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METHODS, SYSTEMS, AND APPARATUS FOR INTELLIGENT
LIGHTING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the priority, under 35 U.S.C. § 119(e), to U.S. Application
No. 61/889,368, filed October 10, 2013, entitled “METHODS, SYSTEMS, AND
APPARATUS FOR INTELLIGENT LIGHTING,” the disclosure of which is hereby

incorporated by reference in its entirety.

[0002] This application also claims priority, under 35 U.S.C. § 119(e), to U.S. Application
No. 61/983,235, filed April 23, 2014, entitled “METHODS, SYSTEMS, AND APPARATUS
FOR INTELLIGENT LIGHTING,” the disclosure of which is hereby incorporated by

reference in its entirety.

BACKGROUND

[0003] Intelligent lighting systems combine solid-state light sources, embedded sensors and
controls, and low-cost pervasive networking to create an integrated illumination system
which is highly responsive to its environment. Benefits of some or all such systems may
include, but are not limited to, a much higher quality of light tailored specifically to user

needs and significant energy savings compared to legacy lighting system technologies.

SUMMARY

[0004] Embodiments of the present invention include a system for controlling illumination
of an environment. The system may comprise at least one lighting fixture disposed to
illuminate a first portion of the environment, at least one gateway communicatively coupled
to the lighting fixture(s), and at least one server communicatively coupled to the gateway(s).
The lighting fixture can include a light source to emit illumination; a light source driver,
operably coupled to the light source, to provide a variable amount of power to the light
source; a power meter, operably coupled to the light source driver, to measure electrical

power supplied to the light source; a sensor to sense the presence of a person and/or object
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within the first portion of the environment; a fixture processor operably coupled to the light
source driver, the energy usage sensor, and the environmental sensor; a fixture memory
operably coupled to the power meter and the sensor; and a fixture communications interface,

operably coupled to the fixture processor.

[0005] In operation, the fixture processor locates and identifies the person and/or object
sensed by the sensor, identifies a lighting profile associated with the person and/or object, and
to adjusts the illumination emitted by the light source based at least in part on the lighting
profile. The a fixture memory stores an indication of total electrical power supplied to the
light source. And the fixture communications interface transmits an indication of the presence
of the person and/or object and the indication of total electrical power supplied to the light

source to the gateway.

[0006] The gateway includes a gateway communications interface, a gateway memory, and
a gateway processor. The gateway communications interface to receive the indication of the
presence of the person and/or object and the indication of total electrical power supplied to
the light source from the fixture communications interface. The gateway memory stores the
indication of the presence of the person and/or object and the indication of total electrical
power supplied to the light source. And the gateway processor provides an updated lighting

profile associated with the person and/or object to the lighting fixture(s).

[0007] The server includes a server communications interface and a server processor that is
operably coupled to the server communications interface. In operation, the server
communications interface transmits the updated lighting profile to the gateway and receives
the indication of total electrical power supplied to the light source from the gateway. The
server processor determines the updated lighting profile based at least in part on the

indication of total electrical power supplied to the light source from the gateway.

[0008] Another embodiment of the present invention comprises a method of adjusting
illumination of an environment by at least one lighting fixture in a network of lighting
fixtures. This method may include sensing an object and/or a person within the environment
with at least one sensor communicatively coupled to the network of lighting fixtures. A
processor communicatively coupled to the sensor identifies a lighting profile associated with

the object and/or the person sensed by the sensor. Then the processor or another device
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adjusts the illumination provided by the lighting fixture according to the lighting profile
identified by the processor.

[0009] Still another embodiment of the present invention comprises an apparatus for
controlling at least one lighting fixture disposed to illuminate an environment. The apparatus
may comprise a memory, a local processor operably coupled to the memory, and a
communications interface operably coupled to the local processor and the memory. In
operation, the memory stores sensor data associated with the lighting fixture, energy usage
data representing energy consumed by the lighting fixture over a given time period, and at
least one rule for providing a desired lighting level and/or adjusting power consumption by
the at least one lighting fixture according to the sensor data and the energy usage data. The
local processor provides an updated rule based at least in part on the sensor data, the energy
usage data, and/or instructions from a network-based processor. And the communications
interface receives the sensor data and the energy usage data from the lighting fixture,
transmits the sensor data and/or the energy usage data to the network-based processor,
receive the instructions from the network-based processor, and transmits the updated rule to

the lighting fixture.

[0010] Yet another embodiment of the present invention comprises an apparatus and method
of controlling illumination of an environment by at least one lighting fixture in a network of
lighting fixtures. The apparatus may include a communications interface, a processor, and a
memory. In one example of this method, a communications interface receives sensor data
associated with the at least one lighting fixture and energy usage data representing energy
consumed by the lighting fixture over a given time period. A memory operably coupled to the
communications interface stores the sensor data and the energy usage data received by the
communications interface. The memory also stores at least one rule for providing a desired
lighting level and/or adjusting power consumption by the lighting fixture according to the
sensor data and the energy usage data. The processor and/or the communications interface
transmit the sensor data and/or the energy usage data stored in the memory to a network-
based processor. The processor and/or communications interface also receive instructions
from the network-based processor representative of a change to the rule stored in the memory

and transmit an updated rule to the lighting fixture.
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[0011] The following U.S. published applications are hereby incorporated herein by

reference:

[0012] U.S. Patent No. 8,138,690, issued February 29, 2012, filed June 25, 2010, and
entitled “LED-BASED LIGHTING METHODS, APPARATUS, AND SYSTEMS
EMPLOYING LED LIGHT BARS, OCCUPANCY SENSING, LOCAL STATE
MACHINE, AND METER CIRCUIT”;

[0013] U.S. Patent No. 8,232,745, issued July 31, 2012, filed April 14, 2009, and entitled
“MODULAR LIGHTING SYSTEMS”;

[0014] U.S. Patent No. 8,339,069, issued December 25, 2012, filed June 30, 2010, and
entitled “POWER MANAGEMENT UNIT WITH POWER METERING”;

[0015] U.S. Patent No. 8,373,362, issued February 12, 2013, filed July 1, 2010, and entitled
“METHODS, SYSTEMS, AND APPARATUS FOR COMMISSIONING AN LED
LIGHTING FIXTURE WITH REMOTE REPORTING”;

[0016] U.S. Patent No. 8,543,249, issued September 24, 2013, filed July 6, 2010, and
entitled “POWER MANAGEMENT UNIT WITH MODULAR SENSOR BUS”;

[0017] U.S. Patent No. 8,552,664, issued October 8, 2013, filed July 9, 2010, and entitled
“POWER MANAGEMENT UNIT WITH BALLAST INTERFACE”;

[0018] U.S. Patent No. 8,593,135, issued November 26, 2013, filed July 9, 2010, and
entitled “LOW-COST POWER MEASUREMENT CIRCUIT”;

[0019] U.S. Patent No. 8,610,377, issued December 17, 2013, filed July 9, 2010, and
entitled “METHODS, APPARATUS, AND SYSTEMS FOR PREDICTION OF LIGHTING
MODULE PERFORMANCE”;

[0020] U.S. Patent No. 8,729,833, issued May 20, 2014, filed March 19, 2012, and entitled
“METHODS, SYSTEMS, AND APPARATUS FOR PROVIDING VARIABLE
ILLUMINATION";

[0021] U.S. Patent No. 8,754,589, issued June 17, 2014, filed July 1, 2010, and entitled
“POWER MANAGEMENT UNIT WITH TEMPERATURE PROTECTION";
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[0022] U.S. Patent No. 8,805,550, issued August 12, 2014, filed July 7, 2010, and entitled
“POWER MANAGEMENT UNIT WITH POWER SOURCE ARBITRATION;

[0023] U.S. Patent No. 8,823,277, issued September 2, 2014, filed July 8, 2010, and
entitled “METHODS, SYSTEMS, AND APPARATUS FOR MAPPING A NETWORK OF
LIGHTING FIXTURES WITH LIGHT MODULE IDENTIFICATION;

[0024] U.S. Pre-Grant Publication No. 2010-0295482-A1, published November 25, 2010,
filed July 7, 2010, and entitled “POWER MANAGEMENT UNIT WITH MULTI-INPUT
ARBITRATION™;

[0025] U.S. Pre-Grant Publication No. 2010-0296285-A1, published November 25, 2010,
filed June 17, 2010, and entitled “SENSOR-BASED LIGHTING METHODS,
APPARATUS, AND SYSTEMS EMPLOYING ROTATABLE LED LIGHT BARS”;

[0026] U.S. Patent No. 8,866,408, issued October 21, 2014, filed July 8, 2010, and entitled
“METHODS, APPARATUS, AND SYSTEMS FOR AUTOMATIC POWER
ADJUSTMENT BASED ON ENERGY DEMAND INFORMATION";

[0027] U.S. Pre-Grant Publication No. 2014-0285095-A1, published September 25, 2014,
filed May 28, 2014, and entitled “LIGHTING FIXTURES AND METHODS OF
COMMISSIONING LIGHTING FIXTURES”;

[0028] U.S. Pre-Grant Publication No. 2014-0285090-A1, published September 25, 2014,
filed June 2, 2014, and entitled “LIGHTING FIXTURES AND METHODS OF
COMMISSIONING LIGHTING FIXTURES”;

[0029] U.S. Pre-Grant Publication No. 2014-0293605-A1, published October 2, 2014, filed
June 2, 2014, and entitled “LIGHTING FIXTURES AND METHODS OF
COMMISSIONING LIGHTING FIXTURES”;

[0030] U.S. Pre-Grant Publication No. 2014-0292208-A1, published October 2, 2014, filed
May 1, 2014, and entitled “METHODS, SYSTEMS, AND APPARATUS FOR
INTELLIGENT LIGHTING”;

[0031] U.S. Pre-Grant Publication No. 2012-0235579, published September 20, 2012, filed
March 20, 2012, and entitled “METHODS, APPARATUS AND SYSTEMS FOR
PROVIDING OCCUPANCY-BASED VARIABLE LIGHTING”;
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[0032] U.S. Pre-Grant Publication No. 2012-0143357, published June 7, 2012, filed
November 4, 2011, and entitled “METHOD, APPARATUS, AND SYSTEM FOR
OCCUPANCY SENSING”;

[0033] WO 2009/129232, published October 22, 2009, filed April 14, 2009, and entitled
“MODULAR LIGHTING SYSTEMS”;

[0034] WO 2012/061709, published May 10, 2012, filed November 4, 2011, and entitled
“METHOD, APPARATUS, AND SYSTEM FOR OCCUPANCY SENSING”;

[0035] WO 2012/129243, published September 27, 2012, filed March 20, 2012, and
entitled “METHODS, APPARATUS AND SYSTEMS FOR PROVIDING OCCUPANCY-
BASED VARIABLE LIGHTING;

[0036] WO 2013/067389, published May 10, 2013, filed November 2, 2012, and entitled
“METHODS, APPARATUS AND SYSTEMS FOR INTELLIGENT LIGHTING”;

[0037] WO 2013/142292, published September 26, 2013, filed March 14, 2013, and
entitled “METHODS, SYSTEMS, AND APPARATUS FOR PROVIDING VARIABLE
ILLUMINATION; and

[0038] PCT/US2014/035990, filed April 30, 2014, and entitled “METHODS,
APPARATUSES, AND SYSTEMS FOR OPERATING LIGHT EMITTING DIODES AT
LOW TEMPERATURE”.

