 configured as described above. The function of the communication
throughput prediction device 100 includes a communication throughput measuring part (a
communication throughput acquiring means) 101, a drift calculating part 102, a variance
caleulating part 103, and a communication throughput predicting part (a communication status
estimating means) 104. The drift calculating part 102 and the variance calculating part 103
configure a function specification parameter estimating means.

[0017]
The communication throughput measuring part 101 measures (acquires) cuwrent

communication throughput (communication throughput at a current time point) in
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transmission of data 1o be the target of prediction of communication throughput (in this
exemplary embodiment, transmission by streaming). The communication throughput
prediction device 100 may be configured to acquire communication throughput by receiving
from another device.

[0018]

In this exemplary embodiment, transmission of data to be the target of prediction of
communication throughput is transmission of data representing a moving image from a server
device o a client device connected with the server device via a communication network. The
client device is configured to reproduce a moving image based on received data.

[0019)

Further, in this exemplary embodiment, the server device transmits data to the client
device via the communication network by using TCP/IP (Transmission Control
Protocol/Internet Protocol). Therefore, in this exemplary embodiment, communication
throughput predicted by the communication throughput prediction device 100 is
communication throughput in a TCP session established between the server device and the
client device,

[0020]

The communication throughput prediction device 100 may be configured to acquire
communication throughput relating fo data transmitted by using a communication protocol
that is other than TCP/IP and that ensures arrival of data.

[0021]

Further, given that current communication throughput at certain time t [sec] is u(t)
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[bps (bit per second)], the current communication throughput u(t) is calculated as shown by
Formula 1;

{Formula 1]

A AS'
ult) = 37

where AT [sec] is a preset time {e.g., 2 [sec]), and AS {bit] is the amount of data (the size of
data) transmitted during a period from time ~AT that is AT earlier than the time t to the time t.
{0022]

In this exemplary embodiment, the communication throughput measuring part 101
measures current communication throughput u every preset interval I [sec]. Thus, the
communication throughput measuring part 101 acquires time series data u{nl) {a series of data
measured with time} of communication throughput, where n takes integers 1 to N, and N
denotes the number of times that the communication throughput n is measured up to a first
time point (in this exemplary embodiment, a current time point).

[0023]

The drift calculating part 102 calculates drift based on the time series data u(nl) of the
communication throughput u acquired by the communication throughput measuring part 101.
Drift represents a long-term temporal change rate of the communication throughput u. Drift
forms part of a function specification parameter. Herein, a function specification parameter is
a parameter for specifying a probability density function (a probability density function shown
by Formula 5 described later) in which a random variable is communication throughput at a

second time point (in this exemplary embodiment, a future time point) later than the first time
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point.
[0024]

In this exemplary embodiment, the drift caleulating part 102 calculates drift based on
the latest m time series data u(NI), u((N-1)), ..., w((N-m+ 1)1} of all the time series data u(nl)
acquired by the communication throughput measuring part 101.

10025}

To be specific, the drift calculating part 102 calculates the slope of a linear function
approximating the time series data u(ND, u{(N-DI}, ..., u((N-m+1)I) as drift by using the
least squares method. That is to say, the drift calculating part 102 calculates drift p as shown
by Formula 2;

[Formula 2]

= my. {kI‘lL(!CIj} — > (kI) Z u(kl)
m Y (kD)2 = {3 (kI)}?

where ¥ Xy denotes the sum of Xy when k takes integers from “N-m+1" to N.”
[0026]

The drift calculating part 102 may be configured to calculate drift by using the
weighted least squares method that communication throughput measured at a time point closer
to a curent time point is more largely weighted.

[0027]

Further, the drift calculating part 102 may be configured to calculate the derivative of

the time series data u{nl) at time t (=NI) as drift. In this case, it is preferred that the drift

calculating part 102 is configured to calculate drift g by using the simplest three point formula.
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[Formula 3]

O Bu(NT) —4u((N — D)) +u{(N — 2)1)
= 2AT
[0028]

In a case where AT is set to a relatively small value, the measured communication
throughput u(nl) relatively largely changes. In this case, it is preferred that the drift calculating
part 102 is configured to smooth the time series data u{nl) by passing through a low-pass filter
{e.g., an IIR (Infinite Impulse Response) blter) and calculate the derivative based on the
smoothed time series data u(nl). Thus, it is possible to calculate drift with high accuracy.
[0029]

The variance calculating part 103 calculates variance ¢” of the time series data u(nl)
of the communication throughput u acquired by the communication throughput measuring part
101. Variance forms part of a function specific parameter.

100307

To be specific, the variance calculating part 103 calculates unbiased variance as

variance ¢” as shown by Formula 4;

[Formula 4]

: 1 ‘ .
0“2 E e Z {uava - U(‘k-{) }2

m — 1

where ug.. denotes a value obtained by averaging the latest m time series data u{NI), u{{N-1)1),
ooy W((N-m+1}1) of all the time series data u(nl) acquired by the communication throughput

measuring part 101.
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[0031]

In this exemplary embodiment, the communication throughput prediction device 100
is configured fo use the current time point (1.¢., a time point to exccute a process of calculating
a function specific parameter) as the first time point. The communication throughput
prediction device 100 may use a time point earlier than the current time point, as the first time
point. In this case, the communication throughput prediction device 100 may use, as the
second time point, a time point earlier than the current time point, the current time point, or a
time point later than the current time point in a range of time points later than the first time
point.

[0032]

The communication throughput predicting part 104 calculates a probability that actual
communication throughput at future time t is within a target range, based on the drift u
calculated by the drift calculating part 102, the variance o calculated by the variance
calculating part 103, and a probability density function f{u,t) shown by Formula 5. A target

range is a range of communication throughput set in advance.

[Formula 5]

, . i (u — ug — pl)?
(u,l) = N{ug + ul, o2t) = e (A1) £ -
flunt) = Nuo & b 071) V22 } 2021

[0033]

The communication throughput predicting part 104 may be configured to calculate
the upper bound value and lower bound value of a target probability range at future time t. A

target probability range is a range of communication throughput that a value obtained by
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integrating the probability density function f{u,t} over the targét probability range is a preset
target probability value. Further, a target probability value is the value of a probability to be
the target.
[0034]

Further, the communication throughput predicting part 104 may be configured to
estimate a time required for transmission of data to be completed, based on at least one of the
calculated upper bound value and lower bound value of the target probability range.

[0035]

Further, the communication throughput predicting part 104 may be configured to
estimate the amount of data that can be transmitted in a period at or after the first time point,
based on at least one of the calculated upper bound value and lower bound value of the target
probability range.

[0036]

Thus, it can be said that the communication throughput predicting part 104
stochastically predicts communication throughput u at future time t, based on drift p calculated
by the drift calculating part 102, variance " calculated by the variance caleulating part 103,
and the probability density function f{u,t) shown by Formula 5.

[0037]

A method for deriving Formula 5 will be described. In this exemplary embodiment,
Formula 5 is derived with the assumption that communication throughput changes so as to
perform Brown motion with drift. Change of communication throughput so as to perform

Brownian motion with drift corresponds to that a stochastic process W with communication
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throughput as a random variable is a generalized Wiener process.
{0038]

When a stochastic process B(t) is a Wiener process (i.e.,, Brownian motion) with

variance o°, the following conditions {1) to {3} are satisfied:

(1) B(t) is an independent increment;

(2) with respect to any s and £20, B(s+t)~B(s) follows N(0,6°); and
(3) B(0)=0, and B(1) is continuous when t=0.

[0039]

Herein, N(u,az) represents a normal distribution with an expected value p and
variance 6-. Moreover, B(f) being an independence increment refers to that, when 0<s<{<s'<t’,
B(1)~B(s) and B(1'}-B(s") become independent random variables.

[0040]

Further, when a stochastic process W(t) is a generalized Wiener process (ie.,
Brownian motion with drift}, W(1) is represented by using the abovementioned B(t) as shown
by Formula 6.

[Formula 6]
Wi(t) = pt +oB(1)
[0041]
In addition, a probability density function f,,(x) with respect to a random variable x
after t [sec] of the generalized Wiener process W(t) is expressed as shown by Formula 7.

