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(54) AN AUTONOMOUS MOBILE CLEANING ROBOT

(57) According to a first aspect of the present inven-
tive concept there is provided an autonomous mobile
cleaning robot, comprising:
a radar sensor configured to scan a surface, during a
movement of the robot along the surface, by transmitting
radar signals towards the surface and acquiring, at dif-
ferent positions along said movement, radar responses

from the surface,
a radar signal processor configured to extract one or
more features of each acquired radar response from the
surface, and
a controller configured to control an operation of the robot
based on the extracted one or more features.
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Description

Technical field

[0001] The present inventive concept relates to an au-
tonomous mobile cleaning robot. The present inventive
concept further relates to method for controlling an au-
tonomous mobile cleaning robot.

Background

[0002] Autonomous mobile robots have become ubiq-
uitous and find use in various applications. One popular
type of autonomous mobile robots is autonomous mobile
cleaning robots, such as vacuum cleaners, sweeping
cleaners or the like. Autonomous mobile robots may typ-
ically employ various sensors for supporting navigation
and control decisions. Cleaning robots may in addition
employ sensors such as optical sensors or ultrasonic
sensors for scanning and analyzing a floor surface.
Thereby information regarding a floor surface may be
taken into account when controlling the robot.
[0003] A drawback with existing optical and ultrasonic
sensors is however that they may provide a lower relia-
bility than desired, for instance due to being sensitive to
noise, dust, color, ambient light and/or stray reflections
from objects located peripheral in the detection zone.

Summary of the inventive concept

[0004] An objective of the present inventive concept is
to at least partially address the above stated issue. More
specifically it is an object of the present inventive concept
to enable an autonomous mobile cleaning robot being
able to scan a floor surface in a more reliable manner.
[0005] According to a first aspect of the present inven-
tive concept there is provided an autonomous mobile
cleaning robot, comprising:

a radar sensor configured to scan a surface, during
a movement of the robot along the surface, by trans-
mitting radar signals towards the surface and acquir-
ing, at different positions along said movement, radar
responses from the surface,
a radar signal processor configured to extract one
or more features of each acquired radar response
from the surface, and
a controller configured to control an operation of the
robot based on the extracted one or more features.

[0006] By the autonomous mobile cleaning robot
(which in the following may be referred to as "the cleaning
robot") including a radar sensor and radar signal proc-
essor, a more reliable monitoring and analysis of a sur-
face is enabled. The surface may be a floor surface sup-
porting the autonomous mobile cleaning robot.
[0007] By extracting at least one feature of each ac-
quired radar response from the surface, a reliable mon-

itoring is enabled as features of a plurality of acquired
radar responses, each being acquired at a respective
position along the movement, may be taken into account
for the purpose of controlling the operation of the robot.
[0008] A radar sensor may be relatively insensitive to
stray light and sound sources. A radar sensor may thus
perform relatively consistently in various conditions, such
as in environments where dust or other debris is preva-
lent. Radar signals can also penetrate materials which
are non-transparent to optical wave lengths. The radar
sensor may hence be positioned in a flexible manner on
the mobile robot. The radar sensor may be arranged in-
side a body of the mobile robot. The radar sensor may
thereby be protected from ambient conditions and colli-
sions with external objects. This may also enable a more
rational design and manufacturing process.
[0009] Features (or in other words characteristics) of
radar responses may be sensitive to the reflective prop-
erties of a surface, as well as a distance thereto. A surface
may accordingly be analyzed based on a one or more
different features of acquired radar responses. Features
of a radar response being sensitive include an amplitude
of a radar response, a phase of a radar response, a spec-
tral content of a radar response and/or a delay of a radar
response.
[0010] A transmitted radar signal may be pulsed radar
signals wherein a radar response may be acquired as a
direct sample of a reflected radar signal. However a radar
response may also be acquired as a time-diluted sample
of a reflected radar signal.
[0011] The radar signal processor may be configured
to extract a spectral content of the radar responses ac-
quired during the movement, wherein the controller may
be configured to, in response to a change in spectral
content between radar responses, output at least one of
a control command adapted to cause the robot to change
a movement or a control command adapted to cause the
robot to change a cleaning mode. The spectral content
of a radar response may be highly dependent on the type
of reflecting surface. A spectral content is hence an ad-
vantageous feature to extract from acquired radar re-
sponses. Especially, by detecting a changed spectral
content between radar responses (such as between a
pair of consecutive acquired radar responses) a change
of surface type may be detected during the course of
movement of the cleaning robot, even in case no refer-
ence measurements have been made earlier.
[0012] According to one embodiment the radar signal
processor is configured to extract an amplitude of each
acquired radar response, wherein the controller may be
configured to, in response to an oscillatory variation of
the extracted amplitudes of radar responses acquired
during at least a part of the movement, output at least
one of a control command adapted to cause the robot to
change a movement or a control command adapted to
cause the robot to change a cleaning mode. As realized
by the inventors, some surfaces, in particular surfaces
with a liquid such as water thereon, result in a character-
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istic response namely that amplitudes of radar responses
acquired while gradually approaching a liquid on a sur-
face varies in an oscillatory manner. The present embod-
iment hence enables accurate detection of presence of
a liquid on a surface. In case the radar sensor defines a
detection lobe covering a surface portion in front of the
robot, the presence of liquid may accordingly be detected
prior to the robot entering the liquid.
[0013] The controller may be configured to output the
control command on a condition that said oscillatory var-
iation includes:

a first oscillatory variation, with a frequency within a
first frequency band, of the extracted amplitudes of
radar responses acquired during a first part of the
movement, and
a second oscillatory variation, with a frequency within
a second frequency band being lower than the first
frequency band, of the extracted amplitudes of radar
responses acquired during a second part of the
movement subsequent to the first part of the move-
ment. This enables a detection of liquid with an im-
proved reliability. As realized by the inventors, a fre-
quency of the oscillatory variation of amplitudes need
not be constant during approaching the liquid. This
may be attributed to a gradually increasing overlap
between a detection lobe of the radar sensor and
the liquid. As the overlap increases the contribution
to a radar response originating from the liquid cov-
ered portion also increases. The frequency of the
oscillation of amplitudes may accordingly be re-
duced during the second part of the movement, com-
pared to the first part of the movement.

