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SELECTIVE EXECUTION OF SCHEDULED OPERATIONS BY AN INTELLIGENT CONTROLLER

TECHNICAL FIELD

10 The current patent application is directed to machine learning and
intelligent controllers and, in particular, to intelligent controllers, and machine-
lcarning methods incorporated within intelligent controllers, that determine the
presence of onc or more types of entities within an arca, volume, or environment
controlled by the intelligent controller and that modify control operation with respect

15 to presence or absence of the one or more entities.

BACKGROUND
Control systems and control theory are well-developed ficlds of
research and development that have had a profound impact on the design and
20 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
25 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 controllers are designed to output control signals to various
30 dynamical components of a system based on a control model and sensor feedback
from the system. Many systems are designed to exhibit a predetermined behavior or

mode of operation, and the control components of such systems are therefore

Date Regue/Date Received 2021-07-21
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designed, by traditional design and optimization techniques, to ensure that the
predetermined system behavior transpires under normal operational conditions. In
certain cases, there may be various different modes of operation for a system, and the
control components of the system therefore need to select a current mode of operation
for the system and control the system to conform to the selected mode of operation.
Theoreticians, researchers, and developers of many different types of controllers and
automated systems continue to seck approaches to controller design to produce
controllers with the flexibility and intelligence to control systems to select a current
operational mode from among different possible operational modes and then provide
control outputs to drive the controlled system to produce the selected mode of

operation.

SUMMARY

The current application is directed to intelligent controllers that use
sensor output and electronically stored information to determine whether or not one
or more types of entities are present within an area, volume, or environment
monitored by the intelligent controllers. The intelligent controllers select operational
modes and/or modify control schedules with respect to the presence and absence of
the one or more entities. The intelligent controllers selectively carry out scheduled
control operations during periods of time when one or more types of entities are

determined not to be in a controlled environment.

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.



10

15

20

25

30

CA 02909596 2015-10-15

WO 2014/172393 PCT/US2014/034248

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.

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.

Figure 11 illustrates a distributed-control environment.

Figure 12 illustrates sensing and inference regions associated with
each controller of a set of multiple controllers within an environment.

Figure 13 illustrates control domains within an environment controlled
by multiple intelligent controllers.

Figures 14A-C illustrate various types of electronically stored
presence-probability information within one or more intelligent controllers and/or
remote computer systems accessible to the one or more intelligent controllers.

Figure 14D illustrates a portion of a time line along which computed
scalar presence-probability values are shown as columns above time intervals.

Figure 15 illustrates some of the many different types of received and
electronically stored information that may be used by an intelligent controller in order
to determine the probability of presence of a human being in an entire environment or
within subregions or at certain points of the environment.

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

Figures 17A-B illustrate variations in a presence/no-presence model.

Figures 18A-B provide a state-transition diagram for an intelligent
controller that operates according to the two-state transition diagram illustrated in

Figure 17A.
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Figures 19 and 20 illustrate a three-presence-states intelligent
controller using illustration conventions similar to those used in Figures 17A and
18A.

Figure 21 illustrates varying degrees of distribution of intelligent
control with respect to multiple intelligent controllers within an environment.

Figures 22A-C show three different types of control schedules.

Figures 23A-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 22A-C, as part of automated control-schedule learning.

Figures 24A-D illustrate no-presence events and their effects on
control schedules.

Figure 25 illustrates many different types of information that may be
used by an intelligent controller in order to determine the presence and/or absence of
one or more human beings within a controlled environment or a region or subvolume
of the controlled environment.

Figures 26A-D illustrate various types of presence-related schedule
adjustments.

Figure 27 illustrates the two different types of probability-of-presence
data that may be used by an intelligent controller to decide whether or not to carry out
scheduled setpoints while in the no-presence state.

Figure 28 shows two different cumulative-probability-of-presence
curves corresponding to cumulative-probability-of-presence data maintained within
an intelligent controller.

Figures 29A-C illustrate selective carrying out of scheduled setpoints
by an intelligent controller in the no-presence state.

Figure 30 illustrates a modified state-transition diagram with respect to
the state-transition diagram shown in Figure 19.

Figure 31 illustrates one method by which an intelligent controller
evaluates a scheduled setpoint, while in the no-presence state, to determine whether

or not to carry out the scheduled setpoint.
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Figures 32-33 provide control-flow diagrams that illustrate selective
carrying out of scheduled setpoints by an intelligent controller in the no-presence
state, as discussed above with reference to Figures 27-31.

Figure 34 illustrates one approach to computing the variable threshold

time.

DETAILED DESCRIPTION

The current application is directed to a general class of intelligent
controllers that determine the presence and absence of one or more types of entities
within one or more areas, volumes, or environments affected by one or more systems
controlled by the intelligent controllers and that includes many different specific
types of intelligent controllers that can be applied to, and incorporated within, many
different types of devices, machines, systems, and organizations. Intelligent
controllers control the operation of devices, machines, systems, and organizations
that, in turn, operate to affect any of various parameters within one or more areas,
volumes, or environments. The general class of intelligent controllers to which the
current application is directed include components that allow the intelligent
controllers to directly sense the presence and/or absence of one or more entities using
one or more outputs from one or more sensors, to infer the presence and/or absence of
the one or more entities within areas, regions, volumes or at points within areas,
regions, and volumes from the sensor-based determinations as well as various types
of electronically stored data, rules, and parameters, and to adjust control schedules,
based on the inferences related to the presence or absence of the one or more entities
within the areas, regions, and volumes. The subject matter of this patent specification
relates to the subject matter of the following commonly assigned applications, which
are incorporated by reference herein: US Ser. No. 13/632,070, filed September 30,
2012; and U.S. Ser. No. 13/632,041 filed September 30, 2012.

The detailed description includes three subsections: (1) an overview of
the smart-home environment; (2) presence-and/or-absence detection and control
adjustment by intelligent controllers; and (3) selective carrying out of scheduled
control operations by an intelligent controller. The first subsection provides a

description of one area of technology that offers many opportunities for application
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and incorporation of methods for detecting the presence and/or absence of one or
more entities and for accordingly adjusting the control of one or more systems. The
second subsection provides a detailed description of the general class of intelligent
controllers which determine the presence and/or absence of one or more entities and
that correspondingly adjust control of one or more systems based on the determined
presence and/or absence of the one or more entities, including a first, general
implementation. The third subsection provides a disclosure of an intelligent
controller that selectively carries out scheduled control operation during periods of
time when no entities, such as human beings, are determined to be presence in a

controlled environment.

Overview of the Smart-Home Environment

Figure 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.

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 intelligent, 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
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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 protocols, in part or
in whole, to various remote systems and organizations, 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
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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
entitiecs 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, cach 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.

Presence-and/or-Absence Detection and Control Adjustment
by Intelligent Controllers

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 intelligent controller 402, or in the

environment. In Figure 4, the intelligent controller is shown connected to the



10

15

20

25

30

CA 02909596 2015-10-15

WO 2014/172393 PCT/US2014/034248

9

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 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
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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 interfaces 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, 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 interconnection media, including multiple,
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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 serial 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 intelligent 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 instructions. 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, 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.
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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 control
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 ecither 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,
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machine state, organization 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 P1 and P2, 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 P. 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
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to be initially low 1006, then rise to a relatively high value 1008, then subside to an
intermediate 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.

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 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
corresponding 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.

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
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by edge 1032. Similar positive output control signals 1034 and 1036 are clicited by
setpoints 1020 and 1024 in Figure 10B.

Finally, Figure 10D illustrates the observed parameter changes, as
indicated by sensor output, resulting from control, by the intelligent controller, of one
or more controlled 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.

There are many types of controlled entities and associated controllers.
In certain cases, control output may include both an indication of whether the
controlled entity should be currently operational as well as an indication of a level,
throughput, or output of operation when the controlled entity is operational. In other

cases, the control out may be simply a binary activation/deactivation signal. For
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simplicity of illustration and discussion, the latter type of control output is assumed in
the following discussion.

Figure 11 illustrates a distributed-control environment. The intelligent
controller discussed with reference to Figures 4-8, above, is discussed in the context
of a single controller within an environment that includes, or that is operated on by, a
system controlled by the intelligent controller. However, as shown in Figure 11,
multiple intelligent controllers 1102-1104, in certain implementations in cooperation
with a remote computing system 1106, may together control one or more systems that
operate on an environment in which the multiple intelligent controllers are located or
that is controlled remotely by the multiple intelligent controllers. As discussed
further, below, the multiple intelligent controllers may control one or more systems
with various degrees of control distribution and cooperation. In general, as indicated
by double-headed arrows in Figure 11, such as double-hecaded arrow 1108, each
intelligent controller exchanges data with the remaining intelligent controllers of the
multiple intelligent controllers and all of the intelligent controllers exchange data
with the remote computing system. In certain cases, one or a subset of the multiple
controllers acts as a local router or bridge on behalf of the remaining intelligent
controllers of the multiple intelligent controllers so that data and messages sent from
a first intelligent controller to a target intelligent controller or target remote
computing system can be transmitted to, and forwarded by, a second intelligent
controller acting as a router or bridge to the target.

