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SYSTEM AND APPARATUS FOR COOPERATIVE CLEANING

FIELD OF THE INVENTION

The present disclosure relates to a system for cooperative cleaning and an apparatus for use
with the cooperative cleaning system. The present disclosure also relates to a system for

performing a designated task using a plurality of task-specific apparatus.
BACKGROUND ART

[0001] The following discussion of the background to the disclosure is intended to
facilitate an understanding of the present disclosure only. It should be appreciated that the
discussion is not an acknowledgement or admission that any of the material referred to was
published, known or part of the common general knowledge of the person skilled in the art

in any jurisdiction as at the priority date of the disclosure.

[0002] Cleaning typically requires a combination of tasks to be executed in a
coordinated manner. For example, the procedure for cleaning an office space may involves
the following tasks:- collection of garbage from trash can and dust bins; re-arrangement of
furniture facilitating the cleaning; sweeping the floor to remove dust and derbies;
vacuuming the floor; wet clean the floor with scrubbing; arrange the furniture back in place;
and/or cleaning the table. To ensure cleaning efficiency and effectiveness, the sequential

order of execution of the different cleaning tasks is sometimes crucial.

[0003] Presently, there are different kinds of autonomous cleaning machines that does
different cleaning tasks, such as automated floor scrubbing, floor vacuuming, sweeping,
mopping and etc. However, most of the commercially available cleaning machines perform
one task at a time. Only a few cleaning machines can perform more than one cleaning action
during operations. For instance, a pavement sweeper can perform sweeping of the pavement
and removing the dust using suction, and an auto-scrubber machine can perform both
scrubbing and vacuuming of the floor. The cleaning actions that one cleaning machine can
perform are limited, and may not be sufficient for cleaning a relatively large and complex
arca, ¢.g. an office areca. In some cases, involvement of a human cleaner is necessary to

perform a task that the cleaning machine is not capable of.

[0004] In other cases, multiple cleaning machines are deployed for performing different
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cleaning actions. However, in existing systems, the multiple cleaning machines are not
capable of carrying out the cleaning actions in a coordinated and automated manner, and

human intervention during the cleaning process may still be required.

[0005] In view of the above, there exists a need for a better solution to alleviate at least
one of the aforementioned problems at least through providing a system and apparatus

capable of automated and cooperative cleaning.
SUMMARY

[0006] In accordance to one aspect of the present disclosure there is system for
performing a designated cleaning task. The system comprises: - a plurality of cleaning
apparatus, cach cleaning apparatus is capable of performing at least one cleaning action, at
least one of the plurality of cleaning apparatus is configured to communicate with a
processor unit, wherein the processor unit comprises: - a hierarchy generation module for
determining a hierarchy state for each of the cleaning apparatus, the hierarchy state is
generated based on at least a robot information received from the corresponding cleaning
apparatus; a task planning module for generating a cleaning operation plan based on at least
the hierarchy state assigned to the plurality of cleaning apparatus and the designated
cleaning task; and a task execution module for transmitting a command to each of the
cleaning apparatus to execute the designated cleaning task according to the cleaning

operation plan.

[0007] In some embodiments, each of the plurality of cleaning apparatus is capable of
performing one or more of the following cleaning actions: sweeping, vacuuming, scrubbing,
mopping, window cleaning, table cleaning garbage collecting, arrangement of furniture for

facilitating cleaning.

[0008] In some embodiments, the processor unit the processor unit further comprises a
robot registration module for selectively registering two or more cleaning apparatus for the

designated cleaning task.
[0009] In some embodiments, the processor unit comprises at least one cloud server.

[0010] In some embodiments, the cleaning operation plan comprises one or more

cleaning operation layers.
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[0011] In some embodiments, the cleaning operation plan defines one or more cleaning

zones within a designated cleaning area.

[0012] In some embodiments, the system further comprises further comprising a user
device arranged in data communication with the processor unit and configured to receive

one or more user defined parameters in relation to the designated cleaning task.

[0013] In some embodiments, the task planning module is configured to determine the
cleaning operation plan based on the one or more user defined parameters received from the

user device.

[0014] In some embodiments, the one or more user defined parameters comprise one or
more of the following: - one or more designated cleaning tasks, geographical information of
one or more designated cleaning area, infrastructure or environmental information of the
one or more designated cleaning area, priority information of the one or more designated
cleaning tasks, priority information of the one or more designated cleaning areas, and

information of a user.

[0015] In some embodiments, the processor unit further comprises: a control manager
for generating a high-level control command for the plurality of cleaning apparatus based on
one or more instructions received from the user device; and an action generator for
generating an device-specific control command for each of the plurality of cleaning
apparatus from the high-level control command, wherein the processor unit is configured to
transmit the device-specific control command to the corresponding cleaning apparatus for

execution.

[0016] In accordance another aspect of the disclosure there is a cleaning apparatus for
use with a cooperative cleaning system, comprising:- a cleaning module capable of
performing one or more cleaning actions, and a communication module configured to
communicate with a processor unit of the cooperative cleaning system, wherein the
processor unit comprises:- a hierarchy generation module for determining a hierarchy state
for the cleaning apparatus and for one or more other cleaning apparatus selected for a
designated cleaning task , the hierarchy state is generated based on at least a robot
information received from the corresponding cleaning apparatus; a task planning module for

generating a cleaning operation plan based on at least the hierarchy state of the cleaning
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apparatus and hierarchy states of the one or more other cleaning apparatus; and a task
execution module for transmitting a command to the cleaning apparatus and to the one or
more other registered cleaning apparatus to execute the designated cleaning task according

to the cleaning operation plan.

[0017] In some embodiments, the processor unit comprises a robot registration module
for selecting and registering the cleaning apparatus and the one or more other cleaning

apparatus for the designated cleaning task.
[0018] In some embodiments, the processor unit comprises at least one cloud server.

[0019] In some embodiments, the cleaning apparatus is configured to communicate with

the one or more other registered cleaning apparatus.

[0020] In some embodiments, the cleaning apparatus is capable of performing one or
more of the following cleaning actions: sweeping, vacuuming, scrubbing, mopping, window
cleaning, table cleaning garbage collecting, arrangement of furniture for facilitating

cleaning.

[0021] In some embodiments, the cleaning operation plan comprises one or more

cleaning operation layers.

[0022] In some embodiments, the cleaning operation plan defines one or more cleaning

zones within a designated cleaning area.

[0023] In some embodiments, the processor unit is operable to be in data communication

with a user device.

[0024] In some embodiments, the task planning module is configured to determine the
cleaning operation plan based on one or more user defined parameters received from the

user device.

[0025] In some embodiments, the one or more user defined parameters comprise one or
more of the following: - one or more designated cleaning tasks, geographical information of
one or more designated cleaning area, infrastructure or environmental information of the

one or more designated cleaning area, priority information of the one or more designated
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cleaning tasks, priority information of the one or more designated cleaning areas, and

information of a user.

[0026] In some embodiments, the cleaning apparatus comprises one or more perception
sensors for measuring parameters in relation to an external environment and/or in relation to

an operational state of the cleaning apparatus.

[0027] In accordance to another aspect of the disclosure, there is a system for performing
a designated task, comprising:- a plurality of task-specific apparatus, at least one of the
plurality of task-specific apparatus is configured to communicate with a processor unit; and
a user device configured to receive one or more instructions from a user and configured to
communicate with the processor unit, wherein the processor unit comprises:- a control
manager for generating a high-level control command based on the one or more instructions
received from the user device; and an action generator for generating a device-specific
control command for ecach of the plurality of apparatus from the high-level control
command, wherein the processor unit is configured to transmit the device-specific control

command to the corresponding apparatus for execution.

[0028] In some embodiments, the processor unit further comprises an authentication
manager for processing and authenticating a robot information received from the plurality

of task-specific apparatus.

[0029] In some embodiments, the authentication of the robot information comprises a

two-factor authentication.

[0030] In some embodiments, the processor unit further comprises a data clustering unit
for managing the inflow and outflow of data between the processor unit and the plurality of

task-specific apparatus.

[0031] In some embodiments, the plurality of task specific apparatus comprises one or
more cleaning apparatus, each cleaning apparatus is capable of performing one or more of
the following cleaning actions: sweeping, vacuuming, scrubbing, mopping, window
cleaning, table cleaning garbage collecting, arrangement of furniture for facilitating

cleaning.
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[0032] In some embodiments, the processor unit further comprises: - a hicrarchy
generation module for determining a hierarchy state for each cleaning apparatus, the
hierarchy state is generated based on at least the robot information received from the
corresponding cleaning apparatus; and a task planning module for generating a cleaning
operation plan based on at least the hicrarchy state assigned to the plurality of cleaning

apparatus and the designated cleaning task.
[0033] In some embodiments, the processor unit comprises at least a cloud server.