[0014] The radar signal processor may alternatively or
additionally be configured to determine the frequency
band for detecting the oscillatory variation (or the first
and the second frequency band for detecting the first and
the second oscillatory variation, respectively) based on
a reference scan of the surface by the radar sensor per-
formed during a learning mode of the robot.
[0015] This enables taking into account that the char-
acteristics of the oscillation caused by the presence of
liquid may depend on the underlying surface type (such
as a plastic, a wooden, a concrete or a tile floor surfaces).
By performing a reference scan of the surface during a
learning mode (e.g. after it has been verified that no liquid
is present on the surface) the underlying surface type
may be determined wherein an appropriate frequency
range for detecting the oscillation may be determined.
The determination of the frequency band may involve a
calculation of the frequency band or a selection of a fre-
quency band from a predetermined set of frequency
bands.
[0016] The determination of the frequency band(s)
may be based on only the reference scan, or in combi-
nation with the velocity of the robot as described above.
[0017] The controller may be configured to, in re-

sponse to the oscillatory variation, determine that liquid
is present on the surface and cause the robot to come
to a standstill and/or to change a movement direction.
Alternatively or additionally, the controller may control
the robot to change a cleaning mode. Alternatively or
additionally, the controller may control the robot to gen-
erate a detection signal. The presence of the liquid may
hence be taken into account when controlling the robot.
By controlling the movement of the robot, the risk for the
cleaning robot moving into a liquid covered surface por-
tion may thereby be reduced. Liquids such as water may
be harmful to the mobile robot. In any case it may be
undesirable to have the mobile robot entering a liquid
covered surface portion as this may result in further
spreading out of the liquid on the surface. By changing
a cleaning mode cleaning operation may be modified or
temporarily suspended while the robot maneuvers to
avoid the liquid, or moves through the liquid. By gener-
ating a detection signal, a user of the robot may be alerted
of the presence of liquid on the surface.
[0018] The radar signal processor may be configured
to extract a delay of each radar response acquired during
the movement (e.g. in relation to a reference time or a
delay between transmission of a radar signal and the
resulting radar response), wherein the controller may be
configured to, in response to a changed delay (i.e. a
change of a value extracted delays between radar re-
sponses), output at least one of a control command
adapted to cause the robot to change a movement or a
control command adapted to cause the robot to change
a cleaning mode. Thereby, approach of a step or a land-
ing or other feature resulting in a changed signal delay
may be detected by the mobile robot.
[0019] The radar signal processor may be configured
to extract a delay of each radar response acquired during
the movement, wherein the controller may be configured
to, in response to a value of an extracted delay being
greater than a lower delay threshold and less than an
upper delay threshold, determine that a radar signal
transparent object, such as a carpet, is present on the
surface and output a control command adapted to cause
the robot to change a cleaning mode and/or a velocity.
The lower delay threshold may for instance correspond
to the delay when there is an increased separation be-
tween the radar sensor and the floor surface, in the range
of approximately a few millimeters to a few centimeters,
which may result if the robot is moving on a carpet. The
delay threshold may alternatively correspond to an in-
creased delay caused by the carpet causing an increased
propagation delay.
[0020] The upper delay threshold (e.g. of one to a few
centimeters) may for instance correspond to the in-
creased delay when the robot approaches a step or land-
ing rather, than entering a carpet.
[0021] Accordingly, the controller may be further con-
figured to, in response to the value of the extracted delay
being greater than the upper delay threshold, output a
control command adapted to cause the robot to come to
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a standstill and/or change a movement direction. If the
upper delay threshold (e.g. corresponding to a distance
of one to a few centimeters) is exceeded a ledge (such
as a step or landing) may be present in front of the mobile
robot wherein the robot may be controlled to come to a
standstill and/or change a movement direction. Hence
the risk for the cleaning robot moving over a ledge may
be reduced.
[0022] The radar sensor may be configured to define
a detection lobe covering at least a surface portion un-
derneath the robot. Alternatively, the radar sensor may
be configured to define a detection lobe covering at least
a surface portion in front of the robot. Alternatively, the
radar sensor may be configured to define a detection
lobe covering a surface portion underneath the robot and
a surface portion in front of the robot.
[0023] According to a second aspect of the present
inventive concept, there is provided a method for con-
trolling an autonomous mobile cleaning robot, the meth-
od comprising:

during a movement of the robot along the surface,
transmitting radar signals towards the surface and
acquiring, at different positions along said move-
ment, radar responses from the surface,
the method further comprising, for each acquired ra-
dar response from the surface, extracting one or
more features of said acquired radar response, and
controlling an operation of the robot based on the
extracted one or more features.

[0024] The details and advantages discussed above
in connection with the first aspect apply correspondingly
to the second aspect.
[0025] The extracting of one or more features may
comprise extracting an amplitude of said acquired radar
response,
and the method may further comprise, in response to
detecting an oscillatory variation of the extracted ampli-
tudes of radar responses acquired during at least a part
of the movement (at different positions of the robot): caus-
ing the robot to change a movement and/or change a
cleaning mode.
[0026] The oscillatory variation may be detected when
the robot during the movement approaches a liquid
present on the surface, wherein the robot may be caused
to come to a standstill and/or to change a movement
direction; and/or to change a cleaning mode.
[0027] The extracting of one or more features may
comprise extracting an amplitude of the acquired radar
response,
and the method may further comprise, in response to
detecting, during a first part of the movement, a first os-
cillatory variation, within a first frequency band, of the
extracted amplitudes of radar responses acquired during
the first part of the movement (at different positions of
the robot), and detecting, during a second part of the
movement, a second oscillatory variation, within a sec-

