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1 

SYSTEM FOR DETECTION OF DISEASE IN 
PLANTS 

CROSS-REFERENCE TO RELATED 
APPLICATION(S) 

This application claims priority to U.S. Provisional Patent 
Application No. 62/618,917, entitled "System for Detection 
of Disease in Plants," filed on Jan. 18, 2018, which is herein 
incorporated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with govermnent support under 
15SCBGW10054 and 16SCBGWI0017 awarded by the 
USDA Agricultural Marketing Service. The government has 
certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention is directed to the field of detection 
of disease in plants, and more particularly, to a system for 
detection of disease in plants using a spectrometer config
ured to detect a spectrum of electromagnetic radiation 
reflected from a plant at multiple wavelengths. 

BACKGROUND 

Late blight of tomato and potato is a disease in plants 
caused by the hemibiotrophic oomycete pathogen Phytoph
thora infestans (P. infestans). Late blight was believed to be 
a major culprit in the 1840's European, the 1845 Irish and 
the 1846 Highland potato famines. The pathogen is favored 
by moist, cool environments, with sporulation optimal at 
about 12-18° C. in water-saturated or nearly saturated envi
ronments, and zoospore production favored at temperatures 
below about 15° C. Lesion growth rates are typically optimal 
at a slightly warmer temperature range of about 20 to 24 ° C. 

2 
In one aspect, the present invention relates to a system or 

method for using infrared reflectance of leaves to determine 
whether a plant is infected with P. infestans, before visual 
symptoms appear. The inventors measured continuous vis-

5 ible to shortwave infrared reflectance ( 400-2500 nanome
ters) on leaves of plants using a portable spectrometer at 
12-24 hour intervals after inoculation of the plants, coincid
ing with different phases of P. infestans' life cycle, includ
ing: early infection (which could occur, for example, at 

10 about 24 hours post inoculation); biotrophic growth (which 
could occur, for example, at about 36-60 hours post inocu
lation); transition to necrotrophy (which could occur, for 
example, at about 84 hours post inoculation); necrotrophy 
(which could occur, for example, at about 108 hours post 

15 inoculation); and sporulation (which could occur, for 
example, at about 132 hours post inoculation). As the 
progression of infection over time may be affected by the 
aggressiveness of an isolate and conductivity of the envi
ronment, the present invention analyzes data according to 

20 infection stage and not just time. 
The inventors calculated Normalized Differential Spectral 

Index (NDSI) values, identified NDSI values and wave
lengths most correlated with the different stages of infection, 
and executed logistic and machine learning-based regres-

25 sions to identify NDSI values whose changes may be most 
indicative of infection status. Accordingly, the inventors 
have identified distinctive NDSI bandwidth patterns that can 
be used to accurately determine infection at all stages of P. 
infestans infection, including before the appearance of 

30 visual symptoms. The aforementioned NDSI values can be 
applied across time points in a predictive mode to provide a 
hyperspectral reflectance and imaging system that can be 
used via direct contact with plants and/or via attachment 
vehicles such as tractors or drones. This can advantageously 

35 provide rapid, early detection of late blight in real-time 
In one aspect, for each stage of the P. infest ans infection 

cycle, a predetermined set of NDSI values can be used in a 
model providing a multivariate regression to classify plants 
as likely infected and likely not infected. Models for each of 

40 the stages can be combined into a single algorithm that is run 
sequentially. Accordingly, each stage of the infection cycle 
which induces a different physical, physiological, and/or 
biochemical response from a plant, thereby causing wave-

Late blight continues to be one of the most challenging 
diseases to sustainably and proactively manage in modern 
agriculture. Significant resources are spent on P. infestans 
control every year, despite annual losses in significant 
numbers continuing to occur. It is therefore desirable to 45 

provide an advanced field-based system for detection oflate 
blight that can reliably identify infection before the onset of 
visual symptoms. Such a system could improve manage
ment of crops by greatly reducing disease potential and 
spread, thereby potentially saving significant time and 
resources and reducing food and seed loss. 