[Formula 7]
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2
Jw(x) = N(ut,o%) = —= ! e GXP 4 (—I——_—Ef)—
) ’ V2ra?l 2021

[0042]

Therefore, in a case where communication throughput u changes according to a
generalized Wiener process, given that time t at a current time point is 0 [sec] and
communication throughput u at the current time point (i.e., t=0 [sec}) is a(0)=uy, a probability
density function flu,t) with communication throughput u at future time t [sec] as a random
variable is expressed as shown by Formula 5. Thus, Formula 5 is derived.

[0043)]

Fig. 2 is a graph showing an example of change of communication throughput
following the probability density function #{uwt) shown by Formula 5. Communication
throughput from the current time point (t = 0} to 100 [sec] later is shown by a plurality of
continuous fines. These communication throughputs are values acquired by executing Monte
Carlo simulation based on the probability density function f{u,t) when p=3, =50 and uy=1144
[kbps].

[0044]

As shown by Formula 5, the variance of the probability density function Hu,t) of
communication throughput u changes in direct proportion to time t. That is to say, the standard
deviation of the probability density function f{u,t) changes in direct proportion to the square
root t'* of time . A dashed dotted line is a curve showing a value changing in direct
proportion to the square root t'Z of time t,

[0045]
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Thus, in Fig. 2, the width (or variation) of change of communication throughput
acquired by simulation falls within a range drawn by the dashed dotted line, and therefore, it is
apparent that the communication throughput changes in direct proportion to the square root t"?
of time 2.

[0046]

Fig. 3 is a graph showing comparison between a standard deviation calculated based
on the probability density function {(u,t) shown by Formula 5 and a standard deviation
calculated based on communication throughput measured on an actual communication
network. A dashed line shows the standard deviation calculated based on the communication
throughput measured on the actual communication network. A continuous line shows the
standard deviation calculated based on the probability density function f(u,t) shown by
Formula 5 (i.e., the standard deviation changing in direct proportion to the square root t'% of
time t).

[0047]

A method for calculating the standard deviation based on the measured
communication throughput will be described more specifically. First, actual communication
throughput is measured every time a preset time AT passes.

[0048]

At time ty when communication throughput is measured, drift p(ty) and a standard
deviation o(ty) are calculated based on communication throughput measured in the past. After
that, normalized communication throughput v with respect to a prediction time T (= t;—ty) is

calculated based on communication throughput u{t;) measured at time t; (> {y), communication
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throughput u(ty) measured at time tg, and Formula 8.

[Formula 8]}

u(ty) - ulte) ~ plte)T
o(ty)

v o=

{00491

This process is executed every time the preset time AT passes, with respect to various
prediction times T. Then, a histogram {(frequency distribution) of the normalized
communication throughput v is acquired with respect to each of the prediction times T. Then,
with respect to each of the prediction times T, the standard deviation is calculated based on the
acquired histopram.
{0050]

In Fig. 3, the standard deviation calculated based on the probability density function
f{u,t) shown by Formula 5 has a value sufficiently close to the standard deviation calculated
based on the communication throughput measured on the actual communication network. That
is to say, a probability density function specified by the communication throughput prediction
device 100 represents communication throughput on an actual communication nefwork with
high accuracy.
[0051]

As described above, the communication throughput prediction device 100 according
to the first exemplary embodiment of the present invention can increase the accuracy of
estimation of communication throughput. To be specific, the communication throughput

prediction device 100 can estimate communication throughput (e.g., the upper bound value
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and Jower bound value of a target probability range) with high accuracy, based on a
probability density function specified with an estimated function specification parameter.
{0052]

The communication throughput prediction device 100 according to a modified
example of the first exemplary embodiment may be configured to use, instead of the
probability density function f(u.t) shown by Formula 5, a probability density function derived
with the assumpfion that communication throughput changes so as to perform Brownian
motion (i.e., Brownian motion without drift). Change of communication throughput so as to
perform Brownian motion without drift corresponds to that a stochastic process W with
communication throughput as a random variable is a Wiener process.

[0053]

In this case, the communication throughput prediction device 100 according to this
modified example is described by setling p=0 in the description of the first exemplary
embodiment. Moreover, in this case, it is preferred that the function of the communication

throughput prediction device 100 does not include the drift calculating part 102,

[0054]
<Second Exempliary Embodiment>

Next, a delivery device according to a second exemplary embodiment of the present
invention will be described. The delivery device according to the second exemplary
embodiment is different from the communication throughput prediction device 100 according

to the first exemplary embodiment, in delivering content, and in determining an encoding rate
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of content to be delivered based on a function specification parameter. Therefore, a description
will be made below focusing on the different points.
[0055]

As shown in Fig. 4, a delivery device (a parameter estimation device) 200 according
to the second exemplary embodiment is a device that transmits (delivers) data representing
content. The delivery device 200 is an information processing device. The delivery device 200
includes a central processing unit (CPU) and a storage device (a2 memory and an HDD), which
are not shown in the drawings. The delivery device 200 is configured to realize a function to
be described later by the CPU’s execution of a program stored in the storage device.

[0056]
(Function)

Fig. 4 is a block diagram showing the function of the delivery device 200 configured
as described above, The function of the delivery device 200 includes a communication
throughput measuring part (a communication throughput acquiring means) 201, a drift
calculating part 202, a variance calculating part 203, a rate controlling part (a control
parameter determining means) 204, a content accumulating part 205, and a data transmitting
part 206. The drift calculating part 202 and the variance caleulating part 203 configure a
function specification parameter estimating means,

[0057]

The communication throughput measuring part 201, the drift calculating part 202 and

the variance calculating part 203 have the same functions as the communication throughput

measuring part 101, the drift calculating part 102 and the variance calculating part 103
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according to the first exemplary embodiment, respectively. The communication throughput
measuring part 201 measures communication throughput in transmission of data by the data
transmitting part 206 to be described later.
{0058]

The rate controlling part 204 calculates {(determines) an encoding rate r* of data to be
transmitted at future time t, based on drift p calculated by the drift caleulating part 202,
variance o~ calculated by the variance calculating part 203, Formula 9, and Formula 10. In this
exemplary embodiment, an encoding rate forms a contro} parameter used for transmitting data.
[0059]

To be specific, the rate controlling part 204 calculates an encoding rate r* that
minimizes the value of an evaluation function J shown by Formula 10 under a constraint
condition that a remaining reproduction time Ty(t) shown by Formula 9 is always set to a value
larger than 0.

[Formula 9]
1 :
1,(8) = T,{0) + /{; - (ug + p7 — ao /1) dr — pl

{Formula 10]

{
_ 1 2
J o= / {&.’,1 ;3 +ay (n;,:.:« —r)tpdl
0

[0060]
A remaining reproduction time T), [sec] is a time that content can be reproduced based

on a part not reproduced yet of data stored in a storage device of a client device. A client
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device is configured to, while receiving data representing content from the delivery device 200
by streaming, store the received data into the storage device and reproduce the content based
on the stored data.
[0061]

Further, p [dimensionless] is a reproduction rate set in accordance with an instruction
{rom a user. A reproduction rate is a reproduction time of content reproduced per unit time. In
other words, a reproduction rate is a value obtained by dividing a content reproduction speed
by a reproduction speed corresponding to reproduction at equal speeds. Moreover, 1 [bps]
denotes an encoding rate of data transmitted by the delivery device 200.

[0062]

Symbol a denotes a coefficient previously set in accordance with a target probability
value that is the value of a probability to be the target. The details of the coeflicient o will be
desenibed later. Moreover, ay and a; are preset coefficients, respectively. The details of the
coefficient a; and the coefficient a; will be described later. Moreover, ra.. denotes a value
obtained by averaging encoding rates of data transmitted by the delivery device 200 up to the
current time point.