ond frequency band, of the extracted amplitudes of radar
responses acquired during the second part of the move-
ment (at a different positions of the robot): causing the
robot to change a movement and/or change a cleaning
mode.
[0028] The first and second oscillatory variations may
be detected sequentially when the robot during the move-
ment approaches a liquid present on the surface, wherein
the robot may be caused to come to a standstill and/or
to change a movement direction; and/or to change a
cleaning mode.
[0029] Although the above aspects may be particularly
advantageous in the context of controlling an autono-
mous cleaning robot, the above aspects may however
present a more general applicability to other types of ro-
bots moving about along a surface, such as a delivery
robot, a lawn mower robot or some other utility robot.
[0030] Accordingly, in a further aspect there is provided
an autonomous mobile robot, comprising:

a radar sensor configured to scan a surface, during
a movement of the robot along the surface, by trans-
mitting radar signals towards the surface and acquir-
ing, at different positions along said movement, radar
responses from the surface,
a radar signal processor configured to extract one
or more features of each acquired radar response
from the surface, and
a controller configured to control an operation of the
robot based on the extracted one or more features.

[0031] The radar signal processor may be configured
to extract an amplitude of each acquired radar response,
wherein the controller may be configured to, in response
to an oscillatory variation of the extracted amplitudes of
radar responses acquired during at least a part of the
movement, output a control command adapted to cause
the robot to change a movement.
[0032] The controller may be configured to output the
control command on a condition that said oscillatory var-
iation includes:

a first oscillatory variation, with a frequency within a
first frequency band, of the extracted amplitudes of
radar responses acquired during a first part of the
movement, and
a second oscillatory variation, with a frequency within
a second frequency band being lower than the first
frequency band, of the extracted amplitudes of radar
responses acquired during a second part of the
movement subsequent to the first part of the move-
ment.

[0033] According to yet a further aspect there is pro-
vided a method for controlling an autonomous mobile
robot, the method comprising:

during a movement of the robot along the surface,
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transmitting radar signals towards the surface and
acquiring, at different positions along said move-
ment, radar responses from the surface,
the method further comprising, for each acquired ra-
dar response from the surface, extracting one or
more features of said acquired radar response, and
controlling an operation of the robot based on the
extracted one or more features.

[0034] The extracting of one or more features may
comprise extracting an amplitude of said acquired radar
response,
and the method may further comprise, in response to
detecting an oscillatory variation of the extracted ampli-
tudes of radar responses acquired during at least a part
of the movement (at different positions of the robot): caus-
ing the robot to change a movement and/or change a
cleaning mode.
[0035] The extracting of one or more features may
comprise extracting an amplitude of the acquired radar
response,
and the method may further comprise, in response to
detecting, during a first part of the movement, a first os-
cillatory variation, within a first frequency band, of the
extracted amplitudes of radar responses acquired during
the first part of the movement (at different positions of
the robot), and detecting, during a second part of the
movement, a second oscillatory variation, within a sec-
ond frequency band, of the extracted amplitudes of radar
responses acquired during the second part of the move-
ment (at different positions of the robot): causing the robot
to change a movement and/or change a cleaning mode.
[0036] Any of the further embodiments and variations
discussed in connection with the first aspect and the sec-
ond aspect may be applied correspondingly to these two
further aspects (where applicable with the exception of
control commands being explicitly adapted to control a
cleaning mode).

Brief description of the drawings

[0037] The above, as well as additional objects, fea-
tures and advantages of the present inventive concept,
will be better understood through the following illustrative
and non-limiting detailed description of preferred embod-
iments of the present inventive concept, with reference
to the appended drawings. In the drawings like reference
numerals will be used for like elements unless stated
otherwise.

Fig. 1 is a schematic top view of an autonomous
mobile cleaning robot.
Fig. 2 is a schematic side view of the cleaning robot.
Fig. 3a-c illustrate the operation of the cleaning robot
in one scenario.
Fig. 4 illustrates an oscillation in a sequence of re-
ceived radar signals.
Fig. 5a-b illustrate two different spectrums of re-

ceived radar signals.
Fig. 6a-b illustrate the operation of the cleaning robot
when approaching a radar transparent object on a
surface.

