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(57) Abrégée/Abstract:
The present invention relates to a method for determining a growth status of a plant comprising chlorophyll, the method comprising
the steps of: llluminating the plant (102) with input light including a light intensity modulation component (205, 206, 207, 208);
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(57) Abrege(suite)/Abstract(continued):
detecting light emitted from the plant; determining (S702) an offset light intensity (204) surrounding the plant, the offset light

Intensity being a static component of the Input light; determining (S718) a phase and a gain between the input light and the
detected light, determining (S720) a growth status of the plant based on a predetermined relationship between input light and
detected light, and on the phase and the gain. The invention also relates to a corresponding system and to a computer program

product.
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(54) Title: METHOD AND SYSTEM FOR GROWTH STATUS DETERMINATION OF A PLANT

(57) Abstract: The present invention relates
to a method for determining a growth status
of a plant comprising chlorophyll, the meth-
od comprising the steps of: illuminating the
plant (102) with mput light including a light
intensity modulation component (205, 206,
207, 208); detecting light emitted from the
plant; determining (S702) an offset light mn-
tensity (204) surrounding the plant, the oft-
set light mntensity being a static component
of the mput light; determining (S718) a
phase and a gain between the mput light and
the detected light, determining (S720) a
growth status of the plant based on a prede-
termined relationship between mput light
and detected light, and on the phase and the
gain. The invention also relates to a corres-
ponding system and to a computer program
product.
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METHOD AND SYSTEM FOR GROWTH STATUS
DETERMINATION OF A PLANT

TECHNICAL FIELD

The present invention relates to a method and a system for determining a

growth status of a plant comprising chlorophyll.

BACKGROUND OF THE INVENTION

Artificial and supplemental lighting 1n €.g. a greenhouse typically involves use
of an 1llumination system for stimulating plant growth, the illumination system
comprising a plurality of high power light sources. Different types of light sources,
having different light spectrum and providing different effects on growth stimulation,
may be included, such as light sources based on metal halide (MH) or high intensity
discharge (HID) which includes high pressure sodium (HPS). Using metal halide
based lighting typically promotes shorter, bushy growth; whereas high pressure
sodium based lighting in comparison typically tends to produce taller and stretched
plants. Thus, different types of light sources may lead to different end growth results
of plants, which reflect a challenge 1n accurate control of the growth of plants with
artificial lighting.

Recently, much progress has been made 1n increasing the brightness of light
emitting diodes (LEDs). As a result, LEDs have become sufficiently bright and
inexpensive to serve also for artificial lighting 1n e.g. a greenhouse environment,
additionally providing the possibility of emitting light with adjustable light spectrum
and 1ntensity offset. By mixing differently colored LEDs and adjusting their
individual intensity a desired light spectrum may be obtained. An adjustable lighting
system typically comprises a number of primary colors, for example the three
primaries red, green and blue. The light spectrum of the generated light 1s determined
by the colors of the LEDs that are used, as well as by the mixing ratios of the
intensitics of light from LEDs of different colors. Thus, cach LED of a LED based
illumination system may be individually controlled such that a light spectrum of the
overall emitted light may be conveniently adjusted. In addition, LEDs may switched

on and off at a high rate and with a wide bandwidth providing the possibility of
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creating well defined light wave-forms and signals. Furthermore, by using LEDs 1t 1S
possible to decrease the energy consumption, a requirement that 1s well 1 line with
the current environmental trend. Additionally, using LED based 1llumination system
minimizes the amount of light source generated heat which 1s particularly suitable 1n
an environment where temperature control 18 desirable. An example of an LED based
illumination system 1s disclosed in WO2008118080, comprising a light sensor
communicatively coupled to a processor, where the processor implements a control
algorithm for modulating and improving plant growth and attributes by adjusting the
light spectrum emitted by the 1llumination system.

Document WO2008118080 shows a promising approach 1n relation to
artificial lighting 1 a greenhouse environment. However, 1t would still be desirable to
further optimize the artificial lighting systems, to be able to improve the growth
process of a plant, specifically improving the diagnosis of plants and accuracy 1n the
determination of growth status for plants arranged in a greenhouse environment. For
example, 1t would be desirable to reduce the importance of the absolute levels of
detected light emitted from the plant, ¢.g. fluorescence signals, for determining a
plant growth status. This may, for example, reduce the impact of the distance from the
plant to a sensor, or impact of the leaf area on the determination.

Other examples of known techniques include FLIDAR, t-LIDAR, and the JIP
test. These techniques suffer from at least some of the above drawbacks. Furthermore,
these techniques typically rely on evaluating a transient response of the plant starting
from a dark adapted state which makes the evaluation rather complicated for field
testing and unsuitable for green house applications. An example of such technique 1s
disclosed in STRASSER et al. ‘Analysis of the chlorophyll a fluorescence transient’,
in: Advances in photosynthesis and respiration, 2004, Vol. 19, pages 321-362, ISSN
1572-0233. However, in accordance with the above, 1t would be desirable to further
improve growth status evaluation, and 1n particular reduce the impact of the

environment where the evaluations are performed.
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SUMMARY OF THE INVENTION

According to a first aspect of the invention, the above 1s at least partly
alleviated by a method for determining a growth status of a plant comprising
chlorophyll, the method comprising the steps of:

illuminating the plant with input light including a light intensity
modulation component;

detecting light emitted from the plant;

determining an offset light intensity surrounding the plant, the offset
light intensity being a static component of the mput light;

determining a phase and a gain between the imput light and the
detected light,

determining a growth status of the plant based on a predetermined
relationship between mput light and detected light, and on the phase and the gan.

The present invention 18 based on the realization that the dynamics of induced
fluorescence may provide information of the growth status of the plant. Furthermore,
the dynamics may be studied in relation to an input-output functionality. It 1s also
realized that the dynamics 1n the plant in relation to fluorescence 1s highly non-linear
but may be described by a linear model during certain circumstances, 1n particular 1f
the mput light 1s modulated relative an offset light intensity:.

It 18 realized that the dynamics of the fluorescence from the plant may be
described as a buffer system comprising a number of buffers storing compounds in
the different part of the photosynthetic process of the plant. When the plant 1s
illuminated, the buffers will start to fill, while at the same time, as energy 1s being
used by the photosynthesis buffers are being drained. Furthermore, several such
buffers may be assumed to be interconnected forming a highly non-linear system. If
the input 1s changed, 1n other words, 1f the input light 18 changed, a variation in the
input energy 1n to the buffer system 1s present. If the buffers are not full and the input
1s changed the buffers will be subject to transient responses before they settle.
However, 1f the buffers are full or empty and the input 1s changed the dynamics are
different and the transient responses will at least partly be suppressed. The offset light
intensity will basically determine the level of energy in the buffers. The dynamics (1.¢.

time constants) of the buffer system 1s generally faster with a higher offset light
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intensity and slower with a lower offset light intensity. However, 1f the buffers are
full, there 1s reduced or no capacity of the buffer and therefore the dynamics of the
buftfer system 1s highly reduced when subjected to changed input light (energy). Thus,
if one or more of the buffers are full, the system looses dynamic states and therefore
the complexity of the system 1s reduced. The type of buffer system may in principle
be described as a filter having a filter order.

The iput light that reaches the plant will thus include a (preferably non-zero)
static component 1n the form of an offset light intensity, and a modulation component
in the form of a modulated intensity. The non-zero offset light intensity 1s at a high
cnough intensity level to at least induce photosynthetic activity in the plant. Thus, the
offset light mntensity may be such that the plants may be grown 1n normal light
conditions. If the offset light intensity does not induce photosynthetic activity in the
plant, 1t 1s considered to be at zero intensity. Such offset light intensity which does not
induce photosynthetic activity in the plant may be different depending on the plant,
but may for example be 1 uE, 20 uE, 30 uE, 40 nE, or 50 uE.