Figure 12 illustrates sensing and inference regions associated with
each controller of a set of multiple controllers within an environment. The
environment controlled by the multiple controllers is represented, in Figure 12, by an
outer dashed rectangle 1202. The environment includes three controllers 1204-1206.
In certain implementations, rather than intelligent controllers, the environment
contains sensors that communicate with corresponding remote intelligent controllers.
In the present discussion, for simplicity of description, the intelligent controllers are
discussed as residing within the environment that they control, but as indicated in the
preceding statement, they may be physically located outside of the environment
which they control. Each controller uses one or more sensors to receive sensor

output that allows the controller to directly measure or detect characteristics or
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parameters of the environment within a region of direct perception. The region of
direct perception for the controller ¢/ 1204 is shown as a cross-hatched disk-shaped
region 1208. The regions of direct perception for controllers ¢2 and ¢3 are similarly
shown as cross-hatched disk-shaped regions 1210 and 1212, respectively. In the
environment illustrated in Figure 12, each controller may be responsible for directly
measuring characteristics and parameters of the environment or inferring the
characteristics and the parameters of the environment within a perception region. In
Figure 12, the perception regions of the three controllers are indicated by dashed lines
and contain the corresponding regions of direct perception. For example, the
perception region for controller ¢2 is bounded by the environment boundary 1202 and
dashed-lines 1214-1217. As can be scen in Figure 12, both regions of direct
perception and perception regions corresponding to different controllers may overlap.
For example, the doubly cross-hatched region 1220 represents the overlap of the
regions of direct perception associated with controllers ¢/ 1204 and ¢3 1206.
Similarly, the region bounded by dashed-line segments 1222-1224 represents an
overlap of the perception regions associated with controllers ¢/ and ¢3.

Figure 12 shows that distributed control of an environment with
multiple intelligent controllers may be associated with complex considerations. An
intelligent controller may be responsible for sensing a portion of the environment,
referred to above as the "perception region" associated with the intelligent controller,
that exceeds a region directly accessible by the intelligent controller through sensors,
referred to above as the "region of direct perception." In order to provide various
types of determinations needed for control decisions with respect to the perception
region, the intelligent controller may use various rules and differencing techniques to
extend determinations based on sensor output to the larger perception region. When
an intelligent controller includes multiple sensors, the intelligent controller may also
carry out various types of probabilistic determinations with regard to inconsistencies
in sensor outputs for multiple sensors, and may continuously calibrate and verify
sensor data with independent determinations of environmental characteristics and
parameters inferred from sensor output. When perception regions and regions of
direct perception associated with multiple controllers overlap, distributed control may

involve employing multiple determinations by multiple controllers and resolving
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conflicting determinations. In many cases, inferences made by one controller based
on incomplete sensor data available to the controller may be strengthened by
supplemental data relevant to the determinations supplied by other intelligent
controllers.

Figure 13 illustrates control domains within an environment controlled
by multiple intelligent controllers. In the environment illustrated in Figures 12 and
13, each of the three intelligent controllers 1204-1206 is associated with a control
domain, indicated by cross-hatching. In the example shown in Figure 13, the three
control domains 1302-1304 associated with intelligent controllers 1204-1206,
respectively, are rectangularly shaped. The control domains associated with
intelligent controllers ¢/ 1204 and ¢3 1206 overlap within a first doubly cross-
hatched region 1308 and the control domains associated with controllers ¢2 1205 and
¢3 1206 overlap in a second doubly cross-hatched domain 1310.

The concept of control domains adds further complexity to the
distributed control of an environment by multiple intelligent controllers. Intelligent
controllers use determinations of various characteristics and parameters of the
environment from sensor data and electronically stored information, including control
schedules, historical sensor data, and historical determinations of environmental
characteristics and parameters, to intelligently control one or more systems to provide
desired characteristics and parameters within the control domain associated with the
intelligent controller. However, because control domains may overlap, and because a
portion of an environment, such as region 1312 in Figure 13, may not be subject to
direct control by any intelligent controller through control of one or more systems,
many complex distributed-control decisions are made and many tradeoffs considered
in order to provide intelligent distributed control over an environment. AS one
example, intelligent controllers ¢/ and ¢3 may end up controlling their individual
control domains somewhat suboptimally in order to prevent unacceptable
characteristics and parameter values from arising in the region of overlap 1308
between their control domains. Furthermore, because control domains may not be
strictly coextensive with perception regions, complex control decisions may be
undertaken to indirectly control portions of an environment external to individual

control domains.
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In Figures 12 and 13, the regions of direct perception, perception
regions, and control domains are shown as arcas within an environment. In certain
intelligent-control problem domains, the regions of direct perception, perception
regions, and control domains may be subvolumes within a larger environmental
volume. For example, a single-story residence may be adequately described in terms
of areas within a total residence area, while a multi-story apartment building may
require consideration of subvolumes within a larger volume comprising all of the
apartments in the multi-story apartment building. In the following discussion, an area
view, rather than a volume view, of intelligent control is adopted, for clarity and ease
of illustration and discussion.

The current application is directed to intelligent controllers that
directly and indirectly sense the presence of one or more different types of entities
within associated perception regions within their environment and then make, either
alone or in distributed fashion together with other intelligent controllers and/or
remote computers, control-schedule adjustments and may undertake additional
activities and tasks depending on whether the one or more entities are present or
absent within the environment, as a whole, or within certain portions of the
environment. In the following discussion, intelligent controllers that determine the
presence of human beings within environments controlled by the intelligent
controllers are discussed, as one example. However, the presence or absence of any
of a variety of other types of entities may be detected by intelligent controllers and
the detection used to adjust control schedules or undertake additional activities. For
example, intelligent controllers in manufacturing environment may detect the
presence of subassemblies within or near automated assembly stages and accordingly
control automated assembly stages to carry out various manufacturing processes on
the subassemblies. Various types of automobile-traffic-related intelligent controllers
may detect the presence or absence of automobiles in particular regions and
accordingly control signal lights, drawbridges, street lighting, and other devices and
systems.

Intelligent controllers that detect the presence and/or absence of
human beings in an environment or a portion of an environment generally construct

and maintain a continuously updated presence-probability map or scalar presence-
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probability indication, with continuous updating including updating the probability
map or scalar indication after each new sensor reading, after a threshold-level change
in sensor readings, at regular intervals, after expiration of timers or after fielding
interrupts, or on many other temporal bases. The presence-probability maps or scalar
indications are then used for adjustment of control schedules and launching of any of
various control operations dependent on the presence or absence of human beings in
the overall environment or regions of the environment controlled by the intelligent
controllers. Note the phrase "presence probability" may refer to either the probability
of one or more entities being present in an area or volume or the probability of one or
more entities being absent from a an area or volume, equivalent to interchanging the
polarity of a probability interval [0, 1].

Figures 14A-C illustrate various types of electronically stored
presence-probability information within one or more intelligent controllers and/or
remote computer systems accessible to the one or more intelligent controllers. Figure
14A shows a presence-probability map for a region of an environment associated
with an intelligent controller. In the example shown in Figure 14A, the region 1402
is rectangular, and points within the region are described by coordinates of a
rectangular Cartesian coordinate system that includes an x axis 1404 and a y axis
1406. The vertical axis 1408 represents the probability P(x,y) that a human being is
present at the position (x,y) within the region 1402. Commonly, the region may be
divided in grid-like fashion into a two-dimensional array of smallest-granularity
subregions, such as subregion 1410. For those subregions associated with a non-zero
presence probability, the height of a column rising from a subregion represents the
probability that a human being is currently present within that subregion. Thus, in the
example shown in Figure 14A, there is a non-zero probability that a human being is
present within a first subregion 1412 and a second subregion 1414 within the region
1402 described by the presence-probability map. In many cases, the probability map
is normalized, so that integration of the column volumes for the entire presence-
probability map provides a cumulative presence probability for the entire
environment in the range [0,1]. However, other types of normalizations are possible,

and, for many control decisions, normalization is not required.
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Figure 14B illustrates a different type of presence-probability map. In
the presence-probability map 1420 shown in Figure 14B, a rectangle 1422
representing an entire environment or a portion of an environment controlled by an
intelligent controller is subdivided into subregions 1424-1428. In this presence-
probability map, the height 1430 of a column rising from a subregion represents the
probability that a human being is present in that subregion. In general, this second
type of presence-probability map is more coarsely grained than the presence-
probability map illustrated in Figure 14A, and the smallest-granularity subregions are
regularly sized or regularly positioned within the region or environment 1422
described by the presence-probability map. As one example, a presence-probability
map of this type may be used for a residential environment, with each subregion
corresponding to a room in the residence.

In general, as indicated above, an intelligent controller maintains a
presence-probability map over time, adjusting the presence-probability map, at
intervals, to reflect a best estimate for the probability of the presence of a human
being in subregions of the map based on current sensor readings, historical,
electronically stored information, and information obtained from remote sources.
Figure 14C illustrates a presence-probability map maintained by an intelligent
controller over time. At each of various points of time, including the points of time
labeled #; 1440, ¢, 1441, and #; 1442 along a horizontal time axis 1444, the intelligent
controller has prepared a presence-probability map, including presence-probability
maps 1446-1448 corresponding to time points #;, #,, and 3.

In certain cases, one or more intelligent controllers may make a single,
scalar determination of the probability of the presence of a human being within an
entire environment, and compute the scalar presence-probability value at intervals,
over time. Figure 14D illustrates a portion of a time line 1460 along which computed
scalar presence-probability values are shown as columns above time intervals.