Detailed description of preferred embodiments

[0038] Detailed embodiments of the present inventive
concept will now be described with reference to the draw-
ings.
[0039] Figures 1 and 2 are top and side views, respec-
tively, of an autonomous mobile robot 1 arranged on a
surface 2, such as an indoor floor surface. The robot 1
may be for instance a vacuum cleaner robot, a sweeping
cleaner robot or a wet cleaner robot and may accordingly
include a corresponding cleaning sub-system for
processing the surface 2. Depending on the type of clean-
ing robot, the cleaning sub-system may include a dry
cleaning sub-system and/or a wet cleaning sub-system.
A dry cleaning sub-system include one or more vacuum
cleaning devices. A dry cleaning sub-system may include
one or more sweeping devices such as roller brushes. A
wet cleaning sub-system may include an applicator for a
liquid cleaning agent. for processing a floor surface 2.
Cleaning sub-systems of cleaning robots are per se
known and will not will therefore not be discussed in fur-
ther detail herein.
[0040] The cleaning robot 1 comprises a body, the pe-
riphery of which is schematically indicated in figures 1
and 2. The cleaning robot 1 has a front portion 1a. The
front portion 1 a refers to the portion of the cleaning robot
1 leading during a forward movement of the cleaning ro-
bot 1. The cleaning robot 1 further presents a rear portion
1b, which is opposite to the front portion 1a. It should be
noted that the peripheral shape schematically indicated
in figures 1 and 2 is merely one example and other shapes
are also possible. For instance, both the front and rear
portions of the mobile robot may be rounded.
[0041] The cleaning robot 1 comprises a drive sub-sys-
tem (not shown) configured to maneuver the cleaning
robot 1 along the surface 2. The drive sub-system may
include a wheeled drive sub-system including a number
of wheel modules disposed underneath the cleaning ro-
bot 1 in such a manner that the cleaning robot 1 may
move along the surface 2 in a forward direction F and a
rearward direction R, as indicated in figure 1. The drive
sub-system may further be configured to allow the clean-
ing robot 1 to change its direction, for instance by rotating
in a clockwise and counterclockwise direction around
vertical axis P extending through a substantially central
portion of the body of the cleaning robot 1.
[0042] The cleaning robot 1 comprises a radar sensor
10. The radar sensor 10 is arranged on the cleaning robot
1. The radar sensor 10 is configured to scan the surface
2 while the cleaning robot 1 moves along the surface 2.
The radar sensor 10 is configured to transmit radar sig-
nals towards the surface 2. The radar sensor 10 may be
configured to transmit pulsed radar signals or wavelets
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towards the surface 2. The radar sensor 10 may include
a transmitter configured to transmit (pulsed) radar sig-
nals. By pulse or wavelet is hereby meant an electro-
magnetic oscillating signal having a carrier frequency and
a limited temporal extension. Each pulse or wavelet may
include one or more oscillations.
[0043] The radar sensor 10 is further configured to ac-
quire a radar response from the surface 2. A radar re-
sponse may include a reflected radar signal (e.g. a re-
flected radar pulses or wavelets) from the surface 2. The
radar sensor 10 may include a receiver configured to
receive radar signals.
[0044] The radar sensor 10 may include a transmitting
antenna. The radar transmitter may be configured to
transmit the radar pulses via the transmitting antenna.
The radar sensor 10 may include a receiving antenna.
The radar receiver may be configured to receive the re-
flected radar pulses via the receiving antenna. Alterna-
tively, the radar sensor 10 may include a single antenna
configured for both transmission and reception of signals.
The antenna(s) may be of a directional type, for instance
a dipole antenna, a Yagi antenna or a phased array an-
tenna. Optionally, a reflector such as a horn reflector may
be arranged in connection with the radar sensor to im-
prove the directionality of the radar sensor.
[0045] Radar signals in the form of pulsed radar signals
may be generated using various techniques. According
to one example the radar sensor may include a trans-
ceiver module operating as a transmitter, as described
in connection with Fig. 4 of the published PCT-application
PCT/EP2011/058847 on page 11 lines 22-30.
[0046] The transceiver module comprises: a tank cir-
cuit, a variable differential conductance (VDC), prefera-
bly in the form of a resonant tunneling diode (RTD), cou-
pled to the tank circuit, and a variable resistance coupled
to the VDC and arranged to bias the VDC into a region
of positive differential conductance during a first state of
operation of the transceiver, and bias the VDC into a
region of negative differential conductance during a sec-
ond state of operation of the transceiver. During the trans-
ceivers first state of operation no output signal is gener-
ated and during the second state of operation a sinusoidal
radio frequency signal is generated. Thus, by switching
the transceiver from the first state to the second state
and back to first state again, a pulse or wavelet signal
may be generated where the duration of the wavelet cor-
responds to the time the transceiver is in its second state
of operation. Compared with other methods of wavelet
generation, this implementation offers a low-complexity
method for generating wavelets with a well-defined start
position and duration and a coherent phase content with-
in the wavelet which enables a phase dependent system
implementation and low power consumption due to the
pulsed operation. This particular implementation may en-
able generation of wavelets of a duration between 10 ns
and 50 ps in the mm-wave band, which gives a theoretical
range resolution of 1.5 m to 7.5 mm, respectively. The
wavelet generator described above may however also

be implemented by using other oscillator configurations,
for example, relying on negative differential conductance
(e.g. provided by a cross-coupled differential pair) or pos-
itive feedback, where it is possible to start and quench
the oscillations rapidly. Alternative implementations of
wavelet generators include passing a continuous oscil-
lation through a switchable amplifier, filtering of a base-
band pulse, up-conversion of a baseband pulse, or using
digital gates to create the desired waveform, as per se
is known to the person skilled in the art.
[0047] The radar sensor 10 may be configured to ac-
quire radar responses from the surface 2 resulting from
transmitted radar signals. Analog or digital representa-
tions of acquired radar responses may be output to a
radar signal processor 20 for further processing, as will
be described in more detail below. The cleaning robot 1
may for instance include a communication interface, such
as a data bus, via which the radar sensor 10 may com-
municate data to the radar signal processor 20.
[0048] Radar responses may be acquired using vari-
ous techniques. A transmitted radar pulse may result in
a reflected radar pulse from the surface 2. Reflected radar
pulses may be acquired by directly sampling and digitiz-
ing each received radar pulse. Alternatively, to put less
demands on the speed and accuracy of the acquisition
and sampling circuitry, the radar sensor may include a
sliding-correlator type of receiver enabling time-diluted
sampling of reflected radar pulses from the surface 2. A
burst of pulsed radar signal may be transmitted by the
radar sensor, and a reflected corresponding signal burst
may be received by the radar sensor. Each received re-
flected radar signal of the burst may be mixed with a
respective pulsed reference signal generated by the ra-
dar sensor at a predetermined delay with respect to the
transmitted radar pulse of the burst giving rise to the re-
flected radar pulse, which delay is varied throughout the
burst. The mixing products may be processed and com-
bined to determine or reconstruct an approximation of a
received signal. The radar signal processor 20 may then
further process each reconstructed received signal as
set out below. A specific example of a wavelet transmit-
ter-receiver system having a "sliding-correlator function-
ality" is disclosed on page 15 line 14 to page 25 line 23
in the published PCT-application PCT/EP2015/054678
in connection with Fig. 1 and 2 thereof. An example op-
eration of the system including mixing of received and
reference signals is given on page 33 lines 13-34 with
reference to Fig. 6 and 7 of PCT/EP2015/054678. It
should however be noted that also other implementations
allowing coherent generation of transmitted and refer-
ence signals with a controllable phase relationship and
correlation of received signals with the reference signals
are possible.
[0049] As illustrated in figures 1 and 2, the radar sensor
10 is configured to define a detection lobe 12 covering
at least a surface portion in front of the robot and option-
ally also a surface portion underneath the robot. The de-
tection lobe 12 is defined by the volume which is common
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to a main transmission lobe of the transmitter and a main
reception lobe of the receiver. In other words, the detec-
tion lobe 12 corresponds to the region the radar sensor
10 covers. Although not shown, the detection lobe 12
may in practice have additional side lobes. The detection
lobe 12 has a main direction or principal axis 14. Figure
1 and 2 shows the portion of the detection lobe corre-
sponding to the half power beam width (HPBW). With
reference to figure 1, a horizontal azimuthal angle αH of
the detection lobe 12 may be defined as the angle be-
tween the axes along which the detection lobe 12
presents the HPBW. With reference to figure 1 and figure
2, a vertical elevation angle αV of the detection lobe 12
may be defined as the angle between the axes along
which the detection lobe 12 presents the HPBW. The
horizontal azimuthal angle αH may for instance be in the
range of 30-100 degrees, such as about 50 degrees. The
vertical elevation angle αV may for instance be in the
range of 30-100 degrees, such as about 80 degrees. The
principal axis 14 may extend at an angle in the range of
60-100 degrees with respect to a main plane of the sur-
face portion underneath the cleaning robot 1, preferably
about 70 degrees.
[0050] The cleaning robot 1 comprises a radar signal
processor 20. The radar signal processor 20 is config-
ured to extract features or characteristics of radar re-
sponses from the surface 2. Although indicated as a be-
ing separated from the radar sensor 10, it is also possible
that the radar signal processor 20 be co-located. The
radar signal processor 20 may extract one or more of an
amplitude of a radar response, a phase of a radar re-
sponse, a spectral content of a radar response or a delay
of a radar response.
[0051] The radar signal processor 20 may be config-
ured to output an indication of the extracted features. The
indication may include information regarding the extract-
ed feature(s). The radar signal processor 20 may for in-
stance output the indication as data representing the ex-
tracted feature(s) (e.g. data representing the amplitude,
phase, spectral content and/or delay). The radar signal
processor 20 may output the data to a controller 30 which,
in response, may control the cleaning robot 10 as will be
further described below. The radar signal processor 20
may communicate with the controller 30 via a communi-
cation interface, such as the aforementioned data bus.
[0052] The processing of the radar signal processor
20 may be implemented in dedicated circuitry, or in an
application-specific integrated circuit (ASICs) or field-
programmable gate arrays (FPGAs). The signal proces-
sor 20 may also include a microprocessor and a computer
readable medium, such as a nonvolatile memory, storing
instructions implementing the processing operations of
the radar signal processor 20.
[0053] The controller 30 of the robot 1 is configured to
control an operation of the cleaning robot 1, based on or
features of acquired radar responses from the surface 2,
extracted by the radar signal processor 20. The controller
30 may output a control command to the appropriate sub-