It should be understood that the static component and the modulation
component may both originate from the same light source, or the static component
may be the combination of ambient light and artificial light. Thus, the determined
offset light intensity may be any light (ambient in combination with any offset from
artificial light) which surrounds the plants. Furthermore, determining an offset light
intensity surrounding the plant may comprise determining the offset light intensity i
individual frequency ranges (thus mtensity versus frequency), or the overall offset
light intensity:.

Both the offset light intensity and the modulated intensity may have a spectral
distribution. The offset light intensity may be evenly distributed over the spectrum, or
the offset light intensity may have different intensity at different wavelengths of the
spectrum. For example, offset light intensity at a first wavelength may have intensity
different from the offset light mntensity at a second wavelength. Furthermore, the light
intensity modulation of the input light may similarly be evenly distributed over the
spectrum, or have different amplitude at different wavelengths. Furthermore, the

spectrum of the modulated light intensity may range over ¢.g. blue light, red light, or
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other sub-ranges of the visual spectrum. It should be understood that a “spectrum”
herein 1s the light intensity versus wavelength.

The detected light emitted from the plant comprises fluorescence light from
the plant, or alternatively, only fluorescence light from the plant.

According to an embodiment, the step of determining the offset light intensity
may comprises at least one of: measuring the offset light intensity; controlling the
offset light mmtensity by controlling artificial light emitted by light emitting devices;
and determining a growth status of the plant and, associating the determined growth
status with a predefined offset light intensity. Thus, the offset light intensity may be
determined by measuring the light surrounding the plant, or by controlling the light in
the vicinity of the plants to a desired offset light intensity. Furthermore, the offset
light intensity may be determined by first determining a growth status of the plant,
and associating the determined growth status with a predetermined offset light
intensity corresponding to the determined growth status.

The light intensity modulation component may be a cyclic modulation signal
having a repetition frequency. In other words, the intensity modulation may be
repeated at a known rate. By repeating the light intensity modulation with a repetition
frequency, a measurement of stationary behavior rather than transient behavior can be
determined. For example, if the offset light intensity i1s changed to a new level, the
plant may be in the process of acclimatizing to the new offset light intensity, by
repeatedly subject the plant to the modulated light mntensity and measure the response
from the plant, the plant may eventually reach a stationary state, thus a growth status
in a stationary state rather than a transient behavior may be determined.

The spectral distribution for the light intensity modulation component may be
selected based on a spectral distribution of the offset light intensity. Thus, 1 order to
obtain a desired spectral distribution of the modulated light, the spectral distribution
of the offset light component 1s taken into account and thereby may be compensated
for. Furthermore, a spectral distribution of the modulation component and/or a
spectral distribution of the static component may exclude a fluorescence wavelength
of the plant. This way, noise from the input light 1n the detected fluorescence light

may be reduced.
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According to an embodiment, the predetermined relationship 1s a transfer
function comprising a sct of transfer function parameters, determined by the steps of:
illuminating the plant with mput light having a light intensity modulation component
having multiple modulation frequencies; detecting light emitted from the plant;
determining the set of transfer function parameters using a system identification
method. It 1s realized that, as a consequence of the non-linearity of the plant
dynamics, depending on characteristics of the above discussed input light the transfer
function parameters may be different. For example, depending on the offset light
intensity and 1its spectral distribution, or depending on the same properties (intensity
and 1ts spectral distribution) of the light intensity modulation different transfer
function parameters may be found. As a further example, if the offset light intensity 1s
cvenly distributed across the spectrum and at a first intensity offset, a first set of
transfer function parameters may be determined. If the offset light intensity 1s evenly
distributed across the light spectrum and at a second intensity offset, a second set of
transfer function parameters may be determined different from the first set.
Furthermore, the transfer function parameters may also be different depending on 1f
the offset light intensity has different intensity at different wavelengths of the
Spectrum.

It 18 realized that the state of the above buffer system may be probed by
having previous knowledge of a transfer function between mput light and detected
light. The transfer function may be based on a linear model which describes one or
more states of the buffer system related to the status of the plant. The transfer
function may for example be established at a certain offset light imntensity setting for
known growth statuses of the plant. If the plant 1s later on probed with an input light
intensity modulation, the response for the modulated frequency may be compared
with the known transfer function for the light intensity modulation and the known
offset light intensity. This evaluation provides information regarding the growth status
of the plant. Thus, a set of transfer functions may be determined prior to evaluation of
the plants growth status. The set of transfer functions may provide a mapping of the
different light settings (spectrum, intensity, modulation, acclimatization) and response

from the plant in different growth statuses. With this prior knowledge, the plant
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growth status may be determined from several types of input lights ranging from a
single frequency modulation to a broad band modulation.

It should be noted that the light intensity modulation of the mnput light should
be kept large enough to induce a measurcable response from the plant, but small
cnough not to cause the plant to deviate from being possible to model by a linear
model.

Furthermore, the light intensity modulation component has multiple
modulation frequencies, the method further comprising determining a detected
transfer function between the mnput light and the detected light comprising transfer
function parameters, wherein the phase and the gain are determined from the detected
transfer function. A multiple frequency signal may for example be one of a step pulse,
a PRBS (pscudorandom binary sequence) signal, and a square-wave. However, the
input light may comprise any arbitrary wave form having a specific range of
frequency components and may also have a specific phase. The light intensity
modulation component may be a modulation signal with frequency content in the
range of 0.001-100 rad/s or even higher such as up to 1000 rad/s. As an example, 1f
the mput light 1s modulated as a square wave, the input light intensity (offset light in
combination with light intensity modulation) 1s varied between two main levels of
light intensity. This type of modulation causes a repeating input light in the form of a
step function, thereby repeatedly inducing a step-response from the plants allowing
for analysis of the dynamics fluorescence transients.

With reference to the types of modulation signals for the mput light
modulation, depending on the form of the modulation signal, 1.¢. the type of
modulation the transfer function parameters may be different. For example, the
transfer function parameters determined for a modulation signal being a step-up may
be different from the transfer function parameters determined for a modulation signal
being a step-down. Thus, depending on from which side of a square pulse (rising or
falling edge) the transfer function parameters are determined, the transfer function
parameters may be different. Furthermore, the determined transfer function
parameters may also be different depending on the frequency content of the
modulation of the modulation signal e.g. on the band width of the modulation. As

previously described, the transfer function parameters may also be different
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depending on the spectrum of the mput light being modulated. The above behavior
related to the different input light behavior resulting 1n different transfer functions is a
further indication of an underlying non-linear system that may describe the plant
fluorescence response.

The modulation signal of the light intensity modulation component may
comprise a sine signal with at least one modulation frequency. The modulation signal
may for example be a convolution of several frequencies, a frequency sweep, or a
single frequency.

The mput light may comprise an offset static light intensity, and a light
intensity modulation. It should be noted that the offset light intensity 1s
advantageously well-defined and known before execution of the method. The light
intensity modulation 1s modulated such that the total input light is modulated centered
or add on to the offset light intensity level. For example, 1f the offset light level
intensity 18 X and the light intensity modulation has an amplitude of Y, then the
overall light mtensity varies over time with the modulation characteristics (e.g.
frequency, duty cycle, etc) from X to X+Y. The offset light intensity may be regarded
as being caused by a DC-current component applied to light-emitting devices
emitting the mput light. Furthermore, there may be ambient light in the surrounding
of the plants also contributing to the offset light. The method may advantageously
take this into account and there 1s no need to black out the ambient light.