An intelligent controller may use any of many different types of
received and/or electronically stored data in order to construct presence-probability
maps and scalar values, discussed above with reference to Figures 4A-D. Figure 15
illustrates some of the many different types of received and electronically stored

information that may be used by an intelligent controller in order to determine the
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probability of presence of a human being in an entire environment or within
subregions or at certain points of the environment. In Figure 15, rectangle 1502
represents an intelligent controller. Unfilled circles, such as unfilled circle 1504,
represent sensors. Arrows, such as arrow 1516, represent data input. In addition to
sensor data and data input from remote information and data sources, the intelligent
controller may also internally store many different types of data 1520, including
historical sensor data, non-current presence-probability scalars and maps, historical
determinations of the presence and/or absence of humans, control schedules, control
inputs, and many other different types of data.

Various types of sensors useful for making determinations with regard
to the presence or absence of human beings in an environment include proximity
detectors 1504, passive infrared ("PIR") motion detectors 1505, other types of motion
detectors 1506, microphones or other types of acoustic detectors 1507, charge-
coupled detectors ("CCD") or low-resolution digital cameras 1508, thermopiles or
thermocouples 1509, carbon dioxide sensors 1510, water-vapor detectors 1511,
pressure sensors 1512, various types of flow meters 1513, security/entry detectors
within home-security systems 1514, and various types of field-strength sensors that
sense magnetic and electrical fields 1515. Proximity detectors include a wide variety
of different types of sensors, including capacitive, capacitive-displacement,
conductive, magnetic, optical, thermal, sonar, and other types of sensors. PIR
motion-detector sensors detect abrupt changes in temperatures based on infrared
radiation emitted by living creatures. Other types of motion detectors include
ultrasonic, microwave, and tomographic motion detectors. Acoustic detectors can
detect various types of sounds or sound patterns indicative of the presence of human
beings. Low-resolution cameras and CCD devices may detect changes in ambient
light, including changes in ambient light due to moving objects. Thermopiles and
thermocouples can be used to detect changes in temperature correlated with the
presence of human beings and other living organisms. Similarly, carbon-dioxide and
water-vapor detectors may detect gasses exhaled by human beings and other living
creatures. Pressure sensors may detect changes in pressure within an environment
due to opening and closing of doors, windows, motion of large objects through the

air, and other such pressure changes. Flow meters may detect the rate of flow of



10

15

20

25

30

CA 02909596 2015-10-15

WO 2014/172393 PCT/US2014/034248

23

water, natural gas, and other gasses and liquids that flow under positive control by
human beings. Various types of security-system entry detectors may be used to
detect ingress and egress of occupants into and out from an environment. Field-
strength sensors may detect temporal changes in field strength correlated with
presence of human beings or motion of human beings through an environment.

An intelligent controller may receive data inputs from various smart
appliances within an environment that indicate the presence of human beings as well
as location-monitoring mobile phones and other such appliances 1516, information
from a variety of Internet resources 1517 in which presence-and/or-absence
information can be gleaned, information from a remote computer system 1518, as, for
an example, a remote computer system to which various intelligent-control tasks and
data is distributed, and various remote controllers 1519, including other intelligent
controllers within an environment controlled by multiple intelligent controllers.

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, then 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, then the intelligent
controller invokes a schedule-interaction routine, in step 1614, to carry out the
intelligent 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,
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as determined in step 1616, then 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. When the event is a
presence event, as determined in step 1620, then the intelligent controller calls a
presence routine, in step 1622. A presence event is generally a timer expiration,
interrupt, or other such event that informs the intelligent controller that it is time to
determine a next current probability-presence scalar value or to construct a next
current probability-presence map. As indicated by the ellipsis 1624 in Figure 16,
many additional types of control events may occur and may be handled by an
intelligent controller, including various types of error events, communications events,
power-on and power-off events, and a variety of events generated by internal set
components of the intelligent controller.

There are many different models that describe how various different
intelligent controllers respond to detected presence and/or absence of human beings.
As discussed above, during intelligent-controller operation, the intelligent controller
continuously evaluates a wide variety of different types of electronically stored data
and input data to update stored indication of the probability of human presence in
each of one or more regions within an environment controlled by the intelligent
controller. In one model, the intelligent controller primarily operates with respect to
two different states: (1) a presence state resulting from determination, by the
intelligent controller, that one or more human beings are present within one or more
regions; and (2) a no-presence state, in which the intelligent controller has determined
that no human beings are present within the one or more regions.

Figures 17A-B illustrate variations in a presence/no-presence model.
Figure 17A shows a simple presence/no-presence model that includes two states for
the entire perception region or control domain associated with the controller. When
the probability of human presence within the perception region rises above a first
threshold value 1702, the intelligent controller transitions to a presence state 1704.
When the probability of presence of a human being within the perception region falls

below a second threshold value 1706, the intelligent controller transitions to a no-
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presence state 1708. In this case, the current scalar probability value or presence-
probability map is continuously or iteratively evaluated with respect to one or more
thresholds in order to determine in which of the two states 1704 and 1708 the
intelligent controller currently resides. As shown in Figure 17B, when an intelligent
controller makes presence and/or absence determinations for multiple regions within
an environment, then each region is associated with presence and no-presence states.
In Figure 17B, each eclement of the column vector 1710 corresponds to a different
region, and each different region is associated with a presence/no-presence state-
transition diagram such as the state-transition diagram 1712 associated with region R4
1714.

Figures 18A-B provide a state-transition diagram for an intelligent
controller that operates according to the two-state transition diagram illustrated in
Figure 17A. In Figure 18A, each state is represented by a labeled circle, such as
labeled circle 1802, and state transitions are represented by curved arrows, such as
curved arrow 1804. Figure 18B provides a table in which the lower-case letter
corresponding to each state transition in Figure 18A is paired with an explanation of
the state transition. In Figure 18A, the intelligent-controller state is largely divided
between presence states and no-presence states. In other words, the state-transition
diagram of Figure 17A is superimposed over a state-transition diagram for an
intelligent controller to produce presence states and no-presence states. However,
two states 1806 and 1808 do not have presence and no-presence counterparts, since,
in the simple example intelligent controller described by Figures 18A-B, a human
being must be present in order to interact with the intelligent controller through a
schedule interface or an immediate-control interface. In other words, these two states
are defined to be presence states, for this example. Many intelligent controllers
would, in fact, have presence and no-presence states for the schedule-interaction state
1806 and the immediate-control state 1808, since users may access a schedule
interface or immediate -control interface remotely, through mobile phones and other
mobile computing appliances. However, the intelligent controller described by the
state-transition diagram provided in Figures 18A-B features a simple schedule display
and immediate-control interface that requires the presence of a user. In general, the

intelligent controller occupies either of the two control states 1802 and 1808. In these
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states, the intelligent controller may carry out a variety of different activities on an
ongoing basis, including exchanging data with other intelligent controllers and
remote computer systems, responding to error events, and other such activities.

When a user interacts with the intelligent controller through the
schedule interface, the intelligent controller transitions from e¢ither of the control
states 1802 and 1808 to the schedule-interaction state 1806. Once the schedule
interaction is concluded, the intelligent controller may return to control state 1802
either directly or through a scheduled-change state 1810 as a result of the current time
corresponding to a schedule setpoint. However, when the schedule-interaction state
1806 is reached directly from the no-presence control state 1808, there is no state
transition that returns the intelligent controller to the no-presence control state 1808.
This is because user interaction through the schedule interface provides unambiguous
evidence of the fact that a human being is present, in this example, and, therefore,
subsequent states are presence-associated states. Similar considerations apply to the
immediate-control state 1812. The intelligent controller may transition from the
presence-associated states to no-presence-associated states from a presence-ecvent
state 1814 in which the intelligent controller determines the current probability of
human presence. A similar presence-event state 1816 provides a transition to
presence-associated events. Thus, the state transition diagrams in Figure 18A-B
represent intelligent-controller operation alternatively to the high-level control-flow
diagram provided in Figure 16.

In other intelligent-controller implementations, there may be
additional presence-related states. Figures 19 and 20 illustrate a three-presence-states
intelligent controller using illustration conventions similar to those used in Figures
17A and 18A. 1In one type of three-presence-states intelligent controller, the
intelligent controller may operate within a presence state 1902, a no-presence state
1904, or a long-term no-presence state 1906. States 1902 and 1904, along with
transitions 1908-1909, respond to the state-transition diagram shown in Figure 17A.
However, the state-transition diagram shown in Figure 19 also includes state 1906
which corresponds to the absence of human presence within one or more regions
controlled by the intelligent controller for greater than a threshold amount of time.

This state can be entered either from the no-presence state 1904 or the presence state
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1902 via transitions 1910 and 1911, respectively. However, the intelligent controller,
once in the long-term no-presence state 1906, can only transition out of long-term no-
presence state 1906 to the present state 1902. Figure 20 provides a state-transition
diagram for intelligent-controller operation similar to that provided in Figure 18A.
However, in this case, there are three different types of states associated with the
presence, no-presence, and long-term no-presence states 1902, 1904, and 1906 shown
in Figure 19. In other words, the state-transition diagram of Figure 19 has been
superimposed over a state-transition diagram for intelligent-controller operation in
order to generate the state-transition diagram shown in Figure 20. As in the state-
transition diagram shown in Figure 18A, the schedule-interaction state 2002 and the
immediate-control state 2004 are defined to indicate the presence of a human being,
and are thus not replicated to create three presence-associated, no-presence-
associated, and long-term-no-presence-associated states.