[0039] It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided such concepts are not
mutually inconsistent) are contemplated as being part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed subject matter appearing at the
end of this disclosure are contemplated as being part of the inventive subject matter disclosed
herein. It should also be appreciated that terminology explicitly employed herein that also
may appear in any disclosure incorporated by reference should be accorded a meaning most

consistent with the particular concepts disclosed herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0040] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described
herein. The drawings are not necessarily to scale; in some instances, various aspects of the
inventive subject matter disclosed herein may be shown exaggerated or enlarged in the
drawings to facilitate an understanding of different features. In the drawings, like reference
characters generally refer to like features (e.g., functionally similar and/or structurally similar

clements).

[0041] FIG. 1 illustrates an exemplary LightWorks lighting system architecture according

to embodiments of the present invention.

[0042] FIG. 2 illustrates the connectivity an exemplary LightWorks lighting system

architecture according to embodiments of the present invention

[0043] FIG. 3 shows a perspective view of an exemplary LightWorks Gateway device

according to embodiments of the present invention.

[0044] FIG. 4 illustrates a plan view (upper left) and a block diagram of the exemplary

LightWorks Gateway device of FIG. 3 according to embodiments of the present invention.

[0045] FIG. 5 illustrates the connectivity and components of an intelligent lighting fixture
including a Digital Light Agent (DLA) according to embodiments of the present invention.

[0046] FIG. 6 illustrates an intelligent lighting fixture (troffer) including a DLA and Digital

Control Ready (DCR) driver according to embodiments of the present invention.

[0047] FIG. 7 illustrates a perspective view of an exemplary stand-alone DLA (upper left)
and a block diagram of the exemplary standalone DLA according to embodiments of the

present invention.

[0048] FIG. 8 illustrates a stand-alone DLA connected to and controlling several DCR

lighting fixtures (troffers) according to embodiments of the present invention.

[0049] FIG. 9 illustrates another stand-alone DLLA connected to and controlling several

DCR lighting fixtures (troffers) according to embodiments of the present invention.
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[0050] FIG. 10A illustrates an exemplary object lighting profile for a warchouse forklift

according to embodiments of the present invention.

[0051] FIG. 10B illustrates an exemplary object lighting profile for a pallet jack according

to embodiments of the present invention.

[0052] FIG. 10C illustrates an exemplary personal lighting profile according to

embodiments of the present invention.

[0053] FIG. 11 is a flow chart that illustrates a process for illuminating an area according to
a lighting profile associated with a person or object according to embodiments of the present

invention.

[0054] FIG. 12 is a flow chart that illustrates a process for updating a lighting profile
associated with a person or object and illuminating an area per the updated lighting profile

according to embodiments of the present invention.

[0055] FIGS. 13A-13D illustrate plan views of a facility with intelligent lighting fixtures
whose emissions change in response to the presence, absence, and/or locations of people with

personal lighting profiles according to embodiments of the present invention.

[0056] FIG. 14 is a screenshot of a LightWorks web app configure map showing a plan
view of a facility illuminated with a lighting network according to embodiments of the

present invention.

[0057] FIG. 15 is a screenshot of the LightWorks web app configure feature showing edits
to a “Daytime” lighting profile on a plan view of a facility according to embodiments of the

present invention.

[0058] FIG. 16 is a screenshot of the LightWorks web app control feature showing a plan
view of a facility with the active profiles running on groups of intelligent lighting fixtures

according to embodiments of the present invention.

[0059] FIG. 17 is a screenshot of the LightWorks web app monitor feature showing energy
consumption for a give time period on a plan view of a facility according to embodiments of

the present invention.

[0060] FIG. 18 is a screenshot of the LightWorks web app monitor feature showing the

system status on a plan view of a facility according to embodiments of the present invention.
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[0061] FIG. 19 is a screenshot of the LightWorks web app report feature showing
occupancy frequency as a heat map on a plan view of a facility according to embodiments of

the present invention.

[0062] FIG. 20 is a screenshot of the LightWorks web app report feature showing a chart of

energy usage over a given period of time according to embodiments of the present invention.

[0063] FIG. 21 is a screenshot of the LightWorks web app report feature showing a chart
and calculation of energy savings over a given period of time according to embodiments of

the present invention.

[0064] FIGS. 22A-22C show screenshots of a smartphone accessing and controlling an
exemplary lighting system via an exemplary LightWorks app according to embodiments of

the present invention.

DETAILED DESCRIPTION

[0065] Following below are more detailed descriptions of various concepts related to, and
embodiments of, inventive systems, methods, and apparatus for providing intelligent lighting
via cloud-based control and system architecture known as “LightWorks.” It should be
appreciated that various concepts introduced above and discussed in greater detail below may
be implemented in any of numerous ways, as the disclosed concepts are not limited to any
particular manner of implementation. Examples of specific implementations and applications

are provided primarily for illustrative purposes.

[0066] Embodiments of the present invention include a cloud-based lighting control system
also known as the LightWorks architecture. An exemplary LightWorks architecture lighting
control system may include one or more LightWorks Gateways, each of which is coupled to
the cloud (or, more specifically, a cloud-based server) via the Ethernet and/or an optional
cellular radio. The LightWorks Gateways can be commissioned via the cloud using a
LightWorks web app (e.g., an app running on a smartphone, tablet, laptop computer, or other
portable electronic device) to control one or more lighting fixtures in a particular facility. In
some cases, the LightWorks Gateways may be commissioned to maintain a strict control

hierarchy, adding floors and organizations, including but not limited to: site, floor, network
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(gateway), zone, and node (e.g., power management unit (PMU) or digital light agent

(DLA)).

[0067] Once they have been properly commissioned, the LightWorks Gateways can be used
with the cloud-based control and one or more web apps to provide a flexible reporting
hierarchy orthogonal to the control hierarchy (“tags”/“groups”). The LightWorks Gateways
may poll and/or record sensor data by reading corresponding sensor registers and transmitting
the data at times selected to reduce or limit wireless bandwidth and/or Gateway processor
load. In some cases, the Gateways may record and/or process only a small fraction of the
available data to reduce power consumption, storage requirements, processor load, and
transmitter bandwidth. In a normal operating loop, for example, a LightWorks Gateway may
store only values from a Watt-hour odometry (“wh_odo”) register, which stores a running
sum of the energy used by the fixture and a running sum of energy used by the fixture in
response to motion sensed within the area of the fixture. By reading the wh_odo register
periodically, the system can calculate energy used per time interval. A LightWorks Gateway
may also ignore certain events detected by the sensors. Nevertheless, the LightWorks
Gateways may also provide the capability of doing deep register/event reading, e.g., for

diagnostic purposes.

[0068] In addition, the LightWorks Gateways, cloud-based control system, and/or web apps
may store and provide different configuration profiles for managing the illumination of a
particular facility or environment. These profiles can be configured using a web app to
provide coordinated control as locked/unlocked zones, daylight harvesting as a “target level”
for lighting, and/or fixed and automatic lighting schedules. If desired, the profiles can be
tailored or customized based on a particular person, object, or piece of equipment. For
instance, a particular part may have a radio-frequency identification (RFID) tag with a
lighting profile tailored according to the part’s progress through a warchouse or along an

assembly line.

[0069] Unlike other lighting systems, which use a central controller (sometimes called an
Appliance) to manage one or more intelligent lighting fixtures, embodiments of the present
system use one or more capable and hardened “LightWorks Gateways,” which control and
monitors a single lighting network while piping data directly to and from a “LightWorks

Server” located in the cloud. The LightWorks Gateways and Server may also channel data

-10-
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and instructions to and from subscription-based web apps for reporting and configuration.
LightWorks Mobile, a mobile app, enables manual control and simple profile configuration
right in the palm of one’s hand by interfacing directly with intelligent lighting fixtures, or via

the LightWorks Gateway, LightWorks Server, and through other networks.

[0070] Compared to other lighting systems, embodiments of the present system can be
simpler to install, commission, and support. Eliminating the Appliance eliminates a common
failure point. The ability to commission simple installations directly from a web app makes
installation and commissioning faster and less expensive. And the inherently scalable nature

of a modular cloud-based architecture lets exemplary systems handle bigger jobs with ease.

[0071] Embodiments of the present system can also provide layers of resiliency not
available in other lighting systems. In the event of a network communication failure or other
type of disruptive event, the present system can continue to operate effectively until such
time that network communication is restored or the disruptive event has been remedied.
These layers of resiliency are more than just a simple redundant backup, since during normal

operations, they can provide additional levels of control.

[0072] In addition, inventive embodiments shift the economics of lighting control from
hardware to software, increasing service flexibility for providers and consumers. For
instance, a model where software is provided as a subscription service allows services and
charges tailored to the customers’ desires and reduces time and effort spent supporting
undesired features. For example, customers that prefer low level lighting conditions and thus
use less energy would be charged less than customers desiring maximal levels of lighting. By
identifying and tracking persons and objects within the lighting area, lighting charges can be
allocated based on actual lighting usage. In other embodiments, lighting usage can be

allocated based on predetermined lighting subscriptions.

[0073] Moving control from an appliance to the cloud also provides more technological
flexibility. New features (and bug fixes) can be launched with a simple deploy, and distinct
tiers of service and functionality can be built out without any need to push changes to

hundreds of remote appliances.

-11-
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[0074] LightWorks Architecture

[0075] FIG. 1 illustrates an exemplary LightWorks architecture 100 for a facility 10 having
an engineering area, a sales and marketing area, and a shared space. The LightWorks
architecture 100 includes one or more intelligent lighting fixtures 102 to provide illumination
in a given environment. The intelligent lighting fixtures 102 may be controlled by one or
more manual control devices 104. A digital light agent (DLA) can be integrated into the
intelligent lighting fixture 102 or a standalone DLA 200 can be used to control one or more
intelligent lighting fixtures via a digital control ready (DCR) bus, e.g., as disclosed in U.S.
Patent No. 8,729,833, entitled “Methods, Systems, and Apparatus for Providing Variable

[llumination,” which is incorporated herein by reference in its entirety.

[0076] Each intelligent lighting fixture 102 and/or standalone DLA 200 can be connected to
a corresponding LightWorks Gateway 300 (e.g., an engineering gateway 300A for the
engineering department, a shared space gateway 300B for shared space, or a sales and
marketing gateway 300C for the sales and marketing department). The manual control
devices 104 can also have respective network connection to a corresponding LightWorks
Gateway 300 as well. In some embodiments, the connections between the LightWorks
Gateways 300 and the intelligent lighting fixtures 102, standalone DLAs 200, standalone
sensors 250, and manual control devices 104 can be wireless connections including cellular
data connections (e.g., EDGE, 3G, or 4G/LTE radio connections), wireless mesh network
connections (e.g., ZigBee or Thread connections), point-to-point wireless network
connections (e.g., WiFi or Bluetooth connections), and combinations thereof. In other
embodiments, the connections between the LightWorks Gateways 300 and the intelligent
lighting fixtures 102, standalone DLAs 200, standalone sensors 250, and manual control
devices 104 can be wired connections, such as Ethernet, KNX, DALI, on/off, dry contact,
variable voltage, variable current, and variable resistance connections and combinations
thereof. In some embodiments, the connections between the LightWorks Gateways 300 and
the intelligent lighting fixtures 102, standalone DLAs 200, standalone sensors 250, and
manual control devices 104 can be combinations of wireless and wired connection depending

on application and any existing infrastructure.

[0077] Each LightWorks Gateway 300 can support one or more intelligent lighting fixtures

102, DLAs 200, standalone sensors 250, and/or manual control devices 104. For example,

-12-
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LightWorks Gateways 300 networks utilizing a 802.15.4 Zigbee stack technology can
support at least 100 connections or nodes. The number of LightWorks Gateways 300 within
an implementation of LightWorks architecture 100 can vary based on the facility 10 layout,
number of devices (e.g., intelligent lighting fixtures 102, standalone DLAs 200, standalone
sensors 250, manual control devices 104) within the lighting network, network connection
speed and bandwidth, desired throughput of data to and from the LightWorks Server 550, and
the number and complexity of the rules processed by the LightWorks gateway’s local

processor 316.