According to one embodiment of the invention, the step of determining the
orowth status comprises determining a change of the parameter values compared to
parameter values of the predetermined transfer function, wherein the change 1s
indicative of the level of stress 1n the plant.

Thus, the status of the plants may be studied by relating a change 1n parameter
values to a growth status. Analogously to determining a parameter, zeros and poles of
the transfer functions may be studied. Accordingly, the predetermined and the
detected transfer function each comprises at least one pole and at least one zero.

Generally, poles and/or zeroes of a function may provide information
regarding dynamics of the function. In this case, the number of poles and/or zeros
may for example be indicative of the growth status of the plant. In order to find the

poles and/or zeros, a model transfer function may be assumed, and then one fits
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transfer function output data to measured data. Different transfer functions may be
suitable for plants grown under different light conditions.

As an example, determining a change 1n position of the poles and/or the
zeroes may be used, wherein the change in position 1s indicative of the level of stress

5 1 the plant. Furthermore, a relative difference between positions of zeros of poles
may be determined. For example, 1f a change 1n position 1s a first change 1n position,
the method may comprise determining a second change 1n position of the poles and/or
zeroes from a second determination of poles and/or zeros; and determining a relative
difference between the first change 1n position and the second change 1n position.

10 It may further be advantageous to determine a change 1n position of the poles
and/or the zeroes with changed light intensity of the input light, wherein the change n
position 18 indicative of the level of light acclimatization of the plant.

In addition, the method may comprise changing a light spectrum of the mput
light, and determining a change 1n position of the poles and/or the zeroes resulting

15 from the changed light spectrum of input light, wherein the change in position is
indicative of the improved light spectrum for the plant.

The transfer function may be regarded 1nto the frequency domain. An
advantage of studying the transfer function 1n the frequency domain 1s that the impact
of the order of the model 1s reduced thereby further improving the accuracy of the

20 method. In the frequency domain, the fluorescence dynamics may be studied in a
facilitated manner.

The level of stress in the plant may be determined from a shift of the transfer
function in the frequency domain, wherein a shift to a frequency higher than an initial
frequency indicates an increased level of stress. Thus, the increased level of stress 1s

25 determined in a facilitated manner by studying the change of the transfer function in
the frequency domain. The shift of the transfer function may be determined by
studying the magnitude and/or the phase of the transfer function in the frequency
domain.

Based on the determined growth status and on a desired growth status for the

30 plant, a property of the input light may be controlled in order to modulate the growth
of the plant towards the desired growth status.
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The offset light intensity may be increased or decreased depending on the
determined phase and/or gain between the imnput light and the detected light. The
offset light intensity may be modulated such that the phase or the gain 1s modulated.
Properties of the phase or the gain may provide information related to the growth
status of the plant, for example whether the plant 1s stressed. The properties may for
example be related to a shift of the phase or gain 1n the frequency domain (e.g. a
frequency function of the phase or gain) to higher frequencies which may be an
indication that the plant 1s more stressed compared to when the phase or gain 1n the
frequency domain 1s at lower frequencies.

Whether the offset light intensity 1s determined to be increased or decreased
also depends on previous data (e.g. the predetermined relationship) relating to the
plant. For example, for a certain plant in certain offset light intensity, an increased
phase at a certain frequency may be an indication that the offset light intensity should
be decreased. For another type of plant in a certain offset light intensity, a shift of the
phase 1n a direction (to higher frequency) 1n the frequency domain or an increased
phase at a certain frequency may be an indication that the offset light intensity should
be increased or decreased 1n order to reduce stress of the plant. As a further example,
if the phase has decreased at a certain frequency or shifted to lower frequencies it
may be determined to decrease/increase the offset light intensity in order to modulate
the growth of the plant. If the phase 1s determined to be higher than a predetermined
phase value at a certain frequency, it may be determined to decrease the offset light
intensity 1n order to reduce stress.

Furthermore, a change in the gain may also be used for determining whether
the offset light intensity should be changed or not. For example, an increase in gain
may be in 1ndication to mcrease/decrease the oftset light intensity, or a decrease 1n
gain may be 1n indication to increase/decrease the offset light intensity.

The wavelength range of the input light may be different from the chlorophyll
fluorescence wavelength ranges of the plant.

The detected light may be chlorophyll fluorescence light from the plant. The
input light may further comprise excitation light inducing the chlorophyll
fluorescence 1n the plant and light for modulating growth of the plant.
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According to an embodiment of the invention, the method may further
comprise an initial step of determining a set of transfer functions for mapping growth
status and input light settings. Thus, prior to determining the growth status of the
plant, there has been mapped a set of transfer functions for known growth statuses

5 and light settings such as spectrum and intensity of the offset light, and light intensity
and propertics of the modulation signal, etc.

A “growth status” (e¢.g. desired growth status or current growth status) may be
defined as the property value(s) of at least one detectable property indicative of the
status of the plant. Such propertics may include plant height/width, stem size, growth

10 rate, stress, properties of light reflectance, properties of fluorescence, weight,
consumption of CO2, water or nutrition, plant color, size of leaves, size of flowers,
number of leaves, flowers, fruits or seeds, occasions when the flowers have been
exposed to pollinating insects, time 1n the current growth state, etc. Light reflectance
1s properties of light emitted by a light-emitting device and reflected by the plant.

15  Moreover, properties of fluorescence are properties of fluorescent light from the
plants, such as chlorophyll fluorescent light.

The plants may be arranged in a controlled environment. The expression
“controlled environment” should be interpreted broadly, including for example a
greenhouse, a growing cabinet, or similar controlled growth environment where the

20 plants may be subject to at least illumination of natural light. The controlled
environment 18 thus typically an “indoor environment™ comprising a transparent
window or similar for allowing the natural light (such as sun) to be received by the
plants. It 1s important to note that the “controlled” environment will never by fully
controlled. To begin with, the contributions from natural light and outside temperature

25 will vary. Also, the processes that are “controlled” will inevitably include factors
outside the control of the users, including seed quality, diseases, human error, etc.
However, the invention 1s equally applicable to plants grown 1n environments where
they are substantially exposed to ambient light such as sun light. Thus, the offset light
intensity may comprise the ambient light and light from artificial lighting, for

30 example the offset light component of the input light or any other artificial light

source. In addition, the invention may be applicable even 1f the entire offset light
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originates from ambient light and the only artificial light being the light intensity
modulation.
According to second aspect of the present invention there 18 provided a system
for determining the growth status of a plant, the system comprising:
o at least one light emitting device arranged to emit light towards the
plant,
at lecast one light sensor for detecting light emitted from the plant, and
means for determining an offset light intensity surrounding the plant,
the offset light intensity including artificial light and any ambient light;

10 a control unit arranged to control the at least one light emitting device,
and to receive information related to the detected light from the at least one light
sensor, wherein the control unit 1s configured to:

control the at least one light emitting device to emit a light intensity
modulation component which, together with the offset light intensity forms an input

15 light;

determine a phase and a gain between the input light and the detected
light, and

determine a growth status of the plant based on a predetermined
relationship between iput light and detected light and on the phase and the gan.

20 According to an embodiment of the invention, the control unit 1s further
configured to: based on the determined growth status and on a desired growth status
for the plant, control the at least one light-emitting device to emit light with a
property to modulate the growth of the plant towards the desired growth status.

