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INTELLIGENT CONTROLLER PROVIDING TIME TO TARGET STATE

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of US Provisional Application Serial No.
61/550,343, filed October 21, 2011, which is incorporated by reference herein.

TECHNICAL FIELD

The current patent application is directed to intelligent controllers and, in
particular, to intelligent controllers, and methods incorporated within intelligent controllers,
that continuously calculate, store in memory, and display projections regarding the time

remaining until a target state is obtained.

BACKGROUND

Control systems and control theory are well-developed fields of research and
development that have had a profound impact on the design and development of a large
number of systems and technologies, from airplanes, spacecraft, and other vehicle and
transportation systems to computer systems, industrial manufacturing and operations
facilities, machine tools, process machinery, and consumer devices. Control theory
encompasses a large body of practical, system-control-design principles, but is also an
important branch of theoretical and applied mathematics. Various different types of
controllers are commonly employed in many different application domains, from simple
closed-loop feedback controllers to complex, adaptive, state-space and differential-equations-
based processor-controlled control systems.

Many modemn intelligent controllers include various types of displays,
including text and graphical displays and display interfaces that allow text and graphical
information to be displayed on any of various local and remote devices interconnected with
the intelligent controllers. These displays, as discussed further below, are used for higher-
level interactive control-input interfaces and control-schedule interfaces. In addition, many
intelligent controllers display continuously, periodically, or intermittently updated
information about regions or volumes controlled by the intelligent controllers and information

related to control tasks submitted to the intelligent controllers. Designers, developers,
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manufacturers, and, ultimately, users of intelligent controllers continue to seek new types of
information displays and information-display capabilities within, and provided by, intelligent

controllers.

SUMMARY

The cﬁrrent application 1s directed to intelligent controllers that continuously,
periodically, or intermittently calculate and display the time remaining until a control task is
projected to be completed by the intelligent controller. In general, the intelligent controller
employs multiple different models for the time behavior of one or more parameters or
characteristics within a region or volume affected by one or more devices, systems, or other
entities controlled by the intelligent controller. The intelligent controller collects data, over
time, from which the models are constructed and uses the models to predict the time
remaining until one or more characteristics or parameters of the region or volume reaches one
or more specified values as a result of intelligent controller control of one or more devices,

systems, or other entities.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a smart-home environment.

Figure 2 illustrates integration of smart-home devices with remote devices and
systems.

Figure 3 illustrates information processing within the environment of
intercommunicating entities illustrated in Figure 2.

Figure 4 illustrates a general class of intelligent controllers to which the
current application is directed.

Figure 5 illustrates additional internal features of an intelligent controller.

Figure 6 illustrates a generalized computer architecture that represents an
example of the type of computing machinery that may be included in an intelligent controller,
server computer, and other processor-based intelligent devices and systems.

Figure 7 illustrates features and characteristics of an intelligent controller of

the general class of intelligent controllers to which the current application is directed.
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Figure 8 illustrates a typical control environment within which an intelligent
controller operates.

Figure 9 illustrates the general characteristics of sensor output.

Figures 10A-D illustrate information processed and generated by an intelligent
controller during control operations.

Figures 11A-C show three different types of control schedules.

Figures 12A-G show representations of immediate-control inputs that may be
received and executed by an intelligent controller, and then recorded and overlaid onto
control schedules, such as those discussed above with reference to Figures 11A-C, as part of
automated control-schedule learning.

Figures 13A-D illustrate the general context in which intelligent controllers, to
which the current application is directed, operate.

Figures 14A-E illustrate construction of one or more of a first type of P-
response model based on observed P-response data.

Figures 15A-B illustrate several types of local modeling techniques.

Figure 16 illustrates a control-flow diagram for intelligent-controller operation.

Figures 17-19D illustrate, using control-flow diagrams, functionality that
allows an intelligent controller, in one implementation, to calculate and display remaining
response times, as discussed above with reference to Figures 13A-15B.

Figure 20A illustrates steps for time to temperature computation in one
intelligent-thermostat implementation.

Figure 20B provides a diagram that includes a plot of the global model.

DETAILED DESCRIPTION

The current application is directed to a general class of intelligent controllers
that continuously, periodically, or intermittently calculate the time remaining until one or
more characteristics or parameters of a region or volume reach one or more specified values
as a result of control, by the intelligent controller, of a device, system, or other entity that
operates on, or affects, the region or volume. In addition, the general class of intelligent
controllers to which the current application is directed continuously, periodically, or

intermittently display an estimate of the time remaining until the one or more characteristics
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and parameters reach specified values. The current application discloses, in addition to
methods and implementations for calculating, storing, and displaying projections of the time
remaining for completion of control tasks, a specific example of time-to-temperature methods
and time-to-temperature displays in an intelligent controller that serves as a detailed example
of the methods for calculating, storing, and displaying projections of the time remaining for
completion of input control tasks employed by the general class of intelligent controllers to
which the current application is directed. The intelligent thermostat is an example of a smart-
home device. The subject matter of this patent specification relates to the subject matter of
the following commonly assigned applications, each of which is incorporated by reference
herein: US Ser. No. 12/984,602 filed January 4, 2011; and US Ser. No. 13/269,501 filed
October 7, 2011,

The detailed description includes three subsections: (1) an overview of the
smart-home environment; (2) methods and implementations for calculating, storing, and
displaying projections of the time remaining for completion of control tasks; and (3) methods
and implementations for calculating, storing, and displaying projections of the time remaining
for completion of control tasks in the context of an intelligent thermostat. The first
subsection provides a description of one area of technology that offers many opportunities for
application and incorporation of methods for displaying remaining-time projections. The
second subsection provides a detailed description of a general class of intelligent controllers
that determine, store, and display projections of the time remaining for completion of control
tasks.  The third subsection provides a specific example of time-to-temperature

determinations made by intelligent thermostats.

Overview of the Smart-Home Environment

Figuare 1 illustrates a smart-home environment. The smart-home environment
100 includes a number of intelligent, multi-sensing, network-connected devices. These
smart-home devices intercommunicate and are integrated together within the smart-home
environment. The smart-home devices may also communicate with cloud-based smart-home
control and/or data-processing systems in order to distribute control functionality, to access
higher-capacity and more reliable computational facilities, and to integrate a particular smart

home into a larger, multi-home or geographical smart-home-device-based aggregation.
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The smart-home devices may include one more intelligent thermostats 102,
one or more intelligent hazard-detection units 104, one or more intelligent entryway-interface
devices 106, smart switches, including smart wall-like switches 108, smart utilities interfaces
and other services interfaces, such as smart wall-plug interfaces 110, and a wide variety of
mntelligent, multi-sensing, network-connected appliances 112, including refrigerators,
televisions, washers, dryers, lights, audio systems, intercom systems, mechanical actuators,
wall air conditioners, pool-heating units, irrigation systems, and many other types of
intelligent appliances and systems.

In general, smart-home devices include one or more different types of sensors,
one or more controllers and/or actuators, and one or more communications interfaces that
connect the smart-home devices to other smart-home devices, routers, bridges, and hubs
within a local smart-home environment, various different types of local computer systems,
and to the Internet, through which a smart-home device may communicate with cloud-
computing servers and other remote computing systems. Data communications are generally
carried out using any of a large variety of different types of communications media and
protocols, including wireless protocols, such as Wi-Fi, ZigBee, 6LoWPAN, various types of
wired protocols, including CAT6 Ethernet, HomePlug, and other such wired protocols, and
various other types of communications protocols and technologies. Smart-home devices may
themselves operate as intermediate communications devices, such as repeaters, for other
smart-home devices. The smart-home environment may additionally include a variety of
different types of legacy appliances and devices 140 and 142 which lack communications
interfaces and processor-based controllers.

Figure 2 illustrates integration of smart-home devices with remote devices and
systems. Smart-home devices within a smart-home environment 200 can communicate
through the Internet 202 via 3G/4G wireless communications 204, through a hubbed network
206, or by other communications interfaces and protocols. Many different types of smart-
home-related data, and data derived from smart-home data 208, can be stored in, and
retrieved from, a remote system 210, including a cloud-based remote system. The remote
system may include various types of statistics, inference, and indexing engines 212 for data
processing and derivation of additional information and rules related to the smart-home

environment. The stored data can be exposed, via one or more communications media and
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protocols, in part or in whole, to various remote systems and orgamizations, including
charities 214, governments 216, academic institutions 218, businesses 220, and utilities 222.
In general, the remote data-processing system 210 is managed or operated by an organization
or vendor related to smart-home devices or contracted for remote data-processing and other
services by a homeowner, landlord, dweller, or other smart-home-associated user. The data
may also be further processed by additional commercial-entity data-processing systems 213
on behalf of the smart-homeowner or manager and/or the commercial entity or vendor which
operates the remote data-processing system 210. Thus, external entities may collect, process,
and expose information collected by smart-home devices within a smart-home environment,
may process the information to produce various types of derived results which may be
communicated to, and shared with, other remote entities, and may participate in monitoring
and control of smart-home devices within the smart-home environment as well as monitoring
and control of the smart-home environment. Of course, in many cases, export of information
from within the smart-home environment to remote entities may be strictly controlled and
constrained, using encryption, access rights, authentication, and other well-known techniques,
to ensure that information deemed confidential by the smart-home manager and/or by the
remote data-processing system is not intentionally or unintentionally made available to
additional external computing facilities, entities, organizations, and individuals.

Figure 3 illustrates information processing within the environment of
intercommunicating entities illustrated in Figure 2. The various processing engines 212
within the external data-processing system 210 can process data with respect to a variety of
different goals, including provision of managed services 302, various types of advertizing and
communications 304, social-networking exchanges and other electronic social
communications 306, and for various types of monitoring and rule-generation activities 308.
The various processing engines 212 communicate directly or indirectly with smart-home
devices 310-313, each of which may have data-consumer ("DC"), data-source ("DS"),
services-consumer ("SC"), and services-source ("SS") characteristics. In addition, the
processing engines may access various other types of external information 316, including
information obtained through the Internet, various remote information sources, and even

remote sensor, audio, and video feeds and sources.
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Methods and Implementations for Calculating. Storing. and Displaving Projections of the
Time Remaining for Completion of Control Tasks

Figure 4 illustrates a general class of intelligent controllers to which the
current application is directed. The intelligent controller 402 controls a device, machine,
system, or organization 404 via any of various different types of output control signals and
receives information about the controlled entity and an environment from sensor output
received by the intelligent controller from sensors embedded within the controlled entity 404,
the telligent controller 402, or in the environment. In Figure 4, the intelligent controller is
shown connected to the controlled entity 404 via a wire or fiber-based communications
medium 406. However, the intelligent controller may be interconnected with the controlled
entity by alternative types of communications media and communications protocols,
including wireless communications. In many cases, the intelligent controller and controlled
entity may be implemented and packaged together as a single system that includes both the
intelligent controller and a machine, device, system, or organization controlled by the
intelligent controller. The controlled entity may include multiple devices, machines, system,
or organizations and the intelligent controller may itself be distributed among multiple
components and discrete devices and systems. In addition to outputting control signals to
controlled entities and receiving sensor input, the intelligent controller also provides a user
interface 410-413 through which a human user can input immediate-control inputs to the
intelligent controller as well as create and modify the various types of control schedules, and
may also provide the immediate-control and schedule interfaces to remote entities, including
a user-operated processing device or a remote automated control system. In Figure 4, the
intelligent controller provides a graphical-display component 410 that displays a control
schedule 416 and includes a number of input components 411-413 that provide a user
interface for input of immediate-control directives to the intelligent controller for controlling
the controlled entity or entities and input of scheduling-interface commands that control
display of one or more control schedules, creation of control schedules, and modification of
control schedules.