[0078] Each LightWorks gateway 300 can have one or more distinct network interfaces—
for example, a downstream port that connects to the intelligent lighting fixtures 102,
standalone DLAs 200, standalone sensors 250, manual control devices 104, and an upstream
port that connects to a LightWorks cloud 540, which may include one or more LightWorks
servers 550. A LightWorks gateway 300 may also have a single bidirectional port, such as an
Ethernet port or wireless port, for multiplexed upstream and downstream communication. At
the facility 10 level, the LightWorks architecture 100 can leverage existing network
infrastructure to connect the LightWorks Gateways’ 300 upstream ports to the internet. This
existing network infrastructure might include corporate Ethernet switches 380, routers (not
shown) and corporate firewalls 390 (hardware- or software-based) that connect to the internet
via direct subscriber line (DSL), cable modem connections, cellular wide area networks,
integrated services for digital network (ISDN) connections, and/or fiber optic modem
connections. The corporate Ethernet switches 380 may also provide (wireless) network
connectivity to laptops 522 and smartphones 524 running LightWorks apps to perform
configuration, control, monitoring, and reporting for devices within the LightWorks

architecture 100.

[0079] FIG. 2 shows a component-level view of certain devices in the LightWorks
architecture 100. As explained above, the architecture 100 includes one or more LightWorks
Gateways 300, each of which includes a local processor 316 coupled to a memory 312 that
stores programmable rule data 301, or rules, and data 303, including sensor data acquired
using standalone sensors 250 and/or sensors in the Gateway 300 and other devices in the
architecture 100. The rules 301 and data 303 may be shared among devices within the

architecture 100 as explained in greater detail below.
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[0080] In the view of FIG. 2, the gateway 300 is wirelessly coupled to a lighting fixture
102, user controls 104, a standalone sensor 250, and a DLA 200, which in turn is coupled to a
digital control ready (DCR) lighting fixture 202. The lighting fixture 102 includes one or
more sensors 108, including an occupancy sensor 108a, a power meter 108b, and an ambient
light sensor 108c, that collect data about the environment illuminated by the lighting fixture
102. The occupancy sensor 108a detects people and moving objects and transmits
corresponding occupancy data to a processor 107, which stores occupancy data in a memory
106. Similarly, the power meter 108b measures power/energy consumption of a light source
101 driven by a power management unit (PMU) 109, also known as a light source driver, and
the ambient light sensor 108¢ detects the light intensity, color temperature, spectrum, ambient
light level, etc. The processor 107 records these data in the memory 106 and transmits them

to the gateway 300 via a wireless communications interface 103, such as a Zigbee interface.

[0081] The gateway 300 also receives data from and transmits instructions (rules) to the
DLA 200, which has its own wireless communications interface 203. The data may acquire
data with one or more integral environmental sensors 208 and/or with sensors 208 and 208
in the DCR lighting fixture 202. For example, the first sensor 208’ may measure
power/energy consumption of a light source 101 driven by a light source driver/PMU 209,
and the second sensor 208” may detects the light intensity, color temperature, spectrum,
ambient light level, etc. of the environment and/or of light emitted by a light source 201 in

the DCR lighting fixture 202.
[0082] The LightWorks Cloud and LightWorks Servers

[0083] As shown in FIGS. 1 and 2, the gateway 300 also communicates with one or more
remote LightWorks servers 550 in the LightWorks cloud 540. Each LightWorks server 550
can be physically located in one or more places, including but not limited to inside the facility
10; offsite at a customer’s other locations (for example, at a data center owned by the
customer); at a colocation facility (where the end customer owns the server hardware, which
is located in a third-party data center); or in a cloud compute cluster (e.g., Amazon EC2 or
Rackspace) where the server hardware itself is owned by a third party and the lighting
provider leases compute time from the cloud vendor. Each LightWorks server 550 can
include one or more network-based processors 551, memory (RAM), storage media 541 (e.g.,

hard disks, optical disks, tape drives), and a network connection. The storage media 541 may
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include a database structure, such as SQL, SQLite, XML, relational database, or hierarchical
database, that stores facility maps 542, configuration profiles 544, and/or usage data 546. For
example, the storage media 541 may store data 545 acquired by the sensors in the facility 10,
including occupancy and lighting fixture energy usage data. The storage media 541 may also
store programmable rule data 545, including updates to rules 301 stored in the gateway(s)

300, for transmission to the gateway(s) 300 as appropriate.

[0084] Together, the LightWorks servers 550 implement a cloud-based LightWorks Engine
that includes the core programming for running the LightWorks architecture 100. In
operation, the LightWorks Engine manages the rules stored in each gateway 300, including
changes to those rules, as well as acquisition, dissemination, and processing of sensor data
about the environment and/or devices and connections in the LightWorks architecture 100.
The LightWorks Engine can run directly on a LightWorks Server 550 or via virtualization
software executed on another processor. Versions of the LightWorks Engine can also reside
in the LightWorks Gateway 300, the DLA-integrated intelligent lighting fixtures 102, and the
standalone DLAs 200. Intelligent sensors and intelligent controls can also run versions of the

LightWorks Engine.

[0085] The LightWorks cloud 540 can also include several components to run at scale,
including but not limited to front-end load balancers to distribute processing among multiple
network-based processors 551 and back-end controllers for storing and retrieving data from
multiple storage media 541. The network-based processors 551 located in the LightWorks
cloud 540 handle the intensive processing like data processing, data analysis, sensor input
synthesis, rule generation and updating, etc. Network-based processors 551 store and retrieve
rules 543, including configuration profiles 544, as well as multiple types of data 545 from
storage media 541, including facility map data 542, and usage-related data 546. Network-
based processors 551 can also access, retrieve, correlate, and process data stored in third-
party databases to supplement the data resident within the LightWorks cloud 540. Accessing
third-party databases reduces storage space and costs, and helps avoids potential security
issues surrounding sensitive data. To aid the user in interpreting vast amounts of data,
intuitive graphical user interfaces provide the user with views and models, for example, the
LightWorks cloud 540 may include a LightWorks web app 448 with graphing, charting, and

mapping capabilities.
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[0086] The LightWorks architecture 100 features a resilient design not found in other
systems. Processing capabilities and data storage are present within multiple devices at
multiple levels within the LightWorks architecture 100 system. Because of this resilient and
robust design, there is less risk of a complete system failure in the event of a lost connection
between a remote LightWorks Server 550 and a local LightWorks Gateway 300, or between a
particular LightWorks Gateway 300 and a particular intelligent lighting fixture 102.

[0087] For instance, the gateways 300 and intelligent lighting fixtures 102 include
respective processors that execute rules stored in respective local memories that control the
operation of the intelligent lighting fixtures 102. In the event of a lost network connection,
the gateways 300 and/or intelligent lighting fixtures 102 continue to function according to the
locally stored memory and sensor data acquired recently or in real-time. Additionally, the
local memories can act as buffers to store usage data 546 temporarily until the data can be
transmitted to the LightWorks Server 550 for archiving within storage media 541. When
network connectivity is restored, the gateways 300 and/or intelligent lighting fixtures 102
resume communication with the LightWorks Server 550 and upload the buffered usage data
546 while downloading any new rules to local memories. A standalone DLA 200 connected
to an intelligent lighting fixture 202 via a wired DCR bus may function similarly to an

intelligent lighting fixture 102 in the event of a lost network connection.
[0088] LightWorks Gateway Hardware and Operation

[0089] FIG. 3 shows a perspective view of a Light Works Gateway 300. In some
embodiments, the LightWorks Gateway 300 coordinates and manages the communication
with one or more intelligent lighting fixtures 102 or 202 grouped together. In some cases, a
single LightWorks Gateway 300 coordinates and manages an entire network of intelligent
lighting fixtures 102 or 202. The LightWorks Gateway 300 includes a version of the
LightWorks Engine for real-time control and data collection. The LightWorks Gateway 300
transmits data quickly to a network-based processor (e.g., processor 551 in FIG. 2) and can
be configured and operated through a simple user interface via an app or other network-based

interface (e.g., the LightWorks web app 548 described below).

[0090] FIG. 4 shows a plan view of a LightWorks Gateway 300 (upper right) and a block

diagram of the gateway’s components, which may include a display 311 (e.g., a liquid crystal
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display (LCD)), a memory 312, a (wireless) first communications interface 313, a (wired)
second communications interface 314, a user input (buttons) 315, a processor 316, a power
input 317, and one or more sensors 318. In some cases, the second communications interface
314 may also supply electrical power to the LightWorks Gateway 300. For example, the
second communications interface 314 may include a powered via a power-over Ethernet
(PoE) port (e.g., as shown in FIG. 3) and/or a powered universal serial bus (USB) port 319
that connects to a 5-20 volts DC power supply (not shown). The LightWorks Gateway 300
may also includes an optional power input 317 that connects to a 12-48 volts DC power

supply (not shown).

[0091] The processor 316 may be a microprocessor that runs an operating system such as
Linux and a version of the LightWorks Engine. Other components in the LightWorks
Gateway 300 may also be selected for compatibility with Linux. Suitable commercially
available processors include, but are not limited to the Broadcom BCM2835 SoC powering
the Raspberry Pi or the Texas Instruments AM3359A in the Beaglebone Black. As shown in
FIG. 4, the processor 316 is communicatively coupled to the display 311, the memory 312,

wireless module 313, Ethernet port 314, and one or more input buttons 315.

[0092] The memory 312 may include both volatile memory, such as SRAM, DRAM, Z-
RAM, TTRAM, A-RAM and ETA RAM, and non-volatile memory, such as read-only
memory, flash memory (e.g., SD, MMC, xD, Memory Stick, RS-MMC, miniSD and
microSD, and Intelligent Stick), magnetic storage devices (e.g., hard disks, floppy discs and
magnetic tape), optical discs, FeRAM, CBRAM, PRAM, SONOS, RRAM, Racetrack
memory, NRAM and Millipede. The memory 312 can be sized as desired; it may hold
approximately one month of usage data 546 in the event that the upstream network
connection to the LightWorks Server 550 is interrupted. Compression algorithms can be used

to further increase the efficiency with which data is stored in the memory 312.

[0093] The sensor 318 may include a variety of sensing elements, including but not limited
to radio-frequency identification (RFID) tag sensors, occupancy sensors, ambient light
sensors or other photosensors, an imaging sensors, temperature sensors, microphones,
pressure sensors, air quality sensors, and wireless signal sensors. The data acquired by the
sensor 318 can include, but its not limited to measurements of parameters associated with the

environment, such as: an occupancy of the environment, an ambient light level of the
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environment, a spectrum of illumination of the environment, a temperature of the
environment, a sound in the environment, an air quality of the environment, an amplitude of a
radio-frequency wave propagating in the environment, a location of an object or a person in
the environment, or an identification of the object or the person in the environment. For
instance, the sensor 318 may include one or more photosensitive elements that measure the
luminous flux emitted by one or more lighting fixtures, the illuminance delivered to a
specified surface in the environment, a correlated color temperature of the light emitted by
the lighting fixture(s), a spectral power distribution of the light emitted by the lighting
fixture(s), a color of the light emitted by the lighting fixture(s), an illumination radius of the
lighting fixture(s), and/or a timing parameter related to a change in lighting emitted by the
lighting fixture(s). The sensor 318 may also measure power consumption and/or energy usage
of the gateway itself and/or by other components of the LightWorks architecture 100,

including one or more of the lighting fixtures.