system of the cleaning robot 1. The controller 30 may
output a control command to the drive sub-system of the
cleaning robot 1 in case the movement of the cleaning
robot 1 is to be controlled. The controller 30 may output
a control command to the cleaning sub-system of the
cleaning robot 1 in case a cleaning operation of the clean-
ing robot 1 is to be controlled. The controller 30 may
communicate with the relevant sub-system via a com-
munication interface, such as the aforementioned data
bus.
[0054] The controller 30 may similar to the radar signal
processor 20 be implemented in dedicated circuitry, an
ASIC, an FPGAs or by a microprocessor and a computer
readable medium storing instructions implementing the
operations of the controller 30.
[0055] Although indicated as a being separated from
the radar signal processor 20, the radar signal processor
20 and the controller 30 may be co-located and represent
different functional units implemented in different por-
tions of a common circuit and/or by different software
instructions being executed by a same microprocessor.
[0056] The operation of the cleaning robot 1 will now
be described in connection with a number of scenarios.
[0057] With reference to figure 3a-c, the cleaning robot
1 is driving in the forward direction F along the surface
2. The cleaning robot 1 may during the forward movement
process the surface by operation of the cleaning sub-
system. The surface 2 may be floor surface of any typical
material, for instance wood, plastic, concrete or tiles. A
portion of the surface 2 is coated with a liquid 4, such as
water or some spilled beverage. As illustrated in figures
3a-c, the cleaning robot 1 is gradually approaching the
liquid surface 4.
[0058] During the forward movement, the radar sensor
10 repeatedly transmits radar signals towards the surface
2. The radar sensor 10 may be configured to transmit
radar signals at a repetition frequency in the range of 10
Hz to 100 MHz, by way of example. The radar sensor 10
acquires radar responses from the surface (e.g. by re-
ceiving and sampling radar signals reflected by the sur-
face 2 using any of the afore-mentioned techniques).
Over time, the radar sensor 10 accordingly acquires a
sequence of radar responses from the surface 2, each
radar response of the sequence being acquired at a dif-
ferent position along the surface 2.
[0059] According to the present scenario, the signal
processor 20 extracts at least an amplitude (such as a
peak amplitude) of each acquired radar response from
the surface 2. In case of a pulsed operation, the signal
processor 20 may determine an amplitude of a received
radar signal pulse at the delay corresponding to the dis-
tance to the surface 2. The signal processor 20 may by
way of example determine an envelope of the received
signal and determine the amplitude of the received signal
as a maximum of the envelope. Some other equivalent
measure indicative of an amplitude or magnitude of a
radar response may alternatively be determined.
[0060] Figure 4 schematically illustrates extracted am-
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plitudes as a function of a position x of the cleaning robot
1 along the surface 2.
[0061] At the position of the cleaning robot 1 shown in
figure 3a, corresponding to a position along a part A of
the movement indicted in figure 4, the detection lobe 12
has not yet reached the liquid surface 4. The extracted
amplitudes within the part A of the movement are there-
fore substantially uniform.
[0062] At the position of the cleaning robot 1 shown in
figure 3b, the detection lobe 12 partially covers a portion
of the liquid surface 4. As a result, the portion of the de-
tection lobe 12 which is reflected by the liquid surface 4
will experience a different reflection than the portion of
the detection lobe 12 not covering the liquid surface 4. A
radar response when the cleaning robot is at the position
shown in figure 3b will include signal contributions from
both a non-liquid surface portion as well as from a liquid
surface portion. Accordingly, the amplitude of the radar
response may, as has been realized by the inventors,
change compared to the amplitudes of signals received
in part A.
[0063] As the cleaning robot 1 continues the forward
motion the portion of the detection lobe 12 covering the
liquid surface 4 will gradually increase. At the position of
the cleaning robot 1 shown in figure 3c, a major portion
of the detection lobe 12 covers the liquid surface 4. As a
gradually greater portion of the detection lobe 12 covers
the liquid surface 4, the extracted amplitudes may, as
has been realized by the inventors, oscillate as a function
of the position x. This is visible in part B1 of figure 4. The
oscillation may be considered as a characteristic indica-
tor of presence of liquid 4 on the surface 2.
[0064] If the cleaning robot 1, subject to what is said
below, is allowed to continue travelling towards the liquid
surface 4 the oscillations may tend to decrease in fre-
quency, as is visible in part B2 of figure 4.
[0065] Eventually the entire detection lobe 12 may
eventually overlap the liquid surface 4 wherein the ex-
tracted amplitudes may approach a constant level. This
is visible in region C of figure 4.
[0066] The signal processor 20 may be configured to
detect presence of an oscillatory variation of the extract-
ed amplitudes over a sequence of acquired radar re-
sponses. In other words, an oscillatory variation of the
extracted amplitudes as a function of position of the robot
may be detected. The signal processor 20 may output
information regarding the presence of a detected oscil-
latory variation to the controller 30. Alternatively, the con-
troller 30 rather than the signal processor 20 may detect
the presence of the oscillatory variation. The signal proc-
essor 20 may for instance perform a frequency analysis,
such as a fast Fourier transform (FFT), of a sequence of
acquired amplitudes. An oscillation may then be detected
for instance by detecting a non-zero or above-threshold
amplitude in a (non-zero) frequency band where the os-
cillation is expected to occur. An alternative technique
for detecting the oscillatory variation is detection by em-
ploying a matched filter.