[0063]

In order to prevent reproduction of content in a client device from stopping, it is
necessary to always maintain a state in which the remaining reproduction time Ty(t) is larger
than 0. Therefore, as described above, the rate controlling part 204 calculates the encoding rate
r* under a constraint condition that the remaining reproduction time Ty(t) shown by Formula 9

is set to a value larger than 0 at all times.
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[0064]
Next, a method for deriving Formula 9 will be described.
A range of values that future communication throughput u can take diffuses in direct

"2 of time t as shown by the probability density function f(u,t)

pi'oportion lo the square root ¢
(as shown in Fig. 2).
[0065]

Therefore, a lower bound value u,dt) of a target probability range can be obtained as
shown by Formula 11. The target probability range is a range of communication throughput,
and is a range in which a value obtained by integrating the probability density function f{u,t)
over the range is a target probability value. In other words, the target probability value is a
probability that actual communication throughput at future time t is equal to or more than the

lower bound value ujye (t) of the target probability range.

{Formula 11]
wint (1) = ug + it — acVi

[0066]

In this exemplary embodiment, the target probability value is set tol 99.87%. In this
case, the target probability range is a range of ~3o<u<+w. Therefore, the coefficient o is set to
3. In a case where the target probability value is set to 84.13%, the target probability range is a
range of —o=<u<+oo, Therefore, the coefficient « is set to 1 in this case.

{0067}
Further, a differential equation on the remaining reproduction time T, is expressed as

shown by Formula 12.
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{Fornmula 12]

[0068]

By substituting the lower bound value iy (t) of the target probability range shown by
Formula 11 for the comumunication throughput u in Formula 12, and integrating both the sides
in a range of time 0 to time t, Formula 9 is derived.

[0069]

Thus, Formula 9 is derived with the assumption that conmmunication throughput is the
lower bound value of a target probability range. That is to say, the rate controlling part 204
calculates the encoding rate r* with the assumption that future communication throughput is
the lower bound value of a target probability range. Therefore, it can be said that the rate
controlling part 204 is configured to calculate an encoding rate that is more fail-safe (i.e, a
remaining reproduction time is hard to become equal to or less than 0).

[0070]

Next, a method for deriving Formula 10 will be described.

The higher the encoding rate of data is, the higher the reproduction quality of content
(the image quality of content in a case where the content is a moving image) is. Moreover,
change of the reproduction quality of content (flicker in the image quality of content in a case
where the content is a moving image) is more inhibited as change of the encoding rate of data
received by a client device becomes smaller. As a resulf, a content reproduction quality felt by

the user increases.



20

23
[6071]

That is to say, it is thought to be preferred to determine the evaluation function [ so as
to have a value that becomes smaller as the encoding rate r becomes higher and that becomes
smaller as change of the encoding rate r becomes smaller.

10072}

In this exemplary embodiment, a function obtained by integrating the sums of the first
term inversely proportional to the square of the encoding rate r and the second term directly
proportional to the square of the difference between the average value 1, and the encoding
rate r in a range from time 0 to time t is determined as the evaluation function J.

[0073]

Both a proportionality coefficient a; of the first term and a proportionality coetficient
a; of the second term are positive values, The first term has a value that is smaller as the
encoding rate r is higher. The second term has a value that is smaller as change of the encoding
rate r is smaller.

Thus, Formula 10 is derived.

[0074]

The rate controlling part 204 recalculates the encoding rate r* every time a preset
update period passes,
[0075]

The content accumulating part 205 previously stores {accumulates) data obtained by
encoding one content (e.g., information representing a video image or a speech) by a plurality

of encoding rates different from each other.
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[0676]

The data transmitting part 206 acquires data encoded by the latest encoding rate r*
calculated by the rate controlling part 204 of the data stored by the content accumulating part
2035, and transmits (delivers) the acquired data to a client device connected so as to be capable
of communicating with the delivery device 200.

{0077}

In this exemplary embodiment, in a case where data encoded by the encoding rate r*
calculated by the rate controlling part 204 is not stored by the content accumulating part 205,
the data transmitting part 206 acquires data encoded by the largest encoding rate within a
range not exceeding the encoding rate r*.

{0078]

The data transmitting part 206 may be configured to, in a case where data encoded by
the encoding rate r* calculated by the rate controlling part 204 is not stored by the content
accumulating part 205, acquire data encoded by an encoding rate closest to the encoding rate
r*.

[0079]

As described above, the delivery device 200 according to the second exemplary
embodiment of the present invention can determine an encoding rate with high accuracy based
on a probability density function specified with an estimated function specification parameter.
[0080]

Further, the delivery device 200 according to the second exemplary embodiment of

the present invention determines a control parameter with the assumption that communication
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throughput is the lower bound value of a target probability range.
[0081]

According to this, it is possible to sufficiently increase a probability that data is
transmitted with communication throughput that is high enough for a determined encoding
rate. As a result, it is possible to sufficiently decrease a probability that, when the delivery
device 200 {a server device) delivers data representing content to a client device by streaming,
the reproduction quality of the content in the client device becomes excessively low.

[0082]

The delivery device 200 according to the second exemplary embodiment is
configured to determine an encoding ratc as a control parameter, but may be configured to
determine a control parameter other than an encoding rate.

[0083]

Further, the delivery device 200 according to the second exemplary embodiment is
configured to determine a confrol parameter with the assumption that communication
throughput is the lower bound value of a target probability range, but may be configured to
determine a control parameter with the assumption that communication throughput is the

upper bound value of a target probability range.

[0084]
<Third Exemplary Embodiment>
Next, a delivery system according to a third exemplary embodiment of the present

invention will be described. The delivery system according to the third exemplary embodiment
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is different from the delivery device 200 according to the second exemplary embodiment, in
that a client device determines an encoding rate. Therefore, a description will be made below
focusing on the different point.
[0085]

As shown in Fig. 5, a delivery system | according to the third exemplary embodiment
includes a client device 300 that reproduces content, and a server device 400 that delivers data
representing content. The client device 300 and the server device 400 are connected so as to be
capable of communicating with each other via a communication network (in this exemplary
embodiment, an IP (Internet Protocol) network)).

{0086}

The client device 300 and the server device 400 are information processing devices,
respectively, The client device 300 and the server device 400 each include a central processing
unit {CPU) and a storage device (a memory and an HDD), which are not shown in the
drawings. Fach of the client device 300 and the server device 400 is configured to realize a
function to be described later by the CPU’s execution of a program stored in the storage
device.

[0087)
{Function)

Fig. 5 is a block diagram showing a function of the delivery system 1 configured as
described above.

The function of the client device 300 includes a data receiving part 301, a content

reproducing part 302, a communication throughput measuring part (a communication
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throughput acquiring means) 303, a drift calculating part 304, a variance calcuiating part 305,
and a rate controlling part (a control parameter determining means) 306. The drift calculating
part 304 and the variance calculating part 305 configure a function specification parameter
estimating means.
[0088]

While recelving data that represents content and that is transmitted (delivered) by the
server device 400, the data receiving part 301 stores the received data into the storage device
of the client device 300.

[0089]

The content reproducing part 302 reproduces content based on the data stored by the
storage device. In this exemplary embodiment, the content reproducing part 302 reproduces
content via a display and a speaker, which serve as output devices.

[0090]

The communication throughput measuring part 303, the drift calculating part 304 and
the variance calculating part 305 have the same functions as the communication throughput
measuring part 101, the drift calculating part 102 and the variance calculating part 103
according to the first exemplary embodiment, respectively. The communication throughput
measuring part 303 measures communication throughput in reception of data by the data
receiving part 301,

{0091]
The rate controlling part 306 has the same function as the rate controlling part 204

according to the second exemplary embodiment. Besides, the rate controlling part 306
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transmits the calculated encoding rate r* to the server device 400,
{0092]

The function of the server device 400 includes a content accumulating part 401, and a
data transmitting part 402. The content accumulating part 401 has the same function as the
content accumulating part 205 according to the second exemplary embodiment.

[0093]

The data transmitting part 402 receives an encoding rate transmitted by the client
device 300. The data transmitting part 402 acquires data encoded by the received latest
encoding rate r* of the data stored by the content accumulating part 401, and transmits the
acquired data to the client device 300.

[0094]

In this exemplary embodiment, in a case where data encoded by the received
encoding rate r* is not stored by the content accumulating part 401, the data transmitting part
402 acquires data encoded by the largest encoding rate within a range not exceeding the
encoding rate r*.

