wo 20197012740 A1 | 0K 00 RO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual P <
O remiation = OO 000 R 0
International Bureau —/) (10) International Publication Number
(43) International Publication Date = WO 2019/012740 A1

17 January 2019 (17.01.2019) WIPO|PCT

(51) International Patent Classification: Tokyo, 1058001 (JP). AISU Hideyuki; ¢/o IP Div. Toshiba
GO05B 13/04 (2006.01) GOS5SB 15/02 (2006.01) Corp.(K.K.TOSHIBA) 1-1, Shibaura 1-chome, Minato-ku,

(21) International Application Number: Tokyo, 1058001 (JP).

PCT/JP2018/011001 (74) Agent: NAGAI Hiroshi et al.; Kyowa Patent & Law Of-
fice, Nippon Life Marunouchi Building, 1-6-6, Marunouchi,

(22) International Filing Date: Chiyoda-ku, Tokyo, 1000005 (JP).

20 March 2018 (20.03.2018)
(81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

(25) Filing Language: English

(30) Priority Data:

2017-135661 11 July 2017 (11.07.2017) JP HR, HU, ID, IL, IN, IR, IS, JO, KE, KG, KH, KN, KP, KR,
(71) Applicant: KABUSHIKI KAISHA TOSHIBA [JP/JP]; KW,KZ,LA,LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
1-1, Shibaura 1-chome, Minato-ku, Tokyo, 1058001 (JP). MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,

. . PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(72) Imventors: IWAMASA Mikito; c/o I[P Div. Toshiba

Corp.(K.K.TOSHIBA) 1-1, Shibaura 1-chome, Minato-ku,

(54) Title: OPERATION RULE EXTRACTION DEVICE, OPERATION RULE EXTRACTION SYSTEM, AND OPERATION
RULE EXTRACTION METHOD

[Fig. 7]

START

[

SELECT ONE FROM AMONG
COMBINATIONS OF A PLURALITY L. 511
2

OF CONTROL INPUT VARIABLES

Sl
SELECTED <
COMBINATION IS INCLUDED IN
OPERATION DATA?

YES

S13
S14 S15

YES

‘ EXECUTE TRIAL OPERATION % } EXECUTE SIMULATION
1 T

)
‘ UPDATE CONFIDENCE DEGREE ‘\‘516

S17
OPTIMAL OPERATION
POINT IS OBTAINED?

YES

EXTRACT OPTIMAL 518
OPERATION RULE

(57) Abstract: An operation rule extraction device includes a combination generation unit; a recording unit, a simulation unit, a trial
operation unit, an optimal point search unit, and an operation rule extraction unit. The combination generation unit identities variable
ranges of a plurality of control input variables, and generates a combination of the plurality of control input variables. The recording
unit associates a plurality of pieces of information including an external condition provided to the target device, a combination of a
plurality of control input variables, an output value of the target device, and a confidence degree, and records a plurality of such sets.
The simulation unit performs simulation of the target device, based on an external condition and a combination of a plurality of control
input variables. The trial operation unit performs trial operation of the target device. The optimal point search unit searches for an
optimal operation point.
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Description

Title of Invention: OPERATION RULE EXTRACTION DEVICE,

[0001]

[0002]

[0003]

[0004]

OPERATION RULE EXTRACTION SYSTEM, AND

OPERATION RULE EXTRACTION METHOD
Technical Field

An embodiment relates to an operation rule extraction device, an operation rule

extraction system, and an operation rule extraction method.

Background Art

Inconsistency between a target device and a simulation model thereof occurs due
to various causes. Hence, it is not easy to specify an optimal operation point of the
target device during operation thereof even if the simulation model is used. For
example, it is not easy to grasp whether the above-mentioned inconsistency has
occurred due to a deviation of a characteristic value of the simulation model or an error
in the simulation model itself (refer to JP 2006-48474 and "Bayesian calibration of
computer models (with discussions)”, Kennedy, M. C. and O'Hagan, A., Journal of
the Royal Statistical Society B (2001), 63, pages 425-464).

Summary

An embodiment provides an operation rule extraction device, an operation rule
extraction system, and an operation rule extraction method that are capable of ex-
tracting an optimal operation point for a target device and an operation rule for the
same in a simple and accurate manner.

An operation rule extraction device according to the present embodiment
includes: a combination generation unit; at least one of a simulation unit and a trial
operation unit; an optimal point search unit; and an operation rule extraction unit. The
combination generation unit generates, from within expanded ranges obtained by
expanding variable ranges of a plurality of control input variables input to a target
device, a combination of the plurality of control input variables. The simulation unit
performs simulation of the target device, based on an external condition input to the
target device and the combination of the plurality of control input variables. The trial
operation unit performs trial operation of the target device, based on the external
condition and the combination of the plurality of control input variables. The optimal
point search unit searches for an optimal operation point for operation of the target
device, based on at least one of: a result of the simulation of the target device by the
simulation unit; and a result of the trial operation of the target device by the trial
operation unit. The operation rule extraction unit extracts an operation rule that is in

accordance with the optimal operation point.
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Brief Description of Drawings

[0005] [fig.1]Fig. 1 is a block diagram illustrating a schematic configuration of an operation
rule extraction system according to one embodiment;