Further effects and features of this second aspect of the present invention are

25 largely analogous to those described above in connection with the first aspect of the
invention.

According to a third aspect of the present invention there 1s provided a
greenhouse system comprising: a plurality of light-emitting devices, the light-emitting
devices being arranged to emit light towards plants arranged 1n a greenhouse for

30 stimulating growth of the plants, and a system according to the previous aspect.
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Further effects and features of this third aspect of the present invention are
largely analogous to those described above 1n connection with the previous aspects of
the imnvention.

Further features of, and advantages with, the present invention will become
apparent when studying the appended claims and the following description. The
skilled addressee realize that different features of the present invention may be
combined to create embodiments other than those described 1n the following, without

departing from the scope of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The various aspects of the invention, including its particular features and
advantages, will be readily understood from the following detailed description and the
accompanying drawings, in which:

Fig. 1 shows an exemplary application of exemplary embodiments of the
Invention;

Fig. 2a schematically illustrates an exemplary embodiment of the invention;

Fig. 2b schematically 1llustrates an exemplary intensity modulation according
to an embodiment of the invention;

Fig. 2¢ schematically 1llustrates an exemplary intensity modulation according
to an embodiment of the invention;

Fig. 3a-b and 4 schematically 1llustrates exemplary frequency functions
according to embodiments of the invention;

Fig. 3¢ illustrates exemplary step responses of a plant;

Fig. 5 schematically illustrates an exemplary embodiment of the invention;

Fig. 6 schematically 1llustrates an exemplary embodiment of the invention;

Fig. 7 provides a flow-chart of method steps of an exemplary embodiment of
the invention; and

Fig. 8 1llustrates an exemplary table of transfer functions mapped with offset

light intensity:.

DETAILED DESCRIPTION



CA 02971522 2017-06-19

WO 2016/113330 PCT/EP2016/050622

10

15

20

29

30

14

The present invention will now be described more fully hereinafter with reference to
the accompanying drawings, in which embodiments of the invention are shown. This
invention may, however, be embodied 1n many different forms and should not be
construed as limited to the embodiments set forth herein; rather, these embodiments
arc provided for thoroughness and completeness, and fully convey the scope of the
invention to the skilled addressee. Like reference characters refer to like elements
throughout.

Referring now to Fig. 1 in particular, there 1s depicted a system 100 according
to a possible embodiment of the invention. Fig. 1 shows a plurality of plants 102,
arranged 1n an at least partly controlled environment in the form of a greenhouse 105
typically having walls and its roof constructed of transparent structures such as of
glass and/or some suitable plastic material for allowing natural light from the sun to
enter the mside of the greenhouse 105. The plants may of course be any type of plants
such as ¢.g. herbs, medicinal plants, ornamental and general crops, etc. Furthermore,
the controlled environment could of course be one of a walk-1n chamber or a growth
cabinet depending on the type of implementation of the inventive concept. In the
oreenhouse 105, there 1s an artificial light arrangement 106 electrically connected to a
control unit 108. The artificial light arrangement 106 comprises suitable artificial
light sources, ¢.g. light-emitting diodes (LEDs) 104, and 1s arranged such that light
emitted by the light emitting devices 104 is received by the plants 102.The plurality
of light emitting devices 104 may be configured to emit light of different wavelengths
and may be individually controlled. The wavelength ranges may range from ultra-
violet to infra-red in more than one range. For example, the ranges may be similar
ranges for the sensors described below.

In order to effectively control the growth, a plurality of sensors 110 1s
arranged 1n or around the greenhouse 105. Such sensors may for example be
configured to determine one or several conditions for the plants 102, as well as for
determining current values of detectable properties of the plants, thereby determining
current growth status of the plants. The sensors may for example include sensors for
measuring air/so1l temperature, moisture, humidity, carbon dioxide, air pressure,
fertilizer levels, and/or 1image capturing devices (e.g. cameras) to be used for

determining a growth status for the plant 102. As an alternative, or complement, to
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the sensors 110, there may be provided one or several manual interfaces, allowing
manual input of various property values. The sensors 110 may further be light sensors
110 for detecting fluorescence light emitted from the plants 102.

In addition, the greenhouse 105 may comprise controllable heating elements
(not shown) as well as windows (and similar controllable ventilation arrangements)
(not shown) connected to the control unit 108 for controlling the temperature within
the greenhouse 104, also being dependent on a desired temperature fluctuation for the
plant 102 during 1ts growth cycle. The location of the sensors 110 are merely for
illustrative purposes and not necessarily accurate. Thus, the sensors 110 may be
located where most appropriate depending on the type of sensor.

In an exemplary embodiment, the light-emitting device 104 1lluminates the
plants. At least part of the emitted light 1s reflected by the plant 102 and detected by at
Icast one light sensor (¢.g. sensor 110). The light sensor 110 further detects
fluorescent light from the plants 102, such as chlorophyll fluorescent light. The
response of the plant subjected to input light may be evaluated 1in terms of gain and
phase. For example, if the input light has a sinusoidal intensity modulation at a single
frequency, a phase and a gain of the detected light with respect to the input light may
be determined at the same frequency. Furthermore, some of the light sensors 110
measure the offset light intensity and/or spectrum 1n the greenhouse 105. The offset
light intensity may be a combination of artificial and ambient light. The light sensors
110 may be configured to measure light intensity in different wavelength ranges such
as: 400 nm-630 nm, 630 nm-700 nm, 700 nm- 740 nm, 750 nm — 850 nm, 850 nm-
1400 nm, or 400 nm -700 nm.

The processor may determine a transfer function between mput light
illuminating the plant and the detected light. The transfer function comprises a set of
transfer function parameters which may be analyzed for determining the growth
status of the plants 102. The light detected by the light sensor 110 may be analyzed by
the processor for determining at least one growth property. The processor may
determine to, depending on properties of the transfer function, modulate the light
cemitted by the light-emitting diodes, for example by adjusting the intensity or the
spectral composition of the emitted light, in order to modulate or improve the growth

of the plants 102. Furthermore, the transfer function may be predetermined by the
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control unit 108 and used at a later stage. For example, 1f the transfer function 1s
known for certain offset light intensity/spectrum, a light intensity modulation added
to the offset light according to a modulation signal may be used to determine the
orowth status. Thus, from the known light intensity modulation, the known offset
light, a modulation signal, and a predetermined transfer function for the light intensity
modulation, offset light and modulation signal, the detected light may be compared
with an expected detected light related to the growth status and the predetermined
transfer function. If the detected and the expected light agree, the growth status of the
light 1s determined. The growth status determination will be described 1n more detail
with reference to proceeding drawings.

Each plant 1s described by 1ts growth status, comprising property value(s) for a
set of detectable properties. Such properties may include plant height/width, stem
size, growth rate, stress, properties of light reflectance, properties of fluorescence,
weight, consumption of CO2, water or nutrition, plant color, size of leaves, size of
flowers, number of leaves, tflowers, fruits or seeds, occasions when the tlowers have
been exposed to pollinating 1insects, time 1n the current growth state, etc.