[0067] The controller 30 may be configured to, in re-
sponse to an oscillatory variation from the signal proces-
sor 20, determine that liquid 4 is present on the surface
2 and output a control command. The control command
may be a movement control command. The controller 30
may for instance control the cleaning robot 1 to come to
a standstill and/or change the movement direction in such
a way that the liquid 4 may be avoided. The cleaning
robot 1 may for instance be controlled to reverse its move-
ment direction to move away from the liquid 4. Alterna-
tively or additionally, the controller 30 may generate a
control command for providing a detection signal indic-
ative of the detection of liquid. The control command may
for instance control a sound generator provided on the
robot 1 to generate an audible alarm signal. The control
command may also cause wireless transmission of a da-
ta message to a host, allowing logging of the detection.
Alternatively or additionally, the control command may
be a cleaning mode control command, changing a clean-
ing mode of the cleaning robot 1. For instance, a cleaning
operation may be temporarily suspended such that the
cleaning robot 1 may travel through the liquid 4 with
brushes or vacuum functions deactivated.
[0068] The controller 30 may be configured to output
any of the above-mentioned control commands in re-
sponse to an oscillatory variation over a distance of a few
millimeters to a couple of centimeters (e.g. corresponding
to part B1 and/or B2 in figure 4). In that case, the move-
ment of the robot 1 may be changed before reaching part
C in figure 4, i.e. before entering the liquid.
[0069] Alternatively, the controller 30 may be config-
ured to the control command(s) in response to a first os-
cillatory variation, with a frequency within a first frequency
band, during a first part of the movement (e.g. corre-
sponding to part B1 in figure 4), followed by a second
oscillatory variation, with a frequency within a second
frequency band being lower than the first frequency band,
a second part consecutive part of the movement (e.g.
corresponding to part B2 in figure 4). Each of the first and
the second part may correspond to a distance of a few
millimeters to a couple of centimeters. Accordingly, the
controller 1 may output the control command(s) only on
a condition that the first oscillatory variation is detected
during the first part of the movement and the lower fre-
quency second oscillatory variation is detected during
the second part of the movement. If the detection occurs
only during the first part but not the second part the de-
tection during the first part may be assumed to be a false
indicator of liquid. Consequently, no changed control of
the robot 1 is required. It may be noted that this approach
may be extended to further parts, e.g. detection of a third
oscillatory variation, with a frequency within a third fre-
quency band, during a third part of the movement, sub-
sequent to the second part etc. This may further improve
the reliability of the detection of liquid.
[0070] By way of example, for a cleaning robot moving
along the surface with a velocity typical for cleaning ro-
bots, with a radar sensor 10 arranged at a distance of
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about 1 to 15 cm above the surface 2 and transmitting
radar signals with a carrier frequency of about 60 GHz,
the frequency of the oscillatory variation when approach-
ing water may be in the range of 0.1-4 periods of oscil-
lations per centimeter traversed by the robot 1. As noted
above, the frequency may during a first part of a move-
ment towards a liquid (e.g. part B1) may be greater than
during a second part of the movement (e.g. part B2).
Hence, for instance, the first frequency band for the first
oscillatory variation may be 1-4 periods per centimeter
while the second frequency band for the second oscilla-
tory variation may be 0.1-1 periods per centimeter. These
frequencies are however only examples and the frequen-
cy band(s) may be different in case the radar sensor 10
for instance is arranged at a different distance above the
surface 2, or in case another radar signal frequency is
employed.
[0071] It should be noted that an oscillation pattern,
similar to that occurring when approaching water, may
result also when approaching other surfaces such as
metal surfaces. The cleaning robot 1 may however as a
safety precaution by default be configured to always
come to a standstill in response to detection of the oscil-
lation. Assuredly this may result in the cleaning robot 1
avoiding also non-liquid surfaces such as metallic sur-
faces. However, this may still be preferred over the clean-
ing robot 1 driving into liquid. Optionally, this may be a
user-configurable option. Hence, if a user considers it
certain that only metallic portions but no liquid patches
exist in a room, the user may configure the robot to ignore
detection of oscillations. For instance, the user setting
may be accessed via a typical user interface accessible
from an exterior of the body of the cleaning robot 1.
[0072] To improve the accuracy of the detection of liq-
uid, the frequency band for detecting the oscillation may
additionally be based on a reference scan of the surface,
performed during a learning mode of the robot.
[0073] During a learning mode, the cleaning robot 1
may move along the surface 2 along a pre-configured or
random trajectory. During the movement the radar sen-
sor 10 may scan the surface by transmitting radar signals
towards the surface 2 and receiving reflected radar sig-
nals from the surface 2. The radar signal processor 20
may extract one or more of features of the acquired radar
responses (at least as an amplitude), and store informa-
tion about the extracted features as reference data.
[0074] By comparing the reference data to pre-stored
reference data established for a set of pre-determined
surface types (e.g. wood, plastic, concrete, plastic or
tiles), the cleaning robot 1 may estimate the surface type
as one of the predetermined surface types. The compar-
ison may for instance involve calculation of a distance
(using some suitable distance function) between the ac-
quired reference data and the pre-stored reference data
for each pre-determined surface type. The pre-deter-
mined surface type associated with the pre-stored refer-
ence data with the smallest distance to the acquired ref-
erence data may be selected as the surface type of the