[0094] In some embodiments, the first communications interface 313 can include one or
more wireless modules including cellular data module (e.g., EDGE, 3G, or 4G/LTE radio),
wireless mesh network module (e.g., ZigBee or Thread), point-to-point wireless network
module (e.g., WiFi or Bluetooth), and combinations thereof. The LightWorks Gateway can
be configured to use a Telegesis Ember module as communication interface 313 to
communicate wirelessly with intelligent lighting fixtures 102 and/or standalone DLAs 200.
In other embodiments, first communications interface 313 can include one or more wired
connections such as TCP/IP, Ethernet, KNX, DALI, on/off, dry contact, variable voltage,

variable current, variable resistance and combinations thereof.

[0095] Similarly, the second communications interface 314 can include one or more wired
connections such as Ethernet, KNX, DALI, on/off, dry contact, variable voltage, variable
current, variable resistance and combinations thereof. It can also be configured to receive

electrical power as described above.

[0096] In some embodiments, the connections between the LightWorks Gateways 300 and
the intelligent lighting fixtures 102, standalone DLAs 200, standalone sensors 250, and
manual control devices 104 can be combinations of wireless and wired connection depending
on application and any existing infrastructure. The LightWorks Gateway 300 can be

plugged in directly to a corporate network (e.g., via the second communication interface
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314), assigned an IP via DHCP, and tunneled out to the LightWorks cloud 540 and
LightWorks Server 550 by punching through virtual private networks (VPN’s), network
address translations (NAT’s), virtual local area networks (VLAN’s), and firewalls on an
outbound HTTP, HTTPS, websocket, or other standard protocol connection. (The
LightWorks Gateway 300 may also have a minimal web server running on port 80 for basic
configuration and status information.) If data transmission via existing network infrastructure
using one of these standard protocols is impractical, the LightWorks Gateway 300 may
include or be coupled to an optional cellular modem for network communication to the

LightWorks cloud 540 and LightWorks Server 550.

[0097] As shown in FIG. 3, the “front” face of the LightWorks Gateway 300 includes a
display 311 (e.g., a 16 x 2 character alphanumeric LCD) and one or more input buttons 315,
which may be arranged in a 5-key button pad. Together, the display 311 and the input buttons
315 provide a user interface for initial setup (commissioning), diagnostic messages, and
troubleshooting. For example, the display 311 can indicate the health of the LightWorks
architecture 100 system including the network status and operability of the connected
devices, and the buttons 315 can be used to navigate through screens and menus shown on
the display 311. Those of skill in art will readily appreciate that the gateway 300 may include
other user interfaces, such as touchscreens and alphanumeric keypads, in addition to or

instead of the display 311 and buttons 315 shown in FIG. 3.

[0098] In some embodiments, the LightWorks Gateway 300 can boot from, and store data
on, the memory 312. During boot, the processor 316 loads a version of the LightRules
Engine stored in memory 312. Processor 316 is communicatively coupled to communication
interface 313 and communications interface 314 to send and receive data. Communication
interface 313 receives data 303 including environmental data and/or operational data related
to the at least one intelligent lighting fixture in the environment. Communication interface
313 also receives data 303 including data related to an object and/or a person within the
environment. Data may be received from an intelligent lighting fixture 102, a manual user
control 104, a standalone sensor 250, standalone DLA 200, and/or combinations thereof.
Processor 316 can store data 303 into memory 312. Processor 316 can retrieve rules 317
from memory 312 and transmit them to an intelligent device, such as an intelligent lighting

fixture 102 or a DLA 200, within the network via communication interface 313. Memory

-19-



WO 2015/054611 PCT/US2014/060095

312 may include a database structure, such as a SQLite database, that stores usage data 546,

facility maps 542, and/or configuration profiles 544 similar to storage media 541.

[0099] Processor 316 can also be operably coupled to communication interface 314 to
receive direct current (DC) power. In other embodiments, processor 316 is operable coupled
to power input 317 to receive DC power. Data 303 stored in memory 312 can be retrieved by
processor 316 and transmitted to the LightWorks server 550 via communication interface
314. In some embodiments, processor 316 causes data 303 received by communication
interface 313 to be transmitted to the Light Works server 550 via communication interface

314 without storage into memory 312.

[0100] Unlike other lighting systems, which collect data continuously and/or at high rates,
embodiments of the LightWorks architecture 100 may collect data intermittently and/or at
relatively low rates. The gateway 300 may also record when it received data from each
lighting fixture/DLA for computation of changes over time (e.g., average power consumption
since the last Watt-hour odometer reading). The LightWorks architecture 100 may not gather
complete event log data and can be configured to query and store data from only a limited
number of registers within the memory 312. In some embodiments, the LightWorks
architecture 100 may provide granular controls (e.g., via a LightWorks app or controls on the
LightWorks Gateways) for which data is gathered from each node or connection and how
often that data is collected. In other embodiments, only changes to a system state or sensor

reading may be logged into memory.

[0101] Some of this data may be accumulated within each lighting fixture or DLA’s local
memory and transmitted to the gateway 300 intermittently for storage in memory 312 and
eventual transmission to the cloud. The gateway 300 may also query the sensors in the
lighting fixture(s) or DLA(s) for instantaneous readings and store those readings in memory
312. If desired, these real-time measurements can be buffered or used to measure maximum,
minimum, and/or average values since the last reading. Data accumulated within each
lighting fixture or DLA’s local memory includes, but is not limited to: Watt hours (on a Watt-
hour odometer), fixture power up time, fixture active time, fixture inactive time, and number
of sensor events (e.g., occupancy events, temperature-related events (peak temperature over
preceding time period), etc.). And instantaneous measurements include, but are not limited to:

maximum and/or minimum power consumption by a lighting fixture over a given period of

20-



WO 2015/054611 PCT/US2014/060095

time, a historical log of energy consumption by a lighting fixture, a power factor associated
with a lighting fixture, an input voltage to a lighting fixture, total harmonic distortion of
power received by a lighting fixture, and instantaneous sensor data from sensors themselves

(e.g., data from any of the sensors shown in FIG. 7)

[0102] For example, the gateway 300 may store energy usage data collected from the Watt-
hour odometer (“wh_odo”) registers in the intelligent lighting fixtures 102 and/or the DL As
200 in a Watt-hour odometry data table implemented in the memory 312. In operation, the
gateway 300 may poll the lighting fixtures 102 and/or the DLAs 200, e.g., at regular
intervals, irregular intervals, and/or in response to particular events, for energy usage data.
The lighting fixtures 102 and/or the DLAs 200 may also supply energy usage data to the
gateway 300 without prompting by the gateway 300, e.g., in accordance with a rule or other
programming. The gateway 300 stores the energy data in the wh_odo data table, possibly
with indications of the energy usage data’s source (e.g., lighting fixture no. 1) and/or the time

at which the energy usage data was read from the fixture (e.g., 2400 GMT on 1/23/2014).

[0103] The gateway 300 stores the time-stamped watt-hour odometer values read out of
cach fixture in its local memory 312 and transmits these data to the cloud-based LightWorks
server 550 on demand, at predetermined intervals, when lulls appear in network traffic, etc.
The LightWorks server 550 processes this data to estimate one or more of the following
pieces of information: total energy consumed by the lighting fixture(s) over a given period of
time, instantaneous power consumption by one or more lighting fixture(s), average power
consumption by one or more lighting fixture(s) over the given period of time, maximum
and/or minimum power consumption by the lighting fixture(s) over the given period of time,
and a historical log of energy consumption by the lighting fixture(s). The server 550 may also
estimate a power factor associated with the lighting fixture(s), an input voltage to the lighting
fixture(s), and/or total harmonic distortion of power received by the lighting fixture(s) from
the energy usage data and/or from instantaneous sensor readings acquired from the lighting

fixture(s) and DLA(s) and stored in the gateway memory 312.

[0104] The LightWorks Gateway 300 may also store information about the network it is
managing, including lights, zones, rules-based lighting profiles, schedules, and so forth, in the
local memory 312. This information can be managed in the LightWorks cloud 540, with
changes automatically downloaded to the LightWorks Gateway 300 as part of a cloud
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synchronization process. The cloud synchronization process uploads new data 303 to the
LightWorks cloud 540 and downloads rule changes and/or new rules, including changes to
lighting profiles, to the memory 312 of the LightWorks Gateway 310. These rules changes
and new rules may be based on an analysis of the energy usage or sensor data collected by the
LightWorks Gateway 310. In addition to the batch data upload process, a RESTful
application programming interface (API) handles real-time tasks like manually switching
profiles. Calls to this API may be authenticated against the LightRules web app 548.
LightWorks server 550 can push firmware updates to LightWorks Gateway 300 (via the
(wired) second communication interface 314, e.g., Ethernet port) and intelligent lighting

fixtures 102 and standalone DLAs 200 (via the (wireless) first communication interface 313).
[0105] Intelligent Lighting Fixtures and Digital Light Agents

[0106] The LightWorks architecture 100 is compatible with a variety of different lighting
fixtures and different configurations of intelligent lighting fixtures. For example, FIG. 5 is a
block diagram of the intelligent lighting fixture 102 of FIGS. 1 and 2. This intelligent
lighting fixture 102 may include the functionality and/or the components of a DLA, such as a
communication interface 103, a memory 106, a processor 107, and one or more sensors
108a—108c (collectively, sensors 108) that measure operational and environmental data

related to the DL A-integrated intelligent lighting fixture 102.

[0107] More specifically, the sensor 108a may be an occupancy sensor that senses and
possibly locates a person or object within the environment illuminated by the lighting fixture.
In some cases, the sensor 108a is a passive infrared sensor that detects a heat signature
associated with the person or object. Data from the passive infrared sensor, including any
thermal gradient information across different thermal sensing elements within the sensor, can
be used to distinguish between people and different types of objects, to locate people/objects,

and to track motion (e.g., based on temporal variation in thermal signatures).

[0108] The sensor 108a may also include an imaging sensor that acquires biometric
imagery, including face images, of a person in its field of view and transmits the biometric
imagery to the processor 107, which identifies the person using recognition software. The
processor 107 may also locate the person within the imagery (and hence within the

environment). Alternatively, or in addition, the sensor 108a may detect wireless signals
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emitted by an object, such as a cell phone or other wireless transceiver, and determine the
object’s identity and location based on the wireless signals. For instance, the sensor 108a may
include a Bluetooth sniffer or other beacon-sensing device that senses and decodes an beacon
signal emitted by an electronic device. The sensor 108a may also measure the received signal
strength of a signal emitted by the electronic device for triangulation of the electronic
device’s position. Or the sensor 108a can interrogate the electronic device, ¢.g., with an
ultrasonic signal or an RFID tag interrogation signal. The processor 107 may store a record of
occupancy detection events (e.g., total number) in the memory 106; it may also notify the
gateway 300 of each detection event and apply an appropriate lighting profile as described
below with respect to FIGS. 11 and 12.

[0109] Similarly, sensor 108b may include a temperature meter, voltage meter, current
meter, resistance meter, and/or power meter for measuring power supplied by the LED
driver/ Power Management Unit (PMU) 109 to the dimmable light source 101, which may
include one or more LEDs. The processor 107 may store energy usage data from the sensor
108b in a Watt-hour odometer implemented as a register in the memory 106. This Watt-hour
odometer may represent the sum total of Watt-hours consumed by the fixture 102 since the
register was last cleared. Data from the sensor 108b may also be used to determine and record

the elapsed time that the fixture has been powered on, active, and inactive.