[0095]

As described above, the delivery system 1 according to the third exemplary

embodiment of the present invention can produce actions and effects comparable to those of

the delivery device 200 according to the second exemplary embodiment.

[0096]

<Fourth Exemplary Embodiment>
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Next, a communication throughput prediction device according to a fourth exemplary
embodiment of the present invention will be described. The communication throughput
prediction device according to the fourth exemplary embodiment is different from the
communication throughput prediction device 100 according to the f{irst exemplary
embodiment, in using a probability density function derived with the assumption that
commuiication throughput changes so as to perform geometric Brownian motion. Therefore, a
description will be made below focusing on the different point.

{0097}

As shown in Fig. 6, a communication throughput prediction device 500 is an
information processing device having a configuration similar to that of the communication
throughput prediction device 100 according to the first exemplary embodiment.

[0098]
(Function)

Fig. 6 is a block diagram showing a function of a communication throughput
prediction device 500 configured as described above. The function of the communication
throughput prediction device 500 includes a communication throughput measuring part {a
communication throughput acquiring means) 501, a function specification parameter
estimating part {(a function specification parameter estimating means) 502, and a
communication throughput predicting part (a communication status estimating means) 503.
[0099]

The communication throughput measuring part 501 has the same function as the

communication throughput measuring part 101 according to the first exemplary embodiment.
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[0100]

The function specification parameter estimating part 502 estimates a function
specification parameter for specifying a probability density function with future
communication throughput as a random variable, based on communication throughput u
measured by the communication throughput measuring part 501.

[0101]

In this exemplary embodiment, the communication throughput prediction device 500
uses a probability density function f{u,t) derived with the assumption that communication
throughput performs geometric Brownian motion, as shown by Formula 13.

{Formula 13]

flu,t) = —%}m exy
Va2t

[0102]

A first parameter « is also referred to as “percentage drift.” The first parameter x
represents the average of increase ratios with respect to communication throughput u at
current time. A second parameter 0 is also referred to as “percentage volatility.” The first
parameter k and the second parameter 6 form function specification parameters.

[0103]

To be specific, the function specification parameter estimating part 502 calculates
converted communication throughput u” based on Formula 14 and communication throughput
u measured by the communication throughput measuring part 501.

[Formula 14]
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(01043

Then, the function specification parameter estimating part 302 substitutes the
calculated converted communication throughput u” for the communication throughput u in
Formula 3, thereby calculating drift p with respect to the converted communication throughput
u',

[0105]

Furthermore, the function specification parameter estimating part 502 substitutes the
caleulated converted communication throughput u’ for the communication throughput u in
Formula 4, thereby calculating variance ¢* with respect to the converted communication
throughput u’.

[0106]

Then, the function specification parameter estimating part 502 calculates (estimates)
the first parameter € and the second parameter 6 based on the calculated drift p, the calculated
variance o°, Formula 15, and Formula 16 (i.e., by solving simultancous equations formed by
Formula 15 and Formula 16).

[Formula 15]

9‘2
K= =l

2

[Formula 16]

f = o
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[0107]

The communication throughput predicting part 503 calculates a probability that actual
comumunication throughput at future time t is within a target range, based on the first
parameter K and second parameter § calculated by the function specification parameter
estimating part 502, and the probability density function f{u,t) shown by Formula 13.

[G108]

The communication throughput predicting part 503 may be configured to calculate
the upper bound value and lower bound value of a target probability range at future time t.
Moreover, the communication throughput predicting part 503 may be configured to estimate a
time required for transmission of data to be completed, based on al least one of the calculated
upper bound value and lower bound value of the target probability range.

[0109]

Further, the communication throughput predicting part 503 may be configured (o
estimate the amount of data that can be transmitted in a period at or after the first time point,
based on at least one of the calculated upper bound value and lower bound value of a target
probability range.

[0110]

Further, the communication throughput predicting part 503 may be configured to
calculate an average value (an expected value) E [u(t)] of communication throughput at future
time t, based on the first parameter « calculated by the function specification paramecter
estimating part 502, and Formula 17.

[Formula 17}
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E [u(t)] = ugexp (k)

[0111]
Further, the communication throughput predicting part 503 may be configured to
calculate a standard deviation V {w(t)] of communication throughput at future time ¢, based on
S the first parameter k and the second parameter 6 calculated by the function specification
parameter estimating part 50, and Formula 18.

[Formula 18]
V [u(t)] = uf exp (2st) {exp (6#°L) - 1}

[0112]

10 Thus, it can be said that the communication throughput predicting part 503
stochastically predicts communication throughput u at future time t, based on the first
parameter K and second parameter § calculated by the function specification parameter
estimating part 502 and the probability density function f(u,t) shown by Formula 13.

[6113]

15 Herein, a method for deriving Formula 13 will be described. As described above,
Formula 13 is derived with the assumption that communication throughput changes so as to
perform geometric Brownian motion. Therefore, a stochastic differential equation with respect
to communication throughput u is expressed as shown by Formula 19;

[Formula 19]

du = du - dl + fu - W,
20

where Wt denotes the Wiener process.
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[0114]

By solving Formula 19, Formula 20 representing communication throughput u is
derived. Moreover, Formula 13 representing a probability density function with future
commuiication throughput u as a random variable is obtained based on Formula 20.

[Formula 20]

)
U = 1Ly OXP { (h - %—) L+ 91’1“1}

[0115])

As described above, the communication throughput prediction device 500 according
to the fourth exemplary embodiment of the present invention can produce actions and effects
comparable to those of the communication throughput prediction device 100 according to the
first exemplary embodiment.

[0116]

The delivery device 200 according to the second exemplary embodiment and the
delivery system | according to the third exemplary embodiment may be each configured to
use a probability density function derived with the assumption that communication throughput

changes so as to perform geometric Brownian motion.

[0117]
<Fifth Exemplary Embodiment>
Next, a parameter estimation device according to a fifth exemplary embodiment of

the present invention will be described referring to Fig. 7,
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A parameter estimation device 600 according to the fifth exemplary embodiment
includes:

a communication throughput acquiring part (a communication throughput acquiring
means) 601 for acquiring communication throughput, which i1s the amount of data transmitted
per unit time; and

a function specification parameter estimating part (a function specification parameter
estimating means) 602 for estimating a function specification parameter for specifying a
probability density function with future communication throughput as a random variable,
based on the acquired communication throughput.

[0118]

According to this, it is possible to estimate communication throughput with high
accuracy based on a probability density function specified with an estimated function
specification parameter. Moreover, it is also possible to determine a control parameter such as
an encoding rate with high accuracy based on a probability density function specified with an

estimated function specification parameter.

[0119]
<Sixth Exemplary Embodiment>

Next, a delivery system according to a sixth exemplary embodiment of the present
invention will be described. The delivery system according to the sixth exemplary
embodiment is different from the delivery device 200 according to the second exemplary

embodiment, in determining a stoppage time based on a function specification parameter.
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Herein, a stoppage time is a time to stop transmission of data representing content. Therefore,
a description will be made below focusing on the different point.
[0120]

In a case where the user of a client device stops reproduction of content while a server
device is transmitting data representing the content to the client device by streaming, an
unreproduced part of the data already received by the client device will not be used. That is to
say, this part is data wastefully transmitted from the server device to the client device. There is
a fear that such wastefully transmitted data meaninglessly increases communication load.
[6121]

Then, in the delivery system according to the sixth exemplary embodiment, the server
device alternately and repeatedly executes a transmission process of transmitting data
representing content to the client device and a stoppage process of stopping transmission of
the data for a predetermined stoppage time. At this moment, the server device determines a
stoppage time SO as to make a remaining reproduction time close to a target remaining
reproduction time.

[0122]

Herein, a remaining reproduction time is a time that the client device can reproduce
content based on an unreproduced part of data received by the client device. Moreover, a
target remaining reproduction time is a target value of a remaining reproduction time.

Thus, it is possible to avoid wastefully transmitting much data from the server device
to the client device.

[0123]
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To be specific, as shown in Fig. 8, a delivery system 2 according to the sixth
exemplary embodiment includes a client device 700 that reproduces content, and a server
device (a parameter estimation device) 800 that delivers data representing content. The client
device 700 and the server device 800 are connceted so as to be capable of communicating with
each other via a communication network {in this exemplary embodiment, an 1P {Internet
Protocol) network).