[fig.2]Fig. 2 is a diagram describing in-processing operations of a simulation unit;
[fig.3]Fig. 3 is a diagram describing in-processing operations of a posterior distribution
calculation unit;

[fig.4]Fig. 4 is a flowchart illustrating one example of in-processing operations of a
combination generation unit;

[fig.5]Fig. 5 is a diagram illustrating one example of an expanded distribution
estimated in Step S2 of Fig. 4;

[fig.6]Fig. 6 is a diagram illustrating one example of a recording format of a recording
unit;

[fig.7]Fig. 7 is a flowchart illustrating one example of in-processing operations of an
operation rule extraction unit;

[fig.8]Fig. 8 is a diagram illustrating an example of a search for an optimal operation
point of an air-conditioning system;

[fig.9]Fig. 9 is a diagram illustrating a first example of a screen displayed on a display
device; and

[fig.10]Fig. 10 is a diagram illustrating a second example of a screen displayed on the
display device.

Description of Embodiments

[0006] The following provides a description of an embodiment, with reference to the
drawings. Note that in the present description and the attached drawings, description
and illustration of some constituent parts are omitted, changed, or simplified for ease
of understanding and for convenience of illustration. However, the present em-
bodiment should be construed to also include matters that can be expected to have
functions similar to the matters described and illustrated.

[0007] Fig. 1 is a block diagram illustrating a schematic configuration of an operation
rule extraction system 2 including an operation rule extraction device 1 according to
one embodiment. The operation rule extraction system 2 illustrated in Fig. 1 includes
the operation rule extraction device 1, a plurality of sensors 3, an initial condition
setting unit 4, and a display device 5. The plurality of sensors 3 are provided for
monitoring the operation state of a target device 6, and operation data detected by the
plurality of sensors 3 are input to the operation rule extraction device 1. For example,
the temperature and humidity at the inside or the surroundings of the target device 6,
etc., are included in the operation data. The specific contents of the operation data,

however, are not particularly limited. In the present embodiment, an assumption is
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made that the operation data also includes data input to the target device 6, con-
figuration values internal to the target device 6, and output values of the target device
6.

For example, the target device 6 is an air-conditioning system. However, the
specific type of the target device 6 is not particularly limited. In the following, the
target device 6 is regarded as an air-conditioning system, and description is provided of
an example in which the operation rule extraction device 1 extracts an operation rule
with which power consumption of the air-conditioning system can be reduced as much
as possible, in accordance with an external condition, control input variables, etc.

The initial condition setting unit 4 supplies, to the operation rule extraction
device 1, an initial model of a simulation model of the target device 6 and an initial
condition, such as a probability distribution of a model variable of the initial
model. The specific contents of the initial condition, also, are not particularly
limited. Further, the initial condition setting unit 4 may be output data from a plurality
of devices.

The display device 5 is provided for displaying output result from the operation
rule extraction device 1, but may be omitted. For example, optimal operation rules of
the target device 6 extracted by the operation rule extraction device 1, etc., are
displayed on the display device 5.

Next, the internal configuration of the operation rule extraction device 1 will be
described below. The operation rule extraction device 1 illustrated in Fig. 1 includes a
combination generation unit 11, a recording unit 12, at least one of a simulation unit 13
and a trial operation unit 14, an optimal point search unit 15, an operation rule ex-
traction unit 16, and a posterior distribution calculation unit 17. Note that the
operation rule extraction device 1 may internally include constituent units other than
those illustrated in Fig. 1. Also, two or more of the constituent units illustrated in Fig.
1 may be integrated into one.

The combination generation unit 11 identifies variable ranges of a plurality of
control input variables input to the target device 6, and generates, from within
expanded ranges obtained by expanding the variable ranges, a combination of the
plurality of control input variables. Specifically, the combination generation unit 11
generates all combinations covering every combination of the plurality of control input
variables.

The recording unit 12 associates, as one set, a plurality of pieces of information
including an external condition provided to the target device 6, a combination of a
plurality of control input variables input to the target device 6, an output value of the
target device 6, and a confidence degree indicating the certainty of the output value,

and records a plurality of such sets. The plurality of pieces of information associated
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as one set may include a model variable for identifying a simulation model of the
target device 6. Further, the plurality of pieces of information associated as one set
may include information for making a distinction between an actually-measured value,
a simulation result, and a trial operation result. The recording unit 12 is not always a
necessary constituent element. For example, a mathematical formula representing the
correspondence between the data items recorded in the recording unit 12 may be
prepared, and the plurality of sets of data as described above may be generated by
providing the mathematical formula with input parameters and performing com-
putation of the mathematical formula.

The simulation unit 13 performs simulation of the target device 6, based on an
external condition and a combination of a plurality of control input
variables. Specifically, the simulation unit 13 performs simulation of the target device
6 while taking into consideration a modelling error and a probability distribution of a
model variable, and outputs an output value indicating a result of the simulation, along
with a confidence degree indicating the certainty of the output value.

The trial operation unit 14 performs trial operation of the target device 6, based
on an external condition and a combination of a plurality of control input
variables. The term "trial operation" indicates that the target device 6 is actually
operated. The trial operation unit 14 outputs an output value indicating a result of the
trial operation of the target device 6, along with a confidence degree.