[0110] Sensor 108c can include a color sensor, photodetector, spectrophotometer, ambient
light level sensor, temperature sensor, imaging sensor, and combinations thereof, that
measures the operational and environmental data related to the light source 101 of the DLA
integrated intelligent lighting fixture 102. The lighting fixture 102 can use data acquired by
the sensor 108c¢ to vary the intensity, correlated color temperature, etc. of the output in order

to provide the desired illumination at the desired energy consumption levels.

[0111] FIG. 6 is a plan view of a troffer-type intelligent lighting fixture 102 with integrated
DLA (indicated by reference numeral 107) connected the LED driver 109 via a DCR bus 112.
As understood by those of skill in the art, a troffer is a rectangular light fixture that fits into a
modular dropped ceiling grid (e.g., with dimensions of 2' by 2' or 2' by 4'). Troffers are
typically recessed sitting above the ceiling grid, but can also be made in surface mount boxes.
Troffers are commonly used in commercial office spaces, schools, hospitals, lab facilities,

etc.
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[0112] The LightWorks architecture 100 is compatible with standalone DLAs 200 that
control one or more DCR lighting fixtures 202a—202f (collectively, DCR lighting fixtures
202) over a DCR bus as shown in FIGS. 7-9. As shown in FIG. 7, the standalone DLA 200
includes at least one communication interface 203, a memory 206, a processor 207, and one
or more sensors 208a—-208c (collectively, sensors 208) to sense environmental conditions,
such as occupancy, ambient light level, and temperature, and device status conditions, such as
fixture energy usage. In some cases, sensors 208a, 208b, and 208¢ may be identical or
equivalent to sensors 108a, 108b, and 108¢, respectively, as described above with respect to
FIGS. 5 and 6. For instance, These sensors 208 can include a temperature meter, voltage
meter, current meter, resistance meter, power meter, and combinations thereof, to measure
the operational and environmental data related to the PMU of the DCR lighting fixtures 202.
They can also include a color sensor, a photodetector, a spectrophotometer, an ambient light
level sensor, a temperature sensor, and/or an imaging sensor to measure the operational and
environmental data related to the light source 201 of the DCR lighting fixtures 202. Sensors
208 can also include ultrasonic sensors, occupancy (e.g., passive infrared) sensors, air quality
sensors, wireless beacon sensors, wireless sniffers, RFID tag readers, and the like to sense
people, parts, and equipment in the environment illuminated and/or monitored by the

LightWorks architecture 100.

[0113] In operation, the DLA 200 transmits instructions to and receives data, including
energy usage data and occupancy data, from the lighting fixtures 202 via the DCR bus 212 as
shown in FIGS. 8 and 9. The lighting fixtures 202 may coupled together in series as shown in
FIG. 8 or in parallel as shown in FIG. 9. The DLA 200 also receives DC power from a
lighting fixture 202, via a power input 216, as shown in FIG. 9. This DC power may be
converted from AC power received by the lighting fixture 202 via an AC line input 214.

[0114] Manual Control Devices

[0115] The LightWorks architecture 100 may also include or be coupled to one or more
manual control devices 104, including light switches, dimmers, and other interfaces. For
example, manual control devices 104 include wall switches and keypads that can be used to
adjust the illumination level, illumination direction, and/or color temperature of the light
emitted by the intelligent lighting fixtures 102 or DCR lighting fixtures 202. These manual

control devices 104 may be connected to the LightWorks Gateway 300 via a wired or
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wireless connection. For example, manual control devices 104 can be a resident node on a
wireless lighting network, or can communicate directly with a DLA sensor, for example, via
an infrared signal. Manual control devices 104 can be programmed or wired to temporarily
override the rules running in the gateways 300, DLAs 200, and intelligent lighting fixtures
102 to satisfy the immediate desires of the user, e.g., for a predetermined period or until the
user relinquishes control. In addition to providing control functions, manual control devices
104 can be used to configure and/or commission the gateways 300, intelligent lighting

fixtures 102, and/or DLAs 200.
[0116] Lighting Profiles for People, Parts, and Equipment

[0117] In some embodiments, the LightWorks architecture 100 can create, distribute,
enforce, and update lighting rules that save energy by harvesting daylight, selecting efficient
light sources, and/or reducing lighting levels in unoccupied arcas. These rules may also
reduce system downtime and repair costs by using the light sources (LEDs) sparingly and
scheduling maintenance proactively and prospectively. These rules may be tailored to a
particular lighting fixture or to a particular zone illuminated by the LightWorks architecture.

For instance, a rule for a particular light fixture might include the following parameters:
Light ID: 0400DE13
Active Light Level (Occupancy Detected): 85%
Inactive Light Level (No Occupancy Detected): 15%
Sensor Delay (Sensor Inactive Period After Each Occupancy Detection): 60 seconds
Daylight Harvesting target: 50ft-cd
This rule is in effect: Monday through Friday, 8 am to 5 pm

Although this reduces wasteful energy consumption, it doesn’t offer any opportunity for

personalization or customization.

[0118] Fortunately, the LightWorks architecture 100 also enables users to create rules (or
preferences) that can also be tailored to provide predetermined lighting levels or lighting
behaviors based on a specific object or person in a given area illuminated by an intelligent
lighting fixture. These rules may be keyed to detection of the object or person within the

illuminated area and can be based on identifying information about the object or person and
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location data acquired by sensors in the LightWorks architecture 100. For example, a rule set

for a particular person—John Q. Public—might specify:
My ID: John Q. Public
My preferred illumination at my desk: 50 ft-cd, 4200K, 5ft radius
My preferred light level in the rest of the office: 20 ft-cd, 3000K, 50ft radius

My preferred light level in the kitchen: 100 ft-cd, S000K, infinite radius

Parameters that can be specified in or by a lighting profile include, but are not limited to:
luminous flux, illuminance delivered to a specified surface, correlated color temperature,
spectral power distribution, color of light, illumination radius, one or more timing parameters

related to a change in lighting (e.g., sensor timeout), power consumption, and energy usage.

[0119] This rule set, also known as lighting profiles or preference rules, act like meta-rules
for the light fixtures. Processors in the gateways 300, DLAs 200, and/or intelligent lighting
fixtures 102 decompose these preference rules into specific instructions for the lights. In
order to do this, the available processor(s) keep track of the available light sources, their
locations, and their capabilities (e.g., light output, correlated color temperature (CCT),
dimmability, color control, etc.). The available processor(s) also locate, identify, and track
other people and/or objects are in the environment, as well as lighting profiles associated with

those people and/or objects.

[0120] For instance, the LightWorks architecture 100 may include one or more RFID tag
readers distributed throughout a warchouse or assembly line, possibly in the gateways 300,
the lighting fixtures 102, the DLAs 200, or the standalone sensors 250. These RFID tag
readers may track RFID tags on parts and equipment (e.g., forklifts and pallet jacks) within
the warchouse. Each RFID tag may include identifying information, such as object type,
object part number, and/or object serial number that can be used to locate a profile associated
with the part in the rules stored either locally in the gateway memory or on the LightWorks

SCrver.

[0121] For instance, FIGS. 10A and 10B illustrate lighting profiles for a fork lift and a pallet

jack, respectively, for use in a warchouse. The fork lift and the pallet jack each have a unique
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RFID tag that can be interrogated wirelessly using an RFID tag reader on a gateway or other
device in the LightWorks architecture. The RFID tag may store lighting profile information
or simply identifying information that can be read by the RFID tag and used to query a
lighting profile database stored in the gateway’s memory, the fixture or DLA memory, or in
the LightWorks cloud for an associated lighting profile. Each lighting profile includes
identifying information about the associated part (Object ID), as well as illumination levels at
different distances (radii). In this case, the illumination levels are higher over longer distances
for the fork lift than for the pallet jack because the fork lift can move at higher speed (and
thus cover ground more quickly) than the pallet jack. The lighting fixtures provide the
illumination levels according to the lighting profiles and in response to detection and

movement of the fork lift and the pallet jack.

[0122] The lighting profiles can also be tailored to individuals, e.g., as shown in FIG. 10C
and explained above. Personal lighting profiles may contain parameters related to location,
time of day, presence of other people, activity level lighting intensity, color, tone, angle, area,
frequency, inactivity period, and so on. An individual user can specify the lighting parameters
based on his or her personal preferences. For example, an older user may want or need more
light to see adequately. Other users may feel more comfortable in well-lit places, and can
specify high levels of lighting for an extended lighting area. Still other people may desire
warmer or cooler color tones of light that is both pleasing to their eyes, as well as

complementary to their appearance.

[0123] Daylight harvesting, coordinated control (CC), and other energy-saving and safety
features can be incorporated directly into profiles in LightWorks. Each profile can have an
“Active Level” and an “Inactive Level” expressed as a fixed percentage of full output, e.g., as
shown in FIG. 10C. A user can define the active and inactive levels in one of at least three

ways:
1. by specifying a fixed percentage of full output;

2. by finding their desired light level with a slider then saying “hold this brightness

when active” (interactive task tuning); or

3. by specifying a ft-cd or lux value (this may involve light meter calibration).
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In scenarios 2 and 3, an ambient light sensor may measure the ambient light level to account

for the effect of Daylight Harvesting on the light level experienced by the user.

[0124] LightWorks can also integrate coordinated control (CC) into profiles. For a given
profile, zones are either “locked” (i.e., CC enabled, so all fixtures are in the same active or
inactive state at all times) or “unlocked” (i.e., CC disabled, so fixtures are free to be active or
inactive depending on their own sensors). The “CC Master” state of a node is not necessarily
configurable as part of the profile, thus allowing a facility manager to override personal
lighting profiles for safety or efficiency reasons. In some cases, for example, the CC Master
state may override personal lighting profiles in response to emergency conditions (e.g., a
smoke alarm or 911 call). In other cases, the CC Master may provide high illumination in a
highly trafficked zone, regardless of the profiles of people and objects moving through the

zonce.

[0125] Sensors communicatively coupled to the intelligent lighting fixtures receive signals
which are used to locate and identify the object or person, and illumination is provided by
intelligent lighting fixtures conforming to predetermined rules. This system of object specific
rules can provide for improved safety, increased productivity, and reduced fatigue. This
system of person specific rules can provide for improved safety, increased productivity,

reduced fatigue, and increased personal satisfaction.

[0126] FIGS. 11 and 12 are flowcharts that illustrate how the LightWorks architecture
employs lighting profiles for providing customized lighting. In the process shown in FIG. 11,
a sensor on a lighting fixture, DLA, or other device detects an object or person (step 1102). In
some cases, the sensor may also detect the person’s smart phone, tablet, laptop, or other
device using ultrasonic interrogation of a smartphone, wireless interrogation of a passive or
active RFID tag, infrared communication, triangulation based on cellular or WiF1i signals,
global positioning system (GPS) data from a GPS transceiver, or beacon signal. In other
cases, the sensor may acquire visible or thermal imagery of the object or person, e.g., from an
imaging sensor or even a passive infrared (PIR) sensor. In other cases, the lighting network
may receive an indication of the person or object’s presence from a separate data source, such
as a security system that uses magnetic badges or biometric identification to admit authorized

individuals through doors or entrances in the facility.
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[0127] The lighting fixture or other device transmits this data representative of the person or
object to the gateway (step 1104), which in turn transmits the data to a server in the
LightWorks cloud (step 1106). This data includes information about the person or object’s
identity and about the person or object’s location within the environment. The location data
may be derived from the sensor measurements and/or other data sources. For instance, image
data or wireless beacon signals can be used to locate a person or object with respect to an
imaging sensor or wireless beacon receiver, respectively. GPS or inertial measurement unit
signals can also be used to locate an object within the environment. Alternatively, one or
more of the processors in the lighting fixture, DLA, and gateway may use readings from
multiple sensors to locate the person or object using triangulation. These readings may
include, but are not limited to, Received Signal Strength Indications (RSSIs) based on
cellular or WiFi signal strength. The lighting network may also derive location information
from other data sources, including security system (e.g., from badge swipes at portals within

the environment) or GPS.