[0034] In some embodiments, the system is configured to track and record activities of

the plurality of task-specific apparatus and/or of the user.

[0035] Other aspects of the disclosure will be apparent to those of ordinary skill in the
art upon review of the following description of specific embodiments of the disclosure in

conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] Various embodiments are described, by way of example only, with reference to

the accompanying drawings, in which:

Figure 1 illustrates a cooperative cleaning system for operating a team of robots according

to one embodiment of the present disclosure;

Figure 2 illustrates a functional block diagram of a processor unit of the cooperative
cleaning system in Figure 1, which may be in the form of a cloud server according to one

embodiment;

Figure 3 illustrates a hardware architecture of a robot in Figure 1, which may be in the form
of an autonomous robot for use with the cooperative cleaning system according to one

embodiment;

Figure 4 illustrates a multilayer cleaning strategy plan generated by a task planning module

of the processor unit in Figure 2;

Figure 5 illustrates task execution by a plurality of robots based on the multilayer cleaning

strategy plan of Figure 4;
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Figure 6 illustrates the cooperative cleaning system of Figure 1 being capable of further

providing different micro-services according to one embodiment of the present disclosure;

Figure 7 illustrates the cooperative cleaning system of Figure 1 being capable of

teleoperation according to another embodiment of the present disclosure;

Figure 8 illustrates a sequence of steps implemented on a user device for operating the

cooperative cleaning system in Figure 7;
Figure 9 illustrates a user registration process on the user device;

Figures 10 and 11 illustrate user interface screens of a mobile application installed on the

user device for user registration;
Figure 12 illustrates a robot registration process on the user device;

Figure 13A and 13B illustrate user interface screens of the mobile application for robot

registration and control;

Figure 14 illustrates a cooperative cleaning system for operating a team of robots according

to another embodiment of the present disclosure;

Figures 15A and 15B illustrate user interface screens of a mobile application for operating

the cooperative cleaning system in Figure 14.
DETAILED DESCRIPTION

[0037] Throughout this specification, unless otherwise indicated to the contrary, the
terms ‘comprising’, ‘consisting of’, ‘having’ and the like, are to be construed as non-

exhaustive, or in other words, as meaning ‘including, but not limited to’.

[0038] Throughout the specification, unless the context requires otherwise, the word
‘include’ or variations such as ‘includes’ or ‘including’ will be understood to imply the
inclusion of a stated integer or group of integers but not the exclusion of any other integer

or group of integers.
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[0039] Unless defined otherwise, all other technical and scientific terms used herein
have the same meaning as is commonly understood by a skilled person to which the subject

matter herein belongs.

[0040] In accordance with various embodiments of the invention and with reference to
Figure 1 to 5, there is system 10 for performing a designed cleaning task (for example,
cleaning an office area 20 as shown in Figure 5) with a team of cleaning apparatus 100. The
system comprises a plurality of cleaning apparatus 100, each cleaning apparatus 100 is
capable of performing at least one cleaning action and the plurality of cleaning apparatus
100 are configured to communicatively connect or communicate with a processor unit 200.
The processor unit 200 comprises a hierarchy generating module 220 for determining a
hierarchy state of each of the cleaning apparatus 100 according to a robot information of the
cleaning apparatus 100. The processor unit 200 also includes a task planning module 230
for generating a cleaning operation plan based on at least the hierarchy state assigned to
cach of the cleaning apparatus 100 and the designated cleaning task. The processor unit
further includes a task execution module 240 for transmitting a command to the
corresponding cleaning apparatus 100 to operate the cleaning apparatus 100 according to
the cleaning operation plan. The step of ‘determining a hierarchy state” may include one or
more steps of assigning, calculating and deriving. The system 10 is capable of performing
cooperative cleaning using multiple cleaning apparatus 100, and is also referred to as a

cooperative cleaning system 10.

[0041] In various embodiments, each of the plurality of the cleaning apparatus 100 is a
robot 100 configured to perform one or more of the following cleaning actions: sweeping,
vacuuming, scrubbing, mopping, window cleaning, table cleaning, and garbage collecting.
In some embodiments, the plurality of cleaning apparatus 100 may also comprise a robot
configured to assist one or more other cleaning apparatus 100 to perform the afore-
mentioned cleaning actions. For example, the cleaning apparatus 100 may be a robot
configured to arrange furniture in the designated cleaning area for facilitating cleaning or a
robot configured to remove an obstacle for another cleaning apparatus 100. Hereinafter, the
cleaning apparatus 100 may also be referred to as a cleaning robot 100 or simply a robot

100.
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[0042] The components of the cleaning apparatus 100 or the cleaning robot 100 are

illustrated in Figure 3.

[0043] In various embodiments, the cleaning apparatus 100 comprises a controller
module 121 and a cleaning module 125 controlled by the controller module 121 to perform
one or more cleaning actions as described above, a power supply module 140 for supplying
and managing clectrical power to clectrical components of the cleaning apparatus 100, a
navigation module 136 for moving the cleaning apparatus 100 in an intended direction
and/or to a pre-determined location, and a communication module 139 for receiving and/or
transmitting data from/to a processor unit 200 of the cooperative cleaning system. Based on
the cleaning action that a particular cleaning apparatus 100 is capable of, the cleaning
apparatus 100 can be referred to as sweeping robot (not shown), a vacuum robot 100b, a
scrub robot 100e, a mop robot 100a, a window cleaning robot 100c¢, a table cleaning robot
(not shown), a garbage collecting robot 100d, and/or a cleaning assistant robot (not shown).
The cleaning apparatus 100 can be fully autonomous (i.c. capable of navigation and
operation without human control) or semi-autonomous (i.e. capable of navigation and

operation to some extent without human control).

[0044] In various embodiments, the cleaning module 125 may comprise a cleaning tool
configured to perform a specific cleaning action, a motor for driving the cleaning tool. For
example, the cleaning module 125 of a scrub robot 100e may comprise one or more brushes
installed at lower part of the robot 100e, a motor for driving the one or more brushes and
adjusting a rotation speed of the brushes. It is appreciable that the cleaning module 125 may
be adapted to perform different cleaning actions (such as scrubbing, sweeping, mopping

etc.)

[0045] In various embodiments, the navigation module 136 may comprise a traction
motor for propulsion of the cleaning apparatus 100 on wheels, and a motor driver for
driving the traction motor. The motor driver receives commands from the controller module
121 and drive the traction motor to move at a specified speed and/or in a specified direction.
The navigation module allows the cleaning apparatus 100 to be deployed in motion for
executing the cleaning task. The cleaning apparatus 100 may move to a first cleaning arca
for executing a first cleaning task, and thereafter to a second cleaning area for executing a

second cleaning task. The cleaning apparatus 100 may also be controlled to move from a
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first location/zone to a second location/zone within a designated cleaning area. For example,
a sweep robot 100 may be controlled to move around inside a room/an office along a pre-

determined robot path to clean the office floor.

[0046] In various embodiments, the communication module 139 is configured to allow
the cleaning apparatus 100 to be in data communication with the processor unit 200 of the
cooperative cleaning system 10. In some embodiments, the communication module 139 is
configured to connect to a network interface through which processor unit 200 of the
cooperative cleaning system may be accessed. It is appreciable that the data communication
may be achieved using different communication protocols including, but not limited to 4G,
Wi-Fi™, and Bluetooth™ wireless communication protocols. In some embodiments, one or
more wireless/wired network routers 40 may be used to establish a communication link
between the plurality of cleaning apparatus 100 and a distant server 200, as shown in Figure
1.

[0047] In various embodiments, the communication module 139 may be further
configured to put the cleaning apparatus 100 in data communication in one or more other
cleaning apparatus 100. In other words, the cleaning apparatus may be capable of both
robot-to-system communication and robot-to-robot communication. Robot-to-robot
communication may facilitate information sharing among the plurality of cleaning
apparatus. For example, an emergency stop message may be transmitted directly from one
cleaning apparatus 100 to another cleaning apparatus 100 instead of being re-routed via the
processor unit 200 of the system 10 which would reduce the response time for emergency
braking. In some embodiments, the navigation and operation instructions may be
transmitted to one cleaning apparatus 100 from the processor unit 200 which would then
relay the navigation and operation instructions to each of the remaining cleaning apparatus

100 individually through the robot-to-robot communication.