[0124]

The client device 700 and the server device 800 are information processing devices
respectively. The client device 700 and the server device 800 each include a central processing
unit (CPU} and a storage device (a memory and an HDD), which are not shown in the
drawings. The client device 700 and the server device 800 are each configured to realize a
function to be described later by the CPU’s execution of a program stored by the storage
device.

[0125]
{Function)

Fig. 8 is a block diagram showing a function of the delivery system 2 configured as
described above,

The function of the client device 700 includes a data receiving part 701, a buffer part
702, and a content reproducing part 703.

[0126]
While receiving data that represents content and that is transmitted (delivered) by the

server device 800, the data receiving part 701 stores the received data into the buffer part 702.
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{0127]

Based on the data stored in the buffer part 702, the content reproducing part 703
reproduces content represented by the data. In this exemplary embodiment, the content
reproducing part 703 reproduces content via a display and a speaker that serve as output
devices.

[0128]

The function of the server device 800 includes a communication throughput
measuring part (a communication throughput acquiring means) 801, a drift calculating part
802, a variance calculating part 803, a stoppage time determining part (a control parameter
determining means) 8§04, a content accumulating part 805, and a data transmitting part 806.
The drift calculating part 802 and the variance calculating part 803 configure a function
specification parameter estimating means. The content accumulating part 805 has the same
function as the content accumulating part 205 according to the second exemplary embodiment.
[0129]

The communication throughput measuring part 801, the drift calculating part 802 and
the variance calculating part 803 have the same functions as the communication throughput
measuring part 101, the drift calculating part 102 and the variance calculating part 103
according to the first exemplary embodiment, respectively. The communication throughput
measuring part 801 measures communication throughput in transmission of data by the data
transmitfing part 806 to be described later.

[0130]

The stoppage time determining part 804 calculates (determines) a stoppage time
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based on drift u calculated by the drift calculating part 802 and variance o* calculated by the
variance calculating part 803, In this exemplary embodiment, a stoppage time forms a control
parameter used for transmitting data. The detailed function of the stoppage time determining
part 804 will be described later.
[0131]

The data transmitting part 806 alternately and repeatedly executes a transmission
process of transmitting data stored by the content accumulating part 805 to the client device
700 by streaming, and a stoppage process of stopping transmission of the data for a stoppage
time determined by the stoppage time determining part 804.

[0132]

The data transmitting part 806 transmits a preset data amount of data in one
transmission process. That is to say, data transmitted by the data transmitting part 806 in one
transmission process is one of a plurality of partial data generated by dividing data
representing content by the data amount.

[0133]

Herein, the defailed function of the stoppage time determining part 804 will be
described.

Every time the data transmitting part 806 ends execution of a transmission process,
the stoppage time determining part 804 determines a stoppage time in a stoppage process
executed by the data transmitting part 806 next, at a time point of ending execution of the
transmission process.

[0134]
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Next, the outline of a method for determining a stoppage time will be described.

The stoppage time determining part 804 determines a stoppage time so as to make a
remaining reproduction time close to a preset target remaining reproduction time, within a
range that the remaining reproduction time is kept equal to or more than the target remaining
reproduction time,

[0135]

Herein, a remaining reproduction time is a time that the client device 700 can
reproduce content based on an unreproduced part of data stored in the buffer part 702 of the
client device 700 (i.e., data received by the client device 700). Moreover, a target remaining
reproduction fime is a target value (e.g., 10 seconds, 30 seconds, etc.} of a remaining
reproduction time.

[0136]

In this exemplary embodiment, the stoppage time determining part 804 determines a
stoppage time with the assumption that future communication throughput is the lower bound
value of a target probability range.

[0137]

Next, the details of the stoppage time determining method will be described.

Herein, a case where data representing content is divided into n partial data
(segments) v; (i = I, 2, ..., n} will be assumed. Let the data size (data amount) of each partial
data v; be s;. Moreover, let a reproduction lime be 1, which is a time that content can be
reproduced based on each partial dafa v,

[0138]
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A case where, at a time point that the data transmitting part 806 ends execution of a
{ransmission process of transmitting i-1" partial data v,.,, the stoppage time determining part
804 determines a stoppage time a; in a stoppage process executed immediately before a
transmission process of transmitting i partial data v; will be assumed. A time point t that the
data transmitting part 806 ends execution of the transmission process of transmitting the i-1"
partial data vi.; 1s set to 0.
[0139]

First, the stoppage time determining part 804 determines whether Formula 21 holds
or not. When Formula 21 holds, it is possible to complete transmission of the i partial data v;
in a period within a range of the time point t from 0 (a current time point) to a transmission
ending upper bound time point Tgy, (1.e., 2 period from the current time point to a time point
the transmission ending upper bound time point Ty, later).
[Formula 21]

‘].‘.‘\'H;)
/ ‘I.I,;“f((.)(ﬂ Z 84
Ay

[0140]

A transmission ending upper bound time point Ty, is expressed by Formula 22,
where a communication throughput boundary time point t. is a time point that a lower bound
value uplt) of a target probability range of communication throughput becomes 0, and an
estimation accuracy upper bound time point | is an upper bound time point that the accuracy of
estimation of communication throughput is kept relatively high. The estimation accuracy

upper bound time point | is a preset value. It is preferred that the estimation accuracy upper
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bound time point | is set to a value within a range from ten seconds to tens of seconds.

[Formula 22]
Toup = min {i., [}
[0141]

The communication throughput boundary time point t; can be obtained by solving
Formula 23 representing that the lower bound value upt) of the target probability range is
equal to 0.

{Formula 23]
g + pil — o/ = ()

[0142]

In a case where drift u calculated by the drift calculating part 802 is 0, Formula 24 is
dertved from Formula 23. Therefore, the stoppage time determining part 804 calculates the
communication throughput boundary time point t. based on Formula 25.

[Formula 24]

o?0? - ul =0

[Formula 25]

Uy 2
o= (%)
xa

[0143]
In a case where drift p calculated by the drift calculating part 802 is not 0, Formula 26

is derived from Formula 23. Moreover, Formula 27 that is a quadratic equation for the time
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point t is derived from Formula 26.

[Formula 26]
5 N 2
{ug + pl)” = ((gm Vv zf,)

[Formula 27]
;L—zéz -+ (2}.&%() i ('.!20‘2) L+ ug = {}

[0144]
A discriminant of Formula 27, representing whether a solution in a range of real
numbers exists or not, is expressed as shown by Formula 28.

[Formula 28]
D =a?c? ((}120“2 - dpug)
[0145]

In a case where a value D in Formula 28 is negative, a solution of Formula 27 in the
range of real numbers does not exist. Therefore, in this case, the stoppage time determining
part 804 sets the communication throughput boundary time point t. to « as shown by Formula
29.

[Formula 291
L. =00 where D <0
[0146]

On the other hand, in a case where the value D in Formula 28 is equal fo or more than

0, a solution of Formula 27 in the range of real numbers exists. Therefore, in this case, the
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stoppage time determining part §04 calculates the communication throughput boundary time
point t, based on Formula 30.

[Formula 30]

where D >0

be = 242

[0147]

In the case of determining that Formula 21 does not hold, the stoppage time
determining part 804 determines that the stoppage time a; is 0. In this case, even if transmitting
data throughout a period from the current time point to the transmission ending upper bound
time point Ty, it 1s impossible to complete transmission of the i partial data v;. Therefore, it
is preferred to start transmission of the i partial data v; immediately at the current time point.
Consequently, it is possible to prevent a remaining reproduction time in the client device 760
from becoming excessively short.

[0148]

On the other hand, in the case of determining that Formula 21 holds, the stoppage
time determining part 804 calculates a minimum remaining reproduction time Tyip(0) and a
minimum remaining reproduction time Ty Tap), respectively. Herein, a minimum remaining
reproduction time Tyin(a;) is the minimum value of a remaining reproduction time Tp(t) in a
period from a current time point to a transmission ending time point bi. The transmission
ending time point by is a lime point to end (complete) transmission of the i partial data v;. The
minimum remaining reproduction time Tyyi(a;) 18 expressed by Formula 31.