[0128] In step 1108, the cloud-based server identifies the person or object; in response to
this identification, the cloud-based server identifies a rule set (lighting profile) associated
with the person or object (step 1110). The cloud-based server transmits this rule set (lighting
profile) to the gateway (step 1112), which in turn pushes the rule set out to the fixtures and
DLAs responsible for illuminating the zone or area in which the person or object was
detected. The fixtures illuminate the zone or area according to the rule set associated with the
person or object and in accordance with the person or object’s location, the sensed
environmental and operating parameters, and global rules set by the facility operator and/or

the lighting system owner.

[0129] FIG. 12 illustrates a process by which the LightWorks architecture updates a locally
stored lighting profile. In this process, the fixture or an associated gateway or DLA stores
light rules, including lighting profiles for frequently and/or recently detected objects and
people, in local memory (step 1202). These rules may be pre-programmed, ¢.g., at the factory
or during commissioning, or previously distributed by the LightWorks cloud. A sensor
detects and identifies a person or object within the environment as described above with
respect to FIG. 11 (step 1204), triggering a query by the fixture, gateway, or DLA of the rules

(profiles) stored in the local memory (step 1206). A local processor determines if the local
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memory stores the corresponding lighting profile (step 1208) and, if so, the fixture
implements the lighting profile subject to the person or object’s location, any pertinent global

rules, and sensed environmental and operating parameters (step 1210).

[0130] Regardless of whether the local memory stores the corresponding lighting profile,
the fixture also transmits the acquired data about the object or person to a cloud-based server
via the gateway (steps 1212 and 1214) as well as any pertinent new information, including
manual override data acquired via the manual device controls. As in FIG. 11, the cloud-based
server identifies the person or object (step 1216) and the associated lighting profile (step
1218), which may be different than the locally stored lighting profile, e.g., because the user
has updated the lighting profile. The cloud-based server transmits the updated lighting profile
to the fixture or affiliated DLA via the gateway (step 1220). A local processor in the fixture
or affiliated DLA compares the lighting profile from the cloud-based server to the locally
stored profile (step 1222), updates the locally stored profile accordingly, and implements the
updated, locally stored profile based on the person or object’s location, any pertinent global

rules, and sensed environmental and operating parameters (step 1224).

[0131] In some cases, the user may update his or her lighting profile on the fly using a
phone- or tablet-based app or web-based interface that pushes changes to the fixtures and
DLAs via the cloud-based processor. In other cases, the phone- or tablet-based app or web-
based interface communicates directly with the local gateway, fixtures, and/or DLAs (e.g., if
there is limited wide-area network connectivity but strong local-area network connectivity as

determined by the phone, tablet, or computer executing the app or other interface software).
[0132] Arbitrating Among Lighting Profiles

[0133] FIGS. 13A-13D illustrate a scenario in which the LightWorks architecture 100
arbitrates among partially conflicting personal profiles for different users. (Those of skill in
the art will readily understand that the principles underlying this example may also apply to
conflicts between object lighting profiles and between a personal lighting profile and an
object lighting profile.) FIG. 13A shows a floor plan of a facility 10 with multiple intelligent
lighting fixtures 102, represented by respective grey circles, that carry a package of sensors, a

wireless communication link, memory, and a processor. In FIG. 13A, the building is empty.
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Every fixture’s occupancy sensors show no activity, so all lights are set to the lowest

brightness level.

[0134] In FIG. 13B, Worker A enters the building. The intelligent fixture nearest the
entryway detects her identity using its onboard camera and facial recognition software, and
sends her identity and location to its Light Works Gateway, which relays this data to the
LightWorks Server

software. In response to this data, the LightWorks Server software looks up Worker A’s
lighting
preferences in its rule database and finds the following entry:

ID: Worker A

Illuminance Target: 50 lux

Preferred Color Temp: 3200 K

[llumination Radius: 10 m

Priority Level: 2

The LightWorks Server relays this preference data (or “rule”) back to each of the intelligent
fixtures via the LightWorks Gateway. In response, all fixtures within 10 m of Worker A’s
position turn on, and automatically adjust themselves to produce the illuminance and
spectrum of light that Worker A has previously specified, using their built-in sensors to

ensure that the desired levels are reached.

[0135] In FIG. 13C, Worker B enters the building via another entrance. A similar process
unfolds behind the scenes - the intelligent fixtures identify him (this time by sniffing the
Bluetooth ID of his mobile phone before his face is even visible), triangulate his position
using RF signal strength, and relay this identification and location data to the LightWorks

system, which retrieves his preferences:
ID: Worker B
Illuminance Target: 100 lux

Preferred Color Temp: 4000 K
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Illumination Radius: 20 m
Priority Level: 3

Just as with Worker A, the lights within 20 m of Worker B automatically adjust to meet his

preferences.

[0136] FIG. 13D illustrates what happens as Workers A and B move within the facility 10.
As Worker B moves into the are where Worker A is standing, his lighting preferences follow
him - to a point. When they are within a short distance of each other, the lights automatically
detect a preference conflict - Worker A prefers lower color temperature and illuminance - and
adjust themselves based on each worker’s Priority Level. In this case, Worker A is higher
priority than Worker B (perhaps she is a supervisor, and he a shift worker), so the lights
within Worker A’s radius stay tuned to her preferences. If the two workers had equal priority
level, the processors in the lighting fixtures might split the difference between the profile
values, e.g., arriving at a color temperature midway between their two preferences, while
keeping illuminance at the maximum of their two preferences. The lighting fixtures might
also weight the different profile parameters in response to motion of the workers, frequency
with which the workers use the space, relative importance of the profile parameters as
assigned by the workers, etc. This multi-user preference arbitration that the lights
autonomously carry out in real-time can be generalized to more than two users, and a variety
of algorithms can be used to resolve conflicts between preferences (e.g., mean, min, max,

median, and so forth).

[0137] An individual can also use his or her lighting profiles to customize or tailor aspects
of lighting provided in different environments, including but not limited to offices, hotels,
cars, and airplanes. If a user works from different offices (e.g., an office in Boston and
another in New York), he or she may have a lighting profile that provides the same
illumination settings, even accounting for differences in ambient light levels, in both offices.
The user might also tailor his or her lighting profile to provide different illumination in
different spaces, e.g., warmer color temperatures at home and cooler color temperatures at
work. The user could also apply illumination setting used in one environments, such as his or
her bedroom, to other environments, such as hotel rooms, on the fly or according to preset

preferences.
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[0138] Personal lighting profiles may also be synchronized with schedules, e.g., to account
for early morning meeting or travel between time zones. For instance, if the user travels from
Boston to San Francisco for only two days, he or she may maintain a lighting schedule
synchronized to Boston time in order to mitigate jet lag. But if the trip is longer, ¢.g., two
weeks, the LightWorks server may automatically (and gradually) shift the user’s lighting
schedule to account for the three-hour time difference. Such shifts may also occur seasonally,
e.g., to provide smoother transitions based on daylight savings or to alleviate secasonal
affective disorder. Similarly, the LightWorks server may automatically adjust color
temperatures, illumination intensity, and/or illumination spectral distribution to enhance the
user’s alertness, e.g., by providing

blue-tinted light in the car on the ride to work in preparation for an early morning meeting, or

to promote relaxation or restfulness.

[0139] Lighting profiles can also be used in retail settings to enhance the appearance of the
goods for sale or to give shoppers an idea of what the goods will look like in other settings.
For instance, consider a jewelry store that sells gold, silver, and platinum jewelry illuminated
using a LightWorks lighting network like the ones shown in FIGS. 1 and 2. The correlated
color temperature of the illumination provided by the lighting network may be selected to
provide warm lighting (e.g., a color temperature of about 2700 K) in order to optimize the
appearance of all of the pieces on display. If a shopper looking for platinum jewelry prefers a
cooler color temperature (e.g., about 4000 K), then he or she may adjust the lighting in a
particular section (zone) of the store by adjusting the local lighting profile based on his or her
personal lighting profile to the LightWorks network using a web app (described below). The
shopper could also change other lighting parameters, including possibly the intensity and the
spectral distribution, in order to emulate sunshine, e.g., in order to assess what the jewelry

would look like when worn outdoors.

[0140] In other cases, the merchants may adjust illumination parameters in order to make
merchandise appear more attractive. Consider, for example, a clothing store whose inventory
changes with each season. The merchant may attach RFID or magnetic tags to each piece of
clothing to prevent shoplifting and track inventory. These tags may also be used to adjust the
lighting, e.g., if they are keyed to the color and texture of the clothing for sale. For example,

if the lighting network senses a minimum number or concentration of tags associated with
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boldly colored clothes in particular section of the store, ¢.g., indicating a clothing display, it
might illuminate the locations containing the tags with illumination at warmer color
temperatures. When the boldly colored clothes are moved to a different section of the store
(e.g., the sale rack), the lighting network may sense the change in the tags’ location and
change the illumination accordingly. In other cases, the tags may be affixed to bins or stands;
in a grocery store, for instance, bins for produce may be tagged according to the type of
produce, and the associated lighting profile may specify that the color temperature changes

over the course of the day or week to make the produce appear fresher or riper as it ages.

[0141] Keying the illumination parameters to the tags would also make it possible to update
lighting profiles for a particular set of tags remotely (e.g., from a central location) and to

distribute the updates to lighting fixtures in different stores as described above with respect to
FIG. 12. This would especially helpful for implementing chain-wide marketing campaigns or

changes in energy usage policies.

[0142] In other cases, the articles for sale may have embedded tags associated with “weak”
lighting preferences. Consider a print shirt and a solid-color skirt, each of which has a passive
RFID tag sewn into the lining or the tag. These RFID tags may be associated with respective
lighting profiles, each of which indicates a particular color temperature for a desired
appearance. In some cases, the lighting network may arbitrate among the lighting profiles
associated with the RFID tags in the clothing and the lighting profile of the person wearing
the clothing to produce a desired appearance, ¢.g., as described above with respect to the

arbitration among personal profiles illustrated in FIGS. 13C and 13D.

[0143] RFID tags may also be affixed to parts traveling through an assembly line or in a
warchouse and used to manipulate illumination of the assembly line or warchouse for
increased productivity. For instance, consider a passive RFID tag attached to a particular
pallet or item stored in a warchouse. An RFID tag reader that is part of or coupled to the
lighting network (e.g., in a lighting fixture, DL A, or separate sensor) may interrogate the
RFID tag periodically to ascertain its location. If the warchouse receives an order for the item
associated with the RFID tag, the staff may schedule the item for retrieval and shipping. If the
LightWorks server is coupled to the shipping database, it may update the RFID tag’s lighting
profile to indicate that the nearest lighting fixture should transition from an inactive

illumination setting (e.g., 10% of maximum) to an active illumination setting (e.g., 90%) the
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next time that the nearest sensor detects a forklift within a predetermined range (e.g., 25 m)
of the RFID tag’s location. As a result, the next time a fork lift drives within 25 m of the
RFID tag’s location, the lighting fixture over the RFID tag switches, indicating to the fork lift

driver that a nearby item should be retrieved.
[0144] The LightWorks Web-Based Interface (Web App) and Management Features

[0145] FIGS. 14-21 illustrates screenshots of the LightWorks web app 548 in various stages
of configuration, control, monitoring, and reporting. This web app 54 can execute on any
appropriate device, including a computer, tablet, or smartphone. As shown in FIG. 14, the
LightWorks web app 548 may load and display facility map data 542 that includes
representations of the environment being illuminated such as facility 10 with the locations of
the intelligent lighting fixtures 102, standalone DLAs 200, standalone sensors 250, and
manual control devices 104 with respect to the environment and each other. These
representations may denote physical relationships (e.g., distances and locations in three
dimensions), illumination area, network relationships (e.g., hops on the network between
devices, received signal strength indications, network (e.g., internet protocol) address, and
media access control (MAC) addresses, and identifying information about the networked

devices (e.g., manufacturer and model).