The optimal point search unit 15 searches for an optimal operation point for
operation of the target device 6, based on at least one of a result of simulation of the
target device 6 by the simulation unit 13, and a result of trial operation of the target
device 6 by the trial operation unit 14.

The operation rule extraction unit 16 extracts an operation rule corresponding to
an optimal operation point, based on a result of a search by the optimal point search
unit 15. For example, the operation rule so extracted is displayed on the display device
5. The display form of the operation rule displayed on the display device 5 is not par-
ticularly limited.

Next, detailed description is provided of the in-processing operations of the
simulation unit 13 and the optimal point search unit 15. Given that: y denotes
operation data (observation data) of the target device 6; n(x, 0) denotes a simulation
model (calculation model) of the target device 6; 6(x) denotes a modelling error; £(x)
denotes an observation error; and 0 denotes an uncertain parameter in the simulation
model, the following expression (1) holds true.

y(x) =n(x,0) + 6(x) + e(x) ...(1)
The modelling error 6(x) is an error portion that remains after calibration using

the simulation model n(x) is performed with respect to the observation data. The
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modelling error 0(x) is generated when the simulation model n(x) itself is not
consistent with the actual process, or when there is an unexpected fluctuation factor.

Here, the calibration is processing for concurrently estimating the uncertain
parameter O and the modelling error 8(x) that provide a good explanation of the ob-
servation data y, when the model n(x) and the observation data y = (y(x1), ..., y(xn))
are provided. The uncertain parameter O is a model variable.

As the detailed procedure for concurrently estimating the uncertain parameter 0 and
the modelling error 6(x) from the observation data y, a publicly-known algorithm, for
example, may be used.

Fig. 2 is a diagram describing in-processing operations of the simulation unit
13. When provided with a prior distribution p(0) of the model variable 0, the
simulation unit 13 performs simulation by using the simulation model n(x), in ac-
cordance with the prior distribution, and calculates a predictive value (output value) of
observation data y(x) and a confidence degree (0-100) of the predictive value while
taking into consideration the modelling error and the observation error. For example,
the confidence degree is calculated by using a predictive distribution of the predictive
value.

The optimal point search unit 15 compares observation data and a result of
simulation by the simulation unit 13, and corrects (updates) the model variable so that
the observation data and the result of the simulation are consistent. When values of the
model variable form a probability distribution, the optimal point search unit 15 corrects
the probability distribution while performing simulation. This correction is the cal-
ibration. In the calibration, provided that a before-correction probability distribution
(prior distribution) of the model variable, which is an uncertain parameter, is denoted
as p(0), simulation is repeated while correcting the probability distribution so that the
observation data is consistent with the result of the simulation, whereby a posterior dis-
tribution p(Oly) of the model variable is finally determined.

Fig. 3 is a diagram describing in-processing operations of the posterior dis-
tribution calculation unit 17. When the prior condition p(0) of the model variable 0
and an observation value d are provided and simulation is performed by the simulation
unit 13 in accordance with the distribution p(0), a predictive distribution of output
values can be obtained. The posterior distribution calculation unit 17 compares this
predictive distribution of output values with the observation value d, and estimates a
posterior distribution p(0ld) of the model variable 0 by performing inverse calculation
so that the predictive distribution and the observation value d are consistent.

For example, a Markov chain Monte Carlo method (MCMC) is used as the
inverse calculation for calculating a posterior distribution in the present em-

bodiment. In an MCMC, values of the parameter 0, which are the model variable, are
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randomly selected in accordance with the prior distribution, and simulation is repeated
while updating the selection of the next parameter 0 from a comparison between the
simulation result and observation data. As a result, a posterior distribution is obtained
when a selection history of the parameter O is expressed as a histogram. Following
this, the simulation unit 13 performs simulation by using the posterior distribution of
the model variable. Hence, simulation accuracy can be enhanced by repeating
simulation by the simulation unit 13 and the calculation of a posterior distribution of
the model variable by the posterior distribution calculation unit 17.

Next, the in-processing operations of the combination generation unit 11 will be
described below. Fig. 4 is a flowchart illustrating one example of in-processing op-
erations of the combination generation unit 11. First, a variable range of a current
control input variable is identified from operation data (Step S1). Next, a distribution
obtained by expanding the identified variable range (referred to hereinafter as an
"expanded distribution") is estimated in order to perform a more optimal search for an
operation point (Step S2). For example, the estimation of the expanded distribution is
performed by using the on-design variable range of the control input
variable. Alternatively, the expansion may be performed based on a frequency
graph. Then, all combinations of control input variables are generated based on
expanded distributions (Step S3).

Fig. 5 is a diagram illustrating one example of an expanded distribution estimated
in Step S2 in Fig. 4. In Fig. 5, values of a control input variable (e.g., supply air tem-
perature) are presented on the horizontal axis, and frequency is presented on the
vertical axis. The left side of Fig. 5 is a graph obtained by expressing a value range of
a current control input variable as a frequency distribution, based on operation
data. The right side of Fig. 5 is a curve of an expanded distribution estimated based on
the frequency distribution.