{Formula 31]
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T {a;) = min T,(1
mm( I) lGE(}Jh} P()

[0149]
The remaining reproduction time Ty(t) at the time point t is expressed by Formula 32
and Formula 33,

[Formula 32]
T, =T,{(0) =t 1 €[0,a;)
[Formula 33]

o . ‘ [: vint{E)dE , )
Tp(t) = 1,(0) = L + "i"“l":“'“‘““““*““’rz‘ L€ |a;, bl

S,

Further, the transmission ending time point b; is obtained by Formula 34. Formula 34
is derived from Formula 35. The stoppage time ; is also referred to as a transmission starting
time point because transmission of the 1" partial data v; starts at a time point that is a stoppage
time after the current time point.

[Formula 34]

g

nafLe
IV

1 ‘ ‘ 3
up(b; — a;) + §;L (bf — af) - ;j(m (bé' - a;

)S.Sg

[Formula 35]

‘z7i
/ wine(L)dl = s,
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The minimum remaining reproduction time Tyn(a) monotonically decreases in
accordance with increase of the stoppage time a;. Therefore, in a case where the minimum
remaining reproduction time Tyin(0) is smaller than a target remaining reproduction time T,
the stoppage time determining part 804 determines the stoppage time a; as 0.

[0152)

Further, in a case where the minimuim remaining reproduction time Ty;{0) is equal to
or more than the target remaining reproduction time T,, and the minimum remaining
reproduction time Tmin(Twyp) is smaller than the target remaining reproduction time T,, the
stoppage time determining part 804 determines the stoppage time a; s0 as to make the
minimum remaining reproduction time Tmw{a) coincide with the tlarget remaining
reproduction time T,.

[0153]

To be specific, the stoppage time determining part 804 calculates a minimum
remaining reproduction time Tyin(ci) with respect to each of a plurality of provisional stoppage
times ¢; different from each other within a range from a current time point (t = 0) to a
transmission ending upper bound time point (t = Ty,p), and determines the provisional
stoppage time ¢; that the minimum remaining reproduction time Tyn(c;) closest to the target
remaining reproduction time T, is calculated based on, as the stoppage time a;.

[0154]

Further, in a case where the minimum remaining reproduction time Tinl Tyyp) is larger

than the target remaining reproduction time T, the stoppage time determining part 804 sets the

transmission ending time point b; to the transmission ending upper bound time point Ty
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Moreover, the stoppage time determining part 804 determines the stoppage time a; based on
the transimission ending time point b; (= Ty) and Formula 34,
[0155]

Thus, it can be said that the stoppage time determining part 804 determines the
stoppage time a; so as lo make the remaining reproduction time T,(t) close to the target
remaining reproduction time T, in a range that the remaining reproduction time Tp(t) is kept
equal to or more than the {arget remaining reproduction time T,.

[0156]

Next, an effect produced by the delivery system 2 according to this exemplary
embodiment will be described.

Fig. 9 is a graph showing change of a remaining reproduction time in the delivery
system 2, In Fig. 9, a dashed line represents communication throughput, a dashed dotied line
represents an encoding rate, and a continuous line represents a remaining reproduction time.
[0157]

Herein, a case where data representing content that an encoding rate is 750 kbps is
transmitted is assumed. The target remaining reproduction time Tr is set to 10 seconds. The
data size of each partial data v, is a size that enables reprbdu.ction of content based on the
partial data v; for ten seconds.

[0158]

Further, in this exemplary embodiment, communication throughput relatively largely

changes as shown in Fig. 9. Even in such a case, according to the delivery system 2, it is

possible avoid that a remaining reproduction time becomes 0, and it is also possible to prevent
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a remaining reproduction time from becoming excessively large.
[0159]

On the other hand, Fig. 10 is a graph showing change of a remaining reproduction
time in a delivery system of a comparison example (a comparison delivery system). This
comparison delivery system is different from the delivery system 2 in determining a stoppage
time with the assumption that communication throughput has the same value as
communication throughput at a current time point at all times in the future.

[0160]

As shown in Fig. 10, according to this comparison delivery system, a remaining
reproduction time may become 0. That is to say. there is a relatively high probability that a
remaining reproduction time becomes excessively short and the content reproduction quality
in a client device thereby lowers excessively.

(0161}

As described above, the server device 800 according to the sixth exemplary
embodiment of the present invention can determine a stoppage time with high accuracy based
on a probability density function specified with an estimated function specification parameter.
[0162}

Further, the server device 800 according to the sixth exemplary embodiment of ‘the
present invention determines a stoppage time of a control parameter with the assumption that
communication throughput is the lower bound value of a target probability range.

[0163]

According to this, it is possible to sufficiently increase a probability that data is
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transmitted with sufficiently high communication throughput with respect to a determined
stoppage time. As a result, it is possible to sufficiently decrease a probability that the content
reproduction quality in the client device 700 excessively lowers,
[0164]

Further, the server device 800 according to the sixth exemplary embodiment of the
present invention determines a stoppage time so as to make a remaining reproduction time
close to a target remaining reproduction time in a range that the remaining reproduction time is
kept equal to or more than the target remaining reproduction time.

[0165])

According to this, it is possible to avoid that a remaining reproduction time becomes
excessively short. As a result, it is possible to more securely avoid that the content
reproduction quality 1 the client device 700 excessively lowers.

[0166]

Next, the delivery system 2 according to a modified example of the sixth exemplary
embodiment will be described. The delivery system 2 according to this modified example is
different from the delivery system 2 according to the sixth exemplary embodiment in that the
stoppage time determining method is simplified. Therefore, a description will be made below
focusing on the different point.

[0167]

The stoppage time determining part 804 according to this modified example

determines the stoppage time a; so as to make a remaining reproduction time Ty(b;) at the

transmission ending time point b;, which is a time point of ending (completing) transmission



10

L5

50
of the i partial data v;, close to the target remaining reproduction time T,.
10168]
The remaining reproduction time Ty(bi) at the transmission ending time point by is
obtained by Formula 36 derived from Formula 33.
[Formula 36]

T(b;) = TH(0) = bi + 75

[0169]

Letting a time point that the remaining reproduction time Ty(t) coincides with the
target remaining reproduction time T, be a target coincident time point b,, the target coincident
time point b, is expressed by Formula 37 derived from Formula 36.

[Formula 37]
by =T, (0) + 7 = T,

101703

First, the stoppage time determining part 804 calculates the target coincident time
point b, based on Formula 37.

Then, in a case where the target coincident time point b, has a value within a range
from 0 to the transmission ending upper bound time point Ty, the stoppage time determining
part 804 determines the target coincident time point b, as the transmission ending time point b;.
(01711

On the other hand, in a case where the target coincident time point b, does not have a
value within the range from 0 to the transmission ending upper bound time point Teyp, the

stoppage time determining part 804 determines the transmission ending upper bound time
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point Ty, as the transmission ending time point b;.
(0172]

Then, the stoppage time determining part 804 determines the stoppage time a; based
on the determined transmission ending time point b; and Formula 34. At this moment, in a case
where the stoppage time a; does not have a value within a range from 0 to the transmission
ending time point by, the stoppage time determining part 804 resets the stoppage time g; to 0.
f0173]

Thus, the stoppage time determining part 804 determines the stoppage time a; so as to
make the remaining reproduction time Tp(b;) at the transmission ending time point by close to
the target remaining reproduction time T,.

(0174}

The delivery system 2 according to this modified example can also produce actions
and effects comparable to the delivery systent 2 according to the sixth exemplary embodiment.
[0175]

Although the present invention is described above referring to the exemplary
embodiments, the present invention is not limited to the exemplary embodiments. The
configurations and details of the present invention can be modified in various manners that can
be understood by one skilled in the art within the scope of the present invention.

[0176]

For example, in each of the exemplary embodiments, the parameter estimation device

is configured to estimate a function specification parameter for specifying a probability

density function in which a random variable is communication throughput at a second time
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point later than a first time point, based on communication throughput acquired by the first
time point. However, in a modified example of each of the exemplary embodiments, the
parameter estimation device may be configured to, based on communication throughput
acquired in a certain period, estimate a function specification parameter for specifying a
probability density function in which a random variable is communication throughput at a
time point before (earlier than) the period.