To summarize, the general class of intelligent controllers to which the current
is directed receive sensor input, output control signals to one or more controlled entities, and

provide a user interface that allows users to input immediate-control command inputs to the
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intelligent controller for translation by the intelligent controller into output control signals as
well as to create and modify one or more control schedules that specify desired controlled-
entity operational behavior over one or more time periods. The user interface may be
included within the intelligent controller as input and display devices, may be provided
through remote devices, including mobile phones, or may be provided both through
controller-resident components as well as through remote devices. These basic functionalities
and features of the general class of intelligent controllers provide a basis upon which
automated control-schedule learning, to which the current application is directed, can be
implemented. |

Figure 5 illustrates additional internal features of an intelligent controller. An
intelligent controller is generally implemented using one or more processors 502, electronic
memory 504-507, and various types of microcontrollers 510-512, including a microcontroller
512 and transceiver 514 that together implement a communications port that allows the
intelligent controller to exchange data and commands with one or more entities controlled by
the intelligent controller, with other intelligent controllers, and with various remote
computing facilities, including cloud-computing facilities through cloud-computing servers.
Often, an intelligent controller includes multiple different communications ports and
mterfaces for communicating by various different protocols through different types of
communications media. It is common for intelligent controllers, for example, to use wireless
communications to communicate with other wireless-enabled intelligent controllers within an
environment and with mobile-communications carriers as well as any of various wired
communications protocols and media. In certain cases, an intelligent controller may use only
a single type of communications protocol, particularly when packaged together with the
controlled entities as a single system. Electronic memories within an intelligent controller
may include both volatile and non-volatile memories, with low-latency, high-speed volatile
memories facilitating execution of control routines by the one or more processors and slower,
non-volatile memories storing control routines and data that need to survive power-on/power-
off cycles. Certain types of intelligent controllers may additionally include mass-storage
devices.

Figure 6 illustrates a generalized computer architecture that represents an

example of the type of computing machinery that may be included in an intelligent controller,
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server computer, and other processor-based intelligent devices and systems. The computing
machinery includes one or multiple central processing units ("CPUs™) 602-605, one or more
electronic memories 608 interconnected with the CPUs by a CPU/memory-subsystem bus
610 or multiple busses, a first bridge 612 that interconnects the CPU/memory-subsystem bus
610 with additional busses 614 and 616 and/or other types of high-speed interconmection
media, including multiple, high-speed serial interconnects. These busses and/or serial
interconnections, in turn, connect the CPUs and memory with specialized processors, such as
a graphics processor 618, and with one or more additional bridges 620, which are
interconnected with high-speed serjal links or with multiple controllers 622-627, such as
controller 627, that provide access to various different types of mass-storage devices 628,
electronic displays, input devices, and other such components, subcomponents, and
computational resources.

Figure 7 illustrates features and characteristics of an intelligent controller of
the general class of intelligent controllers to which the current application is directed. An
inteHigent controller includes controller logic 702 generally implemented as electronic
circuitry and processor-based computational components controlled by computer instructions
stored in physical data-storage components, including various types of electronic memory
and/or mass-storage devices. It should be noted, at the onset, that computer instructions
stored in physical data-storage devices and executed within processors comprise the control
components of a wide variety of modern devices, machines, and systems, and are as tangible,
physical, and real as any other component of a device, machine, or system. Occasionally,
statements are encountered that suggest that computer-instruction-implemented control logic
is "merely software” or something abstract and less tangible than physical machine
components. Those familiar with modern science and technology understand that this is not
the case. Computer instructions executed by processors must be physical entities stored in
physical devices. Otherwise, the processors would not be able to access and execute the
mstructions. The term "software" can be applied to a symbolic representation of a program or
routine, such as a printout or displayed list of programming-language statements, but such
symbolic representations of computer programs are not executed by processors. Instead,
processors fetch and execute computer instructions stored in physical states within physical

data-storage devices. Similarly, computer-readable media are physical data-storage media,
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such as disks, memories, and mass-storage devices that store data in a tangible, physical form
that can be subsequently retrieved from the physical data-storage media.

The controller logic accesses and uses a variety of different types of stored
information and inputs in order to generate output control signals 704 that control the
operational behavior of one or more controlled entities. The information used by the
controller logic may include one or more stored control schedules 706, received output from
one or more sensors 708-710, immediate control inputs received through an immediate-
control interface 712, and data, commands, and other information received from remote data-
processing systems, including cloud-based data-processing systems 713. In addition to
generating control output 704, the controller logic provides an interface 714 that allows users
to create and modify control schedules and may also output data and information to remote
entities, other intelligent controllers, and to users through an information-output interface.

Figure 8 illustrates a typical control environment within which an intelligent
controller operates. As discussed above, an intelligent controller 802 receives control inputs
from users or other entities 804 and uses the control inputs, along with stored control
schedules and other information, to generate output conirol signals 805 that control operation
of one or more controlled entities 808. Operation of the controlled entities may alter an
environment within which sensors 810-812 are embedded. The sensors return sensor output,
or feedback, to the intelligent controller 802. Based on this feedback, the intelligent
controller modifies the output control signals in order to achieve a specified goal or goals for
controlled-system operation. In essence, an intelligent controller modifies the output control
signals according to two different feedback loops. The first, most direct feedback loop
includes output from sensors that the controller can use to determine subsequent output
control signals or control-output modification in order to achieve the desired goal for
controlled-system operation. In many cases, a second feedback loop involves environmental
or other feedback 816 to users which, in turn, elicits subsequent user control and scheduling
inputs to the intelligent controller 802. In other words, users can either be viewed as another
type of sensor that outputs immediate-control directives and control-schedule changes, rather
than raw sensor output, or can be viewed as a component of a higher-level feedback loop.

There are many different types of sensors and sensor output. In general, sensor

output is directly or indirectly related to some type of parameter, machine state, organization
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state, computational state, or physical environmental parameter. Figure 9 illustrates the
general characteristics of sensor output. As shown in a first plot 902 in Figure 9, a sensor
may output a signal, represented by curve 904, over time, with the signal directly or indirectly
related to a parameter P, plotted with respect to the vertical axis 906. The sensor may output a
signal continuously or at intervals, with the time of output plotted with respect to the
horizontal axis 908. In certain cases, sensor output may be related to two or more parameters.
For example, in plot 910, a sensor outputs values directly or indirectly related to two different
parameters P and P, plotted with respect to axes 912 and 914, respectively, over time,
plotted with respect to vertical axis 916. In the following discussion, for simplicity of
illustration and discussion, it is assumed that sensors produce output directly or indirectly
related to a single parameter, as in plot 902 in Figure 9. In the following discussion, the
sensor output is assumed to be a set of parameter values for a parameter . The parameter
may be related to environmental conditions, such as temperature, ambient light level, sound
level, and other such characteristics. However, the parameter may also be the position or
positions of machine components, the data states of memory-storage address in data-storage
devices, the current drawn from a power supply, the flow rate of a gas or fluid, the pressure of
a gas or fluid, and many other types of parameters that comprise useful information for
control purposes.

Figures 10A-D illustrate information processed and generated by an intelligent
controller during control operations. All the figures show plots, similar to plot 902 in Figure
9, in which values of a parameter or another set of control-related values are plotted with
respect to a vertical axis and time is plotted with respect to a horizontal axis. Figure 10A
shows an idealized specification for the results of controlled-entity operation. The vertical
axis 1002 in Figure 10A represents a specified parameter value, Ps. For example, in the case
of an intelligent thermostat, the specified parameter value may be temperature. For an
irrigation system, by contrast, the specified parameter value may be flow rate. Figure 10A is
the plot of a continuous curve 1004 that represents desired parameter values, over time, that
an intelligent controller is directed to achieve through control of one or more devices,
machines, or systems. The specification indicates that the parameter value is desired to be

initially low 1006, then rise to a relatively high value 1008, then subside to an intermediate
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value 1010, and then again rise to a higher value 1012. A control specification can be
visually displayed to a user, as one example, as a control schedule.

Figure 10B shows an alternate view, or an encoded-data view, of a control
schedule corresponding to the control specification illustrated in Figure 10A. The control
schedule includes indications of a parameter-value increase 1016 cotresponding to edge 1018
in Figure 10A, a parameter-value decrease 1020 corresponding to edge 1022 in Figure 10A,
and a parameter-value increase 1024 corresponding to edge 1016 in Figure 10A. The
directional arrows plotted in Figure 10B can be considered to be setpoints, or indications of
desired parameter changes at particular points in time within some period of time.

A setpoint change may be stored as a record with multiple fields, including
fields that indicate whether the setpoint change is a system-generated setpoint or a user-
generated setpoint, whether the setpoint change is an immediate-control-input setpoint change
or a scheduled setpoint change, the time and date of creation of the setpoint change, the time
and date of the last edit of the setpoint change, and other such fields. In addition, a setpoint
may be associated with two or more parameter values. As one example, a range setpoint may
indicate a range of parameter values within which the intelligent controller should maintain a
controlled environment. Setpoint changes are often referred to as "setpoints.”

Figure 10C illustrates the control output by an intelligent controller that might
result from the control schedule illustrated in Figure 10B. In this figure, the magnitude of an
output control signal is plotted with respect to the vertical axis 1026. For example, the
control output may be a voltage signal output by an intelligent thermostat to a heating unit,
with a high-voltage signal indicating that the heating unit should be currently operating and a
low-voltage output indicating that the heating system should not be operating. Edge 1028 in
Figure 10C corresponds to setpoint 1016 in Figure 10B. The width of the positive control
output 1030 may be related to the length, or magnitude, of the desired parameter-value
change, indicated by the length of setpoint arrow 1016. When the desired parameter value is
obtained, the intelligent controller discontinues output of a high-voltage signal, as represented
by edge 1032. Similar positive output control signals 1034 and 1036 are elicited by setpoints
1020 and 1024 in Figure 10B.

Finally, Figure 10D illustrates the observed parameter changes, as indicated by

sensor oufput, resulting from control, by the intelligent controller, of one or more controlled
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entities. In Figure 10D, the sensor output, directly or indirectly related to the parameter P, is
plotted with respect to the vertical axis 1040. The observed parameter value is represented by
a smooth, continuous curve 1042. Although this continuous curve can be seen to be related to
the initial specification curve, plotted in Figure 10A, the observed curve does not exactly
match that specification curve. First, it may take a finite period of time 1044 for the
controlled entity to achieve the parameter-valued change represented by setpoint 1016 in the
control schedule plotted in Figure 10B. Also, once the parameter value is obtained, and the
controlled entity directed to discontinue operation, the parameter value may begin to fall
1046, resulting in a feedback-initiated control output to resume operation of the controlled
entity in order to maintain the desired parameter value. Thus, the desired high-level constant
parameter value 1008 in Figure 10A may, in actuality, end up as a time-varying curve 1048
that does not exactly correspond to the control specification 1004. The first level of feedback,
discussed above with reference to Figure 8, is used by the intelligent controller to control one
or more control entities so that the observed parameter value, over time, as illustrated in
Figure 10D, matches the specified time behavior of the parameter in Figure 10A as closely as
possible. The second level feedback control loop, discussed above with reference to Figure 8,
may involve alteration of the specification, illustrated in Figure 10A, by a user, over time,
either by changes to stored control schedules or by input of immediate-control directives, in
order to generate a modified specification that produces a parameter-value/time curve
reflective of a user’s desired operational results.