Fig. 2a 1llustrates a system similar to what 1s shown in Fig. 1. In Fig. 2a, a
plant 102 1s 1lluminated with light by a light emitting device 104 arranged 1n the light
emitting arrangement 106. There may further be ambient light such as e.g. sun light
illumination the plant 102. Thus the light u(t) illuminating the plant 102 may
comprise contributions from both ambient light, and artificial light emitted by the
light emitting device 104. Note that the light emitting arrangement 106 may comprise
a plurality of light emitting devices (e.g. light emitting diodes) which may be
individually controlled. There may be light emitting diodes emitting light in the
wavelength ranges from ultra-violet (e.g. 10 nm — 400 nm) to infra red (at least 700
nm, ¢.2. 700 nm — 1500 nm) Light y(t) emitted from the plant is detected by the light
sensor 110. Fig. 2b 1llustrates an intensity variation of input light irradiating the plant
102. The light 1lluminating the plant 102 comprises an offset light intensity 204 and a
light mtensity modulation 205 added to the offset light intensity 204. The offset light
intensity may for example comprise light from the sun or artificial light from light
emitting devices 104 or a combination thercof. Thus, offset light intensity 204 may

comprise ambient light and artificial light with a light spectrum, and 1n addition there
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1s a light intensity modulation 205 added to the offset 204. Note that a specific offset
light mtensity with a specific spectrum may be created by the system 100. For
example, the light sensor 110 may detect the offset light, and the light emitting
devices 104 may emit light calculated by the control unit in order to obtain the

5 desired offset light intensity and spectrum.

Due to the non-linear behavior of the plant, 1t may be relevant to know the
offset intensity and the spectrum of the offset light, the amplitude of the modulated
light and the spectrum of the modulated light, and the phase, amplitude and the
modulation signal. The spectrum of the offset light relates to the intensity of the light

10  over the spectrum. In particular in order to have knowledge about in which of the
above light settings a linear model 1s valid. Thus, the invention mmvolves determining
a sct of transfer functions for the above different light settings (oftset light
intensity/spectrum, light intensity modulation amplitude/spectrum and characteristics
of the modulation signal such as amplitude/spectrum, signal form and also the

15  detected phase of the signal form). For example, a plant may be exposed and
acclimatized to specific light intensities and the transter function may be determined
for cach of the light intensities. Or, as a further example, the transfer function may be
determined for different offset light spectrums. Thus, transfer functions may be
determined for different growth statuses, light setting, and/or growth states. Thereby,

20 a set of transfer functions may be used to map the different light settings and growth
statuses 1n different growth states of the growth cycle. A growth state may be ¢.g. a
“nursery state” where the plants may grow to a certain size, a “‘growing state”, a
“flowering state” where flowers of a certain quality develops, a “maturing state™
where ¢.g. a fruit 1s ripening, a “finish state”, representing the completion of the

25 desired product, a “recovery state” where a stressed plant may be recovered, and a
“termination state” where a growth cycle for plant, which may not recovered and/or 18
not economically favorable, 1s terminated. Furthermore, the light sensors 110 may
continuously detect the light intensity which the plants are subjected to in order to
have information about the light intensity and spectrum that the plants were exposed

30 to prior to growth status determination using modulated light intensity. This way, a
more accurate determination may be done with a more in-depth analysis of the plant

orowth status.
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Furthermore, the system 1s configured to adapt the emitted light from the light
emitting device 104 based on for example variations in the ambient light. Thus, the
method and system works 1n ambient light and there 1s no need to black out the
location of the plants for a measurement. However, the system may be used for

5 controlling the amount of ambient light (¢.g. from the sun) that reaches the plant by
controlling curtains of the greenhouse or similar means for blocking ambient light. As
illustrated 1in Fig. 2b, the light intensity modulation about the offset light intensity 204
may be a cyclic modulation such as a square-wave modulation. Thus, in each period
of the square wave 203, a step response from the plant 1s induced and may be used 1n

10  determining a transfer function. However, only a single step-response may be used
although 1n order to improve the signal to noise a square-wave may be advantageous.

As described 1n Fig. 2b, the light irradiating the plant 102 has an offset light
intensity 204 with a known intensity (e¢.g. from measurements), a superimposed light
intensity modulation 1n the form a step-up 207 or step-down 208 which may be part

15  of a square wave 203 light intensity modulation signal. The amplitude of the light
intensity modulation of the step-up 207 or step-down 208 1s known. The variation of
light intensity from the offset intensity caused by the step-up 207 or step-down 208
may be 1n the order of about for example 5% to 30% of the offset light intensity 204.
Alternatively or additionally, the variation of intensity from the offset intensity caused

20 by light intensity modulation, the step-up 207 or step-down 208 may be such that a
certain offset light intensity 1s not exceeded, for example the offset light intensity not
to exceed may be 500 pE, 700 uE, 1000 uE, 1200 pE, or 1500 uE . The step size (1.¢.
amplitude) of the light mntensity modulation 1s a trade-oft between obtaining a
measurcable response from the plant, and ensuring that the response can be modeled

25 Dby a linear model and such that the plant dynamics remain within the same transfer
function. With a step function (e.g. rise 207 or fall 208) the frequency content of the
step function 1s known.

Alternatively, as 1llustrated in Fig. 2¢, the modulation signal of the light
intensity modulation about the static light intensity 204 may be a sine wave

30 modulation with a modulation frequency. Furthermore, the modulation signal may be
a PRBS (psecudorandom binary sequence) signal or a random broad band signal (e.g.

“noise’).
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In case of a step-response from the plant, for example with a square-wave
light intensity modulated mput light u(t), the step responses may be analyzed in terms
of a black box model for either the rising 207 or falling 208 edge. The transfer
function will be different depending on which edge 1s chosen which indicates that the
modeled system 1s non-linear. With a black box model the photosynthesis process 1s
modeled by an mput u(t), an output y(t) and a transfer function without taking into
account the internal process 1n the plant. A black box model may be described by:

y(t) = G(q)u(t) +e(t)

where G(q) 1s the transfer function and expressed 1n the shift operator g, e(t) 1s
a noisc term. The transfer function comprises a plurality of parameters. An exemplary

transfer function may be given by:

blq_l "‘bzq_z -I-b3q_3 -I—b4q_4

Gla) =
(9) l+a,q " +a,qg”° +a,q"

This exemplary transfer function thus has transfer function parameters by, b,,
bs, bs, a;, a2, and a3. Furthermore, this transfer function has 4 zeros (from the order of
the nominator) and 3 poles (from the order of the denominator). For each step
response 1n a series of step responses a transfer function of this kind may be used as a
model.

According to one embodiment, the values of the parameters (for example,
with the above transfer function, the parameters are by, by, bs, by, a1, a2, and az) may
be used for determining the growth status of the plant. In particular, changes in the
parameter values are indicative of the growth status of the plant. For example,
changes of the parameter values may be indicative of the level of stress 1n the plant.
Note that 1f the parameters of a polynomial are known, then also the zeros of that
polynomial are known. In case of a transfer function as described above, 1f the
parameters are by, by, bs, by, a1, a5, and a3 are known, then the zeroes and the poles of
the transfer function are also known, or at least easily accessible.

Thus, 1n another embodiment, a change 1n a position of the poles of the
transfer function may be used for determining a growth status of the plant. Naturally,
the zeroes and poles follow from the parameter values of the transfer function. For
example a change 1n a position of the zeros of the transfer function may be used for

determining a growth status of the plant. In this way a level of stress may be
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determined from the change in position of a zero and/or a pole of the transfer
function. Furthermore, the relative change 1n position of the poles and/or zeros may
be used as an indication of the growth status. For example, if poles and/or zeroes are
moved further away from each other between two measurements (determinations of
position of poles and/or zeros) may indicate an increased level of stress of the plant.