Fig. 6 is a diagram illustrating one example of a recording format of the
recording unit 12. In the example illustrated in Fig. 6, the recording unit 12 associates,
as one set, a plurality of pieces of information including external conditions, model
variables, control input variables, an output value, a flag, and a confidence degree, and
records a plurality of such sets. For example, the external conditions include ambient
temperature Ta and relative humidity Rh. For example, the model variables include 01
and 02. For example, the control input variables include supply air temperature SAT
and cooling water temperature CWT. For example, the output value is output power
Pow of the target device 6. The flag is information distinguishing whether each set
including a plurality of pieces of information is a simulation result S, a result obtained
through interpolation calculation of values of other sets, real operation data R, or a trial

operation result T. The confidence degree is a numeric value from O to 100, and the
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greater the numerical value, the higher the confidence degree. In the example il-
lustrated in Fig. 6, real operation data R is provided with a confidence degree of 100, a
simulation result S and a trial operation result T are each provided with a confidence
degree of 23.5, and an interpolation calculation result I is provided with a confidence
degree of 10. However, these values are mere examples of confidence degrees and
may be arbitrarily changed.

Fig. 7 is a flowchart illustrating one example of in-processing operations of the
operation rule extraction unit 16. First, one combination of a plurality of control input
variables is selected (Step S11). Here, a combination still remaining unselected is
selected. Next, a determination is performed of whether the selected combination is
included in operation data (Step S12). If the selected combination is not included in
the operation data, a determination is performed of whether or not trial operation of the
target device 6 can be performed by using the selected combination (Step S13).

The ranges of control input variables with which trial operation of the target
device 6 can be performed are limited, and there may be cases in which the com-
bination of the plurality of control input variables selected in Step S11 is beyond the
ranges with which the trial operation of the target device 6 can be performed. Hence,
when it is determined in Step S13 that trial operation can be performed, trial operation
of the target device 6 is performed by the trial operation unit 14 by using the com-
bination selected in Step S11 (Step S14). Meanwhile, when it is determined in Step
S13 that trial operation cannot be performed, simulation is performed by the simulation
unit 13 by using the combination selected in Step S11 (Step S15).

Next, when it is determined in Step S12 that the selected combination is included
in the operation data or when processing in Step S14 or S15 is completed, a confidence
degree is updated (Step S16). For example, when it is determined in Step S12 that the
selected combination is included in the operation data, the confidence degree of the
output value for the combination is set to maximum. Further, when trial operation of
the target device 6 is performed in Step S14, updating is performed to a confidence
degree for when trial operation has been performed.

Further, when simulation of the target device 6 is performed in Step S15, updating is
performed to a confidence degree for when simulation has been performed.

Subsequently, a determination is made of whether or not an optimal operation
point of the target device 6 has been obtained (Step S17). The determination of
whether an operation point is optimal is performed in accordance with output values
and confidence degrees. For example, when the output value is power consumption, a
combination having as low an output value as possible and as high a confidence degree
as possible, while satisfying a predetermined external condition, is selected.

When an optimal operation point has not yet been obtained, the processing in
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Step S11 and on is repeated. When an optimal operation point has been obtained, the
operation rule in that case is extracted (Step S18).

Fig. 8 is a diagram illustrating an example of a search for an optimal operation
point of an air-conditioning system. Fig. 8 illustrates an example in which: summer
(August) in Tokyo; and an indoor temperature setting of 24 degrees are set as external
conditions. In Fig. 8, the correspondence between supply air temperature, cooling
water temperature, and air-conditioning power amount is illustrated by using a three-
dimensional graph. This graph can be obtained by combining real operation data, trial
operation results, and simulation results. Meanwhile, curves cbl to cb3 shown in the
right side of Fig. 8§ indicate the correspondence between supply air temperature and air-
conditioning power amount. The curve cbl indicates the characteristics of a whole
building air-conditioning system (chiller), the curve cb2 indicates the characteristics of
an individual air-conditioning system (variable refrigerant flow (VRF)), and the curve
cb3 indicates the characteristics of the entire air-conditioning system in which the
whole building air-conditioning system and the individual air-conditioning system are
combined. For example, a valley-part of the curve cb3 is extracted as an optimal
operation rule.

By using the graph and curves cbl to cb3 shown in Fig. §, the following result
can be obtained for example: when it is summer in Tokyo and the indoor temperature
setting is set to 24 degrees, power consumption can be suppressed to the greatest extent
by setting supply air temperature to 24 degrees and cooling water temperature to 8
degrees.

Fig. 9 is a diagram illustrating a first example of a screen displayed on the display
device 5. The screen illustrated in Fig. 9 is a screen for executing the calibration
mentioned above. The screen illustrated in Fig. 9 shows tabs tb1 to tb3 for selecting
evaluation variables, which are output values of the target device 6, a data load button
bl for providing an instruction to load detection data of the plurality of sensors 3, a
check button ck1 for selecting a desired model variable (model parameter) from among
a list of model variables of the target device 6, an execution button b2 for providing an
instruction to start the calibration, a graph gl showing a result of the calibration, and a
posterior distribution g2 of the model variable.

In the list of model variables, the respective model variables are displayed in
sorted state in the order of greater influence on the output value of the target device 6,
by sensitivity analysis being performed. When a user selects a desired model variable
from among the sorted model variables, a posterior distribution of the selected model
variable is displayed.