Figures 11A-C show three different types of control schedules. In Figure 11A,
the control schedule is a continuous curve 1102 representing a parameter value, plotted with
respect to the vertical axis 1104, as a function of time, plotted with respect to the horizontal
axis 1106, The continuous curve comprises only horizontal and vertical sections. Horizontal
sections represent periods of time at which the parameter is desired to remain constant and
vertical sections represent desired chéngcs in the parameter value at particular points in time.
This is a simple type of control schedule and is used, below, in various examples of
automated control-schedule learning.  However, automated control-schedule-learning
methods can also learn more complex types of schedules. For example, Figure 11B shows a
control schedule that includes not only horizontal and vertical segments, but arbitrarily angled

straight-line segments. Thus, a change in the parameter value may be specified, by such a
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control schedule, to occur at a given rate, rather than specified to occur instantaneously, as in
the simple control schedule shown in Figure 11A. Automated-control-schedule-learning
methods may also accommodate smooth-continuous-curve-based control schedules, such as
that shown in Figure 11C. In general, the characterization and data encoding of smooth,
continuous-curve-based control schedules, such as that shown in Figure 11C, is more
complex and includes a greater amount of stored data than the simpler control schedules
shown in Figures 11B and 11A.

In the following discussion, it is generally assumed that a parameter value
tends to relax towards lower values in the absence of system operation, such as when the
parameter value is temperature and the controlled system is a heating unit. However, in other
cases, the parameter value may relax toward higher values in the absence of system operation,
such as when the parameter value is temperatare and the controlled system is an air
conditioner. The direction of relaxation often corresponds to the direction of lower resource
or expenditure by the system. In still other cases, the direction of relaxation may depend on
the environment or other external conditions, such as when the parameter value is
temperature and the controlled system is an HVAC system including both heating and cooling
functionality.

Tumning to the control schedule shown in Figure 11A, the continuous-curve-
represented control schedule 1102 may be alternatively encoded as discrete setpoints
corresponding to vertical segments, or edges, in the continuous curve. A continuous-curve
control schedule is generally used, in the following discussion, to represent a stored control
schedule either created by a user or remote entity via a schedule-creation interface provided
by the intelligent controller or created by the intelligent controller based on already-existing
control schedules, recorded immediate-control inputs, and/or recorded sensor data, or a
combination of these types of information.

Immediate-control inputs are also graphically represented in parameter-value
versus time plots. Figures 12A-G show representations of immediate-control inputs that may
be received and executed by an intelligent controller, and then recorded and overlaid onto
control schedules, such as those discussed above with reference to Figures 11A-C, as part of
automated control-schedule learning. An immediate-control input is represented graphically

by a vertical line segment that ends in a small filled or shaded disk. Figure 12A shows
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representations of two immediate-control inputs 1202 and 1204. An immediate-control input
is essentially equivalent to an edge in a control schedule, such as that shown in Figure 11A,
that is input to an intelligent controller by a user or remote entity with the expectation that the
input control will be immediately carried out by the intelligent controller,.oveniding any
current control schedule specifying intelligent-controller operation. An immediate-control
input is therefore a real-time setpoint input through a control-input interface to the intelligent
controller.

Because an immediate-control input alters the current contro] schedule, an
immediate-control input is generally associated with a subsequent, temporary control
schedule, shown in Figure 12A as dashed horizontal and vertical lines that form a temporary-
control-schedule parameter vs. time curve extending forward in time from the immediate-
control input. Temporary control schedules 1206 and 1208 are associated with immediate-
control inputs 1202 and 1204, respectively, in Figure 12A.

Figure 12B illustrates an example of immediate-control input and associated
temporary control schedule. The immediate-control input 1210 is essentially an input
setpoint that overrides the current control schedule and directs the intelligent controller to
control one or more controlled entities in order to achieve a parameter value equal to the
vertical coordinate of the filled disk 1212 in the representation of the immediate-control
input. Following the immediate-control input, a temporary constant-temperature control-
schedule interval 1214 extends for a period of time following the immediate-control input,
and the immediate-control input is then relaxed by a subsequent immediate-control-input
endpoint, or subsequent setpoint 1216. The length of time for which the immediate-control
input is maintained, in interval 1214, is a parameter of automated control-schedule learning.
The direction and magnitude of the subsequent immediate-control-input endpoint setpoint
1216 represents one or more additional automated-control-schedule-learning parameters.
Please note that an automated-control-schedule-leaming parameter is an adjustable parameter
that controls operation of automated control-schedule learning, and is different from the one
or more parameter values plotted with respect to time that comprise control schedules. The
parameter values plotted with respect to the vertical axis in the example control schedules to
which the current discussion refers are related directly or indirectly to observables, including

environmental conditions, machines states, and the like.



WO 2013/058966 PCT/US2012/058183

16

Figure 12C shows an existing control schedule on which an immediate-control
input is superimposed. The existing control schedule called for an increase in the parameter
value P, represented by edge 1220, at 7:00 a.m. (1222 in Figure 12C). The immediate-control
input 1224 specifies an earlier parameter-value change of somewhat less magnitude. Figures
12D-G illustrate various subsequent temporary control schedules that may obtain, depending
on various different implementations of intelligent-controller logic and/or current values of
automated-control-schedule-learning parameter values. In Figures 12D-G, the temporary
control schedule associated with an immediate-control input is shown with dashed line
segments and that portion of the existing control schedule overridden by the immediate-
control input is shown by dotted line segments. In one approach, shown in Figure 12D, the
desired parameter value indicated by the immediate-control input 1224 is maintained for a
fixed period of time 1226 after which the temporary control schedule relaxes, as represented
by edge 1228, to the parameter value that was specified by the control schedule at the peint in
time that the immediate-control input is carried out. This parameter value is maintained 1230
until the next scheduled setpoint, which corresponds to edge 1232 in Figure 12C, at which
point the intelligent controller resumes control according to the control schedule.

In an alternative approach shown in Figure 12E, the parameter value specified
by the immediate-control input 1224 is maintained 1232 until a next scheduled setpoint is
reached, in this case the setpoint corresponding to edge 1220 in the control schedule shown in
Figure 12C. At the next setpoint, the intelligent controller resumes control according to the
existing control schedule. This approach is desired by certain users, who expect manually
enetered setpoint to remain in force until a next scheduled setpoint change.

In a different approach, shown in Figure 12F, the parameter value specified by
the immediate-control input 1224 is maintained by the intelligent controller for a fixed period
of time 1234, following which the parameter value that would have been specified by the
existing control schedule at that point in time is resumed 1236.

In the approach shown in Figure 12G, the parameter value specified by the
immediate-control input 1224 is maintained 1238 until a setpoint with opposite direction
from the immediate-control input is reached, at which the existing control schedule is
resumed 1240. In still alternative approaches, the immediate-control input may be relaxed

further, to a lowest-reasonable level, in order to attempt to optimize system operation with
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respect to resource and/or energy expenditure. In these approaches, generally used during
aggressive learning, a user is compelled to positively select parameter values greater than, or
less than, a parameter value associated with a minimal or low rate of energy or resource
usage.

In one example implementation of automated control-schedule learning, an
intelligent controller monitors immediate-control inputs and schedule changes over the course
of a monitoring period, generally coinciding with the time span of a control schedule or
subschedule, while controlling one or more entities according to an existing control schedule
except as overridden by immediate-control inputs and input schedule changes. At the end of
the monitoring period, the recorded data is superimposed over the existing control schedule
and a new provisional schedule is generated by combining features of the existing control
schedule and schedule changes and immediate-control inputs. Following various types of
resolution, the new provisional schedule is promoted to the existing control schedule for
future time intervals for which the existing control schedule is intended to control system
operation.

Figures 13A-D illustrate the general context in which intelligent controllers, to
which the current application is directed, operate. As shown in Figure 13A, this context
comprises a region or volume 1302, one or more intelligent controllers 1304 and 1306, and
one or more devices, systems, or other entities 1306-1308 that are controlled by the one or
more intelligent controllers and that operate on the region or volume 1302, In many cases,
the intelligent controllers are described as controlling the region or volume 1302 although, in
fact, they directly control the one or more devices, systems, or other entities 1306-1308. The
region or volume 1302 may be a complex region or volume that includes multiple connected
or separate subregions or subvolumes. The region, regions, volume, or volumes controlled by
an intelligent controller is referred to, below, as the "controlled environment." The intelligent
controllers may reside within the environment, as intelligent controller 1304 shown in Figure
13A, or may reside externally, as, for example, intelligent controller 1306 in Figure 13A.
Similarly, the devices, systems, or other entities that operate on the environment 1306-1308
may reside within the environment, as, for example, system 1306 in Figure 13A, or may be
located outside of the environment, as, for example, systems 1307-1308 in Figure 13A. Ina

specific example discussed in a following subsection, the systems are HVAC systems and/or
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additional air conditioners and heaters and the intelligent controllers are intelligent
thermostats, with the environment a residence, multi-family dwelling, commercial building,
or industrial building that is heated, cooled, and/or ventilated by the systems controlled by the
intelligent thermostats.

As shown in Figure 13B, the intelligent controllers 1304 and 1306 generally
intercomumunicate with one another and may additionally intercommunicate with a remote
computing system 1310 to which certain of control tasks and intelligent-control-related
computations are distributed. In addition, the intelligent controllers generally output control
signals to, and receive data signals from, the systems 1306-1308 controlled by the intelligent
controllers. As shown in Figure 13C, the systems 1306-1308 are controlled by the intelligent
controllers to operate on the environment 1302. This operation may involve exchange of
various types of substances, operations that result in heat exchange with the environment,
exchange of electrical current with the environment, and many other types of operations.
These operations generally affect one or more characteristics or parameters of the
environment which are directly or indirectly monitored by the intelligent controllers. The
intelligent controllers, to which the current application is directed, generally control the
environment based on control schedules and immediate-control inputs that can be thought of
as overlaid on or added to the control schedules. The context within which the general class
of intelligent controllers operates is illustrated, in Figure 13C, with two plots 1312 and 1314.
The first plot 1312 is a portion of a control schedule to which an immediate-control input
1316 has been added. Alternatively, the portion of the control schedule may feature a
scheduled setpoint rather than the immediate-control input 1316. The vertical axis is labeled
"P" 1318 to represent the value of a particular parameter or characteristic of the environment,
referred to as an "environmental parameter," and the horizontal axis represents time 1320.
The immediate-control input 1316 or, alternatively, a scheduled setpoint, generally represent
a desired change in the parameter or characteristic 1322, designated AP. At the time of the
immediate-control input, or before or at the time of a scheduled input, the intelligent
controller generally outputs control signals to the systems in order to change the parameter or
characteristic P by AP. It should be noted that, although in the current example AP is
positive, with the desired parameter P greater than the current value of the parameter P, the

AP may also be negative, with the desired value of P less than the current P, It may also be
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the case that intelligent controllers control the systems with respect to multiple parameters, in
which case there may be separate control schedules for each parameter, and multiple
parameters may be combined together to form a composite parameter for a single control
schedule. Alternatively, setpoints may be associated with multiple P values for each of one
or more environmental parameters. In the following discussion, for simplicity of illustration
and discussion, it is assumed that a single parameter P is monitored by the one or more
intelligent controllers, each setpoint specifies a single parameter value, and that intelligent
controllers output control signals to one or more systems in order to control the value of the
parameter P within the controlled environment 1302.