[0048] In some embodiments, the power supply module 140 may comprise a battery
unit with one or more primary/disposable batteries, or one or more secondary/chargeable
batteries. The power supply module 140 may comprise a power control circuit configured to
regulate the electrical power to the various electrical components of the cleaning apparatus
100 for proper operation, and to detect a battery level of the power supply module 140. In

relation to embodiments where chargeable batteries are used, the power supply module 140
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may further comprise a charger circuit which allows the batteries to be connected to an
external electric power source for charging when the battery level of the cleaning apparatus
100 is low. As the cleaning apparatus 100 may operate on portable batteries, the movement
of the cleaning apparatus 100 is not restricted by the requirement of a power cable and/or by

the length of the power cable.

[0049] In various embodiments, the power supply module 140 may comprise a battery
management system (BMS) configured to manage the battery unit. The battery
management system may be implemented in centralized manner, a distributed manner, or a
modular manner, and is configured to monitor the state of the battery unit by measuring
various operating parameters of the battery unit, such as voltage, temperature, state of
charge (SOC), state of health (SOH), state of safety (SOS), coolant flow, current in or out of
the battery unit, and etc. In some embodiments, the battery management system is also
configured to calculate secondary data (e.g. charge and discharge current limit, energy
delivered since last charge cycle, internal impedance of a battery cell for determining an
open circuit voltage). The secondary data may be communicated internally with other
components of the cleaning apparatus 100 (e.g. transmitted to the controller module 121), or

may be communicated/transmitted to an external system such as a user device 49.

[0050] Advantageously, the battery management system may protect the battery unit
from operating outside its safe operating range (e.g. over-current, over-voltage during
charging or under-voltage during discharging, over-temperature or under-temperature,
ground fault or leakage of current). For example, the battery management system may
include an internal switch (such as a relay or solid state device) which is opened if the
battery is operated outside its safe operating range. Additionally or alternatively, the battery
management may request the various components of the cleaning apparatus to reduce or
terminate using the battery and/or actively control the operating environment, so that
operation outside the battery unit’s safe operating range may be prevented. In various

embodiments, the cleaning apparatus 100 comprises one or more perception sensors 133.

[00561] In various embodiments, the perception sensors 133 may include one or more
exteroceptive sensors for extemal perception and mapping. More specifically, the
exteroceptive sensors are configured to measure various values in relation to the external

environment and/or objects in the environment. The non-limiting examples of the
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exteroceptive sensors include two dimensional distance measurement sensors, three
dimensional distance measurement sensors, infrared distance sensors, ultra-sound distance
and obstacle sensors, cliff detection sensors, IR sensitive sensors, thermal sensors, tactile
sensors, Global Positioning System (GPS), Ground Penetrating Radar (GPR), lasers for
object detection and range sensing, inertial sensors, imaging devices such as a video
camera. The sensor inputs from various sensors are processed into meaningful, actionable
perceptions, based on which the cleaning apparatus may change/adjust its operational state

or behavior.

[00562] In various embodiments, the controller module 121 is operable to control the
operation of the cleaning apparatus 100 based on its perceptions/the values received from
the perception sensors 133. For example, the cleaning apparatus 100 may be controlled to

navigate around an object/obstacle or to stop when a human or a cliff is detected.

[0053] In various embodiments, the perception sensors 139 on the plurality of cleaning
apparatus sensors forms an on-board positioning and mapping system, particularly by way
of using multiple distance sensors, GPS systems, obstacles sensors. For the cleaning
apparatus 100 to travel to a destination or to execute a particular cleaning task, the
perception sensors may collect environmental/geographical information (e.g. the distance to
travel, the objects/obstacles in the cleaning area) for the embedded computing system to

calculate an optimized navigation path.

[0054] In some embodiments, the perception sensors 133 may also include one or more
proprioceptive sensors. The proprioceptive sensors are configured to measure values
internal to the robot system, e.g. pose and heading information, odometry information, or
information about the operational state of the cleaning apparatus (such as battery level,
wheel position, joint angle, etc). Non-limiting examples of the proprioceptive sensors
include encoders, potentiometers, inertia sensors such as accelerometers and gyroscopes,

compasses, ctc.

[0065] In various embodiments, the plurality of cleaning apparatus 100 for use with the
cooperative cleaning system 10 may be equipped with different types of perception sensors
133 on different cleaning apparatus 100. It is appreciable that values detected from

perception sensors 133 from the different cleaning apparatus 100 may be combined into a
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perception information which may be used by the system to control cleaning apparatus 100

and/or to generate the cleaning operation plans for the cleaning apparatus 100.

[0056] In some embodiments, the cleaning apparatus 100 may comprise a personality
module 127 configured to adjust the behavior of the cleaning apparatus 100 according to a
state of the apparatus, for example, a location of the cleaning apparatus 100, a current state
of operation of the cleaning apparatus 100, a current power consumption of the cleaning
apparatus 100, and other states which may be either a state detected by the perception
sensors 133 of the cleaning apparatus 100, or a user-defined state. Further, the personality
module on the cleaning apparatus may be configured to receive commands from a
personality gencrator embedded at the processor unit 200 of the system 100, which

determines a personality (i.e. the robot behavior) of a particular cleaning apparatus 100.

[0067]  Advantageously, the cleaning apparatus 100 equipped with complex
computational system together with advanced sensor suite allows complete perception and
understanding of its intemal cleaning states as well as its external surroundings for
autonomous cleaning and navigation. As illustrated in the robot hardware architecture in
Figure 3, the cleaning apparatus 100 is able to process all internal status, and all operational
activities it has performed can be properly managed and uploaded to the processor unit 200.
In some embodiments, the cleaning apparatus 100 may further comprise a safety layer
trigger module 144, which may be configured to automatically shut down the cleaning
apparatus 100 or activate an alert system to send an alert (e.g. an alerting sound, a alerting
message) in case of an emergency. It is appreciable that other functional modules may be
incorporated or embedded in the cleaning apparatus 100, for example, a display module for
displaying information about the cleaning apparatus 100 to a user, a control panel for
controlling the operation of the cleaning apparatus 100, an audio unit (e.g. a speaker or
buzzer) for communicating an audio message to the user (e.g. an audio alarm in case of

robot mal-function, low battery level, and/or emergency stop). .

[0058] In some embodiments, the cleaning apparatus 100 may have a printed tag with a
QR code or a bar code that is adhered to a body of the robot 100. The robot details (such as
type of robot, and a robot identification information) may be stored in a bar code or a QR
code system. In some embodiments, the cleaning apparatus 100 is configured to display the

robot details and display a QR code or a bar code having the robot details stored therein.
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[0059] In some embodiments, the plurality of cleaning apparatus 100 of the cooperative
cleaning system 10 is a team comprising different types of cleaning apparatus 100. For
example, as illustrated in Figure 1, the plurality of cleaning apparatus 100 may comprise a
mop robot 100a, a vacuum robot 100b, a window cleaning robot 100c, a garbage collecting
robot 100d, and a scrub robot 100¢. It is appreciable that the plurality of cleaning apparatus
100 of the cooperative cleaning system 10 may comprise other types of cleaning apparatus
100 depending on requirements such as the designated cleaning area and the cleaning task
to be performed. When a designated cleaning task is relatively complex (e.g. to clean an
entire office area), the different types of cleaning apparatus used in the cooperative cleaning
system may work together to provide a holistic and more efficient machine cleaning
solution. The cooperative cleaning system 10 of the present disclosure is capable of a higher

level of automation, and requirement of human involvement may be reduced.

[0060] The cleaning apparatus 100 may be classified into different families based on
types of cleaning arecas such as, but not limited to, a floor arca, a window arca and a
staircase area. For example, the mop robot 100a, the vacuum robot 100b, the garbage
collecting robot 100d and the scrub robot 100e may be classified as belonging to a family of
floor cleaning robots. And the window cleaning robot 100c will be classified as belonging
to a family of window cleaning robots. The different families of robots use or are assigned
different maps. During use, the floor cleaning robots cleaning a particular floor area will
share a floor map of that particular floor areca. Likewise, window cleaning robots cleaning a
particular window area will share a window map of that particular window area. Similarly,
other robots (not shown) for cleaning a staircase area will be classified as belonging to a

family of staircase cleaning robots.

[0061] In various embodiments, the cleaning apparatus 100 is configured to transmit
data signals with regards to a robot information to the processor unit 200 once the
communication link is established. The robot information may include, but is not limited to
geographical information of the cleaning apparatus 100, a current operational state of the
cleaning apparatus 100, and a current power consumption status, battery management data,
hours of operation, health status, error status, characteristics of working environment (which
may comprise exteroceptive and proprioceptive sensor data), and fault-diagnostic
information. The geographical information of the cleaning apparatus 100 may include, but

not limited to, three-dimensional coordinates, a country, a city in a particular county, a
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residential address, based on which the location of cleaning apparatus 100 may be

determined.