[0177]

The respective functions of the parameter estimation device in each of the exemplary
embodiments are realized by the CPU’s execution of the program (software), but may be
realized by hardware such as circuits.

[0178]

Further, the program is stored in the storage device in each of the exemplary
embodiments, but may be stored in a computer-readable recording medium. For example, the
recording medium is a portable medium such as a flexible disk, an optical disk, a
magneto-optical disk, and a semiconductor memory.

[0179]

Further, as another modified example of each of the exemplary embodiments, any

combinations of the abovementioned exemplary embodiments and modified examples may be

employed.

[0180]

<Supplementary Notes>
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The whole or part of the exemplary embodiments disclosed above can be described as,
but pot limited to, the following supplementary notes.
[6181]

(Supplementary Note 1)

A parameter estimation device including:

a communication throughput acquiring means for acquiring communication
throughput that is an amount of data transmitted per unit time; and

a function specification parameter estimating means for estimating a function
specification parameter for specifying a probability density function where communication
throughput at a second time point later than a first time point is a random variable, based on
the communication throughput acquired by the first time point.

[0182]

According to this, it is possible to increase the accuracy of estimation of
communication throughput. Therefore, for example, it is possible to estimate communication
throughput with high accuracy based on a probability density function specified with an
estimated function specification parameter. Also, it is possible to determine a control
parameter such as an encoding rate with high accuracy based on a probability density function
specified with an estimated function specification parameter.

[0183]
{Supplementary Note 2)
The parameter estimation device according to Supplementary Note 1, including a

control parameter determining means for determining a control parameter used for
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transmitting data, based on the estimated function specification parameter.
[0184]

According to this, it is possible to determine a control parameter such as an encoding
rate with high accuracy.
[0185]

(Supplementary Note 3)

The parameter estimation device according to Supplementary Note 2, wherein the
control parameter determining means is configured to determine the control parameter with an
assumption that the communication throughput is an upper bound value or a lower bound
value of a target probability range, the target probability range being a range of the
communication throughput, and the target probability range being a range in which a value
obtamned by integrating the probability density function specified with the estimated function
specification parameter over the range is a target probability value that is a value of a
probability to be a target.

[0186]
(Supplementary Note 4)

The parameter estimation device according to Supplementary Note 2 or 3, wherein:

the control parameter is an encoding rate of the data to be transmitted; and

the control parameter determining means is configured to determine the encoding rate
with an assumption that the communication throughput is a lower bound value of a target
probability range, the target probability range being a range of the communication throughput,

and the target probability range being a range in which a value obtained by integrating the
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probability density function sﬁeciﬁed with the estimated function specification parameter over
the range is a target probability value that is a value of a probability to be a target.
[0187]

According to this, it is possible to sufficiently increase a probability that data is
transmitted with sufficiently high communication throughput for a determined encoding rate.
As a result, for example, in a case where a server device delivers data representing content to a
client device by streaming, it is possible to sufficiently decrease a probability that the content
reproduction quality in the client device excessively lowers.

[0188]
{Supplementary Note 5)

The parameter estimation device according to Supplementary Note 2 or 3, being
configured to alternately and repeatedly execute a transmission process of transmitting the
data representing content to a client device by streaming and a stoppage process of stopping
transmission of the data for a predetermined stoppage time, wherein:

the control parameter is the stoppage time; and

the control parameter determining means is configured to determine the stoppage
time so as to make a remaining reproduction time close to a preset target remaining
reproduction time, the remaining reproduction time being a time allowing reproduction of the
content based on an unreproduced part of the data received by the client device, with an
assumption that the communication throughput is a lower bound value of a target probability
range, the target probability range being a range of the communication throughput, and the

target probability range being a range in which a value obtained by integrating the probability
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density function specified with the estimated function specification parameter over the range is
a target probability value that is a value of a probability to be a target.
[0189]

According to this, it is possible to sufficiently increase a probability that data is
transmitted with sufficiently high communication throughput for a determined stoppage time.
As a resull, it is possible to sufficiently decrease a probability that the content reproduction
quality in the client device excessively lowers.

[6190]
(Supplementary Note 6)

The parameter estimation device according to Supplementary Note 5, wherein the
control parameter determining means is configured to determine the stoppage time in the
stoppage process to be executed next, at a time point of ending execution of the transmission
process.

[0191]
(Supplementary Note 7)

The parameter estimation device according to Supplementary Note 5 or 6, wherein
the control parameter determining means is configured to determine the stoppage time so as to
make the remaining reproduction time close to the target remaining reproduction time in a
range in which the remaining reproduction time is kept equal to or more than the target
remaining reproduction time.

10192]

According to this, it is possible to avoid that a remaining reproduction time becomes
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excessively short. As a result, it is possible to more securely avoid that the content
reproduction quality in the client device excessively lowers.
[0193]
(Supplementary Note 8)

The parameter estimation device according to any of Supplementary Notes 1 to 7,
including a communication status estimating means for estimating at least one among the
communication throughput, a time required for transmission of data to be completed, and an
amount of data that can be transmitted in a period at or after the first time point, based on the
estimated function specification parameter.

{0194]

According to this, it is possible to estimate communication throughput, a time
required for transmission of data to be completed, and/or the amount of data that can be
transmitted in a period at or after a first time point, with high accuracy based on a probability
density function specified with an estimated function specification parameter.

[0195]
(Supplementary Note 9)

The parameter estimation device according to any of Supplementary Notes 1 to 8,
wherein the probability density function is a function derived with an assumption that the

communication throughput changes so as (o perform Brownian motion.

[0196]

Change of communication throughput is well expressed by Brownian motion.
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Therefore, according to the parameter estimation device configured as described above, it is
possible to estimate communication throughput with high accuracy, and it is also possible to
determine a control parameter with high accuracy.
[0197]
{Supplementary Note 10)

The parameter estimation device according to any of Supplementary Notes 1 to 8,
wherein the probability density function is a function derived with an assumption that the
communication throughput changes so as to perform Brownian motion with drift.

[0198]

Change of communication throughput is well expressed by Brownian motion with
drift. Therefore, according to the parameter estimation device configured as described above,
it is possible to estimate communication throughput with high accuracy, and it is also possible
to determine a control parameter with high accuracy.

[0199]
(Supplementary Note 11)

The parameter estimation device according to any of Supplementary Notes | to 8,
wherein the probability density function is a function derived with an assumption that the
communication throughput changes so as to perform geometric Brownian motion.

[0200]

Change of communication throughput is well expressed by geometric Brownian

motion. Therefore, according to the parameter estimation device configured as described

above, it is possible to estimate communication throughput with high accuracy, and it is also



20

59
possible to determine a control parameter with high accuracy.
10201}
{Supplementary Note 12)

A parameter estimation method including:

acquiring communication throughput that is an amount of data transmitted per unit
time; and

estimating a function specification parameter for specifying a probability density
function where communication throughput at a second time point later than a first time point is
a random variable, based on the communication throughput acquired by the first time point.
[0202]

(Supplementary Note 13)

The parameter estimation method according to Supplementary Note 12, including
determining a control parameter used for transmitting data, based on the estimated function
specification parameter.

[0203]
(Supplementary Note 14}

The parameter estimation method according to Supplementary Note 13, including
determining the control parameter with an assumption that the communication throughput is
an upper bound value or a Jower bound value of a target probability range, the target
probability range being a range of the communication throughput, and the target probability
range being a range in which a value obtained by integrating the probability density function

specified with the estimated function specification parameter over the range is a target
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probability value that is a value of a probability to be a target.
[0204]
(Supplementary Note 15)

The parameter estimation method according to any of Supplementary Notes 12 to 14,
including estimating at least one among the communication throughput, a time required for
transmission of data to be completed, and an amount of data that can be transmitted in a period
at or after the first time point, based on the estimated function specification parameter.