As shown in plot 1314, once intelligent controllers initiate system operation in
order to change the value of ihe parameter P by AP, the parameter P changes, over time, in a
continuous manner from the initial P value 1324 to the desired P value_ 1326. In other words,
the P values cannot be instantaneously altered at times corresponding to immediate-control
inputs or scheduled setpoints. As a result, there is a time interval A¢ 1328, referred to as the
"response time," that separates the time of an immediate-control input or scheduled setpoint
change in the time which the parameter value specified by the setpoint change or immediate-
control input is achieved. Intelligent controllers to which the current application is directed
model the P versus ¢ behavior within this response-time A7 interval 1328 so that, at any point
in time during the response time, the time remaining to a point in time the desired ¢ value is
obtained, or, in other words, the remaining response time, can be displayed or reported. Thus,
for example, at time # 1330, the intelligent controller calculates the length of time interval
At; 1332, the remaining response time, and reports the length of this time interval in a
textural, graphical, or numeric display output on an intelligent-controller display device, such
as display device 410 in Figure 4, or outputs the information through a remote-display
interface for display on a remote display device, such as a smart phone. The information may
include a remaining-response-time indication, an indication of the remaining response time
relative to the entire response time, information including the response time so far elapsed,
and other response-time related information. It should be noted that calculation of the time
remaining before a desired P value is achieved may be used independently, for various

different intelligent-controller operations, from the display of the remaining response time.
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For example, intelligent controllers may alter control strategies depending on the remaining
response time computed for various different control strategies.

At first impression, the task of computing the remaining response time may
appear relatively simple. However, as shown in Figure 13D, the task is often far from simple.
Figure 13D shows various different conditions and effects that may alter the P versus ¢
behavior of a controlled environment. In many cases, the time of day, weather, and time of
year 1340 may alter the P versus ¢ bebavior of the environment, referred to below as the
environment's P response. The P response may also be altered by different types of inputs
1342-1344 to the systems or internal states of the systems. For example, a system that
requires electricity for operation may be inoperable during power failures, as a result of which
the P response during power failures may be substantially different than the P response when
power is available. The P response may also be affected by external entities other than the
systems 1346 which operate on the environment or by internal systems and devices other than
systems 1306-1308 that operate on the environment 1348. In addition, changes to buildings
or structures, such as opened windows 1350 may significantly alter the P response to the
environment due to a thermal or material exchange 1352. These are but a few of the many
different possible factors that may change the P response of the environment, and thus
complicate and frustrate remaining-response-time calculations and displays carried out by
intelligent controllers.

In many implementations of the intelligent controllers to which the current
application is directed, as a result of the many factors that may impact a particular P response
for a controlled environment, the intelligent controller or controllers uses at least two
different models for the P response during the response time in order to compute and display
remaining response times. Figures 14A-E illustrate construction of one or more of a first type
of P-response model based on observed P-response data. Figure 14A shows a collection of
data by an intelligent controller and construction of a parameterized P-response curve from
the data. In Figure 14A, the horizontal axis 1402 is a time axis with respect to which various
data states are shown. During the response time after an immediate-control input or
scheduled setpoint, such as interval Az 1328 in Figure 13C, the intelligent controller monitors
the change in P value in time and plots points to represent an observed P-response curve. In

Figure 14A, the first such plot 1404 represents the points plotted with respect to a first



WO 2013/058966 PCT/US2012/058183

21

observed P-response curve of the intelligent controller. In general, the points are stored in a
file or database, often as encoded coordinate pairs, rather than plotted in a graphical plot.
However, for case of description and illustration, the stored data is referred to as a "plot" in
the following discussion. Observation of a first P response generally produces a set of points,
such as those shown plotted in plot 1404, that describe a general trend in P versus ¢ behavior.
The intelligent controller continues to make observations of P responses, over time, adding
observed P versus ¢ points to the plot, as shown by plots 1406-1409 in Figure 14A. After
some time, were the recorded P versus ¢ points plotted visually in a graph, they would form a
relatively dense cloud of points that suggest a P versus ¢ curve that describes the P response
for the control environment. When sufficient points have been stored, the intelligent
controller can generate a parameterized model, or function, that statistically best fits the
collected points, as represented in Figure 14A by parameterized plot 1410. A parameterized
plot is a plot that is associated with a model that represents the observed P versus ¢ data over
the course of many P-response observations. In certain cases, the P-response data may be
discarded following plot parameterization, or after passage of significant periods of time.

There are many possible models for P-response curves. Figure 14B illustrates
one P-response-curve model. In Figure 14B, the expression 1416

A= = S (e,

is plotted in graph 1418 with horizontal axis 1420 representing time and vertical axis 1422
representing a change in P value, AP, starting from an initial time represented by the
origin 1424. The model is non-linear between zero and about 15 minutes, is approximately
linear for ten minutes, is again non-linear until about 35 minutes, and then flattens
considerably thereafter. It should be noted that his model can be appropriate for certain AP
changes and certain types of characteristics and parameters in certain environments acted
on by certain types of devices and systems, but is certainly not appropriate for a large
number or even a large fraction of possible controlled environments, AP changes, and
characteristics and parameters. The expression is parameterized by two constants « and b.
Thus, in general, the model computes AP as a function of time, the function parameterized
by and one or more constant-valued parameters that are determined for a given P and a

given controlled environment. In the case of the model shown in Figure 14D, the slope of
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the straight-line portion of the P-response curve generated from the model can be varied by
varying the value of parameter b, while the range in AP values can be altered by changing
the value of parameter a. Many other types of models can be used for P-response curves.
The parameterized model generated for a collection of observed P responses
18 generally only an estimate and, because of all the differént factors that may affect P
responses, the parameterized model is generally an estimate for the average P response of
the controlled environment. Were the model curve to be plotted within the dense clouds of
points representing the observed data, generally only a very few of the observed points
would actually fall on the P-response curve generated by the model. Models are selected
and evaluated by evaluating how well the data fits the model. There are many statistical
methods that may be employed to compute the fit of a model to experimental data. Figures
14C-D illustrate one such method. Figure 14C shows the model P response curve in a
graphical plot 1430 similar to that shown in Figure 14B along with one of the observed P
versus ¢ points 1432, A vertical line segment 1434, passing through the observed P versus ¢
point 1432, also passes through the model curve at point 1436 and through the time axis at
point 1438, the time coordinate of which is referred to as ¢,. The AP coordinate 1438 of
the observed P versus ¢ point is labeled Ap, and the AP coordinate 1440 of the point on the

model curve corresponding to time # 1410 is labeled Ap.. A discrepancy A, between the

observed data point { 1432 and corresponding model point 1436 can be computed as:

(Ap, -2p, )’
Apﬂ

A, =

ale;

A fit value for the curve with respect to the observed data can be computed by summing all of

the discrepancies for all of the data points, as follows:

N
fit= ZAam .
i=1

Were all of the data points to fall along the model curve, the fit value would be 0. As the
observed data departs further from the model curve, the fit value increases.

As shown in Figure 14D, it is often the case that fit values calculated from
various different data sets fall into a particular type of probability distribution. One such
probability distribution is shown in Figure 14D. The vertical axis 1460 represents the

probability of observing a particular fit value and the horizontal axis 1462 represents the



WO 2013/058966 PCT/US2012/058183

23

different possible fit values. For a particular fit value, such as fit value 1464, the area under
the probability-distribution curve to the right of the fit value 1466, shown cross-hatched in
Figure 14D, represents the probability of observing the fit value 1464 or a fit value greater
than that fit value. This probability can also be used to evaluate the reasonableness of the
model with respect to observed data. When the probability of a fit value equal to or greater
than the observed fit value falls below a threshold probability, the model may be rejected.

Returning to Figure 14A, the intelligent controller may, after observing each
response and adding the data points for the observed P response to a plot, compute the fit
value of various different models with respect to the data and, when one or more models is
associated with a fit value less than a first threshold value or with a corresponding probability
value greater than a second threshold value, the intelligent controller may select the best
fitting model from the one or more models and generate a parameterized plot by associating
the selected model, including selected constant values for the model parameters, with the plot.
This constitutes what is referred to as "parameterizing the plot" in the following discussion.
Once a plot i1s parameterized, the plot becomes a global model that can be used, by the
intelligent controller, to pre&ict remaining response time, or time-to, values for display and
for other purposes. The parameterized plot may be continued to be refined, over time,
following addition of new P-response data, including changing the global model associated
with the parameterized plot and altering constant-parameter values. This refinement may
continue indefinitely, or may be discontinued after a highly reliable model is constructed.
Alternatively, the parameterized plot may represent a sliding data window, with only recent
data used to select a current associated model and parameter values.

An intelligent controller may generate various different parameterized models,
also referred to as "global models,” for various different conditions. Figure 14E illustrates
generation of multiple global models as a continuation of the timeline shown in Figure 14A.
Once a first parameterized plot 1410 has been generated, the intelligent controller may elect
to divide the collected data points among multiple plots 1412-1415 each collecting observed
P responses under different conditions. For example, when it is determined that weather and
outside-temperature are important influences on P responses, the intelligent controller may
collect separate P-response data for sunny days, cloudy days, nighttime, days with high wind,

and other such different weather conditions. Figure 14E illustrates division of the initial plot
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1410 into four plots 1412-1415 arranged along a vertical parameter or condition dimension,
such as a weather-and-temperature dimension. Then, as shown in Figure 14E, the intelligent
controller may continue to collect data for each of these individual plots until they can be
parameterized, with the parameterized plots shown in column 1420. At this point, the
intelligent controller may then generate new plots, essentially extending the data collection
along a new dimension, as represented by the column of sets of plots 1422 shown in Figure
14E. The mtermediate global models, such as global model 1410, may be retained in addition
to the subsequently generated global models for particular conditions. Of course, the amount
of data that may need to be collected in order to parameterize multi-dimensional plots
expands exponentially, and this combinatorial effect severely constrains the number of
different dimensions that an intelligent controller may consider. Nonetheless, an intelligent
controller need not be constrained to generating only a single global model, but may generate
multiple global models, each for a different condition or set of conditions, in order to better
approximate P response curves that obtain under those conditions. In certain cases, the
response model may depend on the magnitude of the AP represented by a scheduled setpoint
change or immediate-input control.

A second type of P-response model that may be employed by intelligent
controllers is referred to as a "local model.” Generally, regardless of how much data is
collected and used to generate one or more global models, it is difficult for an intelligent
controller to generate global models that are sufficiently accurate for highly accurate
remaining-response-time calculations.  Although this is not always the case, it is not
unexpected, due to all the various different types of factors that may affect a P response,
discussed above with reference to Figure 13D. However, it is frequently possible to generate
a simpler local model, during a particular response time. Figures 15A-B illustrate several
types of local modeling techniques.

Figure 15A illustrates one type of local model. In many cases, following
output of control signals to one or more systems by an intelligent controller, there is a period
of time referred t0 as Atyuabte 1502 during which the P value may fail to change or actually
change in the direction opposite from the desired direction. After the unstable time interval
1502, the AP versus ¢ response may be nearly linear 1504, This type of local model may be

expressed as:



WO 2013/058966 PCT/US2012/058183

25

AP =mt~mt .
where m is the slope of the straight-line portion and is the single constant for the model. As
shown in Figure 15B, even when the response following the unstable period is not linear, but
1s instead a curve, the response may be approximated by a series of local linear models. In
Figure 15B, the portion of the P response within the dashed circle 1502 about the point 1504
with time coordinate # 1506, considered as a local origin, is nearly linear, and can be
approximated by a linear model 1508, expressed as:

AP =mt,.
Another portion of the P-response curve within dashed circle 1510 can be approximated by a
different linear model with a different slope. Thus, by selecting a set of successive linear
models over the interval between an immediate-control input or scheduled setpoint and the
time when the desired P value is obtained, the intelligent controller can incrementally
calculate accurate remaining response times.