Fig. 10 is a diagram illustrating a second example of a screen displayed on the

display device 5. In the screen illustrated in Fig. 10, a list of control variables and a
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list of conditional variables are displayed in synchronized state, with respect to an
evaluation variable, which is an output value of the target device 6. Further, the screen
illustrated in Fig. 10 is provided with a check button ck2 for selecting a desired control
variable from among the list of control variables, a check button ck3 for selecting a
desired conditional variable from among the list of conditional variables, a data load
button b1 for providing an instruction to load detection data of the plurality of sensors
3, a history load button b3 for loading history information of simulation results, and an
execution button b2.

When a desired control variable and conditional variable are selected and the
execution button b2 is selected, a combination table of the selected control variable and
conditional variable is displayed. A causal relationship between the control variable
and the conditional variable can be grasped by using this combination table.

Hence, in the present embodiment, a combination of a plurality of control input
variables is generated from within expanded ranges obtained by expanding variable
ranges of the plurality of control input variables, updating of an output value and a
confidence degree in the recording unit 12 is performed based on at least one of a
result of simulation of the target device 6 by the simulation unit 13 and a result of trial
operation of the target device 6, which are performed based on the generated com-
bination and an external condition, and an operation rule of the target device 6 is
extracted. Accordingly, an optimal operation rule of the target device 6 can be
identified with high accuracy and by performing simulation a small number of times.

According to the present embodiment, variable ranges of a plurality of control
input variables can be expanded as necessary from operation data of the target device
6. Further, a combination of a plurality of control input variables can be acquired from
within the expanded ranges through design of experiments, for example.

Further, according to one embodiment, calibration can be performed based on a
result of simulation of the target device 6 and a result of trial operation of the target
device 6, and a modeling error and a posterior distribution of a model variable of a
simulation model can be determined. Further, due to a search for an optimal operation
point being performed while taking into consideration a confidence degree obtained
based on the posterior distribution, an optimal operation rule of the target device 6 can
be extracted accurately.

Hence, due to a stochastic calculation in which the operation state of the target
device 6 is reflected being performed in the present embodiment, accuracy of a
response phase can be evaluated in advance and an optimal operation rule taking
accuracy information in consideration can be extracted. In particular, in the present
embodiment, after inconsistency of a simulation model with respect to the real

operation state is corrected, an optimal operation rule can be extracted by performing
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simulation for the minimum necessary number of times while making good use of real
operation data.

At least a part of the operation rule extraction device 1 described in the above-
described embodiment may be configured by using hardware or by using software. In
configuration with software, a program realizing at least a part of the functions of the
operation rule extraction device 1 may be stored to a recording medium such as a
flexible disk or a CD-ROM, and may be executed by having a computer load the
program. The recording medium is not limited to an attachable/detachable recording
medium such as a magnetic disk or an optimal disk, and may be a fixed-type recording
medium such as a hard disk device or a memory.

Further, a program realizing at least a part of the functions of the operation rule
extraction device 1 may be distributed over a communication line (including wireless
communication) such as the Internet. Further, the program, in encrypted, modulated,
and/or compressed state, may be distributed over a wired line or a wireless line such as
the Internet, or may be distributed by being stored to a recording medium.

Several embodiments of the present invention have been described. These em-
bodiments, however, are presented as examples and are not intended to limit the scope
of the invention. These novel embodiments can be implemented in other various
forms, and various omissions, replacements, and alterations may be carried out without
departing from the gist of the invention. These embodiments as well as modifications
thereof are included in the scope and gist of the invention, and are included in the
range of the inventions as set forth in the claims and the range of equivalents thereof.
Reference Signs List

1 Operation rule extraction device
Operation rule extraction system
Sensor
Initial condition setting unit
Display device

Target device

— N L B W

1 Combination generation unit
12 Recording unit

13 Simulation unit

14 Trial operation unit

15 Optimal point search unit

16  Operation rule extraction unit

17 Posterior distribution calculation unit
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Claims

An operation rule extraction device comprising:

a combination generation unit that generates, from within expanded
ranges obtained by expanding variable ranges of a plurality of control
input variables input to a target device, a combination of the plurality of
control input variables;

at least one of: a simulation unit that performs simulation of the
target device, based on an external condition input to the target device
and the combination of the plurality of control input variables; and a
trial operation unit that performs trial operation of the target device,
based on the external condition and the combination of the plurality of
control input variables;

an optimal point search unit that searches for an optimal operation
point for operation of the target device, based on at least one of: a result
of the simulation of the target device by the simulation unit; and a
result of the trial operation of the target device by the trial operation
unit; and

an operation rule extraction unit that extracts an operation rule that
is in accordance with the optimal operation point.

The operation rule extraction device according to claim 1, wherein

the combination generation unit identifies the variable ranges of the
plurality of control input variables, based on at least one of: data input
to the target device when the target device is actually operated; and
data acquired by a sensor that performs sensing of an inside or sur-
roundings of the target device.