Furthermore, in yet another embodiment, the transfer function 1s studied in the
frequency domain 1 order to determine a growth status of the plant. The frequency
domain may be assessed by first replacing the argument ¢ 1n the transfer function by
the exponential ¢ where 7 is the imaginary unit and w is the angular frequency
(rad/s). In the frequency domain the dynamics may be studied by for example
determining a shift of the transfer function 1n the frequency domain. For example,
acclimation of the plant to a certain light intensity offset may be assessed. Fig. 3a-b
show the magnitude and the phase in the frequency domain for transfer functions
determined from step responses from two plants being acclimatized to 80 uE 302 and
500 pE 304, respectively. The step response 1n the time domain 1s shown 1n Fig. 3c,
for the plant being acclimatized to 80 pE 302’ and 500 uE 304’ respectively. Both
plants were subjected to a 80 uE step increase from the respective acclimatization
light mtensity (1.e. 80 LE and 500 uE). The plants acclimated to low light intensity
(80 uE) thus exhibits faster dynamics than the plants acclimatized to higher light
intensity (500 uE). Thus as described previously 1 this patent application, the buffers
of the plants acclimatized to the lower light intensity (302) are smaller, thereby a
faster dynamics 1s found 1n the transfer function compared to the dynamics of the
transfer function for the plants acclimatized to the higher light intensity (304) that
have developed larger butfers.

Fig. 4 shows the gain of the frequency function (1.¢. the transfer function in
the frequency domain) for plants acclimatized to 500 pE in four different light
intensities: 1: 110 pE (402), II: 530 uE (404), I11: 1750 uE (406), and IV: 110 nE
(408). The different light intensities are a sequence of offset light intensity settings
with the same spectral distribution. Throughout the intensity sequence, the plants
were exposed to a light intensity modulation and the modulation signal being a
repeating step-increase 1n light intensity and the step response was measured 1n order

to 1dentify transfer functions in each light intensity. The transfer functions were 1n this
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case determined 1n the frequency domain. As can be seen, the frequency function (1.¢.
the transfer function gain and phase 1n the frequency domain) 1s shifted to higher
frequencies with the increased offset light intensity. For example, starting from the
function 402 established at 110 pE, the function 404 determined at 530 uE 1s clearly
5 shifted to higher frequencies which indicates faster dynamics. Furthermore, the
function 406 determined at 1750 uE 1s shifted to even higher frequencies. The flatter
curves for 530 uE 404 and 1750 puE 406 indicates less dynamics, normally caused by
loss of states, indicating “full” or “empty” buffers. The transfer function 408
determined at recovery of the plant at 110 pE offset light intensity approaches the

10  mitial frequency function 402.

The observed behavior of the plants after being exposed to the step function of
light intensity modulation 1s typical for a system consisting of buffers. Thus, the flow
of energy (light intensity) in relation to the capacity of utilizing energy (due to
acclimatization) determines how fast the system responds to an input signal (input

15  step function). In such a system, the response to an input signal 1s faster if the flow
through the system is increased. In addition, the response is faster for a buffer system
with smaller volumes, 1.¢. a system with lower capacity compared to a system with
higher capacity. Furthermore, if the capacity of one or more buffers 1n the system 1s
reached, the system loses states. Such a loss corresponds to a loss 1n complexity and

20 system order. This may be seen by pole-zero cancellation occurring when ¢.g. the
light mtensity 1s higher compared to the plant capacity. By introducing a feedback
into the buffer system, resonance peaks will appear in the frequency function. Thus,
the mechanism behind the response of the plants may be described as a buffer system
with feedback.

25 For determining the growth status of the plant 102, the transfer function may
be determined each time, or only once. For example, with a predetermined transfer
function either another transfer function 1s determined with a different oftset light
intensity or spectrum, different light intensity modulation or a different modulation
signal about the offset, and compared with the previous transfer function to

30 1nvestigate whether the dynamics have changed, thereby the growth status.
Alternatively, with a transfer function only determined a first time as a predetermined

transfer function, only a single frequency or possibly a few frequencies may be used
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an mput light. For example, as shown in Fig. 2¢, with a single frequency the input
light intensity 1s modulated as a sine signal 206 about the known offset light intensity
204. With only a simngle modulation frequency in an input light, an entire transfer
function (1.¢. for more frequencies than the mput frequency) may not be determined
5 Dbut the dynamics of the fluorescence at the single modulation frequency may be used
instead. In this situation, the gain and phase determined from the detected light at the
signal frequency may be compared with the gain and phase of the predetermined
transfer function at that modulation frequency. Alternatively or additionally, a single
frequency may used for two determinations of phase and gain, and the two gains
10 and/or phases are compared to each other 1n order to determine the status of the plant.
Fig. 5 shows an exemplary system 500 according to an embodiment of the
invention. In Fig. 5, a light-emitting device 104 1s arranged to irradiate plants 102. A
light sensor 110 1s arranged to detect light emitted from the plant. The light u(t)
illuminating the plants 1s emitted by the light-emitting device 104 but may also
15 comprise ambient light. The mput light u(t) may comprise a offset light component
and a time-varying light component overlaid with the offset light. Furthermore,
detected offset light may comprise ambient light. Furthermore, 1n alternative
embodiments, the emitted light may not comprise offset light, thus the detected oftset
light may comprises only ambient light. The detected light 1s denoted y(t). The
20 detected light comprises fluorescence from the plant; light outside the fluorescence
spectrum may be filtered away. The light intensity modulation may comprise light
wavelengths only away from the fluorescence wavelength, thereby facilitating
detection of the fluorescence light since the wavelength of reflected light 1s away
from the wavelengths of the fluorescence light. Furthermore, a control unit 108 1s
25 arranged to receive a signal from the sensor 110, the signal y(t) contains information
(spectral composition, intensity, etc.) about the detected light. The control unit 108 1s
further arranged to control the output light u(t) emitted towards the plants. For
example, the control unit may control the light emitting devices 104 of the lighting
arrangement 106, or the control unit may control blocking means for blocking
30 ambient light such as sun light. The system 1s arranged as a feedback system with an
input 504 to the control unit 108. The mput 504 may be related to a desired growth

status of the plant which a user may request. For example, 1t may be desirable to grow
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a plant having certain properties at given time, ¢.g. a completed growth cycle on time
for delivery, or a certain stem size of the plant, or any of the previously described
propertics. The control unit 108 receives the signal y(t) corresponding to the detected
light, and with knowledge of the mput light u(t), the control unit determines a transfer
function (e.g. transfer function G). From the transfer function, a growth status of the
plant 1s determined by analyzing parameters of the transfer function, poles and/or
zeros of the transfer function, or a frequency and/or a phase of the transfer function n
the frequency domain. The control unit 108 compares the determined growth status
with the mput 504 desired growth status. The control unit 108 further keeps track of
offset light intensity/spectrum, light intensity modulation amplitude/spectrum and
propertics of the modulation signal such as amplitude/spectrum, signal form and also
the detected phase of the signal form. Depending on the correspondence or difference
between the desired growth status and the determined growth status, the control unit
may control a property of the input light u(t) such as to modulate the growth of the
plants 102. For example, 1f 1t 1s determined that the plant 102 1s stressed, the light
emitted towards the plant for growing the plants may have to be modulated. It may
for example occur that the plants 102 are acclimatized to a different light intensity
that what 18 presently emitted to the plants. Furthermore, 1t may be determined 1f the
plant are stressed 1n general, for example as a result of an unfavorable temperature 1n
the surroundings of the plants 102, or deviating watering, or CO; levels. Furthermore,
the spectral composition, amplitude or modulation frequency of the light may be
tuned for optimal growth. Additionally or alternatively, the control unit may keep
track of the growth state of the plant. By knowing the growth state an even more
accurate way of determining the growth status 1s possible.