[0146] FIG. 15 illustrates using the LightWorks Cloud 540 to commission and manage
configuration profiles 144, including illumination for spaces within the facility 10 and energy
use profiles for lighting fixtures 102 in the network. More specifically, FIG. 15 shows how
the facility is divided into different zones (e.g., Crunchy Zone, Creamy Zone, etc.). Using the
web app, the user can assign an active level (e.g., 100%), inactive level (e.g., 10%), and
sensor timeout (e.g., 60 s) to each zone. The profiles and profile parameters may be varied
based on time of day (e.g., daytime), day of the week, time of year, etc. This provides the
ability to provide complex commissioning via a separate commissioning tool that downloads

map files that is stored and version controlled in the LightWorks cloud.

[0147] The web app 540 uses these profiles to generate a facility map that includes the
profile information. This facility map may include instructions for using task lighting targets
and/or Daylight Harvesting targets to replace or supplement fixed levels. During

commissioning and/or during intermittent update processes, the web app 540 divides the map
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among gateways in the facility. Each gateway may be assigned to a particular zone or set of
zones; similarly, each zone may have one or more gateway. This provides a strict hierarchy

for control, with each zone have a profile set by the user.

[0148] The web app 540 also enables a wide variety of reporting, including the use of
groups and/or tags for reporting. In general, the web app 540 may present current and
historical usage data stored in the LightWorks Cloud 540, including Watt-Hour odometry
readings collected from the LightWorks Gateways 300 on a periodic, pre-determined, and/or
as-desired basis. In some cases, reporting may be done according to different tiers, each of
which offers a different range of control, reporting, and analysis, possibly according to a
subscription model with fees per gateway, per user, etc. in addition to initial fees and/or
yearly charges per facility or organization. In this tiered system, a first level of LightWorks
web app 548 does not support reporting. This free tier provides some very basic configuration
ability in the LightWorks web app 548—e¢.g., one manually configured profile per zone—and
a user identification to use with LightWorks Mobile 524. If the subscriber chooses to stop
paying for Pro or Enterprise, the subscription reverts to this level and the lights are
automatically reprogrammed to a fixed profile. A second level of LightWorks web app 548
includes all the features of the first level plus basic reporting and configuration. And a third
level of LightWorks web app 548 includes all the features of the second level plus advanced

reporting, automatic scheduling, multi-site management, and integration features.

[0149] FIGS. 16-21 illustrate different reporting interfaces for the web app 540, including
usage data and processed data, with access to data controlled according to the reporting tier.
Usage data 546 includes all data transmitted over the network and stored in the LightWorks
Cloud 540, including but not limited to processed raw data, analytics, metadata, time-stamped
data, correlated-data, data supplemented third party data, organized data, etc. The usage data
546 stored in a database can be download and processed depending on the needs of the user.
Usage data 546 can be plotted, graphed, and otherwise displayed on a graphical user interface
as shown in LightWorks Web App 548.

[0150] More specifically, FIG. 16 shows the lighting profiles in use by the lighting fixtures
at a particular time (e.g., real time or historical). FIG. 17 shows historical energy usage data
on instantaneous, daily, weekly, and monthly bases for given fixtures or sets of fixtures. FIG.

18 shows the operating status of each networked device (gateway, lighting fixture,
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standalone, sensor, manual control, DLA, etc.). FIG. 19 is a heat map of historical occupancy
data measured by sensors within the facility. FIG. 20 shows an exemplary display of energy
usage over a period of days created by plotting the usage data 546 retrieved from storage
media 541. And FIG. 21 shows an exemplary display average and cumulative energy savings

calculated from usage data 546 stored in storage media 541.
[0151] LightWorks Mobile App

[0152] FIGS. 22A-22C are wireframes of the LightWorks mobile app 524 is running on a
mobile device. The mobile app 524 can communicate with the light fixtures and DLAs (via
the Gateway API), download map data, provide manual lighting control (including manual
light level adjustments, profile overrides, and profile changes), and display diagnostic data,
including energy usage data. FIG. 22A shows a LightWorks mobile app login screen 524a,
which provides security and identifies the user to the LightWorks Server 550, which
determines the access level and tracks changes in a change control log stored within the
database. FIG. 22B shows a lighting fixture location menu 524b that allows the user to select
a specific lighting fixture to control, configure and/or manage. And FIG. 22C shows a
manual control 524c that enables to the user to control the dimming level and turn a particular

fixture on or off.

[0153] The LightWorks mobile app 524 may also allow a user to adjust his or her lighting
profile on the fly. Suppose, for instance, the user is in a public space illuminated according to
fixed global rules (i.e., rules that override personal lighting profiles). The user may be able to
query the LightWorks cloud for one or more of the illumination parameters set by the fixed
global rules and, if desired, display and/or import some or all of those settings into his or her
own profile using the mobile app 524. The user may also adjust his or her profile manually

using the mobile app 524.
[0154] Conclusion

[0155] While various inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to

be within the scope of the inventive embodiments described herein. More generally, those
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skilled in the art will readily appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the inventive teachings is/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, many
equivalents to the specific inventive embodiments described herein. 1t is, therefore, to be
understood that the foregoing embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents thereto, inventive embodiments may
be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combination of two or more such features,
systems, articles, materials, kits, and/or methods, if such features, systems, articles, materials,
kits, and/or methods are not mutually inconsistent, is included within the inventive scope of

the present disclosure.

[0156] The above-described embodiments can be implemented in any of numerous ways.
For example, the embodiments may be implemented using hardware, software or a
combination thercof. When implemented in software, the software code can be executed on
any suitable processor or collection of processors, whether provided in a single computer or

distributed among multiple computers.

[0157] Further, it should be appreciated that a computer may be embodied in any of a
number of forms, such as a rack-mounted computer, a desktop computer, a laptop computer,
or a tablet computer. Additionally, a computer may be embedded in a device not generally
regarded as a computer but with suitable processing capabilities, including a Personal Digital

Assistant (PDA), a smart phone or any other suitable portable or fixed electronic device.

[0158] Also, a computer may have one or more input and output devices. These devices
can be used, among other things, to present a user interface. Examples of output devices that
can be used to provide a user interface include printers or display screens for visual
presentation of output and speakers or other sound generating devices for audible
presentation of output. Examples of input devices that can be used for a user interface

include keyboards, and pointing devices, such as mice, touch pads, and digitizing tablets. As
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another example, a computer may receive input information through speech recognition or in

other audible format.

[0159] Such computers may be interconnected by one or more networks in any suitable
form, including a local area network or a wide area network, such as an enterprise network,
and intelligent network (IN) or the Internet. Such networks may be based on any suitable
technology and may operate according to any suitable protocol and may include wireless

networks, wired networks or fiber optic networks.

[0160] The gateways and other electronic devices disclosed herein may each include a
memory (e.g., an SD Card as shown in FIG. 3), one or more processing units (also referred to
herein simply as “processors”; e.g., processor in FIG. 3), one or more communication
interfaces (e.g., wireless module and Ethernet port in FIG. 3), one or more display units (e.g.,
the liquid-crystal displays (LCD) shown in FIG. 3), and one or more data input devices (e.g.,
the buttons, wireless module, and Ethernet port shown in FIG. 3). The memory may comprise
any computer-readable media, and may store computer instructions (also referred to herein as
“processor-executable instructions”) for implementing the various functionalities described
herein. The processing unit(s) may be used to execute the instructions. The communication
interface(s) may be coupled to a wired or wireless network, bus, or other communication
means and may therefore allow the electronic device to transmit communications to and/or
receive communications from other devices. The display unit(s) may be provided, for
example, to allow a user to view various information in connection with execution of the
instructions. The user input device(s) may be provided, for example, to allow the user to
make manual adjustments, make selections, enter data or various other information, and/or

interact in any of a variety of manners with the processor during execution of the instructions.

[0161] The various methods or processes outlined herein may be coded as software that is
executable on one or more processors that employ any one of a variety of operating systems
or platforms. Additionally, such software may be written using any of a number of suitable
programming languages and/or programming or scripting tools, and also may be compiled as
executable machine language code or intermediate code that is executed on a framework or

virtual machine.
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[0162] In this respect, various inventive concepts may be embodied as a computer readable
storage medium (or multiple computer readable storage media) (e.g., a computer memory,
one or more floppy discs, compact discs, optical discs, magnetic tapes, flash memories,
circuit configurations in Field Programmable Gate Arrays or other semiconductor devices, or
other non-transitory medium or tangible computer storage medium) encoded with one or
more programs that, when executed on one or more computers or other processors, perform
methods that implement the various embodiments of the invention discussed above. The
computer readable medium or media can be transportable, such that the program or programs
stored thereon can be loaded onto one or more different computers or other processors to

implement various aspects of the present invention as discussed above.

[0163] The terms “program” or “software” are used herein in a generic sense to refer to any
type of computer code or set of computer-executable instructions that can be employed to
program a computer or other processor to implement various aspects of embodiments as
discussed above. Additionally, it should be appreciated that according to one aspect, one or
more computer programs that when executed perform methods of the present invention need
not reside on a single computer or processor, but may be distributed in a modular fashion
amongst a number of different computers or processors to implement various aspects of the

present invention.

[0164] Computer-executable instructions may be in many forms, such as program modules,
executed by one or more computers or other devices. Generally, program modules include
routines, programs, objects, components, data structures, etc. that perform particular tasks or
implement particular abstract data types. Typically the functionality of the program modules

may be combined or distributed as desired in various embodiments.

[0165] Also, data structures may be stored in computer-readable media in any suitable
form. For simplicity of illustration, data structures may be shown to have fields that are
related through location in the data structure. Such relationships may likewise be achieved
by assigning storage for the fields with locations in a computer-readable medium that convey
relationship between the fields. However, any suitable mechanism may be used to establish a
relationship between information in fields of a data structure, including through the use of

pointers, tags or other mechanisms that establish relationship between data elements.
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[0166] Also, various inventive concepts may be embodied as one or more methods, of
which an example has been provided. The acts performed as part of the method may be
ordered in any suitable way. Accordingly, embodiments may be constructed in which acts
are performed in an order different than illustrated, which may include performing some acts

simultaneously, even though shown as sequential acts in illustrative embodiments.

[0167] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

[0168] The indefinite articles “a” and “an,” as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean ““at least one.”

[0169] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.¢., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple
elements listed with “and/or” should be construed in the same fashion, i.e., “one or more” of
the elements so conjoined. Other elements may optionally be present other than the elements
specifically identified by the “and/or” clause, whether related or unrelated to those elements
specifically identified. Thus, as a non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other than B); in another embodiment,
to B only (optionally including elements other than A); in yet another embodiment, to both A

and B (optionally including other elements); etc.

[0170] Asused herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or” as defined above. For example, when separating items in
a list, “or” or “and/or” shall be interpreted as being inclusive, i.¢., the inclusion of at least
one, but also including more than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the contrary, such as “only one of”
or “exactly one of,” or, when used in the claims, “consisting of,” will refer to the inclusion of
exactly one element of a number or list of elements. In general, the term “or” as used herein
shall only be interpreted as indicating exclusive alternatives (i.c., “one or the other but not

bR Y

both”) when preceded by terms of exclusivity, such as “either,” “one of,” “only one of,” or
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“exactly one of.” “Consisting essentially of,” when used in the claims, shall have its ordinary

meaning as used in the field of patent law.