[0062] It is to be appreciated that data with regard to the plurality of cleaning apparatus
100 can be transmitted to the processor unit 200 by using an identification, an
authentication, an encryption, and decryption. During authentication, the cleaning apparatus
100 may generate a signal that is to be sent to the processor unit 200 for an establishment of
a full duplex communication. The signal is encrypted through a key generation processes
and sent to a receiver end. Then at the receiver end, decryption of the signal is done and the
two-way handshake is performed. In the event of successful two-way handshake process,
the full duplex communication between the apparatus 100 and processor unit 200 is

established.

[0063] In various embodiments, the processor unit 200 is arranged in data
communication with the plurality of cleaning apparatus 100. The processor unit 200 may be
a computing system or a computing environment through which the cooperative cleaning
system 10 may be implemented. Particularly, the processor unit 200 is configured to
manage the incoming and outgoing robot information in one or more databases and provide

a platform to run algorithms at the back end of the system 10.

[0064] In various embodiments, the processor unit 200 may be implemented on one or
more computing devices (e.g. computers, mobile computing devices), one or more servers
having one or more memory resources or arranged in communication with one or more
memory resources. The servers may include physical computer servers and virtual servers
such as cloud servers. The computing device(s) and server(s) may include hardware
components such as microprocessors or processor circuits implemented in the form of
integrated circuits (IC) chips, such as, an Application Specific Integrated Circuit or ASIC)
which may be installed/embedded on various apparatus and devices of the cooperative
cleaning system 10. As an addition or altemative to these implementations, some of the
subsystems of the processor unit 200 can also be implemented on one or more user devices
or control devices, such as through applications that operate on the user device or control

device.

[0065] In some embodiments, the processor unit 200 comprises different functional
modules/blocks. It is appreciable that the different functional modules/blocks may be
15
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provided in one computing device/database server/microprocessor, or may be distributed

among more than one database servers forming the processor unit 200.

[0066] In some embodiments, the processor unit 200 comprises at least one cloud server
200°, a virtual server running in a cloud computing environment. As a non-limiting
example, a cooperative cleaning system 10 implemented on a cloud server 200°, and having
different functional modules of the cloud server is illustrated in Figure 1 to 5 and will be

elaborated in details.

[0067] In various embodiments, the cloud server 200 comprises a robot registration
module 210 configured to receive, store and process the robot information received from the
plurality of cleaning apparatus 100. Each cleaning apparatus 100 of the system 10 possess a
unique ID, which may be stored in a Robot_ID field of a database of the cloud server 200°.
The cleaning apparatus 100 that are currently available in a particular location will register
its Robot ID in the cloud server 200°. For example, when a total number of seven cleaning
apparatus 100 are deployed in an office, among which five are available, the IDs of the five
available robots will be registered in the cloud server 200°. In some embodiments, a
database server (known as an Active Machine Register or an “AMR”) located at the cloud
end will maintain the Robot IDs of all available cleaning apparatus 100 connected to the
cloud server 200°. The cluster of robots 100 having available status will be considered
further for a designated cleaning task. Robots that are turned off or involved in a cleaning

operation will be unavailable.

[0068] In some embodiments, the robot registration module 210 of the cloud sever 210
may be configured to selectively register two or more of the plurality of cleaning apparatus
100 for a designated cleaning task. Selection of cleaning apparatus 100 will be described
later. The selection of the cleaning apparatus 100 may be based on the type of cleaning
apparatus 100 required for the designated cleaning task, and the robot information received
from available cleaning apparatus 100 as described above. For example, as shown in Figure
1, five available cleaning apparatus 100 are in data communication with the cloud server
200° and are respectively registered as ROBOT _ID#1, ROBOT ID#2, ROBOT ID#3,
ROBOT ID#4, ROBOT _ID#5 in the robot registration module 210 or the AMR of the
cloud server 200°. As shown in Figure 5, to clean a floor area and a window area in an

office 20, three of the five available cleaning apparatus 100, ie. a vacuum robot
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(ROBOT ID#2), a window cleaning robot (ROBOT ID#3), and a scrub robot
(ROBOT ID#5), are selected and registered in the robot registration module 210 for

execution of this cleaning task.

[0069] In various embodiments, robot information (including the Robot ID and other
necessary information) of the cleaning apparatus 100 registered for cleaning task execution
is transmitted from the robot registration module 210 to a hierarchy generation module 220.
This particular functional module 220 is configured to determine or define a hierarchy state
for cach of the registered cleaning apparatus 100, which may be stored as an electronic
record labelled as “HierachRank” field in a database arranged in data communication with or
as part of the cloud server 200°. The hicrarchy state relates to the operation sequence of

different cleaning apparatus 100 selected for cleaning task execution.

[0070] In various embodiments, the hierarchy generation module 220 is configured to
determine the hierarchy state of a particular cleaning apparatus 100 based on the robot
information (or one or more robot characteristics), and/or an infrastructure or environmental
information of the designated cleaning arca. The robot information includes the type of
cleaning apparatus, the operational state, and the power consumption of the registered
cleaning apparatus 100, and other information as described above. The infrastructure or
environmental information includes, but is not limited to the following parameters: - type of
floor surface in the designated cleaning arca, fumiture density in the designated cleaning

area, and the required cleaning area coverage.

[0071] In various embodiments, different Operation Research (OR) optimization and/or
scheduling techniques may be adopted by the hierarchy generation module 220 for deciding
the robot hierarchy state. For example, an allocation model based on a linear or a non-linear
programming technique may be implemented by the hierarchy generation module 220 to
assign the hierarchy state to the different cleaning apparatus 100 in such a manner that one

or more measures of cleaning effectiveness and/or efficiency may be optimized.

[0072] In some embodiments, the robot information/characteristics may be a top most
priority for the robot hierarchy generation. Taking the embodiment of Figure 5 as an
example, for a team of robots 100 including a vacuum robot 100b, a window cleaning robot
100b and scrub robot 100e, the hierarchy generation module 220 may rank the scrub robot
100e as number one (i.e. HierachRank=1), the vacuum robot 100b as number two (i.c.
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HierachRank=2) and the window cleaning robot 100b as number three (i.e. HierachRank=3)

as long as they are working in a normal office space.

[0073] It is appreciable that the hierarchy generation module 220 may be configured or
programmed to determine the hicrarchy state based on other relevant factors to further
optimize the operational efficiency of the corporative cleaning system 10, and other suitable
Operation Research techniques may be used for robot hierarchy generation and cleaning

process optimization.

[0074] In various embodiments, the cooperative cleaning system 10 comprises a task
planning module 230 as part of the cloud server 200° for generating a cleaning operation
plan for each of the registered cleaning apparatus 100, based on at least the hierarchy state
and the designated cleaning task. The cleaning operation plan comprise a plurality of
operational protocols for the cleaning apparatus to follow to execute the cleaning task. For
example, the cleaning operation plan may define an operation sequence/order among the
multiple registered cleaning apparatus 100, as well as various operation parameters (such as
an operation time period, a coverage arca, and a robot navigation path) for cach of the
registered cleaning apparatus 100. For example, for a scrub robot 100e, the cleaning
operation plan will have the information of the path it has to follow, a brushing pressure it

has to apply on the floor, a profile of suction, etc., as shown in Figure 5.

[0075] In various embodiments, a multi-layer cleaning strategy is adopted by the task
planning module 230 to generate the cleaning operation plan. In other words, the cleaning
operation plan comprises multiple layers of cleaning operation, or multiple cleaning
operation layers. Each cleaning operation layer corresponds to a time period, during which
one cleaning action (e.g. sweeping) is to be performed. One or more cleaning apparatus 100
capable of the same cleaning action (¢.g. one or more sweeping robots) may be designated
and controlled to execute one cleaning operation layer at the same time so as to expedite the
task execution. Each cleaning operation layer may comprise a plurality of operational
protocols specified for at least one cleaning apparatus, e.g. operation parameters (such as an
operation time period, a coverage area, and a robot navigation path) for the cleaning

apparatus 100 to follow when performing the cleaning task.

[0076] In some embodiments, the task planning module 230 may consider the time
factor and zone information for multi-layer cleaning strategy generation, especially if the
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designated cleaning area is a relatively large area. The task planning module 230 may divide
the whole cleaning area to multiple cleaning zones, and sets out a cleaning operation plan
for using different cleaning apparatus 100 to execute the cleaning task simultaneously at the
multiple cleaning zones. Advantageously, time required for completing the cleaning task

may be reduced.