surface 2. Each one of the set of pre-determined surface
types may further be associated with a respective pre-
determined frequency band or set of frequency bands.
[0075] During subsequent operation of the cleaning ro-
bot 1, the radar signal processor 20 may monitor for os-
cillations within the pre-determined frequency band(s)
associated with the surface type, as determined during
the learning mode.
[0076] As an alternative to detecting a characteristic
oscillation, the radar signal processor 20 may alterna-
tively extract a spectral content of acquired radar re-
sponses, and detect a changed spectral content between
consecutive acquired radar responses. For instance, in
region A of figure 4, a spectral content of reflected signals
may be given by figure 5a. Meanwhile, in region B or C
of figure 4, a spectral content of reflected signals may be
given by figure 5b. In response to detecting a changed
spectral content the radar signal processor 20 may output
an indication includes information regarding the changed
spectral content to the controller 30. As the spectral con-
tent of a reflected signal may be highly dependent on the
type of reflecting surface, a changed spectral content
may serve as an indicator to the cleaning robot 1 that a
different surface type is being approached. Establishing
reference spectra (e.g. "finger prints") of a number of dif-
ferent surface types, the cleaning robot 1 may estimate
what type of surface is approaching and perform appro-
priate control of the cleaning robot 1.
[0077] With reference to figure 6a-b, a further scenario
is shown where the cleaning robot 1 is driving in the for-
ward direction F along the surface 2. A portion of the
surface 2 is covered with a radar signal semi-transparent
object 6 in the form of a carpet, a blanket or some other
textile. As described above, during the forward move-
ment, the radar sensor 10 transmits radar signals and
acquires radar responses from the surface 2.
[0078] According to the present scenario, the signal
processor 20 extracts a delay of the acquired radar re-
sponses. The delay may be a round-trip delay of a radar
pulse. That is, a delay between a transmitted radar signal
and receipt of a reflected radar signal.
[0079] At the position of the cleaning robot 1 shown in
figure 6a, the cleaning robot 1 has not yet entered the
radar signal transparent object 6. This applies also to the
detection lobe 12. At the position of the cleaning robot 1
shown in figure 6b, the cleaning robot 1 has maneuvered
on top of the radar signal transparent object 6. The main
reflection of the transmitted radar signals will however
still occur at the surface 2 underneath the object 6. Ac-
cordingly, the delay of the received signals will be greater
in figure 6b than in figure 6a.
[0080] The controller 30 may accordingly be config-
ured to, in response to receiving information regarding
the increased delay from the signal processor 20, deter-
mine that the cleaning robot 1 is on top of a radar signal
transparent object 6 and output a control command. An
increased delay may also be detected even before the
robot 1 enters a radar signal transparent object 6 by de-
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tecting an increased propagation delay caused by the
propagation of radar signals through the object 6. A radar
signal transparent object 6, such as a carpet with a thick-
ness of only a few millimeters, may cause an increased
propagation delay being dependent on the material and
thickness of the carpet, which may be detected with a
sufficiently accurate radar sensor, such as the example
system described in the above discussed application
PCT/EP2015/054678.
[0081] The control command generated by the control-
ler 30 may in any case be a cleaning mode control com-
mand, changing a cleaning mode of the cleaning robot
1. For instance, a cleaning operation may be controlled
to increase the intensity at which the brushes or vacuum
functions operate. Alternatively or additionally, the con-
trol command may be a movement control command.
The controller 30 may for instance control the cleaning
robot 1 to reduce or increase a velocity.
[0082] To allow distinction between radar signal trans-
parent objects such as carpets and steps or landings,
the controller 30 may be further configured to, in response
to receiving information regarding a changed delay de-
termine whether the delay is greater than a lower delay
threshold and less than an upper delay threshold. The
lower delay threshold may for instance correspond to a
typical carpet thickness such as a few millimeters to a
few centimeters. If the delay is greater than the lower
threshold and less than the upper threshold the cleaning
robot 1 may determine that it is on top of a radar signal
transparent object 6 as set out above. If the delay is great-
er than the upper delay threshold, the cleaning robot may
determine that a step or a landing is approaching and
output a movement control command for controlling the
cleaning robot 1 to come to a stand still and/or change a
movement direction so that the step or landing may be
avoided.
[0083] Detection of a changed delay may also be com-
bined with the above-mentioned detection of an oscilla-
tory variation wherein an additional criteria the controller
30 may evaluate to determine whether to output a control
command may be if there in addition to the oscillatory
variation is a changed delay (i.e. due to the elevated re-
flection surface provided by the liquid on the surface 2).
[0084] In the above the inventive concept has mainly
been described with reference to a limited number of ex-
amples. However, as is readily appreciated by a person
skilled in the art, other examples than the ones disclosed
above are equally possible within the scope of the inven-
tive concept, as defined by the appended claims.
[0085] For instance, the transmitter and receiver of the
radar sensor 10 need not be co-located. Rather the trans-
mitter and the receiver of a radar sensor may be arranged
at different positions of the cleaning robot 10. This may
reduce the risk for a transmitted radar pulse saturating
the receiver of the radar sensor. This may in turn allow
the transmitter and the receiver of the radar sensor to be
positioned closer to the surface 2.
[0086] Moreover, although in the above the cleaning