[0171] Asused herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements
and not excluding any combinations of elements in the list of elements. This definition also
allows that elements may optionally be present other than the elements specifically identified
within the list of elements to which the phrase “at least one” refers, whether related or
unrelated to those elements specifically identified. Thus, as a non-limiting example, “at least
one of A and B” (or, equivalently, “at least one of A or B,” or, equivalently “at least one of A
and/or B”) can refer, in one embodiment, to at least one, optionally including more than one,
A, with no B present (and optionally including elements other than B); in another
embodiment, to at least one, optionally including more than one, B, with no A present (and
optionally including elements other than A); in yet another embodiment, to at least one,
optionally including more than one, A, and at least one, optionally including more than one,
B (and optionally including other elements); etc.

[0172] In the claims, as well as in the specification above, all transitional phrases such as

99 C¢;

“comprising,” “including,

2% ¢ 2% ¢ 99 ¢cs

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.¢., to mean including
but not limited to. Only the transitional phrases “consisting of”” and “consisting essentially
of” shall be closed or semi-closed transitional phrases, respectively, as set forth in the United

States Patent Office Manual of Patent Examining Procedures, Section 2111.03.

[0173] What is claimed is:
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CLAIMS

A system for controlling illumination of an environment, the system comprising:

(A) at least one lighting fixture disposed to illuminate a first portion of the

environment, the lighting fixture comprising:

(A1) a light source to emit illumination;

(A2) a light source driver, operably coupled to the light source, to provide a
variable amount of power to the light source;

(A3) a power meter, operably coupled to the light source driver, to measure
electrical power supplied to the light source;

(A4) a sensor, to sense the presence of a person and/or object within the first
portion of the environment;

(AS5) a fixture processor, operably coupled to the light source driver, the
energy usage sensor, and the environmental sensor, to determine a location and
identity of the person and/or object within the first portion of the environment, to
identify a lighting profile associated with the person and/or object within the first
portion of the environment, and to adjust the illumination emitted by the light source
based at least in part on the lighting profile; and

(A6) a fixture memory, operably coupled to the power meter and the sensor, to
store an indication of total electrical power supplied to the light source; and

(A7) a fixture communications interface, operably coupled to the fixture
processor, to transmit an indication of the presence of the person and/or object and the
indication of total electrical power supplied to the light source;

(B) at least one gateway, communicatively coupled to the at least one lighting fixture,

the at least one gateway comprising:

(B1) a gateway communications interface to receive the indication of the
presence of the person and/or object and the indication of total electrical power
supplied to the light source;

(B2) a gateway memory, operably coupled to the gateway communications
interface, to store the indication of the presence of the person and/or object and the

indication of total electrical power supplied to the light source; and
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(B3) a gateway processor, operably coupled to the gateway communications
interface and the gateway memory, to provide an updated lighting profile associated
with the person and/or object within the first portion of the environment to the at least
one lighting fixture; and
(C) at least one server, communicatively coupled to the at least one gateway, the at

least one server comprising:

(C1) a server communications interface to transmit the updated lighting profile
to the at least one gateway and to receive the indication of total electrical power
supplied to the light source from the at least one gateway; and

(C2) a server processor, operably coupled to the server communications
interface, to determine the updated lighting profile based at least in part on the
indication of total electrical power supplied to the light source from the at least one

gateway.

2. A method of adjusting illumination of an environment by at least one lighting fixture
in a network of lighting fixtures, the method comprising:

(A) sensing, via at least one sensor communicatively coupled to the network of
lighting fixtures, an object and/or a person within the environment;

(B) identifying, with a processor communicatively coupled to the at least one sensor,
a lighting profile associated with the object and/or the person sensed in (A), the lighting
profile specifying at least one parameter for adjusting the illumination of the environment by
the at least one lighting fixture; and

(C) adjusting the illumination provided by the at least one lighting fixture according

to the lighting profile identified in (B).

3. The method of claim 2, wherein (A) comprises at least one of:

interrogating a radio-frequency identification tag (RFID) on the object with an RFID
tag reader;

emitting an ultrasonic signal from the at least one wireless interface;

estimating a received signal strength of a wireless signal emitted by an electronic

device associated with the object and/or the person;
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detecting a positioning signal emitted by the electronic device associated with the
object and/or the person;
acquiring a visible image of the object and/or the person; or

acquiring an infrared representation of the object and/or the person.

4. The method of claim 2, wherein (B) comprises:
identifying the object and/or the person sensed in (A); and
retrieving the lighting profile associated with the object and/or the person sensed in

(A) from a memory communicatively coupled to the processor.

5. The method of claim 4, wherein (B) further comprises:
querying another memory for an updated lighting profile associated with the object

and/or the person sensed in (A).

6. The method of claim 2, wherein:

(A) comprises determining a location of the object and/or the person within the
environment; and

(C) comprises adjusting the illumination provided by the at least one lighting fixture

based at least in part on the location of the object and/or the person within the environment.

7. The method of claim 2, wherein:

(A) further comprises sensing, via the at least one sensor, another object and/or
another person device within the device;

(B) identifying, with the processor, another lighting profile associated with the other
object and/or the other person sensed in (A), the other lighting profile specifying at least one
other parameter for adjusting the illumination of the environment by the at least one lighting
fixture; and

(C) further comprises arbitrating, with the processor, between the at least one

illumination parameter and the at least one other illumination parameter.

8. The method of claim 2, further comprising:
(D) tracking movement of the object and/or person within the environment; and
(E) adjusting the illumination provided by the at least one lighting fixture based on the

movement tracked in (D).
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9. The method of claim 8, further comprising:

(F) storing a record of the movement in a memory.

10.  An apparatus for controlling at least one lighting fixture disposed to illuminate an
environment, the apparatus comprising:

a memory to store sensor data associated with the at least one lighting fixture, energy
usage data representing energy consumed by the at least one lighting fixture over a given
time period, and at least one rule for providing a desired lighting level and/or adjusting power
consumption by the at least one lighting fixture according to the sensor data and the energy
usage data;

a local processor, operably coupled to the memory, to provide an updated rule based
at least in part on the sensor data, the energy usage data, and/or instructions from a network-
based processor; and

a communications interface, operably coupled to the local processor and the memory,
to receive the sensor data and the energy usage data from the at least one lighting fixture, to
transmit the sensor data and/or the energy usage data to the network-based processor, to
receive the instructions from the network-based processor, and to transmit the updated rule to

the at least one lighting fixture.

11.  The apparatus of claim 10, wherein the communications interface comprises a wired

communications port.

12.  The apparatus of claim 11, wherein the wired communications port comprises an
Ethernet port.
13.  The apparatus of claim 12, wherein the apparatus is configured to receive electrical

power via the Ethernet port.

14.  The apparatus of claim 10, wherein the communications interface comprises a
wireless communications interface, operably coupled to the local processor, to receive the
sensor data and the energy usage data from the at least one lighting fixture and to transmit the

updated rule from the local processor to the at least one lighting fixture.
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15.  The apparatus of claim 14, wherein the wireless communications interface comprises
at least one of a cellular radio, a wireless mesh network interface, or a point-to-point wireless

network interface.

16. The apparatus of claim 14, wherein the wireless communications interface is
configured to receive, from at least one sensor, at least one measurement of a parameter
associated with the environment, and wherein the local processor is configured to store a

representation of the at least one measurement as sensor data.

17.  The apparatus of claim 16, wherein the at least one measurement represents at least
one of:

an occupancy of the environment,

an ambient light level of the environment,

a spectrum of illumination of the environment,

a temperature of the environment,

a sound in the environment,

an air quality of the environment,

an amplitude of a radio-frequency wave propagating in the environment,

a location of an object or a person in the environment, or

an identification of the object or the person in the environment.

18.  The apparatus of claim 10, wherein the communications interface comprises:

a wired communications port in communication with the network-based processor;

and

a wireless communications interface in wireless communication with the at least one
lighting fixture.
19.  The apparatus of claim 10, wherein the energy usage data comprises at least one of:

total energy consumed by the at least one lighting fixture over the given period of
time,

instantaneous power consumption by the at least one lighting fixture,

average power consumption by the at least one lighting fixture over the given period
of time,
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maximum and/or minimum power consumption by the at least one lighting fixture
over the given period of time,

a historical log of energy consumption by the at least one lighting fixture,

a power factor associated with the at least one lighting fixture,

an input voltage to the at least one lighting fixture, or

total harmonic distortion of power received by the at least one lighting fixture.

20. The apparatus of claim 10, wherein the at least one rule specifies an illumination
parameter associated with a specific portion of the environment, an object in the

environment, and/or a person in the environment.

21.  The apparatus of claim 20, wherein the at least one illumination parameter pertains to
at least one of:

luminous flux emitted by the at least one lighting fixture,

illuminance delivered to a specified surface in the environment,

a correlated color temperature of light emitted by the at least one lighting fixture,

a spectral power distribution of light emitted by the at least one lighting fixture,

a color of light emitted by the at least one lighting fixture,

an illumination radius of the at least one lighting fixture,

a timing parameter related to a change in lighting emitted by the at least one lighting
fixture, or

power consumption and/or energy usage of the at least one lighting fixture.

22. The apparatus of claim 10, wherein the change in the at least one rule is based on at
least in part based on a presence, absence, and/or location of a particular object and/or person

in the environment.

23. A method of controlling illumination of an environment by at least one lighting
fixture in a network of lighting fixtures, the method comprising:

(A) receiving, via a communications interface, sensor data associated with the at least
one lighting fixture and energy usage data representing energy consumed by the at least one

lighting fixture over a given time period;
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(B) storing, in a memory operably coupled to the communications interface, the
sensor data and the energy usage data received in (A) and at least one rule for providing a
desired lighting level and/or adjusting power consumption by the at least one lighting fixture
according to the sensor data and the energy usage data;

(C) transmitting, via the communications interface, the sensor data and/or the energy
usage data stored in (B) to a network-based processor;

(D) receiving, via the communications interface, instructions from the network-based
processor representative of a change to the at least one rule stored in the memory; and

(E) transmitting, via the communications interface, an updated rule to the at least one

lighting fixture.

24.  An apparatus for adjusting illumination of an environment by at least one lighting
fixture in a network of lighting fixtures, the apparatus comprising:

a communications interface, operably coupled to a sensor in the network of lighting
fixtures, to receive an indication of a presence of an object and/or a person within the
environment; and

a processor, communicatively coupled to the communications interface, to receive the
indication of the presence of the object and/or the person and to identify a lighting profile
associated with the object and/or the person present within the environment, the lighting
profile specifying at least one parameter for adjusting the illumination of the environment by
the at least one lighting fixture, and to transmit the lighting profile to the at least one lighting

fixture via the communications interface.

25.  The apparatus of claim 24, further comprising:
a memory, operably coupled to the processor, to store the lighting profile, and
wherein the processor is configured to determine an identity of the object and/or the
person within the environment and to retrieve the lighting profile associated with the object
and/or the person from the memory based on the identity of the object and/or the person

within the environment.

26.  The apparatus of claim 25, wherein the processor is further configured to query the
memory for an updated lighting profile associated with the object and/or the person within

the environment.
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27. The apparatus of claim 25, wherein:

the processor is further configured to determine a location of the object and/or the
person within the environment; and

the lighting profile specifies an adjustment to the illumination provided by the at least
one lighting fixture based at least in part on the location of the object and/or the person within

the environment.
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