length reflectance to change, can be classified. 
Specifically then, one aspect of the present invention can 

provide a system for detection of disease in plants, includ
ing: a spectrometer configured to detect a spectrum of 
electromagnetic radiation reflected from a plant at multiple 
wavelengths, the spectrum including reflection measure-

50 ments corresponding to wavelengths; and a processor 
executing a program stored in a non-transient medium to 
apply the reflection measurements as variables in a model 
configured to indicate a likelihood of presence of a disease SUMMARY 
in the plant. 

Another aspect of the present invention can provide a 
system for detection of disease in plants, including: an 
imager configured to a capture an image including multiple 
spectral pixels, each spectral pixel corresponding to a spec
trum of electromagnetic radiation reflected at v wavelengths, 

The present inventors have recognized that various dis- 55 

eases in plants, such as Phytophthora infestans (late blight) 
and Alternaria solani ( early blight), and/or various stages of 
such diseases in plants, can be reliably detected by applying 
measurements from electromagnetic reflections detected 
from a plant in a model to produce an output indicating a 
probability of the disease and/or stage. In one aspect, 
coefficients can be applied to each measurement at each 
wavelength to emphasize identification of a given disease or 
stage. In another aspect, an imager can capture images 
comprising spectral pixels in which each pixel comprises 
measurements from the electromagnetic reflections for 
application in a model to identify a given disease or stage. 

60 the spectrum including reflection measurements correspond
ing to wavelengths; and a processor executing a program 
stored in a non-transient medium to apply reflection mea
surements at each spectral pixel as variables in a model 
configured to indicate a likelihood of presence of a disease 

65 of a plant at the spectral pixel. 
These and other features and advantages of the invention 

will become apparent to those skilled in the art from the 
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following detailed description and the accompanying draw
ings. It should be understood, however, that the detailed 
description and specific examples, while indicating pre
ferred embodiments of the present invention, are given by 
way of illustration and not of limitation. Many changes and 5 

modifications may be made within the scope of the present 
invention without departing from the spirit thereof, and the 
invention includes all such modifications. 

FIG. 15 is a diagram illustrating an image comprising 
spectral pixels in accordance with an aspect of the invention; 
and 

FIG. 16 is a diagram illustrating an overhead vehicle 
capturing an image comprising spectral pixels in accordance 
with an aspect of the invention. 

DETAILED DESCRIPTION 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred exemplary embodiments of the invention are 
illustrated in the accompanying drawings in which like 
reference numerals represent like parts throughout, and in 
which: 

FIG. 1 is a diagram of a system for detection of disease 
in plants in accordance with an aspect of the invention; 

FIG. 2 is a diagram of an exemplar plant structure 
reflecting a spectrum of electromagnetic radiation in the 
system of FIG. 1; 

10 Referring now to FIG. 1, a diagram of a system 10 for 
detection of disease in plants is provided in accordance with 
an aspect of the invention. The system 10 can include a 
control system 12 in communication with a controllable 
light source 14, a spectrometer 16 and/or an I/O interface 18. 

15 The control system 12 can include a processor 20 configured 
to execute a program 22 stored in a non-transient medium 24 
to control operation of the light source 14 and/or the 
spectrometer 16. The processor 20 can also execute to 
communicate with a user through the I/O interface 18 to 

20 receive commands and/or display results as described 
herein. The I/O interface 18 could include a keyboard and/or 
monitor connected to the control system 12, and in one 
aspect, could be implemented by a remote monitoring 

FIG. 3 is an exemplar plot of waveforms in a spectrum, 
including for a plant inoculated with a disease and a plant 
not inoculated with the disease, showing reflections from the 
plants by varying amounts across the spectrum of electro- 25 

magnetic radiation indicated by wavelengths; 

device, such as a smartphone or tablet. 
Under control of the system 12, the light source 14 can 

project electromagnetic radiation over a continuous spec
trum from a radiating portion 15, preferably including 
visible and infrared spectrums, at various distances and/or 
angles onto a plant 30, such as an exposed leaf under study. 