[0077] The cleaning operation plan gencrated by the task planning module 230 is
transmitted to the task execution module 240. Digital commands are transmitted to the
corresponding cleaning apparatus 100 to execute the cleaning task based on the multi-layer
cleaning operation plan. For example, the task execution module 240 would command a
scrub robot 100¢ to execute a cleaning action according to a scrub layer in the cleaning
operation plan. Information including the path the scrub robot has to follow, a brushing
pressure it has to apply on the floor, and a profile of suction, is transmitted from the task
planning module 230 to the task execution module 240 and to the registered scrub robot
100e to complete the task based on the scrub layer defined in the multi-layer cleaning

operation plan.

[0078] One non-limiting example of the multi-layer cleaning strategy generation and
task execution is illustrated in Figure 4 and 5, whereby the robot registration module 210
has registered one scrub robot 100e (Robot ID #5), one vacuum robot 100b (Robot ID #3),
and one window cleaning robot 100c (Robot ID #2) for a cleaning task to clean an office
area 20, and the hierarchy generation module 220 has defined the hierarchy state of the
three cleaning apparatus 100 as HierachRank=1, HierachRank=2, HierachRank=3
respectively. The necessary robot information and the hierarchy state of each apparatus are
retrieved by the task planning module 230, based on which a multi-layer cleaning operation
plan is generated. More specifically, the cleaning apparatus/robot 100 that is ranked number
one in the robot hierarchy forms a base cleaning operation layer. The consecutive robots in
the robot hierarchy form the consecutive cleaning operation layers on top of the base
cleaning operation layer. The robot which is ranked least in the hierarchy will form the

topmost cleaning operation layer.

[0079] As shown in Figure 4 the whole designated cleaning area has been divided into
two cleaning zones according to the generated cleaning operation plan, one zone with a

window area (Zone 1) and the other zone without any window area (Zone 2). The cleaning

19



10

15

20

25

30

WO 2021/010899 PCT/SG2020/050409

operation plan define a multilayer cleaning strategy for each of the two cleaning zones
(cleaning Zone 1 and cleaning Zone 2) respectively. The multi-layer cleaning strategy for
cleaning Zone 1 has three operation layers, wherein a first operation layer or a base layer is
the scrub robot 100¢ (HierachRank=1), a second operation layer or a middle layer is the
vacuum robot 100b (HierachRank=2), and a third operation layer or a top layer is the
window cleaning robot 100c. (HierachRank=3). As can be seen, the three operating layers
are generated according to the robot hierarchy assigned to the three robots, i.e. in the
sequence of HierachRank=1 to HierachRank=3. For cleaning Zone 2 without any window
area, only the scrub robot 100e and the vacuum robot 100b are deployed. Similarly,
according to the robot hierarchy, the multi-layer planning strategy for Zone 2 forms two
cleaning operation layers, i.¢. a base layer with the scrub robot 100e (HierachRank=1) and a
top layer with the vacuum robot 100b (HierachRank=2).

[0080] The multi-layer cleaning operation plan is then transmitted to the task execution
module 240. The window cleaning robot 100c and the vacuum robot 100b are in operation
simultaneously to clean Zone 1 and Zone 2 for a time period from TO to T1. After
completing the task execution for vacuum layer in Zone 2, the vacuum robot 100b moves to
Zone 1 and continues to be in operation based on the task execution for vacuum layer in
Zone 1 for a time period from T2 to T3. At the same time, the scrub robot 100¢ is in
operation based on the task execution for the scrub layer in Zone 2 for a time period from
T2 to T3. After completing the task execution for the scrub layer in Zone 2, the scrub robot
100e then moves to Zone 1 and continues in operation based on the task execution for the
scrub layer in Zone 1 for a time period of T4 to T5. In this manner, the robot resource (i.c.
the number of cleaning apparatus 100 used) and the time spent to clean the office 20 are

both optimized.

[0081] In various embodiments, the cooperative cleaning system 10 further comprises a
user device 49 configured to be in data communication with the cloud server 200°. The user
end device 49 may be an external computing device of any type suitable for communicating
with cloud server 200°, for example, a personal computer 51 as shown in the embodiment of
Figure 1 or a mobile computer device 53 as shown in the embodiment of Figure 6. The user
end device 49 can include a communication module configured to transmit data signals to
the cloud server 200° using different types of wired or wireless communication, for

example, through a cable network, or using Wi-Fi™ and Bluetooth™ wireless
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communication protocols. It is appreciable that the system 10 may be configured to
communicate over through a network interface by way of different types of wireless or
wired network devices and protocols. It is also appreciable that the system 10 may comprise
more than one user end devices 49, allowing a user to access the system 10 at different

locations.

[0082] In various embodiments, the user device 49 comprises a user interface
configured to receive information and commands from a user. The user interface may be a
webpage interface, or an interface of a software program installed on the personal computer
51 or on the mobile device 53. In relation to the embodiment having a mobile device 53 as
the user device 49, the user interface may be an application interface of a mobile application
56 on the mobile device 53. A non-limiting example of the mobile application 56 interface

design is shown in Figure 9 and 10.

[0083] In various embodiment, the user device 49 is configured to receive a command
from the user and transmit the command to a cleaning apparatus 100 that is also in data
communication with the cloud server 200°. The cleaning apparatus 100 may be put in
various operational modes. For example, the user may enter commands from the user device
49 to switch on and off the cleaning apparatus 100, or put the cleaning apparatus 100 in a
power-saving mode. In various embodiments, the user device 49 is further configured to
display information about the cooperative cleaning system 10 and the plurality of cleaning
apparatus 100 connected to the cooperative cleaning system 10. With the user device 49,
remote control and/or monitoring of the cooperative cleaning system 10 is achieved, where
one device 49 may be used to add and control multiple cleaning apparatus 100 on the fly. In
addition, the cleaning process of the system 10 may be further improved by configuring the

user device 49 with other functionalities, as will be elaborated below.

[0084] In various embodiments, the cooperative cleaning system 10 is configured to
execute a designated cleaning task based on one or more user defined parameters receive
from the user device 49. More specifically, for robot hierarchy generation and the
subsequent multi-layer cleaning strategy planning, the hierarchy generation module 220 and
the task planning module 230 are configured to consider the one or more user defined

parameters, in addition to the robot information or robot characteristics.

[0085] As shown in Figure 1 and Figure 2, the cloud server 200° may further comprise a
21
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user input register (or UIR) 260 for receiving, storing and processing the one or more user
defined parameters. Based on the user defined parameters, the robot would dynamically
plan the cleaning task execution order with the plurality of cleaning apparatus 100. The user
defined parameters may include, but not limited to type of one or more cleaning tasks to be
performed by the system, geographical information (such as location) of one or more
designated cleaning area, infrastructure or environmental information of one or more
designated cleaning area, priority information of the one or more designated cleaning tasks
priority information of the one or more designated cleaning areas, and information (such as
identification information) of a user. For example, a user may instruct the cooperative
cleaning system 10 to prioritize areas to be cleaned and the type of cleaning action to be
performed by entering such parameters on the user end device 49. The priority information
is transmitted to and stored at the user input register 260. The hierarchy generation module
220 and the subsequent task planning module 230 retrieve such information from the user
input register 260 for robot hierarchy generation and multi-layer cleaning operation

planning.

[0086] In some embodiments, the user defined parameters may define one or more
excluded zones that should be avoided from the cleaning during the cleaning task execution.
For example, such excluded zones may be silent zones, danger zones, zones that should not
be blocked or restricted, etc. The user can define these region as special zones before
activating the system 10 to perform a cleaning task. These excluded zones may be common

across the different families of cleaning robots.

[0087] Figure 14 shows a more detailed version of the system 10 of Figure 1. The
cloud server 200° includes a robot activity analyzer module 205.  This robot activity
analyzer module 205 provides an activity analyzer micro-service shown in Figure 6. The
robot activity analyzer module 205 manages and monitors activities of each of the cleaning
apparatus 100. These activities include, but are not limited to, cleaning operation, point-to-
point moving operation, mingling operation, and robot health state monitoring alerts. The
robot registration module 210 receives information of the cleaning apparatus 100 via the

robot activity analyzer 205.