Thus, 1t 18 possible to adjust the growth status during a growth cycle. In
particular the desired growth status may be adjusted 1n relation to a desired growth
cycle end date. For example, 1n case a request 1s made to complete the growth cycle
in a shorter (or longer) time (e.g. due to a changed demand), a different regime for
growing the plants may be implemented, where the plants thus may be grown in a
faster (or slower) manner. In such a case, it may first be established a target delivery
date and thereafter an estimated required production rate in order to meet the delivery

date. Next, depending on the acclimatization of the plant, €.g. using the procedure
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described with reference to Fig. 3a-b may be used to determine the maximum PAR
(photosynthetically active radiation) intensity which may be used for growing the
plants. Subsequently, the maximum PAR may be used together with possible CO,
levels 1 order to determine the soonest possible delivery. Fig. 6 illustrates a graph of
CO; level versus PAR intensity, for example 1n a greenhouse 104. On the y-axis, there
1s 1indicated a possible span 602 of CO; levels and on the x-axis there 1s indicated a
maximum tolerated PAR 603 for the plant 102. The possible span of CO, levels may
be Iimited by greenhouse properties or other technical limitations, or by the growth of
the plants. The 1socurves 604-607 indicate production rate curves for reaching a
respective delivery time. For example, 1socurve 604 may represent a delivery in 14
days, 1socurve 605 may represent a delivery m 12 days, 1socurve 606 may represent a
delivery in 10 days and 1socurve 607 may represent a delivery in 8 days. For example,
if a known target delivery date 1s established, and thereafter a required production rate
a corresponding 1socurve may be found. From a determined maximum PAR 1ntensity,
it may be evaluated if the delivery date may be met, or what level of CO; 1s needed to
meet the delivery. In the 1llustrated exemplary graph, the 8 day delivery 1socurve 1s
outside the possible span of CO; and beyond the maximum tolerated PAR for the
plant 102, therefore an 8 day delivery 1s not possible to meet. However, the 12 day
1socurve 1s partly inside the possible span of CO; and within the maximum tolerated
PAR 603, thus a delivery in 12 days 18 possible to meet.

Fig. 7 provides a flow-chart with method steps according to an exemplary
embodiment of the invention. The flow-chart describes the steps for determining a
growth status for a plant 102 via determining ¢.g. a parameter of a transfer function, a
gain, or a phase of transfer function. In a first step S702, properties of incoming light
towards the plant are determined. For example, the properties may be offset light
intensity and/or the offset light spectrum. Optionally S704, light properties which the
plant was subjected to prior to the determining of the present growth status are
determined. It may now be evaluated S706 1f the prior light properties together with
the present properties determined 1n step S702 are sufficient for determining the
orowth status. For example, the offset light intensity may be too high (or too low)
such that the plant 1s stressed at the present time. In such situation, the offset light

intensity may be lowered and the growth status may be determined 1n normal offset
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light intensity where the plant 1s allowed to acclimatize and thus not be stressed with
respect to light (but possible with respect to ¢.g. nutrition, watering, etc). As a further
example, 1f the surrounding light 1s not stable enough, 1t may not be possible to obtain
a usable evaluation of the plant growth status, thus the offset light intensity need to be
5 stabilized. Furthermore, if the offset light intensity has been stable for a long time
(c.g. days) it may be possible to know that the plant 1s adapted to that offset light
intensity. If the growth status may be determined from the prior light properties
together with the present properties, the offset light may be modified S708 (e.g.
modify mtensity of spectrum) 1n order to modulate growth if needed and the method
10 return to step S702. Furthermore, the method may determine to return to step S702 or
to proceed to the subsequent steps depending on 1n which growth state the plant 1s.
For example, if the plant 1s in the “termination state” it may not be useful to
determine the growth status, whereas 1f the plant 1s 1n the “flowering state™ it may be
highly relevant 1n order to optimize the growth of the plant 102. After step S706, 1f
15  further evaluation 1s needed, the invented method may be used to perform the
following steps. First, a light intensity modulation 1s chosen S709 including the
amplitude and/or the spectrum of the light intensity modulation. Subsequently, a
modulation signal 1s chosen, for example, the plant may be 1lluminated S710 with a
light mntensity modulation in the form of a step-up 207 or step-down 208 (1.¢. a broad
20 band signal). Alternatively, a sine modulation signal with multiple modulation
frequency S712 (e.g. convolution of sweeping) or a single frequency modulation 18
used S714. Subsequently, light emitted from the plant 102 1s detected S716. In the
detection step S716, the phase of the modulation signal 1s taken into account. For
example, 1f the modulation signal 1s a square wave, 1t 1s relevant to measure on the
25 same edge (falling or rising) in order to be able to compare transfer functions, or if
the modulation signal 1s a sine signal, the detection 1s performed at the same phase
cach time. The light comprises a response of the plant to the mnput light. For example,
the detected light comprises fluorescence from the plant 102. Based on the detected
light and knowledge about transfer functions of the plant in specific light settings
30 (e.g. offset light intensity/spectrum, light intensity modulation amplitude/spectrum
and properties of the modulation signal such as amplitude/spectrum, signal form and

also the detected phase of the signal form) having specific light properties, transfer
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function parameters or phase and gain are determined S718. From the transfer
function parameters or phase and gain, the growth status 1s determined S720 by
comparing this to the previously determined transfer functions or phase and gain
which were determined 1n known growth status and light properties. The method may
now return to step S702 1f other light settings or environmental conditions (e.g. CO2
levels, watering, etc) are to be evaluated. The method may further proceed to step
S708 1f the light need to be modified 1n order to modulate growth, subsequently the
method returns to step S702.

Fig. 8 shows an exemplary table of transfer functions dependent on the level
of light adaptation on the x-axis (or the level of stress) and the offset light intensity on
the y-axis. Note that the levels of light adaptation are divided into Low (L, low
adaption level), Medium (M, medium adapted), and High (H, highly adapted) in
correspondence with the boxes (with the respective transter function (G, Gy, G3 Ga,
Gs, Gg)). The boxes indicates within which range of light adaptation (L, M, H) and
within which range of offset light intensity the respective transfer function (G, Gy,
G3 Gy, Gs, Ge) 18 valid. For example, if a determined transfer function 1s Gy, 1t may be
concluded that the plant 1s “Medium™ light adapted (or at the corresponding stress
level). Alternatively or additionally, 1f a determined transfer function 1s Gs it may be
concluded that the plant 1s at a “Medium” light adaptation level and that the offset
light intensity 1s within the range 802. As a further example, the transfer function G,
may correspond to a “Low” level of light adaptation and within the range from 804 to
805 being for example from 80 nE (804) to 250 uE (804), the upper oftset light
intensity level 806 of transter function G4 may for example be 500 pE (806). Note
that similar tables as the one shown 1n Fig. 8 may be obtained for other growth
properties such as water levels, nutrition levels, CO2 levels, etc with corresponding
transfer functions.

The below table non-exhaustively summarizes factors that atfects the transfer
function and 1ts parameters. For example, a variation n either the spectrum or the
overall mtensity of the offset light affects the parameters of the transfer function. The
type of modulation of the mnput light affects the transfer function as well as the
intensity (1.e. total amplitude of the modulation, or the combination of the offset

intensity and the modulation amplitude) and the spectrum of the modulated input
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light. The modulation type may be a broad band signal such as one of a step pulse, a
PRBS (pscudorandom binary sequence) signal, and a square-wave. However, the
input light may comprise any arbitrary waveform having a specific range of
frequency components and may also have a specific phase. The broad band signal
may comprise frequency content i the range of 0.001-100 rad/s or even higher such

as up to 1000 rad/s.