FIG. 4 is an exemplar plot of spectral values in a "heat 
map," which could be Normalized Differential Spectral 
Index (NDSI) values, calculated from reflections from a 
plant; 

FIG. 5 is a process which can be executed by the system 
of FIG. 1 for applying spectral values as variables in models 
indicating stages of infection of disease to produce in 
accordance with an aspect of the invention; 

FIG. 6A is a chart indicating possible ranges for spectral 
values for indicating various stages of infection of P. infes
tans with varying percentages of accuracy in accordance 
with an aspect of the invention; 

FIG. 6B is a chart indicating possible ranges for spectral 
values for indicating a fewer number of stages of infection 
of P. infestans with varying percentages of accuracy in 
alternative modes of detection in accordance with another 
aspect of the invention; 

FIG. 7 is a diagram of an alternative system for detection 
of disease in plants in accordance with an aspect of the 
invention; 

FIG. 8 is a process for detection of disease in plants in 
accordance with an aspect of the invention; 

FIG. 9 is an exemplar plot of waveforms in a spectrum 
comparing a healthy plant to a plant inoculated with P. 
infestans at an early infection stage of infection; 

FIG. 10 is an exemplar plot of waveforms in a spectrum 
comparing a healthy plant to a plant inoculated with P. 
infestans at a biotrophic growth stage of infection; 

FIG. 11 is an exemplar plot of waveforms in a spectrum 
comparing a healthy plant to a plant inoculated with P. 
infestans at a necrotrophic lesion formation stage of infec
tion; 

FIG. 12 is an exemplar plot of waveforms in a spectrum 
comparing a healthy plant to a plant inoculated with P. 
infestans at a sporulation stage of infection; 

FIG. 13 is a diagram illustrating generation of a model in 
accordance with an aspect of the invention; 

FIG. 14 is a diagram illustrating an application of reflec
tion measurements as variables in a model in accordance 
with an aspect of the invention; 

30 In alternative aspects, ambient lighting and/or other electro
magnetic radiation sources could be used. Also, under 
control of the system 12, the spectrometer 16, through a 
sensor 26, which could include a lens, in tum, can detect a 
continuous spectrum of electromagnetic radiation at various 

35 distances and/or angles as reflected from the plant 30. In 
particular, the spectrometer 16 can detect the continuous 
spectrum of electromagnetic radiation as reflection measure
ments between lower and upper wavelengths, preferably 
between at least a lower (longer) wavelength of about 400 

40 nanometers and an upper (shorter) wavelength of about 2500 
nanometers. 

In one arrangement, the system 10 can be configured as 
part of portable device carried by a user. In such an arrange
ment, the sensor 26 and the radiating portion 15 could be 

45 integrated into a single handheld contact probe for local 
testing and monitoring. In another arrangement, the system 
10 can be attached to an aerial vehicle, such as a drone, for 
monitoring larger areas of an agricultural field. In yet 
another arrangement, the system 10 can be attached to a 

50 ground vehicle, such a tractor or agricultural implement, to 
interface with a user in a cab, for real-time monitoring of 
plant conditions during field operations. 