Figure 21 illustrates varying degrees of distribution of intelligent
control with respect to multiple intelligent controllers within an environment. The
degree of distribution is indicated by vertical axis 2102. At one extreme 2104, each
intelligent controller 2106-2108 is a completely separate and distinct subcontroller,
monitoring and controlling a distinct region within an overall environment. At the
other extreme 2110, the three intelligent controllers 2112-2114 can be considered to
be subcomponents of a distributed intelligent controller 2116, with all sensor data,
clectronically stored data, and other information processed in distributed fashion in
order to monitor and control an environment. Many different intermediate rules of
distribution between these two extremes may describe any particular level of
distribution exhibited by multiple intelligent controllers of a distributed intelligent
controller. For example, the intelligent controllers may be responsible for controlling
different subregions, but may share sensor data, presence and/or absence
determinations, and other data and inferences in order that each intelligent controller
provides optimal or near-optimal control within the control domain associated with
the intelligent controller within the context of the entire environment.

Figures 22A-C show three different types of control schedules. In
Figure 22A, the control schedule is a continuous curve 2202 representing a parameter

value, plotted with respect to the vertical axis 2204, as a function of time, plotted with
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respect to the horizontal axis 2206. 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
changes 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 22B 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 control schedule, to occur at a given rate, rather than specified to
occur instantaneously, as in the simple control schedule shown in Figure 22A.
Automated-control-schedule-learning methods may also accommodate smooth-
continuous-curve-based control schedules, such as that shown in Figure 22C. In
general, the characterization and data encoding of smooth, continuous-curve-based
control schedules, such as that shown in Figure 22C, is more complex and includes a
greater amount of stored data than the simpler control schedules shown in Figures
22B and 22A.

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 temperature 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.

Turning to the control schedule shown in Figure 22A, the continuous-
curve-represented control schedule 2202 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
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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 23A-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 22A-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 23A shows
representations of two immediate-control inputs 2302 and 2304. An immediate-
control input is essentially equivalent to an edge in a control schedule, such as that
shown in Figure 22A, 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, overriding 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 control
schedule, an immediate-control input is generally associated with a subsequent,
temporary control schedule, shown in Figure 23A 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
2306 and 2308 are associated with immediate-control inputs 2302 and 2304,
respectively, in Figure 23A.

Figure 23B illustrates an example of immediate-control input and
associated temporary control schedule. The immediate-control input 2310 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 2312 in the
representation of the immediate-control input. Following the immediate-control

input, a temporary constant-temperature control-schedule interval 2314 extends for a
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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 2316. The length of time for which the immediate-control input
is maintained, in interval 2314, is a parameter of automated control-schedule
learning. The direction and magnitude of the subsequent immediate-control-input
endpoint setpoint 2316 represents one or more additional automated-control-
schedule-learning parameters. Please note that an automated-control-schedule-
learning 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.

Figure 23C 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 2320, at 7:00 AM (2322 in
Figure 23C). The immediate-control input 2324 specifies an earlier parameter-value
change of somewhat less magnitude. Figures 23D-G illustrate various subsequent
temporary control schedules that may obtain, depending on wvarious different
implementations of intelligent-controller logic and/or current values of automated-
control-schedule-learning parameter values. In Figures 23D-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 23D, the desired parameter value indicated by the immediate-control input
2324 is maintained for a fixed period of time 2326 after which the temporary control
schedule relaxes, as represented by edge 2328, to the parameter value that was
specified by the control schedule at the point in time that the immediate-control input
is carried out. This parameter value is maintained 2330 until the next scheduled
setpoint, which corresponds to edge 2332 in Figure 23C, at which point the intelligent

controller resumes control according to the control schedule.
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In an alternative approach shown in Figure 23E, the parameter value
specified by the immediate-control input 2324 is maintained 2332 until a next
scheduled setpoint is reached, in this case the setpoint corresponding to edge 2320 in
the control schedule shown in Figure 23C. At the next setpoint, the intelligent
controller resumes control according to the existing control schedule. This approach
is desired by many users, who expect manually entered setpoints to remain in force
until a scheduled setpoint change.

In a different approach, shown in Figure 23F, the parameter value
specified by the immediate-control input 2324 is maintained by the intelligent
controller for a fixed period of time 2334, following which the parameter value that
would have been specified by the existing control schedule at that point in time is
resumed 2336.

In the approach shown in Figure 23G, the parameter value specified by
the immediate-control input 2324 is maintained 2338 until a setpoint with opposite
direction from the immediate-control input is reached, at which the existing control
schedule is resumed 2340. 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 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
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for future time intervals for which the existing control schedule is intended to control
system operation.

Figures 24A-D illustrate no-presence events and their effects on
control schedules. Figure 24 shows a simple control schedule using the same
illustration conventions employed in Figures 22A and 23A-G. This schedule includes
a relatively low-parameter-value initial time period 2402, a first setpoint 2404,
following which the schedule includes a relatively high-parameter-value interval
2406, followed by a second setpoint 2408 that lowers the parameter value back to a
relatively low parameter value for a subsequent time period 2410.

In Figure 24B, an intelligent controller, operating according to the
control schedule shown in Figure 24A, determines, at time ¢; 2412, that a human
being is not present in the controlled environment. This determination constitutes a
no-presence event 2416 represented by a vertical dashed line 2414 and a disk with a
half-shaded portion 2418 indicating presence and an unshaded portion 2420
indicating no presence. As a result of the no-presence event, the intelligent controller
adjusts the control schedule by lowering the desired parameter value back to a
relatively low value 2422. For example, in a home-heating context, the parameter
value may correspond to temperature and the fact that there are no occupants at time
t1 justifies lowering the temperature setting in order to save energy.

In Figure 24C, at time ¢, 2424, a user enters an immediate-control
input 2426 to reset the temperature via the immediate-control interface of the
intelligent controller. Thus, the user is now present. Because the elapsed time period
2428 between the no-presence event 2416 and the immediate-control input 2426 is, in
this case, below a threshold value, the immediate-control input represents a corrective
presence event, designated by a disk 2430 with an unshaded portion 2432 preceding a
shaded portion 2434, indicating a transition from no presence to presence, and an
overlying bar 2436 indicating that there is a strong probability that a recent, preceding
no-presence event was incorrectly established by the intelligent controller. As an
example, an occupant of a residence may have taken a short nap prior to time ¢, as a
result of which none of the sensors of the intelligent controller detected the occupant's

presence and the presence-related event 2416 was generated. Upon awakening, the



10

15

20

25

30

CA 02909596 2015-10-15

WO 2014/172393 PCT/US2014/034248

33

occupant noticed a temperature decrease, and adjusted the temperature setting via the
immediate-control interface.

Figure 24D shows another situation with respect to the control
schedule illustrated in Figure 24A. In Figure 24D, following the initial no-presence
event 2416, the schedule was accordingly adjusted by the intelligent controller 2440
and no presence event occurred during the period of time for which the schedule is
adjusted. Later, at time £; 2442, the intelligent controller determined a human being
is now present in the controlled environment, resulting in the presence event 2444,
However, the intelligent controller continues to operate according to the control
schedule, in this example, because there is no indication that the occupant intended to
override the control schedule. In alternative implementations, the intelligent
controller may adjust the control schedule for presence events rather than no-presence
events or for both presence events and no-presence events. In many cases, various
schedule adjustments with respect to presence events and no-presence events can be
specified through a scheduling interface or other input interface of the intelligent
controller. Alternatively, the schedule adjustments may be learned, over time, by the
intelligent controller by patterns of presence and absence and patterns of immediate-
control inputs and schedule adjustments.

Figure 25 illustrates many different types of information that may be
used by an intelligent controller in order to determine the presence and/or absence of
one or more human beings within a controlled environment or a region or subvolume
of the controlled environment. As discussed above, the intelligent controller includes
a continuous or intermittent presence/no-presence probability-calculating subsystem
as well as a state-change switch 2502 that implements the state transitions discussed
with reference to Figure 17A. The state-change switch changes a state variable
within the intelligent controller between two or more presence-related states, as
discussed above. The transitions between presence-related states are initiated based
on a current presence-probability map or scalar value and various threshold values.
The presence-probability scalar or map is compiled by the intelligent controller based
on many different potential types of information. The various types of information
may include direct sensor output 2504 as well as recorded output from sensors 2506

over one or more preceding time intervals. The information may additionally include
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tables, expressions, or other data that relate sensor output values to presence/no-
presence probabilities associated with the sensor outputs 2508. In addition, the
intelligent controller may maintain confidence or reliability information 2510 for one
or more sensors. The sensor-confidence values vary with time and also with respect
to outputs of other sensors, environmental conditions, parameters, and characteristics
as well as other types of locally or remotely stored information. Information also
may include historical control-schedule and setpoint information 2512 as well as a
current control schedule 2514 according to which the intelligent controller is
currently operating. Information may additionally include historical presence/no-
presence information, such as presence/no-presence determinations previously made
by the intelligent controller or other intelligent controllers and remote computer
systems with which the intelligent controller communicates 2516. In addition, the
intelligent controller may maintain the results of various presence-pattern-
determining analyses 2518. Finally, the information used to compile presence-
probability maps and scalar values may include information obtained from remote
entities, including data from remote sensors 2520 within remote intelligent
controllers, data from a remote computing facility 2522, data from various user
devices, including cell phones and mobile phones 2524, and data from various smart
appliances within the controlled environment 2526. The types of information used by
an intelligent controller compile presence-probability maps and scalar values that
may include many additional types of information in different implementations and
contexts. As one example, an intelligent controller may provide a presence-
indication interface allowing users to explicitly indicate their presence and absence
with respect to the controlled environment, as one example.