Thus, global models and local models provide models of P responses. The
global models are generally used during the initial portion of a response time following an
immediate-control input or scheduled setpoint because, during this initial period of time, there
1s generally insufficient observed data to compute parameters for a local model and/or to
select a particular local model. However, often it is the case that, following an initial period
of time, when sufficient P versus ¢ data points are available for the current P response, a local
model can be selected and parameterized to provide more accurate remaining-response-time
predictions up until the time that the desired P value is obtained. This is, however, not
always the case. It may be the case that the global model is more predictive throughout the
entire response time or that, after a local model is selected and used, the global model again,
after another period of time, is again better able to predict the remaining-response-time value
from a local model. In certain cases, neither global nor local models provide adequate
predictive power. For this reason, many intelligent controllers of the class of intelligent
controllers to which the current application is directed continuously reevaluate P-response
models and attempt to select the best model for each point in time over an entire interval
during which the remaining-response-time values are continuously, periodically, or

intermittently calculated and displayed.
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Figure 16 illustrates a control-flow diagram for intelligent-controller operation.
In general, an intelligent controller, at a high level, continuously operates within the context
of an event handler or event loop. In step 1602, the intelligent controller waits for a next
control event. When the next control event occurs, then, in a series of conditional statements,
the intelligent controller determines the type of event and invokes a corresponding control
routine. In the case of an immediate-control event, as determined in step 1604, the intelligent
controller calls an immediate-control routine, in step 1606, to carry out the intelligent
controller's portion of a user interaction to receive one or more immediate-control inputs that
direct the intelligent controller to issue control signals, adjust a control schedule, and/or carry
out other activities specified by a user through an intermediate-control interface. In the case
that the control event is a scheduled control event, such as when the current time corresponds
to a time at which a control schedule specifies a control activity to be undertaken, as
determined in step 1608, a schedule-control routine is called, in step 1610, to carry out the
scheduled control event. When the control event is a schedule-interface event, as determined
in step 1612, the intelligent controller invokes a schedule-interaction routine, in step 1614, to
carry out the ntelligent controller's portion of a schedule-input or schedule-change dialog
with the user through a schedule interface. In the case that the control event is a sensor event,
as determined in step 1616 a sensor routine is called by the intelligent controller in step 1618
to process the sensor event. Sensor events may include interrupts generated by a sensor as a
result of a change in sensor output, expiration of timers set to awaken the intelligent
controller to process sensor data of a next-scheduled sensor-data-processing interval, and
other such types of events.

As discussed below, there are two special types of events involved in one
implementation of a remaining-response-time calculation-and-display functionality. A
timeTo event 1620 may occur during P-response data selection and is handled by a call to a
timeTo event-handling routine 1622, A timeTo display event may occur during remaining-
response-time display, as determined in step 1624, and is handled by a timeTo display event-
handling routine called in step 1626. As illustrated in Figure 16 by the ellipses 1628, many
other different types of events may occur and may be handled by the intelligent-controller
event handler or event loop illustrated in Figure 16, including various different error events,

power-on and power-off events, controller-reset events, and other events related to controller
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operation. Figure 16 also shows a default event handler 1630 that may be invoked to handle
unusual or unexpected events.

Figures 17-19D illustrate, using control-flow diagrams, functionality that
allows an intelligent controller, in one implementation, to calculate and display remaining-
response-time values, as discussed above with reference to Figures 13A-15B. Figure 17
illustrates functionality added to the immediate-control routine, called in step 1606 of Figure
16, following an immediate-control event. This immediate-control routine, shown in Figure
17, assumes than an immediate-contro} event generates an immediate-control input. In step
1702, the immediate-control routine determines APy, or the P-value difference between a
curently observed P value and the P value specified by the immediate-control input. When
this computed APr value is greater than a threshold value, as determined in step 1704, the
"begin timeTo" routine is called, in step 170,6 to begin data collection for a next observed P
response, and the routine "begin timeTo display"” is called in step 1708 to begin continuous,
periodic, or intermittent display of a remaining-response-time value. Otherwise, a global
variable displayMode is set to the triple e/none/s in step 1710 to ensure that display of
remaining-response-time values is not initiated. The values stored in the triple are discussed,
below. The remaining steps in the immediate-control routine, including steps 1712, 1714,
and additional steps represented by ellipses 1716, are not further described, as they are related
to recetving and implementing an immediate-control input. Steps similar to steps 1702, 1704,
1706, 1708, and 1710 may also be included at the beginning of the scheduled-control routine
shown in step 1610 of Figure 16.

It should be noted that there may be cases in which multiple immediate-control
inputs and scheduled setpoint changes may occur so close together, in time, that additional
logic may be needed to ensure that only one P-response data set is collected, generally for the
last-occurring immediate-control input or scheduled setpoint change. For simplicity of
illustration and clarity of description, it is assumed in the control-flow diagrams and
following discussion that no two immediate-control inputs and/or scheduled setpoint changes
occur sufficiently close together, in time, for there to be a problem in P-response data overlap
and conflicting remaining-response-time displays.

Figures 18A-E illustrate, using control-flow diagrams, the P-response data-

collection machinery of one implementation of an intelligent controller. Figure 18A provides
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a control-flow diagram for the routine "begin timeTo," called in step 1706 of Figure 17. In
step 1804, the routine enters a current P versus ¢ data point into the P-response record. Then,
in step 1806, the routine arranges for a subsequent timeTo event, such as setting a timeTo
timer or arranging for subsequent interrupt. Thus, the routine "begin timeTo" sets up a P-
response record for collecting data during a current response time, enters a first data point into
the record, and schedules a next timeTo event for collection of a next data point.

Figures 18B-C provide a control-flow diagram for the routine "timeTo" that is
called to handle timeTo events in step 1622 in Figure 16. In step 1808, the routine "timeTo"
determines a value AP, with the magnitude of the P-value difference between the desired
setpoint P value and the curfent P value. Then, in step 1810, the routine "timeTo" enters a
next P versus ¢ data point into the P-response record. When AP, is not less than a threshold
value, indicating that there is still substantial time remaining until the desired setpoint P value
1s obtained, the routine "timeTo" arranges for a subsequent timeTo event, in step 1812, and
returns. Otherwise, data collection is finished for the current P-response so, in step 1814, the
routine "timeTo" selects a cumulative plot to which to add the data points stored in the P-
response record. The selection may involve selecting a plot associated with conditions
closest to current conditions, when multiple plots are maintained by the intelligent controller.
In step 1816, the routine "timeTo" adds the data points collected for the current P response to
the selected cumulative plot. When the selected cumulative plot has been parameterized, as
determined in step 1818, then a new fit is computed for the parameterized plot, in step 1820,
and associated with the plot. Otherwise, the routine "parameterize selected plot” is called, in
step 1822, 10 attempt to parameterize the cumulative plot to which the data points have been
added in step 1816, The routine continues in Figure 18C. When the fit computed in either of
steps 1820 or 1822 is less than a threshold value, as determined in step 1824, and all
cumulative plots at the plot level or within the dimension to which the currently considered
cumulative plot belongs have similarly low fit values indicating good statistical bases for the
parameterized plots, as determined in step 1826, then the routine "new dimension” is called in
step 1828 to consider adding a new dimension of global models, as discussed above with
reference to Figure 14E. Note that the thresholds of steps 1811 and 1824 have different

values. In control-flow diagrams provided in Figures 17-19D, each occurrence of the term
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"threshold" represents a potentially different numeric value. The threshold of step 1824 i5, in
addition, a value less than or equal to a threshold included in Figure 18D, discussed below.

Figure 18D provides a control-flow diagram for the routine "parameterize
selected plot” called in step 1822 of Figure 18B. In step 1830, the routine initiates a number
of local variables, including the variables "model,” "fit," and "parameters." Next, in the for-
loop of steps 1832-1838, each of a set of possible global models is considered. In the inner,
nested for-loop of steps 1833-1837, each of a set of possible parameter combinations for the
currently considered model is considered. For example, in the case of the model discussed
above with reference to Figure 14B, various different combinations of the ¢ and b constant
parameters for the model would be considered, one at a time, in the for-loop of steps 1833-
1837. In step 1834, a fit is computed for the currently considered model and currently
considered parameter combination. When the computed fit is less than the fit value stored in
the local variable "fit," as determined in step 1835, then the local variable "model" is set to an
indication of the currently considered model, the local variable "fit" is set to the computed fit
value in step 1834, and the local variable "parameters” is set to the currently considered
parameter combination. Following determination of the nested loops of steps 1832-1838,
when the value stored in the local variable "fit” is less than a threshold value, as determined
in step 1840, then, in step 1842, the cumulative plot selected by the routine "parameterize
selected plot” is deemed parameterized and associated with the computed fit value and the
parameter combination stored in the local variable "parameters.”

Figure 18E provides a control-flow diagram for the routine "compute fit"
called in step 1834 and in other steps in other of the control-flow diagrams of Figures 17-
19D. The routine "compute fit" computes a fit value as well as a probability value, as
discussed above with reference to Figures 14C-D, for a data set with respect to a particular P-
response model. The model and data set is received, in step 1850, and the local variable "fit"
is set to zero. Then, in the for-loop of steps 1852-1855, the routine "compute fit" considers

each data point in a plot, computing the A, value, as discussed above with reference to

Figure 14C, and adding that value to the local variable "fit." Finally, after termination of the
Jor-loop of steps 1852-1855, a probability value for the computed fit is computed, in step

1858, and the computed fit and probability value are associated with a plot.
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Figures 19A-D provide control-flow diagrams for the routines involved in the
display of remaining-response-time values by an intelligent controller, in one implementation.
Figure 19A provides a control-flow diagram for the routine "begin timeTo display,” called in
step 1708 of Figure 17. This routine initiates the display of remaining-response-time values
during a response time following an immediate-control input or scheduled setpoint change. |
In step 1902, the routine "begin timeTo display” selects an appropriate parameterized plot, or
global model, for initial computation of remaining-response-time values. The appropriate
parameterized plot may be a single global model, in certain cases, when there is only one
statistically meaningful global model, or, when multiple global models have been prepared, is
the global model associated with parameters and characteristics closest to those at the current
time. When the fit associated with the parameterized plot is less than a threshold value, as
determined in step 1904, the parameterized plot has been statistically validated and can be
used for remaining-response-time calculations. Otherwise, in step 1906, the routine attempts
to find a different parameterized plot with an associated fit value less than the threshold
value. When a statistically meaningful parameterized plot has been found in either of steps
1902 or 1906, as determined in step 1908, then, in step 1910, a target7 value is computed as
the current time plus the time at which AP reaches the setpoint P value in the selected
parameterized plot. Then, in step 1912, the global variable "displayMode" is set to a triplet
that includes an indication of the selected parameterized plot, the mode value "plot," and the
computed target?. In step 1914, the routine "begin timeTo display” arranges for a subsequent
timeTo-display event and then, in step 1916, sets the local variable "previousMode" to the
null triplet and sets the global variable "transition” to FALSE. When a statistically
meaningful parameterized plot is not found, as determined in step 1908, the display mode is
set to a triplet including no values for the selected parameterized plot and target? and a mode
of "generic," in step 1918.