[0088] The UIR 260 may include a mission command register 265. This mission

command register 265 receives mission commands from the user device 49. A mission
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command may include high-level information/variables such as, but not limited to, robots,
cleaning zones, and cleaning times. The mission command register 265 stores these
information. There are two ways that mission commands are generated and received by the
mission command register 265. One way of generating a mission command is through an
app running on the user device 49. When a user runs the app to start a cleaning
operation/mission, the app will display a map either selected by the user or corresponding to
the location of the operator or, more specifically, the location of the user device 49 held by
the user. Figure 15A shows a first user interface (UI) screen 602 that is presented to the
user. The first Ul screen 602 includes a map 604 and three area indicia 606, 608, 610
indicating different floor areas for cleaning. In Figure 15, the floor areas for cleaning are a
cafe, a reception area, and a lobby. The user is able to make a selection of the cleaning arca
by selecting the corresponding indicium 606, 608, 610 and a second UI screen 612 is then
displayed. The map 604 in the second Ul screen 612 may include a zoomed-in map (not
shown) of the selected area. This second Ul screen 612 includes three selection indicia 614,
616, 618 that overlay the map 604 to allow the user to select if and how cleaning of the
earlier selected area is to proceed. The user can select a “cancel” indicium 614 to cancel the
cleaning operation, select a “team” indicium 616 to proceed with the cleaning operation
using a team of robots or select a “yes” indicium 618 to proceed with the cleaning operation
using a single robot. If the user selects the “team™ indicium 616 on the UI screen 612, a
third UI screen 620 as shown in Figure 15A will be displayed on the user device 49. This
third Ul screen 620 shows a robot “Siti” having been already selected and two other robots
“Wong Yong” and “Jianwan” that are available for selection. If the user selects both these
available robots and select a “confirm” indicium 622, a fourth UI screen 630 as shown in
Figure 15B will be displayed on the user device 49. This fourth UI screen 630 shows all the
robots that are selected to be in the team of robots for cleaning. At this stage, the user has
the options to cancel the cleaning operation by selecting a “cancel” indicium 632 or proceed
with the cleaning operation by selecting a “confirm” indicium 634. If the user chooses to
proceed with the cleaning operation by selecting the “confirm” indicium 534, the
information captured, namely, the area to be cleaned and the robots selected, will be sent to
the mission command register 265 via an app command router 491 on the user device 49.
The mission command register 265 will then forward the received information to the
hierarchy generating module 220 for immediate processing. When a cleaning operation

plan is available, information regarding which zone in the cleaning arca each robot will be
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deployed is provided to the user via a suitable Ul screen 640 on the user device 49.

[0089] Another way of generating a mission command is through a robot mission
scheduler 492 running on the user device 49. Through this robot mission scheduler 560, the
operator is able to create predetermined cleaning schedules for one or more worksites. Each
schedule will include an area for cleaning and a start time for cleaning that area. The robot
mission scheduler 492 sends the cleaning schedules to the mission command register 265.
The mission command register 265 monitors the start times and automatically initiate a
corresponding cleaning operation when the current time matches the start time of a cleaning
schedule. The predetermined schedule does not include any robot information. The
cleaning operation will involve whichever robot is available in the cleaning area at the start

of the cleaning operation.

[0090] In accordance to another aspect, the present disclosure also relates to a system
for controlling a plurality of task-specific apparatus. The system comprises a plurality of
task-specific apparatus, at least one of the plurality of task-specific apparatus is configured
to communicate with a processor unit. The system also comprises a user device configured
to receive one or more instructions from a user and configured to communicate with the
processor unit. The processor unit comprises: - a control manager for generating a high-
level control command based on one or more instructions received from the user device;
and an action generator for generating a device-specific control command for each of the
plurality of task-specific apparatus from the high-level control command. The processor
unit is further configured to transmit the apparatus-specific control command to the

corresponding apparatus for execution.

[0091] In various embodiments, the plurality of task-specific apparatus may be
autonomous or semi-autonomous machines and/or robots operable to perform a designated
task. The designated task may include, but is not limited to a cleaning task. The task-
specific apparatus may include, but is not limited to a cleaning apparatus 100 as described
above. The plurality of task-specific apparatus may include multiple apparatus that are
operable to perform different tasks. For example, the plurality of task-specific apparatus
may include one or more cleaning apparatus 100, one or more cooking apparatus, one or
more smart lighting devices and etc. The system 10 provides a single platform from where

the user may exercise control of the multiple task-specific apparatus.
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[0092] In a non-limiting example as illustrated in Figures 7 to 15, there is provided a
system 10 operable to control a plurality of cleaning apparatus 100, of different types, from
a user device 49. It is appreciable that the above-described cleaning apparatus 100 and
system 10 may be adapted to allow remote control of the cleaning apparatus 100, i.e. to
provide a teleoperation system 10. Similar functional modules/components/devices in the
cleaning apparatus 100 and the cooperative cleaning system 10 have the same or similar
reference numbers in Figures 7 to 15. The description of the functional
modules/components/devices of the cleaning apparatus 100 and the cooperative cleaning

system 10 may also apply the teleoperation system 10.

[0093] In various embodiments, the system 10 comprises a plurality of cleaning
apparatus 100. Each cleaning apparatus 100 is capable of performing at least one cleaning
action, and the plurality of cleaning apparatus 100 are configured to communicate with a
processor unit 200. The system 10 also comprises a user device 49 configured to receive
one or more instructions from a user and configured to communicate with the processor unit
200. A user may control the operation of the plurality of cleaning apparatus 100 through a

specially designed software interface/mobile application 56.

[0094] To allow remote control from the user device 49, the processor unit 200 of the
system 10 is incorporated with additional functional modules/subsystems. Figure 6
illustrates a functional block diagram of a system 10 with a user device 49 for controlling a
plurality of cleaning apparatus 100. In this non-limiting example of the system architecture
shown in Figure 6, the user device 49 is in the form of a mobile device 53 (such as a mobile
phone) having a specifically designed mobile application 56 installed thereon, and the
processor unit 200 is in the form of a cloud server 200°. The mobile application 56 provides
a software interface for the user to control and manage multiple cleaning apparatus 100. A
non-limiting example of the software interface of the mobile application 56 is shown in

Figure 10, Figure 11 and Figure 13A and 13B.

[0095] In various embodiments, the processor unit 200 comprises:-a control manager
430 for generating a high-level control command based on one or more instructions
received from the user device 49; and an action generator 440 for generating a device-
specific control command for each of the plurality of cleaning apparatus 100 from the high-

level control command (based on a robot information of the corresponding cleaning
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apparatus). The processor unit 200 is configured to transmit the one or more device-specific
control commands to the corresponding cleaning apparatus 100 for execution. The step of
‘generating a high-level control command’ and “generating a device-specific control

command” may include one or more steps of assigning, calculating and deriving.

[0096] In various embodiments, the control manager 430 is configured to receive one or
more instructions from the user device 49, and more specifically, from the software
interface/application on the user device 49. The instructions may relate to an instruction for
navigating one or more cleaning apparatus to one or more intended destination, one or more
user defined parameters for the cleaning apparatus to follow when performing task
execution which may include task priority information (¢.g. to prioritize cleaning zone 1
over cleaning zone 2), and operation parameters (e.g. an operation time period, a coverage
area, a robot navigation path for the cleaning apparatus and etc.). The control manager 430
is configured to generate a high-level control command for the respective cleaning
apparatus 100 based on the user instructions. In some embodiments, the robot information
of the respective cleaning apparatus 100 may also be taken into account for generating the
high-level control command. The high-level control command describes the operations of
the respective cleaning apparatus 100 in a relatively high level of abstraction whereby the
conceptual functions/objectives of the different cleaning apparatus 100 may be expressed in
a structured manner. For example, the high level control command may be generated to
describe the overall goals and cleaning operation plans of the different cleaning apparatus
100.

[0097] In various embodiments, the activity generator 440 is configured to generate a
device-specific control command for each of the plurality of cleaning apparatus 100 from
the high-level control command. The device-specific control command describes the
operations and actions to be performed by each cleaning apparatus 100 in detail. A low-
level programming language such as assembly language that contains rudimentary
microprocessor commands may be used for generating the device-specific control
command. The device-specific control command may be transferred to and executed by the
corresponding cleaning apparatus 100. No or little further processing of the device-specific

control command at the cleaning apparatus 100 is required.
[0098] Generation of the device-specific control command is based on the robot
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information of the corresponding cleaning apparatus and user instructions embedded in the
high-level control command. As described above, the robot information may include, but is
not limited to identification information of the cleaning apparatus 100 (i.e. Robot ID),
geographical information of the cleaning apparatus 100, a current operational state of the
apparatus 100, and a current power consumption status, battery management data, hours of
operation, health status, error status, characteristics of working environment (which may

comprise exteroceptive and proprioceptive sensor data), and fault-diagnostic information.

[0099] In some embodiments, the processor unit 200 further comprises an
authentication manager 410 for processing and authenticating a robot information of a
corresponding cleaning apparatus 100. The authentication manger 410 may be connected to
a robot database 420 configured to store the robot information of the plurality of cleaning
apparatus 100. The authentication manager 410 may search and retrieve the robot
information of a particular cleaning apparatus 100 for authentication. Authentication may be
multi-factored. Details of such a multi-factor authentication will be described later. Once
the authentication is completed by the authentication manager 410, the robot information
and mstructions from the user may then be transferred to the control manager 430 for

generating the high-level command.