Figures 26A-D illustrate various types of presence-related schedule
adjustments. Figure 26A shows an example control schedule. Figure 26B illustrates
schedule adjustments that may be undertaken, in certain implementations, in response
to a presence-to-no-presence event 2602 that occurs at a first point in time #; 2604. In
this case, the schedule is generally adjusted to a low-parameter value, such as in
intervals 2606-2608, but scheduled setpoints that would raise the parameter value
2610-2612 are preserved in the control schedule. The parameter-value change of

these setpoints is allowed to continue for a period of time 2614, following which no-
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presence schedule adjustments, such as no-presence schedule adjustment 2607, ensue.
This period of time may decrease, over time, as a continuing lack of presence further
decreases the probability of presence estimations, and no-presence thresholds are
more quickly reached following setpoint changes. In addition, explicit rules may be
used to decrease the time period according to a time-period-decrease schedule, such
as a linear decrease schedule. In the case of a recurring schedule, setpoint 2616 is
also preserved, by the presence-to-no-presence event 2602. As shown in Figure 26C,
in certain implementations, when no presence has been detected for the remaining
control-schedule cycle and some subsequent period, then the control schedule may be
more severely adjusted 2620, removing even scheduled setpoints that would
otherwise increase the parameter value. In certain implementations, the control-
schedule adjustments illustrated in Figure 26B can be carried out by intelligent
controllers in a non-presence state and the more severe adjustments illustrated in
Figure 26C may be carried out in a long-term no-presence state, as discussed above
with reference to Figure 19. Many alternative types of schedule adjustments for both
presence events and no-presence events may be undertaken in different contexts and
implementations. Figure 26D illustrates the reversal of schedule adjustments upon a
corrective no-presence-to-presence event. Following a no-presence event 2602, the
schedule is adjusted downward 2622, but the occurrence of a corrective no-presence-
to-presence event 2624 reverses all of the schedule adjustments, such as those shown

in Figure 26B, made following the no-presence event 2602.

Automated Presence-Related Deferral Of Scheduled Control
Within An Intelligent Controller

As discussed above, with reference to Figure 26B, in response to a
presence-to-no-presence event 2902, the schedule is adjusted by an intelligent
controller to a low-parameter value, but various subsequent scheduled setpoints are
nonetheless recognized by the intelligent controller and carried out for at least some
period of time before the intelligent controller determines that the probability of
presence is still below a threshold value and returns to a regime of low-parameter-

value settings that characterize the no-presence state (1904 in Figure 19). However,
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in alternative implementations of an intelligent controller, the intelligent controller
may choose to carry out, following a presence-to-no-presence event and until a
compensatory no-presence-to-presence event occurs, only a subset of the scheduled
setpoints or may choose to carry out no subsequent controlled setpoints. In other
words, rather than continuing to respond to scheduled setpoints while in the no-
presence state, the intelligent controller may only selectively respond to such
setpoints. The rationale for this more discriminating control scheme is to avoid
unnecessarily expending energy and incurring maintenance overheads in order to
carry out scheduled setpoints when, in fact, there is no one in the controlled
environment, and therefore an environmental parameter value, such as temperature,
can be maintained in a low-energy-consumption setting for a larger portion of the
interval between a presence-to-no-presence event and a subsequent, compensatory
no-presence-to-presence event.

Note that, in the case of a thermostat intelligent controller, the low-
energy-consumption temperature setting, or energy-efficient temperature setting, may
be a relatively high temperature setting when the thermostat is in a cooling mode,
such as between 65 degrees Fahrenheit and 90 degrees Fahrenheit, and, when the
thermostat is in a heating mode, the energy-efficient temperature setting may be
relatively lower, such as between 32 degrees Fahrenheit and 68 degrees Fahrenheit.
In many implementations, the energy-efficient temperature setting. referred to as the
"away temperature,” may be specified, in advance, by a user for both heating and
cooling modes or may be a predetermined temperature setting for both heating and
cooling modes.

Figure 27 illustrates the two different types of probability-of-presence
data that may be used by an intelligent controller to decide whether or not to carry out
scheduled setpoints while in the no-presence state. As discussed above, as a result of
interpretation of sensor data by the intelligent controller, the intelligent controller
maintains a current probability-of-presence indication that indicates whether or not an
entity, such as a human being, is present in the controlled environment. For example,
the intelligent controller may use a real-value variable that ranges in value from 0.0 to
1.0 to indicate the current probability of the presence of an entity within the

controlled environment. Were the value of that variable plotted with respect to time,
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then a current probability of presence for the current day, where the current day is
denoted d., can be represented as a curve 2702 within a plot 2704 of the current
probability of presence, P, with respect to time, with the curve ending at a point 2706
corresponding to the current time. An intelligent controller generally saves current-
probability-of-presence values for discrete points in time rather than attempting to
model the probability-of-presence with respect to time as a continuous curve.
Continuous curves are used in the current figures for simplicity and clarity of
illustration. Curve 2702 in Figure 27 shows an example of the current probability of
presence during a day when a presence-to-no-presence event 2708, superimposed
over the probability-of-presence-vs.-time curve 2702, occurs early in the day at a
time ¢, 2710.

Another type of probability-of-presence data is a historical probability-
of-presence data, shown in Figure 27 by curve 2712, that represents cumulative
probability-of-presence values observed over a preceding number of days #. As with
curve 2702, curve 2712 is a plot of the probability-of-presence P, with respect to the
vertical axis 2714, versus time of day, with respect to the horizontal axis 2716. As
shown in Figure 27, this plot may be obtained by essentially summing current-
probability-of-presence data for a number # of preceding days 2720 and then dividing
the probability-of-presence values by » 2722. In various alternative implementations,
more complex statistical methods may be employed to generate the historical-
probability-of-presence curve. As with the current-probability-of-presence curve
2702, the historical-probability-of-presence curve or cumulative-probability-of-
presence curve 2712 may be stored as average probability-of-presence values for a
sequence of discrete times during the day, from which a continuous curve, or portions
of a corresponding continuous curve, can be generated by interpolation or various
curve-fitting methods.

Figure 28 shows two different cumulative-probability-of-presence
curves corresponding to cumulative-probability-of-presence data maintained within
an intelligent controller. In this case, the intelligent controller stores cumulative -
weekday-probability-of-presence data 2802 based on the probability-of-presence data
for a preceding number of weekdays as well as cumulative-weekend-probability-of-

presence data 2804. In yet additional implementations, an intelligent controller may
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employ different, or a different number of, separate probability-of-presence data to
compute cach of a number of different to cumulative-probability-of-presence data
sets that reflect different types of time periods with different presence-of-probability
characteristics for the controlled environment. In general, the intelligent controller is
assumed to employ an appropriate cumulative-probability-of-presence data set when
evaluating scheduled control operations, as further discussed below.

Figures 29A-C illustrate selective carrying out of scheduled setpoints
by an intelligent controller in the no-presence state. Figure 29A shows an example
control schedule.  The control schedule includes seven different setpoints
corresponding to vertical line segments 2902-2908. Figure 29B illustrates the
occurrence of a presence-to-no-presence event 2910 at a point in time 2912 towards
the beginning of the control schedule shown in Figure 29A. Following the presence-
to-no-presence event 2910, as discussed above, the environmental parameter P is
generally adjusted to a low-energy setting and maintained at that setting except at
those setpoints where the environmental parameter P is changed to a less energy-
efficient value. In the case illustrated in Figures 29A-C, the intelligent controller is a
thermostat, the environmental parameter P is temperature, and the thermostat is
currently in a heating mode, with setpoints that increase the temperature
corresponding to changes to less-energy-efficient settings and setpoints that lower the
temperature corresponding to changes to more-energy-efficient settings. In the
original implementation, discussed above with reference to Figure 26B, setpoints
2904, 2906, and 2907 in Figure 29A would be carried out despite the occurrence of a
presence-to-no-presence event 2910 at time 2912. However, in the currently
described alternative implementations, the intelligent controller evaluates each of
setpoints 2904, 2906, and 2907, following the presence-to-no-presence event 2910, to
determine whether or not to carry out these setpoints. Similarly, as shown in Figure
29C, when a presence-to-no-presence event 2920 has occurred sometime in the past
at a point in time that caused the intelligent controller to transition to a no-presence
state without the subsequent occurrence of a compensatory no-presence-to-presence
event, the intelligent controller would evaluate each of setpoints 2902, 2904, 2906,
and 2907 of the schedule shown in Figure 29A to determine whether or not to carry