Figure 19B provides a control-flow diagram for the routine "timeTo display”
called to handle a timeTo-display event, in step 1626 of Figure 16. In step 1920, the routine
"timeTo display" determines whether the global variable "transition" is TRUE. When the
global variable "transition" is TRUE, then the global variable "w" is decremented, in step
1922 and, when the value stored in the variable "w" after decrementing the variable "w" is

less than 0, the global variable "transition" is set to FALSE and the global variable "w" is set
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to 0. The global variable "w" is used, during a transition period, to weight contributions to a
computed remaining-response-time value from a current model and a previous model, when a
previous model exists. This is further discussed, below, with reference to Figure 19B. Next,
in step 1924, the routine "timeTo display" determines whether or not the displayMode global
variable includes a mode value "local.” When the displayMode global variable includes the
mode value "local," as determined in step 1924, a local model, as discussed above with
reference to Figures 15A-B, is currently being used for remaining-response-time calculations.
In that case, the routine "local" is called, in step 1926. Otherwise, either no model or a global
model is currently being used to compute remaining-response-time values. In that case, the
routine "timeTo display" attempts to determine a local model to which to transition for
subsequent remaining-response-time calculations. In step 1928, a local model is selected and
the P-response record currently collecting data points of the current P response is accessed.
In step 1930, the routine "compute fit" is called to compute a fit for the local model with
respect to currently collected data points for the current P response. When the fit is less than
a threshold value, as determined in step 1932, then, in step 1933, the routine "timeTo display”
computes a new target? value for the local model selected in step 1928 and, in step 1934, the
previousMode global variable is set to the value of the displayMode global variable and the
displayMode global variable is updated to have the value of a triplet that includes an
indication of the local model selected in step 1928, the mode "local,” and a new targetT value
computed for the local model in step 1933.  The routine "local,” called in step 1926, and
described below with reference to Figure 19C, either maintains continued use of the current
local model or transitions back to a global model, new local model, or no model. In step
1936, the routine "display” is called in order to update the display of the remaining-response-
time value by the intelligent controller. When the AP, value, computed in step 1808 of
Figure 18B, is less than a threshold value, then the mode field of the displayMode global
variable is set to "none," in step 1938, to discontinue display of remaining-response-time
values. Otherwise, in step 1940, the routine "timeTo display” arranges for a subsequent
timeTo-display event.

Figure 19C provides a control-flow diagram for the routine "local" called in
step 1926 of Figure 19B. In steps 1942 and 1944, the routine "local” accesses the current P-

response record and computes a fit for the currently used local model with respect to the data
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points in the current P-response record. When the fit is lower than a threshold value, as
determined in step 1946, the local model remains statistically valid, and the routine "local”
returns. Otherwise, in step 1948, the routine "local” selects a new local model and computes
a fit for the new local model with respect to the current data points in the P-response record,
m step 1950. When the fit is less than a threshold value, as determined in step 1932, then, m
step 1954, a new targetT value is computed for the new local model and, in step 1956, the
global variable "previousMode" is set to the current value of the global variable
"displayMode," the global variable "displayMode" is set to a triple that includes an indication
of the new local model, the mode "local," and the new target7 value computed in step 1954,
global variable "w" is set to 1.0, and the global variable "transition” is set to TRUE. When
the new local model is not less than the threshold value, as determined in step 1952, then
when a parameterized plot is available with an associated fit value less than the threshold
value, as determined in step 1960, then, in step 1962, a new target7 value is computed and, in
step 1964, the global variables "previousMode," "transition," “displayMode," and "w" are
updated to select the parameﬁeﬁzed plot as the current model in similar fashion to the update
of these local variables in step 1956. Otherwise, in step 1966, the current display mode is set
to the mode "generic."

Figure 19D provides a control-flow diagram for the routine "display," called in
step 1936 of Figure 19B. When the cument display mode, stored in the global variable
"displayMode," is "none," as determined in step 1970, then the routine "display” returns, since
no remaining-response-time value is currently being displayed. Otherwise, when the display
mode is "generic," as determined in step 1972, then a routine "generic display" is called in
step 1974 to display a directional indication or other generic display, rather than a remaining-
response-time value. For example, in the case of an intelligent controller controlling a
furnace, the intelligent controller may display the word "heating" rather than a remaining-
response-time value when the intelligent controller is unable to accurately calculate a
remaining-response-time value for lack of a reasonable model. Otherwise, when the display
mode is either "local” or "global," the routine "display" computes a value A#; 1976 as the
different between the target? time stored in the display mode local variable and the current
time. When the global variable "transition” ié true, as determined in step 1978, and when

there is a previous model, values for which are stored in the global variable "previousMode”
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as determined in step 1980, then the routine "display" computes a second value Az, as the
difference between the previous-mode} targetT and the current time, in step 1982, Otherwise,
the value A# is set to zero, in step 1984. In step 1986, the routine "display” computes a Az
value as the remaining-response-time value. The remaining-response-time value is computed
as a weighted combination of Az based on the previous model and As based on the current
model. Initially, this calculation is weighted towards the previous model but, as time passes,
the global variable "w" is continuously decremented in step 1922 of Figure 19D, to
increasingly provide greater weight to the remaining-response-time value computed from the
current model. Ultimately, the remaining-response-time value is computed only from the
current model. Finally, in step 1988, the routine "display” calls a display At routine that
displays the computed remaining-response-time value on a display component of the
mtelligent controller or to a remote device by the intelligent controller.

It should be noted that the intelligent controller computes remaining-response-
time values and stores the computed remaining-response-time values in at least one memory
prior to transferring the computed remaining-response-time values to local or remote display
devices. Remaining-response-time values are generally transferred through cables, wires,

optical fibers, and air.

Methods and Implementations for Calculating, Storing. and Displaying Projections of the

Time Remaming for Completion of Input Control Tasks in the Context of an Intelligent
Thermostat

FIG. 20A ilustrates steps for time to temperature computation in one
intelligent-thermostat implementation. The phrase "time to temperature” (“T2T”) refers to an
estimate of the time remaining from the current point in time until a target temperature is
reached. In view of the variety of factors that can affect the course of a temperature trajectory
over a particular real-world heating, ventilation, and air-conditioning ("HVAC") cycle, the
methods, described below, have been found to yield good T2T estimations. Moreover, in the
face of the many real-world variations that can occur, some predictable and others not so
predictable, the currently described methods for selective display of the T2T information
have been found to provide a valuable information-display feature to intelligent-thermostat

users. The T2T estimates are displayed, when accurate estimates can be obtained, on a
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display interface, such as display interface 410 shown in Figure 4. When accurate estimates
cannot be obtained, a generic display of temperature-change direction, such as "heating” or
"cooling,” may instead be displayed, or, alternatively, no T2T or generic display may be
provided.

According to one implementation, the intelligent thermostat’s T2T algorithm
is invoked during a learning phase that occurs soon after first installation or factory reset. The
intelligent thermostat begins to build and maintain its own database of T2T-related
information, which is customized for a particular controlled environment and particular
HVAC system that heats and cools the controlled environment, during a normal course of
operation. In general, the intelligent thermostat controls the HVAC system according to a
control schedule and immediate-control inputs, with significant AT changes and
corresponding response times occurring at or before scheduled setpoint changes and after
immediate-control inputs, and generally insignificant AT changes occurring during periods of
time between setpoints and immediate-control inputs, when the intelligent thermostat seeks to
maintain a specified temperature or temperature range. In one implementation, the intelligent
thermostat, for each leaming cycle comprising a predetermined number of heating or cooling
cycles, such as 10 heating or cooling cycles, automatically tracks the temperature change
AH(t) versus time ¢, where ¢ = 0 represents the beginning of the heating cycle.

After a suitable number of leaming cycles, a sufficient amount of data is
available to automatically generate a global model for the controlled environment. The global
model can subsequently be continuously improved using more data points, as time goes
forward, since each heating cycle represents yet another experiment. For one implementation,
the time span of the global model can be limited to only a recent period, such as the most
recent 30 to 60 days, so that it will be more likely to reflect the effects of the current season of
the year.

Figure 20B provides a diagram that includes a plot of the global model. The
global model may be a single-parameter straight line between AH = 0 and AH = (.5 degrees C
followed by a two-parameter curve beyond that point.

Referring again to FIG. 20A, at step 2008 the T2T algorithm is put ihto use
when the current operating setpoint temperature is changed from an initial value Hy to a

desired final value He. This setpoint change can be invoked by a user by using either a walk-
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up dial or a remote network access facility, or altematively can be invoked by a scheduled
setpoint change that changes the current operating setpoint temperature. At step 2012, an
initial estimate T2T(0) is computed using only the global model, by mapping the value Hr —
Hy = AH(0) into T2T(0) using the global model shown in FIG. 20B. This initial estimate,
which can be called a global-model initial estimate, can be shown immediately on the
intelligent thermostat display, even in real time as the user turns the dial for the case of a
manual walk-up setpoint change.

At step 2010, in what will usually last over the next several minutes of the
heating cycle, a global-model estimate continues to be used to provide the current time to
temperature estimate TT(t) by mapping the current measured room temperature H(t) into
TT(t) using the global model. The global model T2T estimate is denoted "TTg(t)." The
actual room temperature values H(t) can be provided at regular periodic intervals, such as
every 30 seconds, by the intelligent thermostat sensing circuitry. In one implementation,
during the time period in which the global estimate is being used for display purposes, a real-
time model R is built up by tracking the current value of AH(t) = H(t) - Hy versus time. The
real-time model R, which can alternatively be called a “local model,” does not become useful
for purposes of T2T estimation until a statistically meaningful linear function fitting the real-
time data can be constructed, often not until there has been a certain predetermined
empirically-established rise in temperature, such as 0.2 degrees C, at a point 2054 following a
lowest point 2052 in trajectory of H(t). One empirically-established guideline that has been
found useful is to wait until 10 temperature samples spaced 30 seconds apart subsequent to
the 0.2 degree C post-nadir rise point 2054 have been collected. In one implementation, the
real-time model R can be used to establish a real-time model estimate by using a straight-line
projection onto the target temperature line, as shown in FIG. 20B. The real-time model T2T
estimate is denoted " TTr(t)." For one implementation, only the latest 10 temperature
samples are used to project the straight line that computes the real-time estimate TTr(t). In
other implementations, all of the data points subsequent to the point 2054 can be used to
compute the TTg(D).

When, in step 2012, it is determined that the real-time model estimate TTgr(t)
is not sufficiently reliable, then step 2010 repeats until such time as TTg(t) is sufficiently

reliable, whereupon step 2014 is carried out. A smooth transition between the global-model
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estimate TTq(t) real-time model estimate TTr(t) occurs in step 2014, so that there is no jump
in the actual value of TT(t), which can be disconcerting to a user who is viewing the display,
the transition being summarized as TT(t) = TRANS[TTg(t) = TTr(t)]. The transition can be
achieved in a variety of ways. In one implementation, the transition is performed as a
straight-line transition from one curve to the other, where the transition occurs at a rate of not
more than 10 seconds per second. Once the transition is complete, the real-time estimate
alone can be used, in step 2016, until the end of the cycle.

As indicated in FIG. 20A, following the end of the cycle at step 2016, the
global model may be recomputed, at step 2006, so that the most recent historical data can be
leveraged prior to instantiation of the next heating cycle. Alternatively, the global model can
be recomputed once every several cycles, once per day, or on some other periodic basis.

Preferably, there are plural safeguards incorporated along with the steps 2014-
2016 to ensure that the displayed T2T estimate makes sense. When the safeguards indicate a
state of unreliability or other such problem for the real-time model estimate, the T2T display
may be turned off, and instead of a time reading, a generic display, such as the term "heating,”
may be undertaken. For example, when the statistical deviation of the data samples from a
straight line subsequent to point 2054 is greater than a certain threshold, the T2T display may
be turned off. Likewise, when the real-time model estimate of T2T starts growing for an
extended period of time, or indicates an unreasonably large number, the T2T display is turned
off.