The operation rule extraction device according to claim 1 or claim
2, comprising

a recording unit that records a plurality of pieces of information in
associated state as one set and stores a plurality of the sets, the plurality
of pieces of information including: an external condition input to the
target device; a combination of the plurality of control input variables;
an output value of the target device; and a confidence degree indicative
of the certainty of the output value, wherein

the simulation unit performs the simulation of the target device,
based on the combination of the plurality of control input variables and
the external condition that are recorded in the recording unit, and

the trial operation unit performs the trial operation of the target
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device, based on the combination of the plurality of control input
variables and the external condition that are recorded in the recording
unit.

The operation rule extraction device according to claim 3, wherein

the plurality of pieces of information recorded in associated state in
the recording unit include a model variable for identifying a simulation
model of the target device,

the operation rule extraction device comprises a posterior dis-
tribution calculation unit that, when the simulation unit performs
simulation of the target device, updates the model variable so that a
result of the simulation coincides with observation data and calculates a
posterior distribution, the posterior distribution being a probability dis-
tribution of the model variable after the update, and

the simulation unit performs the simulation of the target device,
based on the posterior distribution and the model variable updated by
the posterior distribution calculation unit and updates the output value
and the confidence degree stored in the recording unit by using the
result of the simulation.

The operation rule extraction device according to claim 4, wherein
the posterior distribution calculation unit calculates a modeling
error of the simulation model and updates the model variable and cal-

culating the posterior distribution.

The operation rule extraction device according any one of claims 3
through 5, wherein

the plurality of pieces of information recorded in associated state in
the recording unit includes: identification information for making a dis-
tinction between: operation data of the target device; a result of
simulation by the simulation unit; a result of trial operation by the trial
operation unit; and a result obtained by performing interpolation cal-
culation of values of two or more sets, and

the confidence degree is a value in accordance with the identi-
fication information.

The operation rule extraction device according to claim 6, wherein

the optimal point search unit comprises:

a first determination unit that determines whether or not the com-
bination of the control input variables is included in operation data of
the target device;

a second determination unit that, when the combination of the
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control input variables is determined as not being included in the
operation data, determines whether or not trial operation of the target
device is possible;

a confidence degree optimal point search unit that, when the second
determination unit determines that trial operation is possible, updates
the corresponding confidence degree recorded in the recording unit,
based on the result of the trial operation of the target device performed
by the trial operation unit, and when the second determination unit de-
termines that trial operation is impossible, updates the corresponding
confidence degree recorded in the recording unit, based on the result of
the simulation by the simulation unit; and

an optimal operation point judgment unit that performs a judgment
of optimal operation point or not, based on the confidence degree
updated by the confidence degree optimal degree search unit.

The operation rule extraction device according to claim 7, wherein

the optimal point search unit, when the first determination unit de-
termines that the combination of the plurality of control input variables
is included in the operation data, updates the corresponding confidence
degree recorded in the recording unit to a higher value.

An operation rule extraction system comprising:

an operation rule extraction device;

a plurality of sensors that each supply, as part of operation data,
different sensing data to the operation rule extraction device; and

an initial condition setting unit that provides the operation rule ex-
traction device with an initial condition, wherein

the operation rule extraction device comprises:

a combination generation unit that generates, from within expanded
ranges obtained by expanding variable ranges of a plurality of control
input variables input to a target device, a combination of the plurality of
control input variables;

at least one of: a simulation unit that performs simulation of the
target device, based on an external condition input to the target device
and the combination of the plurality of control input variables; and a
trial operation unit that performs trial operation of the target device,
based on the external condition and the combination of the plurality of
control input variables;

an optimal point search unit that searches for an optimal operation

point for operation of the target device, based on at least one of: a result
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of the simulation of the target device by the simulation unit; and a
result of the trial operation of the target device by the trial operation
unit; and

an operation rule extraction unit that extracts an operation rule that
is in accordance with the optimal operation point.

The operation rule extraction system according to claim 9, wherein

the combination generation unit identifies the variable ranges of the
plurality of control input variables, based on at least one of: data input
to the target device when the target device is actually operated; and
data acquired by a sensor that performs sensing of an inside or sur-
roundings of the target device.

The operation rule extraction system according to claim 9 or claim
10, comprising

a recording unit that records a plurality of pieces of information in
associated state as one set and stores a plurality of the sets, the plurality
of pieces of information including: an external condition input to the
target device; a combination of the plurality of control input variables;
an output value of the target device; and a confidence degree indicative
of the certainty of the output value, wherein

the simulation unit performs the simulation of the target device,
based on the combination of the plurality of control input variables and
the external condition that are recorded in the recording unit, and

the trial operation unit performs the trial operation of the target
device, based on the combination of the plurality of control input
variables and the external condition that are recorded in the recording
unit.

The operation rule extraction system according to claim 11,
wherein

the plurality of pieces of information recorded in associated state in
the recording unit include a model variable for identifying a simulation
model of the target device,

The operation rule extraction system comprises a posterior dis-
tribution calculation unit that, when the simulation unit performs
simulation of the target device, updates the model variable so that a
result of the simulation coincides with observation data and calculates a
posterior distribution, the posterior distribution being a probability dis-
tribution of the model variable after the update, and

the simulation unit performs the simulation of the target device,
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based on the posterior distribution and the model variable updated by
the posterior distribution calculation unit and updates the output value
and the confidence degree stored in the recording unit by using the
result of the simulation.