out these setpoints.
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Figure 30 illustrates a modified state-transition diagram with respect to
the state-transition diagram shown in Figure 19. The modified state-transition
diagram describes internal presence-related states of an intelligent controller, in one
implementation, which selectively carries out scheduled setpoints while in the no-
presence state. A new state 3002, referred to as the "temporary-assumed-presence
state," represents a fourth state in the state-transition diagram. In the temporary-
assumed-presence state, the intelligent controller carries out scheduled setpoints even
though the intelligent controller has transitioned to the no-presence state. In other
words, the temporary-assumed-presence state 3002 is a subset state of the no-
presence state 3004. The intelligent controller temporarily transitions from the no-
presence state 3004, via transition 3006, to the temporary-assumed-presence state
3002 upon the occurrence of an assumed-presence event. An assumed-presence
event is either a scheduled control operation that the intelligent controller evaluates
and determines should be carried out or, in a distributed control system, may be a
signal or message from another cooperating intelligent controller that has transitioned
to the temporary-assumed-presence state. Once in the temporary-assumed-presence
state 3002, the intelligent controller carries out the setpoint and either waits for the
passage of a variable threshold amount of time, when the intelligent controller
transitioned to the temporary-assumed-presence state as a result of evaluating a
scheduled control operation, or waits for a signal from the other cooperating
intelligent controller that imitated the transition to the temporary-assumed-presence
state. When no compensatory no-presence-to-presence event is detected during the
variable threshold amount of time, or when a signal is received from the cooperating
intelligent controller directing return to the no-presence state, the intelligent
controller transitions from the temporary-assumed-presence state 3002, via transition
3008, back to the no-presence state. As noted above, the threshold amount of time is
variable and, as discussed further below, decreases as the time clapsed since a
preceding presence-to-no-presence event increases. In other words, the longer the
intelligent controller has failed to detect the presence of an entity, such as a human
being, in the controlled environment, the more quickly the intelligent controller
reverts from a less-energy-efficient setting specified by a controlled setpoint back to a

more-energy-efficient setting. Of course, when the probability of presence rises
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above a threshold value, while the intelligent controller is in the temporary-assumed-
presence state, the intelligent controller may directly transition, via transition 3010, to
the presence state 3012. Similarly, while the intelligent controller is in the
temporary-assumed-presence state 3002 and sufficient time has eclapsed for the
intelligent controller to transition to the long-term no-presence state, then, after the
variable threshold amount of time, the intelligent controller may directly transition
from the temporary-assumed-presence state 3002, via transition 3014, to the long-
term no-presence state 3016.

Note that transition 3020 from the presence state 3012 to the no-
presence state 3004 now occurs when the probability of presence falls below a
threshold value and when the current time is within a presence-sensing time range.
As one example, the presence-sensing-time range for an intelligent thermostat may be
all times of day excluding 8:00 p.m. to 8:00 a.m., when occupants of a house are
likely to be relatively inactive or asleep, and thus it would be unlikely that a presence-
to-no-presence event would be sufficiently reliable to justify transitioning from the
present state to the no-presence state.

Figure 31 illustrates one method by which an intelligent controller
evaluates a scheduled setpoint, while in the no-presence state, to determine whether
or not to carry out a control operation corresponding to the scheduled setpoint.
Figure 31 shows a cumulative-probability-of-presence curve 3102 that represents
cumulative-probability-of-presence data maintained by an intelligent controller, with
the cumulative-probability-of-presence curve plotted with respect to a vertical axis
3104 representing the probability of presence and a horizontal axis 3106 representing
time of day. A scheduled setpoint 3108 is overlaid onto this plot at the point in time
3110 of the scheduled setpoint. The portion of the scheduled-setpoint-overlaid
cumulative-probability-of-presence curve in the vicinity of the scheduled setpoint is
shown at larger scale 3112 below the plot in Figure 31. In one approach to evaluating
scheduled setpoints, the intelligent controller chooses three points in time 3114, 3116,
and 3118. The middle point 3116 is the time of day of the scheduled setpoint and, in
one approach, the outer points 3114 and 3118 are one hour before and one hour after
the setpoint time, respectively. Next, the intelligent controller computes average

probability-of-presence values a, b, and ¢, for one-hour intervals centered around the
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three selected points 3114, 3116, and 3118. In Figure 31, the average probability-of-
presence values a, b, and ¢ are represented by the heights of horizontal dashed lines
3120, 3122, and 3124 above the horizontal axis, respectively, with the intervals of
time 3126-3128 represented by successive pairs of vertical dashed lines. Then, the
intelligent controller evaluates whether or not to carry out the scheduled setpoint as
indicated by the small portion of pseudocode 3130 in Figure 31. When the value b is
greater than the value a, or the value c is greater than the value b, then a variable
auto_arrival is set to be true, indicating that the scheduled setpoint should be carried
out. Otherwise, the variable auto arrival is set to be false, indicating that the
scheduled setpoint should not be carried out.

Other implementations of scheduled-setpoint evaluation are possible.
The intent is to only carry out those scheduled setpoints that occur at a point in time
at which an interpolated cumulative-probability-of-presence curve has a positive
slope, indicating that, at the setpoint time, based on cumulative-probability-of-
presence data, the likelihood of an entity returning to the controlled environment is
increasing. The cumulative probability-of-presence data may be collected over a
fixed number of preceding days or may be determined by any of various statistical
methods and analyses.

Figures 32-33 provide control-flow diagrams that illustrate selective
carrying out of scheduled setpoints by an intelligent controller in the no-presence
state, as discussed above with reference to Figures 27-31. Figure 32 provides a
control-flow diagram for the routine "scheduled control” called in step 1610 of Figure
16. This routine represents a handler for a scheduled-control event. In step 3202, the
intelligent controller receives an indication of the scheduled control that may be
considered to be carried out by the intelligent controller. A scheduled control may be
either a scheduled setpoint or may be a preconditioning time point in advance of a
scheduled setpoint at which the intelligent controller would begin actively adjusting
an environmental parameter in order that the environmental parameter reach the
desired value at the time of the scheduled setpoint. When the intelligent controller is
in the long-term no-presence state, as determined in step 3204, the routine "scheduled
control” returns, in step 3206, since scheduled setpoints and preconditioning points

are ignored in the long-term no-presence state. When the intelligent controller is in



10

15

20

25

30

CA 02909596 2015-10-15

WO 2014/172393 PCT/US2014/034248

42

the no-presence state, as determined in step 3208, the intelligent controller calls the
routine "evaluate setpoint corresponding to scheduled control” in step 3210 to
determine whether or not to carry out the setpoint. When the routine returns a TRUE
value, as determined in step 3212, then, in step 3214, the intelligent controller
transitions to the temporary-assumed-presence state and the scheduled control is
carried out in step 3216. Otherwise, when the routine returns a FALSE value, as
determined in step 3212, the routine "scheduled control” returns in step 3218. Note
that the scheduled control is carried out, in step 3216, when the intelligent controller
is in the presence state.

Figure 33 provides a control-flow diagram for the routine "evaluate
setpoint corresponding to scheduled control” called in step 3210 in Figure 32. This
routine carries out the evaluation discussed above with reference to Figure 31. In
step 3302, the routine determines the setpoint corresponding to the scheduled control.
This is either the scheduled control, in the case that the scheduled control is a
setpoint, or the setpoint that follows a scheduled preconditioning control. In step
3303, the routine determines whether carrying out the setpoint would involve an
energy expenditure. If not, then the routine returns false in step 3305. Thus, in the
case of a thermostat intelligent controller in a heating mode, if the setpoint decreases
the temperature setting, then the routine would return. Conversely, if the thermostat
intelligent controller is in cooling mode, then if the setpoint would increase the
temperature, the routine would return in step 3305. Next, in step 3308, the routine
determines whether or not the setpoint is the first setpoint of the day. If so, then the
routine returns false in step 3310. The routine is only called when the intelligent
controller is in the no-presence state, and, when the intelligent controller is in the no-
presence state and is considering the first setpoint of the day, it is likely that there's
been no presence of an entity, such as a human being, in the controlled environment
over the course of the preceding night, as a result of which it is unlikely that the entity
will return during the time at which the setpoint would be carried out and before the
control would be reversed following the variable threshold time. Otherwise, in step
3312, the routine accesses cumulative-probability-of-presence data and determines
three time points ¢, #, and #, in step 3314 corresponding to time points 3116, 3114,

and 3318, respectively, in the example shown in Figure 31. The time point ¢ is the
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time of the setpoint, the time point #; is a time prior to the setpoint, and the time # is
the time point following the setpoint. These time points are specified as being a
distance of ¢, and ¢, in time, respectively, from the time of the setpoint £. Then, in
step 3316, the routine computes the three average probability-of-presence values «, b,
and ¢ as discussed above with reference to Figure 31. In step 3318, the routine
determines whether or not b is greater than a or c¢ is greater than b, as in the
pseudocode 3130 shown in Figure 31, and, if so, returns true in step 3320 and, if not
true, returns false in step 3322,