robot 10 includes a single radar sensor 10 a cleaning
robot may also include further radar sensors. A greater
portion of the surface 2 may thereby be monitored in par-
allel. Further, by configuring the detection zones of dif-
ferent radar sensors to at least partially overlap the signal
to noise may improved by combining measurements from
two or more radar sensors. The radar signal processor
may accordingly be configured to perform data fusion of
the output from the radar sensors. The radar signal proc-
essor may implement techniques, which per se are well-
known, for fusing the data. Non-limiting examples of tech-
niques include Simultaneous localization and mapping
(SLAM), Kalman filtering and Extended Kalman filtering
(EKF).

Claims

1. An autonomous mobile cleaning robot, comprising:

a radar sensor configured to scan a surface, dur-
ing a movement of the robot along the surface,
by transmitting radar signals towards the sur-
face and acquiring, at different positions along
said movement, radar responses from the sur-
face,
a radar signal processor configured to extract
one or more features of each acquired radar re-
sponse from the surface, and
a controller configured to control an operation
of the robot based on the extracted one or more
features.

2. An autonomous cleaning robot according to claim 1,
wherein said one or more features includes at least
one of an amplitude, a phase, a spectral content
and/or a delay.

3. An autonomous cleaning robot according to any of
the preceding claims, wherein the radar signal proc-
essor is configured to extract a spectral content of
the radar responses acquired during said move-
ment, wherein the controller is configured to, in re-
sponse to a change in spectral content between ra-
dar responses, output at least one of a control com-
mand adapted to cause the robot to change a move-
ment or a control command adapted to cause the
robot to change a cleaning mode.

4. An autonomous cleaning robot according to any of
the preceding claims, wherein the radar signal proc-
essor is configured to extract an amplitude of each
acquired radar response, wherein the controller is
configured to, in response to an oscillatory variation
of the extracted amplitudes of radar responses ac-
quired during at least a part of the movement, output
at least one of a control command adapted to cause
the robot to change a movement or a control com-
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mand adapted to cause the robot to change a clean-
ing mode.

5. An autonomous cleaning robot according to claim 4,
wherein the controller is configured to output said
control command on a condition that said oscillatory
variation includes:

a first oscillatory variation, with a frequency with-
in a first frequency band, of the extracted ampli-
tudes of radar responses acquired during a first
part of the movement, and
a second oscillatory variation, with a frequency
within a second frequency band being lower
than the first frequency band, of the extracted
amplitudes of radar responses acquired during
a second part of the movement subsequent to
the first part of the movement.

6. An autonomous cleaning robot according to claim 5,
wherein the radar signal processor is configured to
determine the first and the second frequency bands
based on a reference scan of the surface by the radar
sensor performed during a learning mode of the ro-
bot.

7. An autonomous cleaning robot according to any of
claims 4-6, wherein the controller is configured to, in
response to said oscillatory variation, determine that
liquid is present on the surface, wherein said control
command is adapted to cause the robot to come to
a standstill and/or to change a movement direction;
and/or to change a cleaning mode.

8. An autonomous cleaning robot according to any of
the preceding claims, wherein the radar signal proc-
essor is configured to extract a delay of each radar
response acquired during said movement, wherein
the controller is configured to, in response to a
changed delay, output at least one of a control com-
mand adapted to cause the robot to change a move-
ment or a control command adapted to cause the
robot to change a cleaning mode.

9. An autonomous cleaning robot according to claim 8,
wherein the controller is configured to, in response
to a value of an extracted delay being greater than
a lower delay threshold and less than an upper delay
threshold, determine that a radar signal transparent
object, such as a carpet, is present on the surface
and output a control command adapted to cause the
robot to change a cleaning mode and/or a velocity.

10. An autonomous cleaning robot according to claim 9,
wherein the controller is configured to, in response
to the value of the extracted delay being greater than
the upper delay threshold, output a control command
adapted to cause the robot to come to a standstill

and/or change a movement direction.

11. An autonomous cleaning robot according to any of
the preceding claims, wherein the radar sensor is
configured to define a detection lobe covering a sur-
face portion underneath the robot and/or a surface
portion in front of the robot.

12. A method for controlling an autonomous mobile
cleaning robot, the method comprising:

during a movement of the robot along the sur-
face, transmitting radar signals towards the sur-
face and acquiring, at different positions along
said movement, radar responses from the sur-
face,
the method further comprising, for each ac-
quired radar response from the surface, extract-
ing one or more features of said acquired radar
response, and
controlling an operation of the robot based on
the extracted one or more features.

13. A method according to claim 12, wherein the extract-
ing of one or more features comprises extracting an
amplitude of said acquired radar response,
and the method further comprises, in response to
detecting an oscillatory variation of the extracted am-
plitudes of radar responses acquired during at least
a part of the movement: causing the robot to change
a movement and/or change a cleaning mode.

14. A method according to claim 12, wherein the extract-
ing of one or more features comprises extracting an
amplitude of said acquired radar response,
and the method further comprises, in response to
detecting, during a first part of the movement, a first
oscillatory variation, within a first frequency band, of
the extracted amplitudes of radar responses ac-
quired during the first part of the movement, and de-
tecting, during a second part of the movement, a
second oscillatory variation, within a second fre-
quency band, of the extracted amplitudes of radar
responses acquired during the second part of the
movement: causing the robot to change a movement
and/or change a cleaning mode.

15. A method according to any of claims 13-14, wherein
said oscillatory variation or said first and second os-
cillatory variations is detected when the robot during
said movement approaches a liquid present on the
surface, wherein the robot is caused to come to a
standstill and/or to change a movement direction;
and/or to change a cleaning mode.
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