Transfer function

Oftset light Light intensity modulation

Intensity Spectrum Modulation signal Intensity Spectrum

The control unit 108 may be analogue or time discrete, include a general
purpose processor, an application specific processor, a circuit containing processing
components, a group of distributed processing components, a group of distributed
computers configured for processing, etc. The processor may be or include any
number of hardware components for conducting data or signal processing or for
executing computer code stored in memory. The memory may be one or more devices
for storing data and/or computer code for completing or facilitating the various
methods described 1 the present description. The memory may include volatile
memory or non-volatile memory. The memory may include database components,
object code components, script components, or any other type of information
structure for supporting the various activities of the present description.

There 1s further provided a computer program product for controlling a control
unit to execute the steps of illuminating the plant with input light including a light
intensity modulation component; detecting light emitted from the plant; determining
an offset light mmtensity surrounding the plant, the offset light intensity being a static
component of the input light; determining a phase and a gain between the input light
and the detected light; determining a growth status of the plant based on a
predetermined relationship between input light and detected light, and on the phase
and the gain.

The present disclosure contemplates methods, systems and program products

on any machine-readable media for accomplishing various operations. The
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embodiments of the present disclosure may be implemented using existing computer
processors, or by a special purpose computer processor for an appropriate system,
incorporated for this or another purpose, or by a hardwired system. Embodiments
within the scope of the present disclosure include program products comprising
machine-readable media for carrying or having machine-executable instructions or
data structures stored therecon. Such machine-readable media can be any available
media that can be accessed by a general purpose or special purpose computer or other
machine with a processor. By way of example, such machine-readable media can
comprisc RAM, ROM, EPROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or any other medium which
can be used to carry or store desired program code in the form of machine-executable
instructions or data structures and which can be accessed by a general purpose or
special purpose computer or other machine with a processor. When information 1s
transferred or provided over a network or another communications connection (either
hardwired, wireless, or a combination of hardwired or wireless) to a machine, the
machine properly views the connection as a machine-readable medium. Thus, any
such connection 18 properly termed a machine-readable medium. Combinations of the
above are also included within the scope of machine-readable media. Machine-
executable mstructions include, for example, instructions and data which cause a
general purpose computer, special purpose computer, or special purpose processing
machines to perform a certain function or group of functions.

The control unit 18 preferably a micro processor or any other type of
computing device. Similarly, the computer readable medium may be any type of
memory device, including one of a removable nonvolatile/volatile random access
memory, a hard disk drive, a tfloppy disk, a CD-ROM, a DVD-ROM, a USB memory,
an SD memory card, or a similar computer readable medium known 1n the art.

Although the figures may show a specific order of method steps, the order of
the steps may differ from what 1s depicted. Also two or more steps may be performed
concurrently or with partial concurrence. Such variation will depend on the software
and hardware systems chosen and on designer choice. All such variations are within
the scope of the disclosure. Likewise, software implementations could be

accomplished with standard programming techniques with rule based logic and other
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logic to accomplish the various connection steps, processing steps, comparison steps
and decision steps.

Additionally, even though the invention has been described with reference to
specific exemplifying embodiments therecof, many different alterations, modifications
and the like will become apparent for those skilled in the art. Variations to the
disclosed embodiments can be understood and effected by the skilled addressee in
practicing the claimed invention, from a study of the drawings, the disclosure, and the
appended claims. Furthermore, 1n the claims, the word "comprising” does not exclude

other elements or steps, and the indefinite article "a" or "an" does not exclude a

plurality.
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CLAIMS

1. A method for determining a growth status of a plant comprising

chlorophyll, said method comprising the steps of:

illuminating said plant (102) with input light including a light intensity
modulation component (205, 206, 207, 208);

detecting light emitted from said plant;

determining (S702) an offset light intensity (204) surrounding the
plant, said offset light mtensity being a static component of said input light;

determining (S718) a phase and a gain between said input light and
said detected light,

determining (S720) a growth status of said plant based on a
predetermined relationship between input light and detected light, and on said phase

and said gain.

2. The method according to claim 1, wherein said light emitted from said

plant 1s fluorescent light.

3. The method according to any one of claim 1 or 2, wherein said offset

light mtensity (204) 18 non-zero.

4. The method according to any one of the preceding claims, wherein
said step of determining said offset light intensity comprises at least one of:

measuring said offset light intensity;

controlling said offset light intensity by controlling artificial light emitted by
light emitting devices (104); and

determining a growth status of said plant, associating said determined growth

status with a predefined offset light intensity.

5. The method according to any one of the preceding claims, wherein
said light intensity modulation component 1s a cyclic modulation signal having a

repetition frequency.
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0. The method according to any one of the preceding claims, further
comprising sclecting a spectral distribution for said light intensity modulation

component based on a spectral distribution of said offset light intensity.

7. The method according to any one of the preceding claims, wherein a
spectral distribution of said modulation component and/or a spectral distribution of

said static component excludes a fluorescence wavelength of said plant.

10 8. The method according to any one of the preceding claims, wherein
said predetermined relationship 1s a transfer function comprising a sct of transfer
function parameters, determined by the steps of:

illuminating said plant with mput light having a light intensity
modulation component having multiple modulation frequencies;

15 detecting light emitted from said plant;

determining said set of transfer function parameters using a system

1dentification method.

9. The method according to claim &, further comprising determining a set

20 of predetermined transfer functions for mapping growth status and input light.

10.  The method according to any one of claim & or 9, wherein said transfer
function 1s determined for a known offset light imntensity, and a known light intensity
modulation.

25

11.  The method according to any one¢ of the preceding claims, wherein
said light intensity modulation component has multiple modulation frequencies, said
method further comprising determining a detected transfer function between said
input light and said detected light comprising transfer function parameters, wherein

30 said phase and said gain are determined from said detected transfer function.
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12.  The method according to claim 11, wherein said step of determining
said growth status comprises determining a change of said parameter values
compared to parameter values of said predetermined transfer function, wherein said

change 1s indicative of the level of stress in said plant.

13. The method according to any one of the preceding claims, wherein
said light intensity modulation component 1s a modulation signal with frequency

content 1n the range of 0.001-100 rad/s.

14.  The method according to any one of the preceding claims, wherein
said light intensity modulation component 1s selected from a PRBS (pseudorandom

binary sequence) signal and a random broad band signal.

15. The method according to any one of the preceding claims, wherein
depending on the determined phase or gain between said input light and said detected
light, controlling said offset light intensity to modulate a property of said phase or

said gain.

16. A method for controlling the growth of a plant, said method
comprising the steps of any one of claims 1-15 and the step of:
based on said determined growth status and on a desired growth status
for said plant, controlling a property of said input light to modulate the growth of said

plant towards said desired growth status.

17.  Asystem (100, 500) for determining the growth status of a plant, said
system comprising:
at least one light emitting device (104) arranged to emit light towards
said plant,
at least one light sensor (110) for detecting light emitted from said
plant, and
means for determining an offset light intensity surrounding the plant,

said offset light mtensity including artificial light and any ambient light;
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a control unit (108) arranged to control said at Ieast one light emitting
device, and to recerve information related to said detected light from said at least one
light sensor, wherein said control unit 1s configured to:

control said at least one light emitting device to emit a light intensity

S5 modulation component which, together with said offset light intensity forms an input
l1ight;

determine a phase and a gain between said 1nput light and said detected
light, and

determine a growth status of said plant based on a predetermined

10 relationship between input light and detected light and on said phase and said gain.
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