As discussed above with reference to the state transition diagram
shown in Figure 30, the threshold amount of time that an intelligent controller waits,
after carrying out a setpoint while in the no-presence state, before reverting to an
energy-efficient setting, is variable. Figure 34 illustrates one approach to computing
the variable threshold time. In Figure 34, the variable threshold time is represented
by diagonal dashed line segment 3402 that begins at a point 3404, labeled "max ¢" in
Figure 34, and that extends downward to point 3405, and the horizontal dashed line
segment 3406 between points 3405 and 3408 at a height min ¢ 3409 above the
horizontal axis 3410. These line segments are plotted in a plot with vertical axis 3412
representing a variable threshold time to wait until returning to an energy-efficient
setting and horizontal axis 3410 representing the amount of time that has elapsed
since the presence-to-no-presence event that caused the intelligent controller to
transition to the no-presence state. The intelligent controller can compute the time
since the presence-to-no-presence event, such as time #; 3414, and then compute a
corresponding variable threshold amount of time, #, 3416, based on the elapsed time
t; and line segments 3402 and 3406. In other words, the variable threshold time ¢, is
the y coordinate of the point 3418 at which a vertical line segment 3420 positioned at
time #; 3414 intersects line segment 3402 or 3406. Equivalently, in a case in which
max t is 2 hours, min ¢ is 15 minutes, and the maximum amount of time that has
clapsed since the presence-to-no-presence event that caused the intelligent controller
to transition to the no-presence state is 2 days, at which point a threshold is reached
for a transition to the long-term no-presence state, in which scheduled setpoints are
no longer carried out, the variable threshold time 7H can be computed, in minutes,

from the amount of time ¢, also in minutes, that has elapsed since the presence-to-no-
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presence event that caused the intelligent controller to transition to the no-presence

State as:

1
TH — - 24(minutes)
15 (minutes), 42 <t<48 (hours).

t(minutes )+ 2(hours), ¢#<42 (hours)

Although the present invention has been described in terms of
particular embodiments, it is not intended that the invention be limited to these
embodiments. Modifications within the spirit of the invention will be apparent to
those skilled in the art. For example, various different implementations of an
intelligent controller that selectively carries out scheduled control operations during a
period when an entity is not detected in a controlled environment can be obtained by
varying any of many different design and implementation parameters, including
intelligent-controller hardware, operating systems and other control programs used in
the intelligent controller, and various implementation parameters for controller
functionality, including programming language, modular organization, data
structures, control structures, and other such parameters. Various different
considerations may be applied to determine the range of times during which the
absence of an entity's presence may result in a transition to the no-presence or long-
term no-presence states. The range of times, for example, may be determined from
accumulated sensor and/or probability-of-presence data. Similarly,, various different
models and computations may be employed to determine the variable threshold
amount of time to wait following carrying out a scheduled control, in the temporary-
assumed-presence state before reverting to energy-efficient settings and transitioning
back to the no-presence state. Additionally, many different types of methods and
considerations may be employed to evaluate a scheduled control operation during
times when an entity, such as a human being, is not considered to be present in the
controlled environment.

It is appreciated that the previous description of the disclosed
embodiments is provided to enable any person skilled in the art to make or use the

present disclosure. Various modifications to these embodiments will be readily



CA 02909596 2015-10-15

WO 2014/172393 PCT/US2014/034248

45

apparent to those skilled in the art, and the generic principles defined herein may be
applied to other embodiments without departing from the spirit or scope of the
disclosure. Thus, the present disclosure is not intended to be limited to the
embodiments shown herein but is to be accorded the widest scope consistent with the

principles and novel features disclosed herein.
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CLAIMS

1. An intelligent controller that controls an energy-consuming system that affects an
environmental parameter within a controlled environment, the intelligent controller comprising;:
a processor;
one or more Sensors;
a memory that stores a control schedule comprising a plurality of scheduled
setpoints and cumulative historical probability-of-presence data; and
istructions stored within the memory that, when executed by the processor,
controls the intelligent controller to:
determine, from output of one or more of the one or more sensors, that
no human being is present in the controlled environment for a predetermined time
interval;
in response to determining that no human being is present in the
controlled environment for the predetermined time interval, enter an away mode of
operation where one or more environmental parameters are maintained at levels that are
more energy-efficient than the scheduled setpoints; and
while operating in the away mode:
for cach setpoint in the plurality of scheduled setpoints in the
control schedule that occurs while operating in the away mode, determine, based
at least in part on the historical probability-of-presence data, whether to carry out
control operations to affect the environmental parameter using the energy-

consuming system or whether to ignore the setpoint.

2. The intelligent controller of claim 1 wherein the intelligent controller determines, for each
setpoint in the plurality of scheduled setpoints in the control schedule, whether to carry out the
control operations to affect the environmental parameter using the energy-consuming system or
whether to ignore the setpoint by:

for each control operation corresponding to a scheduled setpoint, evaluating the
corresponding setpoint with respect to the cumulative historical probability-of-presence data to

determine whether or not to carry out the control operation.
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3. The intelligent controller of claim 2 wherein evaluating the corresponding setpoint with
respect to the cumulative historical probability-of-presence data further comprises determining
whether or not the cumulative historical probability-of-presence data indicates an increase in the

probability of presence at the time of day of the setpoint corresponding to the control operation.

4. The intelligent controller of claim 3 wherein determining whether or not the cumulative
historical probability-of-presence data indicates an increase in the probability of presence at the
time of day of the setpoint corresponding to the control operation further comprises:

selecting a first time of day ¢/ prior to the time of day of the setpoint
corresponding to the control operation, £

selecting a second time of day 12 following the time of day of the setpoint
corresponding to the control operation, £; and

when either the cumulative historical probability-of-presence at time of day 2 is
greater than the cumulative historical probability-of-presence at time of day ¢ or the cumulative
historical probability-of-presence at time of day 7 is greater than the cumulative historical
probability-of-presence at time of day ¢/, determining that the probability of presence at the time
of day of the setpoint corresponding to the control operation is increasing and, otherwise,
determining that the probability of presence at the time of day of the setpoint corresponding to

the control operation is not increasing.

5. The intelligent controller of claim 1 wherein the intelligent controller determines, from
output of one or more of the one or more sensors, that no human being is present in the controlled
environment for the predetermined time interval at times within a range of times of day within

which a determination of whether or not a human being is present can be reliably made.

6. The intelligent controller of claim 5 wherein the range of times of day within which a
determination of whether or not a human being is present can be reliably made is determined from

cumulative sensor data.
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7. The intelligent controller of claim 5 wherein the range of times of day within which a
determination of whether or not a human being is present can be reliably made is 8:00 AM until

8:00 PM.

8. The intelligent controller of claim 1 wherein the intelligent controller determines, for each
setpoint in the plurality of scheduled setpoints in the control schedule, whether to carry out the
control operations to affect the environmental parameter using the energy-consuming system or
whether to ignore the setpoint by:

for each control operation corresponding to a scheduled setpoint,

evaluating the corresponding setpoint with respect to the cumulative historical
probability-of-presence data to determine whether or not to carry out the control operation; and

when the evaluation of the corresponding setpoint indicates that the control
operation is to be carried out, returning to maintenance of the one or more environmental

parameters at energy-efficient levels for a variable threshold amount of time.

9. The intelligent controller of claim 8 wherein the variable threshold amount of time varies
from a maximum variable threshold amount of time, immediately following a determination that
no human being is present in the controlled environment, to 0, after an amount of time has elapsed

that indicates a long-term absence of human beings in the controlled environment.

10. The intelligent controller of claim 9 wherein maximum variable threshold amount of time
is 2 hours and the amount of elapsed time that indicates a long-term absence of human beings in
the controlled environment is 2 days, with the variable threshold amount of time decreasing

lincarly over the period of 2 days.

11. The intelligent controller of claim 1 wherein control operations corresponding to
scheduled setpoints include:

changing one or more environmental parameter settings at a time corresponding
to a scheduled setpoint; and

changing one or more environmental parameter settings at a time prior to a time

corresponding to a scheduled setpoint in order to carry out preconditioning.
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12. The intelligent controller of claim 1 wherein the mtelligent controller comprises a
thermostat.
13. The intelligent controller of claim 12 wherein the one or more environmental parameters

comprises a temperature.

14. The intelligent controller of claim 13 wherein the thermostat 1s in a heating mode and
wherein the thermostat modifies the control schedule to maintain one or more environmental
parameters at energy-efficient levels by setting a temperature setting to a specified away

temperature below 70 degrees Fahrenheit and above 32 degrees Fahrenheit.

15. The intelligent controller of claim 13 wherein the thermostat is in a cooling mode and
wherein the thermostat modifies the control schedule to maintain one or more environmental
parameters at energy-efficient levels by setting a temperature setting to a specified away

temperature above 65 degrees Fahrenheit and below 90 degrees Fahrenheit.

16. A method for controlling an energy-consuming system that affects an environmental
parameter within a controlled environment by an intelligent controller that includes a processor,
one or more sensors, a memory that stores a control schedule comprising a plurality of scheduled
setpoints and stores cumulative historical probability-of-presence data, and instructions stored
within the memory that, when executed by the processor, control the intelligent controller, the
method comprising:

determining, from output of one or more of the one or more sensors, that no
human being is present in the controlled environment for a predetermined time interval;

in response to determining that no human being is present in the controlied
environment for the predetermined time interval, entering an away mode of operation where one
or more environmental parameters are maintained at levels that are more energy-efficient than the
scheduled setpoints; and

while operating in the away mode:
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for each setpoint in the plurality of scheduled setpoints in the control
schedule that occurs while operating in the away mode, determining, based at least in part
on the historical probability-of-presence data, whether to carry out control operations to
affect the environmental parameter using the energy-consuming system or whether to

ignore the setpoint.