The operation rule extraction system according to claim 12,
wherein

the posterior distribution calculation unit calculates a modeling
error of the simulation model and updates the model variable and cal-
culating the posterior distribution.

The operation rule extraction system according any one of claims
11 through 13, wherein

the plurality of pieces of information recorded in associated state in
the recording unit includes: identification information for making a dis-
tinction between: operation data of the target device; a result of
simulation by the simulation unit; a result of trial operation by the trial
operation unit; and a result obtained by performing interpolation cal-
culation of values of two or more sets, and

the confidence degree is a value in accordance with the identi-
fication information.

The operation rule extraction system according to claim 14,
wherein

the optimal point search unit comprises:

a first determination unit that determines whether or not the com-
bination of the control input variables is included in operation data of
the target device;

a second determination unit that, when the combination of the
control input variables is determined as not being included in the
operation data, determines whether or not trial operation of the target
device is possible;

a confidence degree optimal point search unit that, when the second
determination unit determines that trial operation is possible, updates
the corresponding confidence degree recorded in the recording unit,
based on the result of the trial operation of the target device performed
by the trial operation unit, and when the second determination unit de-
termines that trial operation is impossible, updates the corresponding
confidence degree recorded in the recording unit, based on the result of
the simulation by the simulation unit; and

an optimal operation point judgment unit that performs a judgment
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of optimal operation point or not, based on the confidence degree
updated by the confidence degree optimal degree search unit.

The operation rule extraction system according to claim 15,
wherein

the optimal point search unit, when the first determination unit de-
termines that the combination of the plurality of control input variables
is included in the operation data, updates the corresponding confidence
degree recorded in the recording unit to a higher value.

An operation rule extraction method comprising:

generating, from within expanded ranges obtained by expanding
variable ranges of a plurality of control input variables input to a target
device, a combination of the plurality of control input variables;

at least one of: performing simulation of the target device, based on
an external condition input to the target device and the combination of
the plurality of control input variables; and performing trial operation
of the target device, based on the external condition and the com-
bination of the plurality of control input variables;

searching for an optimal operation point for operation of the target
device, based on at least one of: a result of the simulation of the target
device; and a result of the trial operation of the target device; and

extracting an operation rule that is in accordance with the optimal
operation point.

The operation rule extraction method according to claim 17,
wherein

the generating the combination identifies the variable ranges of the
plurality of control input variables, based on at least one of: data input
to the target device when the target device is actually operated; and
data acquired by a sensor that performs sensing of an inside or sur-
roundings of the target device.

The operation rule extraction method according to claim 17 or
claim 18, comprising

recording, into a recording unit, a plurality of pieces of information
in associated state as one set and stores a plurality of the sets, the
plurality of pieces of information including: an external condition input
to the target device; a combination of the plurality of control input
variables; an output value of the target device; and a confidence degree
indicative of the certainty of the output value, wherein

the performing the simulation performs the simulation of the target
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device, based on the combination of the plurality of control input
variables and the external condition that are recorded in the recording
unit, and

the trial operation of the target device is performed, based on the
combination of the plurality of control input variables and the external
condition that are recorded in the recording unit.

The operation rule extraction method according to claim 19,
wherein

the plurality of pieces of information recorded in associated state in
the recording unit include a model variable for identifying a simulation
model of the target device,

the method comprises, when the simulation of the target device is
performed, updating the model variable so that a result of the
simulation coincides with observation data and calculating a posterior
distribution, the posterior distribution being a probability distribution of
the model variable after the update, and

the simulation of the target device is performed, based on the
posterior distribution and the updated model variable to update the
output value and the confidence degree stored in the recording unit by

using the result of the simulation.



1/8

PCT/JP2018/011001

WO 2019/012740

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

oN|

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

LINA NOILDVY1X3 m
o] 31NY NOILYY3dO | Ting| oAV
| NOILYY3dO w

m S |

G 1~ LINN HOY¥3S INIOd TYWILJO| (
IYAIANYD IVAIONYD € 319VIYVA TIAOW /1 Jm
NOILYNTYAZ LXIN NOLLVNTVAILXAN (40 NOLLNEILSIA w |
LINN HOHT SRS [ INANOILYINITYD |
p1~{ NOILY¥3do LINA NOLLYINWIS NolLnglgLsia |
WYL YOINILSOd i
1N |
LNdNITOYINOD| 4 - Loy moz.“_%%% 1300w 13A0W |
T1gviavA LnaNi | 3NV S1EYINYA O NOLLY TS NOLLYINWIS |
F19VIdVA T3AOW LNdNI 1NdIN0 m ..............................................

m LINN ONILLIS

LINAYONIQE003d ‘T18vivA 13aow| NOLIANOD TWLLINI
) m w
LNdNI TOHINOD cl m b
J19VIYVA LNdNI | m
||~ zo_m@ﬂmZMo [ | SYOSNIS mww\wﬁ
NOLLYNIGWOS VIVANOLVYIO | | -




WO 2019/012740

[Fig. 2]