Although the present invention has been described in terms of particular
examples, it is not intended that the invention be limited to these examples. Modifications
within the spirit of the invention will be apparent to those skilled in the art. For example,
mtelligent-controller logic may include logic-circuit implementations, firmware, and
computer-instruction-based routines and program implementations, all of which may vary
depending on the selected values of a wide variety of different implementation and design
parameters, including programming language, modular organization, hardware platform, data
structures, control structures, and many other such design and implementation parameters.
The remaining-response-time determinations and displays may be directed to many different
types of conirol scenarios and environmental parameters, as discussed above, including

multiple different parameters. These determinations and displays may include graphical,
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textural, and numeric representations of the remaining response time as well as the remaining
response time relative to a total response time, the remaining response time as well as the
already transpired response time, estimated changes in value of other parameters during the
response time, and many other types of information. The remaining response times
determined by an intelligent controller can be used for a variety of additional purposes and
determinations made by an intelligent controler.

It is appreciated that the previous description of the disclosed examples is
provided to enable any person skilled in the art to make or use the present disclosure.
Various modifications to these examples will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other examples without departing
from the spirit or scope of the disclosure. Thus, the present disclosure is not intended to be
limited to the examples shown herein but is to be accorded the widest scope consistent with

the principles and novel features disclosed herein.
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CLAIMS

I. An intelligent controller that controls an environment, the intelligent controller
Comprising:
a processor;
a memory that stores a control schedule;
a current control schedule stored in the memory;
one or more sensors that sense current values of an environmental parameter;
instructions stored within the memory that, when executed by the processor, control
the intelligent controller, during a response time following an immediate-control input or a
scheduled setpoint change recorded in the control schedule, to
at each of multiple points in time,
record, in the memory, a cumrent value for the environmental
parameter,
when the environmental parameter values recorded in memory fit a
local model for change in the parameter with time,
determine a remaining response time using the local model,
storing the determined response time in memory, and displaying the remaining response time
on a display device, and
when the environmental parameter values do not fit a local model but
fit a global model,
determine a remaining response time using the global model,
storing the determined response time in memory, and displaying the remaining response time

on the display device.

2. The intelligent controller of claim 1 wherein the processor includes one or more of:
one or more local processors; and

one or more remote processors.

3. The intelligent controller of claim 1 wherein the memory includes one or more of:

one or more local electronic memories;
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one or more local mass-storage devices;
one or more remote electronic memories; and

one or more remote mass-storage devices.

4. The intelligent controller of claim 1 wherein the current control schedule stored in the
memory includes one or more setpoints, each setpoint associated with a time and one or more

parameter values.

5. The intelligent controller of claim 1 wherein the display device is one of
a local display device included within the intelligent controller or directly connected
to the intelligent controller via a wire, cable, optical fiber, or other transmission medium; and
a remote display device to which the remaining response time is transmitted by the

intelligent controller through a remote-display interface.

6. The intelligent controller of claim 1 wherein the environmental parameter values
recorded in memory fit a focal model for change in the parameter with time when a fitness
metric computed for the environmental parameter values recorded in memory with respect to

the local model is within a range of fitness values.

7. The intelligent controller of claim 6 wherein the fitness metric is a sum of terms, each
term. a squared difference between an observed parameter value and a parameter value

calculated from the local model divided by the parameter value calculated from the local

model.

8. The intelligent controller of claim 6 wherein the fitness metric is a probability

computed from a probability distribution function.

9. The intelligent controller of claim 1 wherein determining a remaining response time

using the local model further includes computing the remaining response time from a local-
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model function, parameterized by one or more parameters, that receives a current time as an

argument.

10.  The intelligent controller of claim 1 wherein the local model is a linear function

parameterized by a constant slope parameter.

11.  The intelligent controller of claim 1 wherein determining a remaining response time
using the global model further includes computing the remaining response time from a
global-model function, parameterized by one or more parameters, that receives a current time

as an argument.

12. The intelligent controller of claim 1 wherein the global model is selected from among
multiple parameterized functions by selecting a parameterized function and a constant value
for each of one or more function parameters that statistically fits environmental parameter

values stored in a plot in memory.

13.  The intelligent controller of claim 12 wherein the environmental parameter values
stored in the plot in memory are recorded over one or more response times, transferred from

the memory to the plot after each of the one or more response times.

14, The intelligent controller of claim 12 wherein the intelligent controller maintains
multiple global models, a global model selected from the multiple global model for use in
computing a remaining response time that is associated with conditions closest to current

conditions.

15.  The intelligent controller of claim 12 wherein the intelligent controller maintains
multiple local models, a local model selected from the multiple local model for use in
computing a remaining response time that best fits the environmental parameter values

recorded in memory.
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16. A method incorporated in the control logic of an intelligent thermostat that includes a
processor, a memory that stores a control schedule, a current control schedule stored in the
memory, and one or more sensors that sense current values of an environmental parameter,
the method comprising:
at each of multiple points in time,
recording, in the memory, a current value for the environmental parameter,
when the environmental parameter values recorded in memory fit a local
model for change in the parameter with time,
determining a remaining response time using the local model, storing
the determined response time in memory, and displaying the remaining response time on a
display device, and
when the environmental parameter values do not fit a local model but fit a
global model,
determining a remaining response time using the global model, storing
the determined response time in memory, and displaying the remaining response time on the

display device.

17. The method of claim 16 wherein determining a remaining response time using the
global model further includes computing the remaining response time from a global-model
function, parameterized by one or more parameters, that receives a current time as an

argument.

18. The method of claim 17 wherein the global model is selected from among multiple
parameterized functions by selecting a parameterized function and a constant value for each
of one or more function parameters that statistically fits environmental parameter values
stored in a plot in memory, the environmental parameter values stored in the plot in memory
recorded over one or more response times, transferred from the memory to the plot after each

of the one or more response times.

19.  The method of claim 16 wherein the environmental parameter values recorded in

memory fit a local model for change in the parameter with time when a fitness metric
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computed for the environmental parameter values recorded in memory with respect to the

Jocal model is within a range of fitness values.

20. The method of claim 16 wherein the fitness metric is a sum of terms, each term a
squared difference between an observed parameter value and a parameter value calculated

from the local model divided by the parameter value calculated from the local model.



PCT/US2012/058183

WO 2013/058966

1/38

l Ol

anoIo/LS3IN

« NOILYOIS!

€

JINHEIN

HILVIH TOO0d

Ovl | e ¢0l
/ \wy [f
g 2:n_b< ,
_H%M\lwwmﬁq 8 i V@w ®k ouH

-



WO 2013/058966

2/38

2‘10—\

NEST/PARTNER(S)

DERIVED
DATA

ENGINES:
-STATISTICS
-INFERENCES
~INDEXING

/— 208

T~— 212

213\

NEST

<

OPS DATA
\-*_:__._/

SERVICES

PCT/US2012/058183
214
CHARITIES |/
216
GOVERNMENTS |/
acapemc | 218
INSTITUTIONS
220
BUSINESSES |/
222
UTILITIES

INTERNET

.

202
/—




WO 2013/058966 PCT/US2012/058183

3/38

316 —\
EX:

EXTRINSIC INFORMATION | -- WEA THER FORECAST
{e.g., FROM INTERNET) - PRICES

- NEIGHBORHOOD/HOME INFORMATION
PROCESSING 302
PARADIGMS
4 N N
e _ /
EX:
MANAGED — SECURITY
SERVICES — DEMAND/
RESPONSE
ADVERTISING/
y / COMMUNICATION [~~__ 304
219 < PROCESSING
- N SOCIAL ~_
A 306
CHALLENGES/
RULES/
COMPLIANCE/ | ™~ 308
REWARDS
NG
Y
310 A A A A
311 312
\ v/ N/ 31
| DSisSs DS:8S DSiSS .. DS:SS
pecisc| | ocisc DCisC DCiSC
\. J/
'
DS = DATA SOURCE DEVICES
DC = DATA CONSUMER EX: ‘
SS = SERVICE SOURCE - LIGHTS, HVAC, WATER CONTROLLER/SENSORS
SC = SERVICE CONSUMER - HOME APPLIANCES

- SMOKE/CO/HAZARD SENSORS/ALARMS

FIG. 3



PCT/US2012/058183

WO 2013/058966

4/38

90%

¥0 7

v Ol

~ Oly




PCT/US2012/058183

WO 2013/058966

- 5/38

AN

7S —

G-

— 20§




WO 2013/058966 PCT/US2012/058183
6/38
/— 602 /7 603
CPU — CPU
MEMORY
610 ———
CPU CPU
604 _/
N 608

—i SPECIALIZED
~— PROCESSOR

BRIDGE

618-~4//

614~J/

BRIDGE

CONTROLLER

CONTROLLER

oo

CONTROLLER

CONTROLLER

CONTROLLER

CONTROLLER

FIG. 6

| \\“ I \\_ I\\— [
623 624 625

626

MASS
STORAGE

DEVICE

627

628



PCT/US2012/058183

WO 2013/058966

7138

Buissaooud pue ejep sjowsal

mE|\

L9l

04 |/ Siosuas
) OO

- 801

ndino
01100 -

60/
aorpAUI il
joNuod
ajelpswLl ooBLIGUI 8|NPAYIS
Alt.l.l|||

70! \ | I\
201

90/ ||\

\

{s)o|npayos palo)s i\\
147




PCT/US2012/058183

WO 2013/058966

8/38

8 'Old

Josuss . %ORqPoY)

O
Nww|\

joeqpes) yoeqpast
[BlUSWUOIIAUD

N 508 //

ndut
[01jU00

118
N\

Josues

< jG4Ju02 m

pog —

< 00— \J\

Hoeqpaa}
JEJUBLIUOIIALD

/Iw_\w




PCT/US2012/058183

WO 2013/058966

4%

9/38

I ejeweled posuss

1455}

\lowm

6 Ol

: \| ¢06

d
sejeueled

pasuss

. 906




WO 2013/058966

1004
1002‘\ 1008 1012
r A i \/1022r—&ﬂ
o 1018 ~ 1026
s yan
_ 1010
1006
t
1020
- 1024
T 1016 l T/
s e
{
’1026\
1036
1030
1034
¢ 1028, =/ 10 H/
t
1940, 1046
/ 1042

Po

PCT/US2012/058183

FIG. 10A

FIG. 10B

FIG. 10C

FIG. 10D



WO 2013/058966 PCT/US2012/058183

11/38.