17. The method of claim 16 wherein determining, for each setpoint in the plurality of
scheduled setpoints in the control schedule, whether to carry out the control operations to affect
the environmental parameter using the energy-consuming system or whether to ignore the
setpoint comprises:

for each control operation corresponding to a scheduled setpoint,

evaluating the corresponding setpoint with respect to the cumulative historical

probability-of-presence data to determine whether or not to carry out the control operation.

18. The method of claim 17 wherein ¢valuating the corresponding setpoint with respect to
the cumulative historical probability-of-presence data further comprises determining whether or
not the cumulative historical probability-of-presence data indicates an increase in the probability

of presence at the time of day of the setpoint corresponding to the control operation.

19. The method of claim 18 wherein determining whether or not the cumulative historical
probability-of-presence data indicates an increase in the probability of presence at the time of day
of the setpoint corresponding to the control operation further comprises:

selecting a first time of day ¢/ prior to the time of day of the setpoint
corresponding to the control operation, f;

selecting a second time of day ¢2 following the time of day of the setpoint
corresponding to the control operation, £; and

when either the cumulative historical probability-of-presence at time of day 2 is
greater than the cumulative historical probability-of-presence at time of day ¢ or the cumulative
historical probability-of-presence at time of day 7 is greater than the cumulative historical
probability-of-presence at time of day ¢/, determining that the probability of presence at the time

of day of the setpoint corresponding to the control operation is increasing and, otherwise,
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determining that the probability of presence at the time of day of the setpoint corresponding to

the control operation is not increasing.

20. The method of claim 16 wherein the intelligent controller comprises a thermostat, and

the one or more environmental parameters comprises a temperature.

21. An intelligent controller that controls an energy-consuming system that affects an
environmental parameter within a controlled environment, the intelligent controller comprising:
a processor;
one or more Sensors;
a memory that stores a control schedule comprising a plurality of scheduled
setpoints and cumulative historical probability-of-presence data; and
istructions stored within the memory that, when executed by the processor,
controls the intelligent controller to:
determine, from output of one or more of the one or more sensors, that
no human being is present in the controlled environment for a predetermined time
interval;
in response to determining that no human being is present in the
controlled environment for the predetermined time interval, enter an away mode of
operation where one or more environmental parameters are maintained at levels that are
more energy-efficient than the scheduled setpoints; and
while operating in the away mode:
for cach setpoint in the plurality of scheduled setpoints in the
control schedule, determine, based at least in part on the historical probability-
of-presence data, whether to carry out control operations to affect the
environmental parameter using the energy-consuming system or whether to

ignore the setpoint.

22. The mntelligent controller of claim 21 wherein the intelligent controller determines, for

each setpoint in the plurality of scheduled setpoints in the control schedule, whether to carry out
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the control operations to affect the environmental parameter using the energy-consuming system
or whether to ignore the setpoint by:

for each control operation corresponding to a scheduled setpoint, evaluating the
corresponding setpoint with respect to the cumulative historical probability-of-presence data to

determine whether or not to carry out the control operation.

23. The intelligent controller of claim 22 wherein evaluating the corresponding setpoint with
respect to the cumulative historical probability-of-presence data further comprises determining
whether or not the cumulative historical probability-of-presence data indicates an increase in the

probability of presence at the time of day of the setpoint corresponding to the control operation.

24. The intelligent controller of claim 23 wherein determining whether or not the cumulative
historical probability-of-presence data indicates an increase in the probability of presence at the
time of day of the setpoint corresponding to the control operation further comprises:

selecting a first time of day ¢/ prior to the time of day of the setpoint
corresponding to the control operation, £

selecting a second time of day ¢2 following the time of day of the setpoint
corresponding to the control operation, £; and

when either the cumulative historical probability-of-presence at time of day 2 is
greater than the cumulative historical probability-of-presence at time of day ¢ or the cumulative
historical probability-of-presence at time of day ¢ is greater than the cumulative historical
probability-of-presence at time of day ¢/, determining that the probability of presence at the time
of day of the setpoint corresponding to the control operation is increasing and, otherwise,
determining that the probability of presence at the time of day of the setpoint corresponding to

the control operation is not increasing.

25. The intelligent controller of claim 21 wherein the intelligent controller determines, from
output of one or more of the one or more sensors, that no human being is present in the controlled
environment for the predetermined time interval at times within a range of times of day within

which a determination of whether or not a human being is present can be reliably made.
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26. The intelligent controller of claim 25 wherein the range of times of day within which a
determination of whether or not a human being is present can be reliably made is determined from

cumulative sensor data.

27. The intelligent controller of claim 25 wherein the range of times of day within which a
determination of whether or not a human being is present can be reliably made is 8:00 AM until

8:00 PM.

28. The mntelligent controller of claim 21 wherein the intelligent controller determines, for
each setpoint in the plurality of scheduled setpoints in the control schedule, whether to carry out
the control operations to affect the environmental parameter using the energy-consuming system
or whether to ignore the setpoint by:

for each control operation corresponding to a scheduled setpoint,

evaluating the corresponding setpoint with respect to the cumulative historical
probability-of-presence data to determine whether or not to carry out the control operation; and

when the evaluation of the corresponding setpoint indicates that the control
operation is to be carried out, returning to maintenance of the one or more environmental

parameters at energy-efficient levels for a variable threshold amount of time.

29. The intelligent controller of claim 28 wherein the variable threshold amount of time
varies from a maximum variable threshold amount of time, immediately following a
determination that no human being is present in the controlled environment, to 0, afier an amount
of time has elapsed that indicates a long-term absence of human beings in the controlled

environment.

30. The intelligent controller of claim 29 wherein maximum variable threshold amount of
time is 2 hours and the amount of elapsed time that indicates a long-term absence of human beings
in the controlled environment is 2 days, with the variable threshold amount of time decreasing

lingarly over the period of 2 days.

31. The intelligent controller of claim 21 wherein control operations corresponding to

scheduled setpoints include:
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changing one or more environmental parameter settings at a time corresponding
to a scheduled setpoint; and
changing one or more environmental parameter settings at a time prior to a time

corresponding to a scheduled setpoint in order to carry out preconditioning.

32. The intelligent controller of claim 21 wherein the intelligent controller comprises a
thermostat.
33. The intelligent controller of claim 32 wherein the one or more environmental parameters

comprises a temperature.

34. The intelligent controller of claim 33 wherein the thermostat is in a heating mode and
wherein the thermostat modifies the control schedule to maintain one or more environmental
parameters at energy-efficient levels by setting a temperature setting to a specified away

temperature below 70 degrees Fahrenheit and above 32 degrees Fahrenheit.

35. The intelligent controller of claim 33 wherein the thermostat is in a cooling mode and
wherein the thermostat modifies the control schedule to maintain one or more environmental
parameters at energy-efficient levels by setting a temperature setting to a specified away

temperature above 65 degrees Fahrenheit and below 90 degrees Fahrenheit.

36. A method for controlling an energy-consuming system that affects an environmental
parameter within a controlled environment by an intelligent controller that includes a processor,
one or more sensors, a memory that stores a control schedule comprising a plurality of scheduled
setpoints and stores cumulative historical probability-of-presence data, and instructions stored
within the memory that, when executed by the processor, control the intelligent controller, the
method comprising:

determining, from output of one or more of the one or more sensors, that no
human being is present in the controlled environment for a predetermined time interval;

in response to determining that no human being is present in the controlled

environment for the predetermined time interval, entering an away mode of operation where one
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or more environmental parameters are maintained at levels that are more energy-efficient than the
scheduled setpoints; and
while operating in the away mode:
for each setpoint in the plurality of scheduled setpoints in the control
schedule, determining, based at least in part on the historical probability-of-presence data,
whether to carry out control operations to affect the environmental parameter using the

energy-consuming system or whether to ignore the setpoint .

37. The method of claim 36 wherein determining, for each setpoint in the plurality of
scheduled setpoints in the control schedule, whether to carry out the control operations to affect
the environmental parameter using the energy-consuming system or whether to ignore the
setpoint comprises:

for each control operation corresponding to a scheduled setpoint,

evaluating the corresponding setpoint with respect to the cumulative historical

probability-of-presence data to determine whether or not to carry out the control operation.

38. The method of claim 37 wherein ¢valuating the corresponding setpoint with respect to
the cumulative historical probability-of-presence data further comprises determining whether or
not the cumulative historical probability-of-presence data indicates an increase in the probability

of presence at the time of day of the setpoint corresponding to the control operation.

39. The method of claim 38 wherein determining whether or not the cumulative historical
probability-of-presence data indicates an increase in the probability of presence at the time of day
of the setpoint corresponding to the control operation further comprises:

selecting a first time of day ¢/ prior to the time of day of the setpoint
corresponding to the control operation, £

selecting a second time of day ¢2 following the time of day of the setpoint
corresponding to the control operation, £; and

when either the cumulative historical probability-of-presence at time of day 2 is
greater than the cumulative historical probability-of-presence at time of day ¢ or the cumulative
historical probability-of-presence at time of day 7 is greater than the cumulative historical

probability-of-presence at time of day ¢/, determining that the probability of presence at the time
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of day of the setpoint corresponding to the control operation is increasing and, otherwise,
determining that the probability of presence at the time of day of the setpoint corresponding to

the control operation is not increasing.

40. The method of claim 36 wherein the intelligent controller comprises a thermostat, and

the one or more environmental parameters comprises a temperature.
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