[0205}]
{Supplementary Note 16)

A parameter estimation program including instructions for causing an information
processing device to perform operations including:

acquiring communication throughput that is an amount of data transmitted per unit
time; and

estimating a function specification parameter for specifying a probability density
function where communication throughput at a second time point later than a first time point is
a random variable, based on the communication throughput acquired by the first time point.
{0206}

(Supplementary Note 17)

The parameter estumation program according to Supplementary Note 16, including
instructions for causing the information processing device to further perform operations
including determining a control parameter used for transmitting data, based on the estimated

function specification parameter.
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{0207]
(Supplementary Note 18)

The parameter estimation program according to Supplementary Note 17, wherein the
operations include determining the control parameter with an assumption that the
communication throughput is an upper bound value or a lower bound value of a target
probability range, the target probability range being a range of the communication throughput,
and the target probability range being a range in which a value obtained by integrating the
probability density function specified with the estimated function specification parameter over
the range is a target probability value that is a value of a probability to be a target.

[6208]
{Supplementary Note 19)

The parameter estimation program according to any of Supplementary Notes 16 to 18,
including instructions for causing the information processing device to further perform
operations including estimating at least one among the communication throughput, a time
required for transmission of data to be completed, and an amount of data that can be
transmitted in a period at or after the first time point, based on the estimated function
specification parameter.

[0209]

The present invention is based upon and claims the benefit of priority from Japanese
patent application No. 2011-151349, filed on July 8, 2011, and Japanese patent application No.
2011-192642, filed on September 5, 2011, the disclosures of which are incorporated herein in

their entirety by reference.
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INDUSTRIAL APPLICABILITY
[0210]

The present invention can be applied to a communication throughput prediction
device that estimates communication throughput, a control parameter determination device

that determines a control parameter used for transmitting data, and so on,

DESCRIPTION OF REFERENCE NUMERALS

[0211}

I delivery system

100 communication throughput prediction device
101 communication throughput measuring part

102 drift calculating part

1603 variance calculating part

104 communication throughput predicting part
200 delivery device

201 communication throughput measuring part

202 drift calculating part

203 variance calculating part
204 rate controlling part

205 content accumulating part

206 data transmitting part
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301

302

303

304

305

306

400

401

402

500

501

502

503

600

601

602

700

701

702

703
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client device
data receiving part
content reproducing part
communication throughput measuring part
drift calculating part
variance calculating part
rate controlling part
server device
content accumulating part
data transmitting part
communication throughput prediction device
communication throughput measuring part
function specification parameter estimating part
communication throughput predicting part
parameter estimation device
communication throughput acguiring part
function specification parameter estimating part
delivery system
client device
data receiving part
buffer part

content reproducing part
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803

804

805
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server device
communication throughput measuring part
drift calculating part
variance calculating part
stoppage time determining part
content accumulating part

data transmitting part
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CLAIMS

I. A parameter estimation device comprising:

a communication throughput acquiring means for acquiring communication
throughput that 1s an amount of data transmitted per unit time; and

a function specification parameter estimating means for estimating a function
specification parameter for specifying a probability density function where communication
throughput at a second time point later than a first time point is a random variable, based on

the communication throughput acquired by the first time point.

2. The parameter estimation device according to Claim [, comprising a control
parameter determining means for determining a contro} parameter used for transmitting data,

based on the estimated function specification parameter.

3. The parameter estimation device according to Claim 2, wherein the control parameter
determining means is configured to determine the control parameter with an assumption that
the communication throughput is an upper bound value or a lower bound value of a target
probability range, the target probability range being a range of the communication throughput,
and the target probability range being a range in which a value obtained by integrating the
probability density function specified wiih the estimated function specification parameter over

the range is a target probability value that is a value of a probability to be a target.



10

15

20

66

4. The parameter estimation device according to Claim 2 or 3, wherein:

the control parameter is an encoding rate of the data to be transmitted; and

the control parameter determining means is configured to determine the encoding rate
with an assumption that the communication throughput is a lower bound value of a target
probability range, the target probability range being a range of the communication throughput,
and the target probability range being & range in which a value obtained by integrating the
probability density function specified with the estimated function specification parameter over

the range is a target probability value that is a vatue of a probability to be a target.

5. The parameter estimation device according to Claim 2 or 3, being configured to
alternately and repeatedly execute a transmission process of transmitting the data representing
content to a client device by streaming and a stoppage process of stopping transmission of the
data for a predetermined stoppage time, wherein:

the control parameter is the stoppage time; and

the control parameter determining means is configured to determine the stoppage
time so as to make a remaining ‘reproduction time close to a preset target remaining
reproduction time, the remaining reproduction time being a time allowing reproduction of the
content based on an unreproduced part of the data received by the client device, with an
assumption that the communication throughput is a lower bound value of a target probability
range, the target probability range being a range of the communication throughput, and the
target probability range being a range in which a value obtained by integrating the probability

density function specified with the estimated function specification parameter over the range is
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a target probability value that is a value of a probability to be a target.

6. The parameter estimation device according to Claim 5, wherein the control parameter
determining means is configured to determine the stoppage time in the stoppage process to be

executed next, at a time point of ending execution of the transmission process.

7. The parameter estimation device according to Claim 5 or 6, wherein the control
parameter determining means is configured to determine the stoppage time so as to make the
remaining reproduction time close to the target remaining reproduction time in a range in
which the remaining reproduction time is kept equal to or more than the target remaining

reproduction time,

8. The parameter estimation device according to any of Claims 1 to 7, comprising a
communication status estimating means for estimating at least one among the communication
throughput, a time required for transmission of data to be completed, and an amount of data
that can be transmitted in a period at or after the first time point, based on the estimated

function specification parameter.

9. The parameter estimation device according to any of Claims 1 to 8, wherein the
probability density function is a function derived with an assumption that the communication

throughput changes so as to perform Brownian motion.
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10. The parameter estimation device according to any of Claims 1 to § wherein the
probability density function is a function derived with an assumption that the communication

throughput changes so as to perform Brownian motion with drift.

1. The parameter estimation device according to any of Claims 1 {o 8, wherein the
probability density function is a function derived with an assumption that the communication

throughput changes so as to perform geometric Brownian motion.

12. A parameter estimation method comprising:

acquiring communication throughput that is an amount of data transmitted per unit
time: and

estimating a function specification parameter for specifying a probability density
function where communication throughput at a second time point later than a first time point is

a random variable, based on the conununication throughput acquired by the first time point,

3. The parameter estimation method according to Claim 12, comprising determining a
control parameier used for transmitting data, based on the estimated function specification

parameter,

i4. The parameter estimation method according to Claim 13, comprising determining the
control parameter with an assumption that the communication throughput is an upper bound

value or a lower bound value of a target probability range, the target probability range being a
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range of the communication throughput, and the target probability range being a range in
which a value obtained by integrating the probability density function specified with the
estimated function specification parameter over the range is a target probability value that is a

value of a probability to be a target.

IS, The parameter estimation method according to any of Claims 12 to 14, comprising
estimating at least one among the communication throughput, a time required for transmission
of data to be completed, and an amount of data that can be transmitted in a period at or afler

the first time point, based on the estimated function specification parameter.

16. A parameter estimation program comprising instructions for causing an information
processing device to perform operations including:

acquiring communication throughput that is an amount of data transmitted per unit
time; and

estimating a function specification parameter for specifying a probability density
function where communication throughput at a second time point later than a first time point is

a random variable, based on the communication throughput acquired by the first time point,

17. The parameter estimation program according to Claim 16, comprising instructions for
causing the information processing device to further perform operations including determining
a control parameter used for transmitting data, based on the estimated function specification

parameter.
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18. The parameter estimation program according to Claim 17, wherein the operations
include determining the confrol parameter with an assumption that the communication
throughput is an upper bound value or a lower bound value of a target probability range, the
target probability range being a range of the communication throughput, and the target
probability range being a range in which a value obtained by integrating the probability
density function specified with the estimated function specification parameter over the range is

a targel probability value that is a value of a probability to be a target.

i9. The parameter estimation program according to any of Claims 16 to 18, comprising
instructions for causing the information processing device to further perform operations
including estimating at least one among the communication throughput, a time required for
transmission of data to be completed, and an amount of data that can be transmitted in a period

at or after the first time point, based on the estimated function specification parameter,