[00100] The robot database 420 stores robot information, infrastructure
information and user information. Robot information includes, but is not limited to, unique
serial numbers of the cleaning apparatus 100 and corresponding data that is necessary for
their operation. For example, if the robot is an autonomous floor cleaning robot, the robot
information may include its serial number and settings for cleaning. Such settings include
amount of water required, amount of cleaning liquid required, etc. for cleaning.
Infrastructure information includes information relating to the environment of operation for
the machine. For example, if the machine is autonomous floor cleaning robot, infrastructure
information for the robot could include a floor map, the path the robot is required to take for
cleaning, the cleaning zones within a cleaning area, forbidden zones that the robot should

not be accessing, time slots for cleaning the cleaning zones, etc.

[00101] In various embodiments, the authentication of the robot information
comprises a two-factor authentication, as illustrated in steps 510 to 530 of Figure 12 and in

Figure 13A.

27



10

15

20

25

30

WO 2021/010899 PCT/SG2020/050409

[00102] In a first step 510, a user reads the robot information using the user
device 49 via a Ul screen 700. The robot information may be embedded in a QR code or bar
code displayed on a printed tag adhered to cleaning apparatus 100 or on a digital display
unit of the cleaning apparatus 100. The scanned robot information is then sent from the user
device 49 to the processor unit 200. A passphrase is generated by the system 10 based on
the robot information received from the user device 49. Particularly, a pre-assigned serial
number embedded in the QR code or a bar code may be transmitted to the processor unit
200 of the system 10 as a cloud service request. Once the authentication manager 410 at the
processor unit 200 receives the serial number of the cleaning apparatus 100 from the user
device 49, the authentication manager 410 generates a one-time passphrase which may be
valid for only a prescribed time period. The passphrase may be sent to the cleaning
apparatus 100 to be displayed on a display unit of the cleaning apparatus 100. Alternatively,
the passphrase may be sent to the user device 49 for displaying to the user, or may be sent to

a user-registered email address or a user-registered phone number.

[00103] In a further step 520, the user interface is automatically updated to
display a new page 710 for the user to key in the passphrase generated by the authentication
manager 410. The user keys in the passphrase in the software interface. The user device 49
sends the entered passphrase to the processor unit 200. If the user inputs the correct
passphrase on the user device 49, i.e. the user entered passphrase matches that generated by
the authentication manager 410, the authentication manager 410 operates to register the
robot’s details in the robot database 420 and allows the user to control the particular

cleaning apparatus 100.

[00104] In a further step 530, the user confirms the connectivity to one or more
the cleaning apparatus 100 by repeating the steps 510 and 520. More specifically, upon
successful authentication using the one-time passphrase, the user interface updates to a new
page 720 for a user to confirm which cleaning apparatus 100 to control. As can be seen
from Figure 13A and 13 B, one or more cleaning apparatus 100 may be added to allow
remote control by the user. A UI screen 730 in Figure 13A shows cleaning apparatus 100
“Robot A”, “Robot B” and “Robot C” that are connected to the user via steps 510, 520 and
added by the user via the Ul screens 620, 630.

[00105] In various embodiments, the system 10 may be used to control any
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number of cleaning apparatus 100. In the above step 530, the user may select any suitable
cleaning apparatus 100 from the robot list to form a work team based on the cleaning task to

be performed.

[00106] In a further step 540, the user may enter a control console/control
interface 735 of a particular cleaning apparatus 100, and perform the robot operation. The
user may select a move indicium 736 in the control interface 735 to control the movement
of the cleaning apparatus 100. Such an action will result in a user being presented with a
control console/control interface 740. The control console/control interface 740 may
comprise one or more navigation consoles to navigate the cleaning apparatus 100 in a
desired direction or to a desired destination. For example, as shown in Figure 13B, the
control console 740 displays necessary buttons, slide bars and navigation buttons for the
user to control the navigation and task operation of the cleaning apparatus 100 remotely via
the cloud engine. As such, direct data connectivity between a cleaning apparatus 100 and
the user device 49, such as using Bluctooth or WIFL is not required. The control console
740 also includes a sensor on/off toggle control indicium 742 for turning sensors, such as
distance sensors, of the cleaning apparatus 100 on and off. In some embodiments, when the
distance sensors detect a passage width that may be narrow for the cleaning apparatus 100
to automatically maneuver past, the cleaning apparatus 100 may not be allowed to proceed
with its cleaning operation. The user may be able to turn the distance sensors off and switch
to maneuvering the cleaning apparatus 100 using the navigation buttons instead so that
cleaning operation may resume. The control console 740 further includes a cleaning
settings indicium 744. When this cleaning setting indicum 744 is selected, a cleaning
apparatus specific Ul screen 750 for controlling settings thereof is displayed on the user
device 49 for adjustment of control settings. If the map indicium 737 in the control
interface 735 is selected, a map 760 showing the location of the cleaning apparatus 100 will

be displayed on the user device 49.

[00107] In a further step 550, the user may exit from the control
console/control interface for one cleaning apparatus 100 upon completion of a cleaning task.
The user may toggle between different control consoles/control interfaces in the software
interface to control and navigate different cleaning apparatus 100 from the list of robots.
The user may also remove one or more cleaning apparatus 100 from a work team, i.c. to

disconnect the cleaning apparatus 100 from the user device 49. For example, one or more
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cleaning apparatus may be removed from a work team after completing a cleaning task, and
add one or more other cleaning apparatus 100 to form a new work team for a new cleaning

task by following the same steps as described above.

[00108] In various embodiments, the system 10 is configured to monitor and
track the robot information (e.g. health status, error status, operational state of the apparatus,
and etc.) and the operation activities of plurality of the cleaning apparatus 10 from the user
device 49. Besides the control console, the software interface may further provide an
interface for real-time monitoring of tasks performed by the cleaning apparatus 100, the
operational state of the cleaning apparatus 100, and environmental/geographical information
measured by the perception sensors of the cleaning apparatus 100. The software interface
also allows the user to locate the different cleaning apparatus 100 on a map (which may be
pre-installed in the mobile application, or may be populated based on information collected
by the perception sensors of the one or more cleaning apparatus 100) and monitor their
respective movement, locomotion and operational status. In the example shown in Figure
13B, when operating the cleaning apparatus 100, the user may refer to the map 760 on
which the real-time location of the cleaning apparatus 100 (e.g. achieved by a GPS system
installed on the cleaning apparatus) is highlighted/indicated. The user may manually control
the cleaning apparatus 100 to navigate to different locations. Alternatively, the user may
enter a destination from the control console or from the map, and control the cleaning

apparatus 100 to move to the destination in an autonomous manner.

[00109] In various embodiments, the processor unit 200 further comprises a
data clustering unit 450 for managing the inflow of sensor data and outflow of control
commands between the cleaning apparatus 100 and the processor unit 200. The data
clustering unit 450 routes information received from the cleaning apparatus 100 to a
contiguous groups of sectors (or clusters) in one or more disks/databases of the processor
unit 200. The data clustering unit 450 manages space allocation on the processor unit 200
by reducing the overhead data-system structure. For example when receiving sensor data
from the cleaning apparatus 200, the data clustering unit 450 may retrieve/separate a
perception sensor data from other information received from the cleaning apparatus 100.
Similarly, the device-specific control commands from the action generator 440 is

transferred to the respective cleaning apparatus 100 via the data clustering unit 450.
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[00110] In some embodiments the data clustering unit 450 may be connected
to a data logger 460 which receives raw sensor data from the cleaning apparatus 100 via the
data clustering unit 450, analyses the sensor data, and processes the sensor data into a
meaningful, actionable perception information. The data logger 460 may update the robot
perception information in the robot database 420 for use in one or more other micro-

services (for example, for generation of robot personality/characteristics).

[00111] In various embodiments, each user of the cooperative cleaning system
10 is registered with a user account under a unique user ID. In order for the user to access
and control the cleaning apparatus 100, a registration and verification (or log in) step is
required. As shown in Figure 8, personal name information and personal identity number
(NRIC) corresponding to the user’s respective countries are required for this unique ID
generation and the ID will be valid for lifetime. One user will have only one ID and it will
follow the user for life, and each robot may be assigned to a dedicated cleaner during day-
to-day operation. Accordingly, security of the system is improved. A non-limiting example
of the operation flow to be flowed by a user is illustrated in Figure 8, which includes the
following steps: (a) User log in: A user enter his/her registered account information to log in
to the system in a secure manner. (b) User Profile Screen: The user, after logging in to the
system, may go to the user profile portal to enter and/check relevant user information. For a
new user, he/she may be required to enter the requisite user information to proceed further.
(c) Start Menu/Operation Screen: Information of available cleaning apparatus in the system
is displayed on the operation screen. For a particular cleaning task, the user activates/adds
one or more cleaning apparatus 100. (d) Robot Operation: The user may then go to the robot
operation page, i.e. the control interface/user interface to enter commands or define any
operating parameters before activating the cleaning apparatus 100 to execute the cleaning

task.