2/8

PCT/JP2018/011001

MODEL VARIABLE
PRIOR DISTRIBUTION O%EEB;TC\#VLEU -
p(0) y(x)=n(x,0)+&(x)+ e(x) DISTRIBUTION
{ \ —_— SIMULATION —_— / \
X Y
[Fig. 3]
MODEL VARIABLE
PRIOR DISTRIBUTION OUTPUT VALUE
B PREDICTIVE
p(6) y(x)=n(x,0)+8(x)+ e(x) DISTRIBUTION
( \ - SIMULATION _— / \
X Yy
POSTERIOR I
DISTRIBUTION<————— [INVERSE CALCULATION| . OBSERVATION
p(8]d) (MCMC, ETC) VALUEd
[Fig. 4]
( START )
y
IDENTIFY VARIABLE RANGE OF o1
CURRENT CONTROL INPUT VARIABLE
v
ESTIMATE DISTRIBUTION BY 5
EXPANDING VARIABLE RANGE
y
GENERATE ALL COMBINATIONS g3
OF CONTROL INPUT VARIABLES

{
( END )




3/8

PCT/JP2018/011001

WO 2019/012740

[Fig. 5]

(D13 JUNLYHIdWIL HIV A1ddNS)
ANTVA TT1GVIIVA LNdNI TOHLINOD

FHN1VHIdNGL

NOILNAIY1LSId
d3ANVYdX4

1

(D13 FUNLVYHIdWIL HIV ATddNS)
ANTVA F1GVIIVA LNdNI T0d1INOD

FdN1vHIdNGL

<5

ADNINOIYA

U

Il

ADNINOIYA



4/8

WO 2019/012740 PCT/JP2018/011001
[Fig. 6]
No | EXTERNAL MODEL CONTROL |OUTPUT| FLAG |CONFIDENCE

CONDITION| VARIABLE INPUT DEGREE
Ta | Rh | ©1 | 62 | SAT | CWT| Pow | Flg | Confi.

1 |30 20|14 |23 |24 | 18 20k | S 235

2 (302017 |2 |20 | 18 25k | 1 10

3 [35 |70 | 14 | 23 |24 | 18 30k | R 100

4 |30 |20.] 14 |23 |24 | 18 20k | T 23.5

5 |30 20| 14 |23 [24 | 18 20k | 'S 23.5




5/8

WO 2019/012740 PCT/JP2018/011001

[Fig. 7]

( START )

SELECT ONE FROM AMONG
COMBINATIONS OF A PLURALITY |-_S11
OF CONTROL INPUT VARIABLES

¥

S12

SELECTED
COMBINATION IS INCLUDED IN
OPERATION DATA?

TRIAL OPERATION IS POSSIBLE?

S15

EXECUTE TRIAL OPERATION EXECUTE SIMULATION

UPDATE CONFIDENCE DEGREE [~ 516
¥

S17

OPTIMAL OPERATION
POINT IS OBTAINED?

EXTRACT OPTIMAL 518
OPERATION RULE

|
( END )




6/8

WO 2019/012740 PCT/JP2018/011001

[Fig. 8]

OPTIMAL OPERATION POINT

> oy i ed

FTURTTRTTE T

SUPPLY AIR TEM

: AIR-COMDITIONING

- POWER AMOUNT {x10MW)
o
o
P

PERATURE (°C)

s

----------
s

54
0.90 ~
151

s
e,

6 17 '387}‘ o

AIR-CONDITIONING
POWER AMOUNT (x10MW)

B

= SR \:’“‘3“'3“@\\\:\.\, ‘ @ ,‘f'l\ 3 7
92097, " 6 COLD WATER TEMPERATURE (°C)
22330,

SUPPLY AIR TEMPERATURE (°C}



7/8

WO 2019/012740 PCT/JP2018/011001
[Fig. 9]
th1 th2 th3
) ) )
Step1 Step2 Step3
EVALUATION MONTHLY POWER
VARIABLE AMOUNT
MODEL
b1—~} LOAD PARAMETER
DATA LIST
\/ \ COMPARISON OF POWER AMOUNT (hwhy

—

[

cK1

b2 —-EXECUTE




8/8

WO 2019/012740 PCT/JP2018/011001

[Fig. 10]
EVALUATION MONTHLY POWER
VARIABLE AMOUNT
CONTROL CONDITIONAL
TORD VARIABLE LIST VARIABLE LIST
b1—}
DATA 4 4
DISPLAY \ [V SHETIONAD  \ Y
LIST ) SYNCHRONIZATION/” )
cK2 ck3
b3—LLOAD
HISTORY
b2 —~{EXECUTE




INTERNATIONAL SEARCH REPORT

International application No

PCT/JP2018/011001

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO5B13/04 GO5B15/02
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO5B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

21 December 2011 (2011-12-21)
figure 2
paragraphs [0059] - [0060]

paragraph [0153] - paragraph [0172]

X EP 2 398 301 Al (REDWOOD SYSTEMS INC [US]) 1-20

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

25 June 2018

Date of mailing of the international search report

03/07/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Bassi, Luca

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/JP2018/011001
Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 2398301 Al 21-12-2011 CN 102291886 A 21-12-2011
EP 2398301 Al 21-12-2011
US 2011307112 Al 15-12-2011

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report
	Page 29 - wo-search-report