P 1102

| -
1104 <_| i % T

| t

1ar \ 24 b
, 1106

FIG. 11A

S

FIG. 11B

A

t

FIG. 11C



WO 2013/058966 PCT/US2012/058183
12/38
1206
P - /
T 1208
: /
1202 A >
] o5 i
F;‘*-1204
t
FIG. 12A
‘ ' 1212 immediate (system)
immediate control
control / interval
point
{user) -= / T
‘ |
P | 1216
o1 [
|
g immediate tsyster)
system
1210 —_ ondpont
f

FIG. 12B



WO 2013/058966

PCT/US2012/058183

13/38
/1220
1228 - 1232 L
OAN (g9 —THOAM 200 500PM 11:00PM
t
FIG. 12C

P /1228 L
L<1230
f
FIG. 12D
1232
P \— L
1224 -"'"
|

FIG. 12E



WO 2013/058966 PCT/US2012/058183

14/38

_ 1224 \/f 1240 L

FIG. 12G



PCT/US2012/058183

WO 2013/058966

15/38

Vel 9l
80€}

___f e ——— R
\ -
R

L~ ¥0EL

Noﬁ|\ - mom_‘|\

208}

90€1 1\



PCT/US2012/058183

WO 2013/058966

L0€E}

16/38

801

agl o4




PCT/US2012/058183

WO 2013/058966

17/38

80€)

L0€1

o€l Ol

N TN
[ ==
| P |

A

AV
A i
28l — =
ogel” HV
/ yZel

\m_m_‘

dV

o,

/w_‘m“‘



PCT/US2012/058183

WO 2013/058966

18/38

80€}

LOE}

asl ol

12412

\

'd

N

90¢l

e

-
r




WO 2013/058966 PCT/US2012/058183

19/38

/1410

oo
QO
3 -
%
[+ 0]
g T <
Q
ot Li
™
(o]
s
/

/ 1404 / 1406 / 1407




WO 2013/058966 PCT/US2012/058183

20/38

1

10 20 30 40
1416 “\ t (minutes) \ 1420

A== = f (1.a.)

FIG. 14B



WO 2013/058966 PCT/US2012/058183

21/38

1430
\

N
fit=>"A,,
i=]

fit 0 when observed data matches model, and
1 =
> 0 when observed data does not match model

FIG. 14C



WO 2013/058966 PCT/US2012/058183

22/38 N
—
S
g S
L
& |
AN\ <

P(fi)

1460



PCT/US2012/058183

WO 2013/058966

23/38

=14

s

/mS&
/ES‘

/m::

/NE




PCT/US2012/058183

WO 2013/058966

24/38

VGl 9l

arqeisun :

— ¢0Gl
, wﬁmwm::mﬂ

"

s




PCT/US2012/058183

WO 2013/058966

25/38

g9l Old
uws&“%

SIS




WO 2013/058966

26/38

( confroller )

PCT/US2012/058183

v J_N
1602 move
T wait far next control Y avents
event queued?
P A
L 4
1604 — 1606
immediate immediate L
conirol event control o
1608 L1610
T scheduied scheduled >
control event control
schedule o
interaction T
L1618
sensor >
| 1622
timeTo >
timeTo timeTo .
display event display "
2
N
[ ]
o >1628
L}
1630~
default
handler

FIG. 16



WO 2013/058966 PCT/US2012/058183

27/38

( immediate control )

h 4

determine APy /— 1702

Detween current P and
setpoint P

1706
/——-

begin timeTo

1704
////—

Y

APr
> threshold?

h 4

1708
begin imeTo /_

display

displayMode =
Binonels

Y

add immediate-control /_ 1712

satpoint fo control
schedule

A 4

1714
output appropriate /——_

control signals

_— 1716

FIG. 17



WO 2013/058966 PCT/US2012/058183

28/38

begin
: timeTo
h 4

alocatenewP- | 1802

response record

A

enter current (P, finto | " 1804

record

h 4

arrange for subsequent v 1806

timeTo event

FIG. 18A



WO 2013/058966 PCT/US2012/058183

29/38

{ timeTo )

A
determine AP

between current P and /_ 1808

setpoint P

Y

enter current (P.{) into /— 1810

P-response record

_—1812
1811
/— /_

arrange for subsequent
timeTo event

APs
< threshold?

select cumulative plot /— 1814

to which to P-response
record

h 4

add points plotted in P- /‘“ 1816

response record to
selected plot

1822
1818
ya ~

N parameterize
selected plot

selected

plot parameterized
?

1620 _\ compute |

fit

P
el
y

h

( continue } F[G . 1 88




WO 2013/058966 PCT/US2012/058183

30/38

( continue )

all
cumulative plois af
piot level wel
fit

new dimension

N i« j

FIG. 18C



WO 2013/058966 PCT/US2012/058183

31/38

parameterize sefect
plot

A

1830

setmodel = g
set fit = maxReal
set paramelers = @

A

/—-
for each of a set of /_ 1892
/—

possible models

P

for each of a set of
possible parameter
combinations for
currently considered
model

i

A 4

/— 1834 .
compte fit /— 1836

model = currently
considered mode; fit =
computed-fit;
parameters = currently
considered parameter
combination

computed fit <fit
?

more parameter
combinations?

FIG. 18D

more models

1842
/——

set plot as
fit < threshold parame?erszed land
9 associated with
' computed fit and
parameters




WO 2013/058966 PCT/US2012/058183

32/38

( compute fit )

Y

1850
receive model and plot; /—
fit—o;

1852
for each point o; in plot e

e
Latl

L 4
compute

Ao!c‘ —
P, f (t,,parameters
f (t,,parameters)

compute Plcurve fit > = 1858
fit); associated fit or /—
probability with plot

return fit and
P{curve fit> =
fit)

FIG. 18E



WO 2013/058966

33/38

Gegin timeTo displaD

h 4

select appropriate
parameterized plot

PCT/US2012/058183

find parameterized plot
with fit < threshold

parameterized plot
found?

targetT = current
time + time at
which AP = setpoint P
in plot

h 4

set displayMode =
selected plot/plot/
targetT;

set display mode
= gigenericla

-
o,

Y

arrange for subsequent
timeTo-display event

Y

previcusMode = g;
transition = false

/—1918

FIG. 19A



WO 2013/058966

34/38

timeTo display

fransition == frue

1920
/_

PCT/US2012/058183

w=w-01if (w<0)
transition = false,
Cw=0

select local model and

1922
/_

access appropriate | .~ 1928
points in P-response
model
: s 1934
19830
compute fit .
previpusMode =
current medel/mode/
/ 1943 targetT
displayMode = local
new targetT = current model/local/new
time + time at which P - tlalfgetT'
= setpoint P in local > transition = time;
model w=19
]

1938
/_

displayMode = Incne/

APc < threshold
?

>®<

_—1936

/- 1940

arrange for subsequent
timeTo-display event

C

FIG. 19B



WO 2013/058966 PCT/US2012/058183

35/38

local

access appropriate /— 1942

points in P-response
record

1944
compute fit /—

fit < threshold

198  FIG. 19C

select new local model

1950
—\ compdte fit

/— 1954 /, 1956

previousiMode = cumrent

1952 —-\ new targefT = rodelflocal/targetT
current time at transition = true;
which P = ! displayMode =new {7
setpoint Pin new modelllocalinew
/ 1966 model targetT
w=10

reviousMode = g/ ,
P nonefs: plot new targetT = prevxousModZ = gurrent
o Y | smetinest || rosealonet” |
enericla:; = ‘ |
) threihoid setpoint P in plot displayMode = selected
' model plot/plotinew targetT .
w=10

L1962 1964




WO 2013/058966 PCT/US2012/058183

.36/38

displayMode == a
nonels

1974
e

displayMode == g
generic/e
?

generic display

Aty = displayMode /_ 1976

targetT -
current time -

1982
1980 /‘
_

Ats = previousMode
targetT - current fime

previousMode

targetT
?

1084

Atz =0;

i
w

A 4

1986
At=w Atz + (1-w) Aty

1988

A

NN )

display At

FIG. 19D



WO 2013/058966

2002 —_

2004 —_

2006 —~_

2008 —_

2009 —_

37138

track temperature change versus

PCT/US2012/058183

time for several non-maintenance
heating cycles

e

sufficient
data to build

historical (“global™)

model?

compute global model

A

receive operating sefpoint temperature
change that invokes HVAC cycle

A 4

f N

compute and display initial T2T estimate
based solely on global model estimate
TT{0) = TT{0)

h 4

2010 —_

continue computing and displaying T27 based sclely on global
model estimate, TT{{) = TTo(t), while also building a real-time
model from actual ambient temperature trajectory

- 3

2012 —_

2014 —_

2016 ——~__

is

reai-time model
sufficiently

reliabie?

fransition T2T estimate from global model
esfimate to real-time model esfimate TT(t)
= trans{TTo(t) —TTr{t)}

Y

when transifion complete, compute and
disptay T2T estimate based solely on real-
time model estimate TT(t} = TTx(f)}

FIG. 20A



PCT/US2012/058183

WO 2013/058966

36/38

d0¢ 9lI4
(il

!

(o141

(1Y

(IHY

TICON INIL-TV3Y

00N (TYDIH0LSIH) TVE0TO




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2012/058183

A. CLASSIFICATION OF SUBJECT MATTER

GO5D 23/30(2006.01)i, GO5D 23/24(2006.01)i

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GO5D 23/30; GO5B 13/04; GO5B 15/02; G06G 7/66; GO6F 9/455, GOSD 23/19; GO5B 23/02

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: intelligent, controller, model, remaining, time, display

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2009-0312999 A1l (BOGDAN Z. KASZTENNY et al.) 17 December 2009 1-20
See paragraphs [0008]-[0010]; claim 1; and figures 1, 4.

A US 2011-0153089 A1 (DIRK TIEMANN et al.) 23 June 2011 1-20
See paragraphs [0009]-[0018], [0038]; claims 1-3; and figures 2-3, 5-7.

A US 2011-0196539 A1 (AJAY N. NAIR et al.) 11 August 2011 1-20
See paragraphs [0019]-[0035]; claims 1-20; and figures 1-5.

A US 2009-0112335 Al (ASHISH MEHTA et al.) 30 April 2009 1-20
See column 5, line 20 — column 7, line 47; column 12, line 37, claim 1;
and figures 1, 3, 6-7.

A US 2009-0195349 A1 (SETH FRADER-THOMPSON et al.) 06 August 2009 1-20
See paragraphs [0087]-[0162]; claims 1, 3, 19, 23, 44; and
figures 1, 3, 6, 19a, 19b.

|:| Further documents are listed in the continuation of Box C. IE See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
20 FEBRUARY 2013 (20.02.2013) 21 FEBRUARY 2013 (2 1 .02.20 13)
Name and mailing address of the ISA/KR Authorized officer ‘8/‘,__@%%
BYUN, Sung Cheal g’ paEaRLy
Facsimile No. 82-42-472-7140 Telephone No.  82-42-481-8262 wfﬁ‘*

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2012/058183

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2009-0312999 A1 17.12.2009 AU 2009-260382 A1 23.12.2009
CA 2726819 A1 23.12.2009
CN 102067049 A 18.05.2011
EP 2300885 A1 30.03.2011
JP 2011-524591 A 01.09.2011
KR 10-2011-0020830 A 03.03.2011
US 7822578 B2 26.10.2010
WO 2009-155149 A1 23.12.2009

US 2011-0153089 A1 23.06.2011 CA 2725358 At 07.01.2010
CN 102084306 A 01.06.2011
EP 2294487 A1 16.03.2011
EP 2294487 B1 28.03.2012
WO 2010-000077 A1 07.01.2010

US 2011-0196539 A1 11.08.2011 None

US 2009-0112335 At 30.04.2009 CN 101533261 A 16.09.2009
EP 2045673 A2 08.04.2009
EP 2045673 A3 13.10.2010
GB 2453261 A 01.04.2009
JP 2009-087350 A 23.04.2009
US 8036760 B2 11.10.2011

US 2009-0195349 A1 06.08.2009 CA 2713702 A1 06.08.2009
CA 2749628 A1 26.02.2012
CA 2749659 A1 26.02.2012
US 2011-0061014 A1 10.03.2011
US 2011-0063126 At 17.03.2011
US 8255090 B2 28.08.2012
WO 2009-097400 A1 06.08.2009

Form PCT/ISA/210 (patent family annex) (July 2009)



	Page 1 - front-page
	Page 2 - description
	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 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - wo-search-report
	Page 83 - wo-search-report