[00112] In addition to tracking the robot status/activities, the system 10 may be
further configured to manage and track a particular users’ historical activities. As
mentioned, each cleaning apparatus 100 has been set up and assigned to at least one
user/cleaner. Accordingly, the system 10 tracks the robot information and the operation
activities in relation to the one or more cleaning apparatus 100 that have been operated by

or have been assigned to a particular user.
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[00113] The monitoring and the tracking of the robot information and the user
historical activities may be jointly achieved by more than one embedded micro-services as
shown in Figure 6. For example, a Report Generator micro-service, a Health Monitor micro-
service, and an Activity Analyzer may be embedded or programed in the user device 49 and
in the backend cloud server 200 as illustrated in Figure 6. Particularly, the activity analyzer
micro-service is configured to subscribe to the robot information (such as the operational
status) of each cleaning apparatus 100 as well as user activity/command sent via the mobile
application 56. Upon the end of cleaning task execution, the activity analyzer will create an

activity record paired with a user ID.

[00114] In various embodiments, the cleaning apparatus 100 and the
corresponding users” activities are constantly recorded and uploaded to the cloud server
200’ to allow further processing. User historical information such as performance of each
cleaning operation, emergency record and cleaner operation command can be tracked. For
example, as shown in Figure 6, a core database 310 at the backend of the system 10 may be
configured to retrieve and process the user historical information, and a file storage sever
320 may be used to store system-related information including the user historical
information. In this manner, the user historical information can be traced via the unique user
ID. This provides the advantages of cultivating sense of accountability and responsibility in
users (who may be cleaners performing the cleaning task using the system 10) on how they

should interact with robots 100 they are assigned to.

[00115] In some embodiments and with reference to Figure 8 and Figure 10,
system 10 is further programed with a Point Rewarding System for recording and tracking
the performance of cach user. Badges will be rewarded to the cleaners when they have
completed certain positive tasks such as robot cleaning maintenance, and to red-flag them
accordingly for negative tasks completed. Points are collected and constantly compared
among the global user population and the ranking system is introduced to feature the best

performing user and to reward the user accordingly.

[00116] More specifically, a user may be rewarded based on the following: -
(a) Maintenance Point: The user or cleaner is expected to conduct weekly maintenance on
the cleaning apparatus 10 upon receiving a notification from the mobile application or the

software program. Maintenance sequences may include but not limited to recovery water
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tank cleaning, brush and squeegee defect check and replacement, electrical system check,
and etc. Upon completion, maintenance point is then rewarded for the user. (b) Rescue
Point: In the event where the cleaning apparatus 10 encounters any warning or emergency
situations, the user will be notified via the mobile application notification or the software
program. When the user attend to the robot, rescue point is then rewarded and the points
vary from the severity of emergency states. (c) Startup Point: The startup point is rewarded
if the user is able to turn on and perform good handling of robot navigation from
docking/home position to a first cleaning area or a first designated cleaning zone of the day
and run cleaning operation. (d) Suggestion Point: Suggestion and feedback are strongly
encouraged and good construction suggestion shall be rewarded accordingly. In the mobile
application or the software program, there is a section where user can register their concern
and feedback on how robot performance can be improved. (¢) Technician Review Point:
The technician review point is rewarded based on the review given by the technician who
performs period maintenance to the robots. At the end of each maintenance, the technician

is able to know if the cleaner has managed the robot well.

[00117] In some embodiments, the software program or the mobile application
56 on the user end device 49 may be further configured to collect and track the qualification
of the user. The qualification tracking portal may be referred to as an “Academy
Certification Track™. This portal introduces an ecosystem on cleaning industry where all
cleaners’ skillsets on different types/families of cleaning robots are verified and certified.
Further, it also provide trainings for a user to upgrade their skillsets, and certificates may be
issue/earned upon meeting the prescribed requirements in relation to a particular aspect of

the operation of the cooperative cleaning system 10.

[00118] The Academy Certification Track may provide trainings to the
users/cleaner and track their qualification with respect to the following aspects: - (a) Robot
Control and Usage (Robot Type/Family Specific): In this track, the user will be trained on
how to operate the robot to perform cleaning efficiently and safely during his/her daily
operation. The training consists of the introduction of robot features, usage of the mobile
application or the user interface, and robot maintenance operation. (b) Cleaning Deployment
and Marketing (Robot Type/Family Specific): The user will be trained on how to perform
on-site assessment, generate site analysis report, and conduct robot deployment. (c) Service

and Repair (Robot Type/Family Specific): Depending on the type of robot from varies
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family, the user will be trained on how to conduct period maintenance and part repairs. (d)
Other aspects in relation to the cooperative cleaning system 10, such as sales and marketing,

cloud administration, and etc.

[00119] The system 10 of the present disclosure is advantageous in at least the following
aspects: (a) Firstly, the system 10 provides a solution for multi-robot cooperative cleaning
operation with optimized cleaning task execution order. (b) The cooperative cleaning
system which may be remotely controlled is capable of a relatively higher level of
automation as compared with existing cleaning machine deployment systems, and
requirement of human involvement to operate the cooperative cleaning system 10 is
minimized. (¢) The cooperative cleaning managed via cloud computing may be embedded
with various micro-services, such as a personality generator which allows dynamically
adjusting robot behavior based on perception sensor data and based on user defined

parameters to further improve cleaning efficiency and effectiveness and etc.

[00120] Further, the network-connected user device with the specially
designed software interface/mobile application provides additional benefits as follows: (d)
The plurality of cleaning apparatus and the user device are connected through an internet
interface. As such, robot — user device direct connectivity (e.g. via Bluetooth™/ WI-FI™) is
not required. (b) The software interface/mobile application can be used to control both
homogenous and heterogencous robots; Flexibility of adding and removing a cleaning
apparatus for a certain team task at the choice of the user is also allowed. (c) The software
interface/mobile application allows the user to connect to any number of robots.
Particularly, in relation to embodiments where a cloud-based server is used as the processor
unit, the capacity of the server and thus the number of cleaning apparatus/robots that can be
controlled by the user device is not restricted. (d) Simple two factor authentication process
using QR code/bar code scanning and passphrase ensures secure connection between the
cleaning robot and the user device via the processor unit/ the cloud server. (¢) The software
interface/mobile application integrates the tracking of robot activities and user performance
in one single platform, which provides additional benefits of cultivating sense of

accountability and responsibility in users.

[00121] It is to be appreciated by the person skilled in the art that variations and

combinations of features described above, not being altematives or substitutes, may be
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combined to form yet further embodiments falling within the intended scope of the
disclosure. In particular: - (a) the system may be applied to remotely control any number of
cleaning apparatus of any type, notwithstanding the illustrations in the Figures; (b)
Although the present disclosure is described in the context of operation of cleaning
apparatus, it may also be applied to control any other types of autonomous or semi-
autonomous machines/robots with a compatible hardware and software operating system.
The machines/robots may be both homogenous (i.e. of the same type) or may be
heterogeneous (i.e. of different types). (c) The subsystems and micro-services of the
processor unit 200 may operate on different computing devices, servers, and record
resources, which may be at a backend physical/virtual server system as illustrated in Figure
1 and 6. As an addition or an alternative, some of the subsystems and micro-services may be
achieve be the computing systems of the user device and/or the computing system onboard
one or more cleaning apparatus. For example, the cleaning apparatus may be capable of
locomotion and route mapping based on perception sensor inputs in some embodiments.
Alternatively, the route mapping or part of the route mapping function may be achieved at a

backend database server or at the user device.
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10 system
20 cleaning area
40 router
49 user end device
51 personal computer
53 mobile device
56 mobile application
100 cleaning apparatus
100a mop robot
100b vacuum robot
100c window cleaning robot
100d garbage collecting robot
100e scrub robot
121 controller module
125 cleaning module
127 personality module
133 perception sensors
136 navigation module
139 communication module
140 power supply and management module
144 safety layer trigger
200 processor unit
200’ cloud server
210 robot registration module
220 hierarchy generation module
230 task planning module
240 task execution module
251 scrub layer/base layer
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253
257
260
310
320
330
410
420
430
440
450
460
510-550

vacuum layer/middle layer
window cleaning layer/top layer
user input register (UIR)
core database

dynamic database

file storage sever
authentication manager
robot/machine database
control manager

action generator

data clustering unit

data logger

steps of controlling one or more cleaning apparatus
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