With additional reference to FIG. 2, as full portions 32 of 
electromagnetic radiation projected from the light source 14 

55 come into contact with the plant 30, the full portions 32 are 
typically divided into reflected portions 34, absorbed por
tions 36 and transmitted portions 38. The reflected portions 
34 are typically further divided into surface reflected por
tions 34a, which reflect from the plant 30 without penetrat-

60 ing the surface, and internally reflected portions 34b, which 
penetrate the surface of the plant 30 and reflect from interior 
structures 40. The absorbed portions 36 most often consti
tute radiation in the red and blue regions of the visible light 
spectrum, among other radiation, that is absorbed by chlo-

65 rophyll during photosynthesis. The transmitted portions 38 
constitute radiation at particular wavelengths which are 
neither reflected nor absorbed by the plant 30. 
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The _prese~t inventors have recognized that various stages 
of an mfect10n cycle of a disease can induce a different 
physical, physiological, and/or biochemical response from a 
plant, thereby causing wavelength reflectance to change. For 
e~ample, a first portion 42 of the plant 30 not affected by 5 

disease reflects the reflected portions 34 in different ways at 
select wavelengths than a second portion 44 of the plant 30 
that is affected by disease. Such reflected portions 34 can 
therefore be characterized to determine healthy versus dis
eased plants, and moreover, states of progression of diseased 10 

plants, such as early infection, biotrophic growth, transition 
to necrotrophy, necrotrophic lesion formation, sporulation, 
and/or disease-induced leaf death, for Phytophthora infes
tans (P. infestans) in potato or tomato. 

With additional reference to FIG. 3, an exemplar plot of 
15 

waveforms 50 illustrates reflections (p) by varying amounts 
with respect to a spectrum of electromagnetic radiation at 
differing wavelengths (A) between a lower wavelength 52 
and an upper wavelength 54 in accordance with an aspect of 20 

the invention. Such waveforms 50 could be detected by the 
spectrometer 16, displayed to the I/0 interface 18 and/or 
used for calculations by the processor 20 as described 
herein. The waveforms 50 include, by way of example, a 
n?n-inoculated waveform 56 for a plant not affected by 25 

disease ("Not Inoculated"), which could include only the 
first portion 42 of the plant 30, and an inoculated waveform 
58 for _a plant that is affected by disease ("Inoculated"), such 
could mclude the second portion 44 of the plant 30. In one 
aspect, such waveforms could be detected continuously 30 

between lower wavelengths of about 400 nanometers to 
upper wavelengths of about 2500 nanometers. The spectrum 
could therefore preferably include a visible spectrum 60 
(VIS), between 400 and 700 nanometers, and an infrared 
(IR) spectrum, between 700 and 2500 nanometers. Accord-

35 

ingly, the IR spectrum would also include a near-infrared 
(NIR) division 62, approximately between 800 and 1200 
nanometers, and a short-wavelength infrared (SWIR) divi
sion 64, approximately between 1300 and 2500 nanometers. 40 

Although the non-inoculated and inoculated waveform 56 
and 58, respectively, follow similar general patterns, the 
present inventors have recognized that they in fact differ at 
select wavelengths based on disease states. As a result, such 
differences can be distinguished in predetermined groups or 45 

patterns of spectral values for reliably detecting disease 
states. 

Referring now to FIG. 4, an exemplar plot of a group 70 
of spectral values 72 calculated in a "heat map" is provided 
in accordance with an aspect of the invention. The spectral 50 

values 72 are derived from the spectrum of electromagnetic 
radiation, such as from a waveform of FIG. 3, at a particular 
sampling time. Each spectral value 72 can quantify a relative 
difference between reflections (p) at differing wavelengths 
(A,, A) between the lower and upper wavelengths 52 and 54 

55 

respectively. Accordingly, each spectral value 72 ca~ 
emp~asize distinctions between the differing wavelengths, 
certam ones of which being suitable for detection of stages 
of infection at particular times. 60 

In one aspect, the spectral values 72 can be Normalized 
Differential Spectral Index (NDSI) values. Such NDSI val
ues can be calculated as a difference between spectral 
refle~t)ons at first and second wavelengths ( or bands) Ai and 
A1, d1v1ded by a sum of the spectral reflections at the first and 65 

second wavelengths ( or bands) Ai and A1, respectively, such 
as according to the equation: 

NDSI = band; - band i 
band; + band i 

6 

Referring now to FIG. 5, in accordance with an aspect of 
the invention, for detection of disease in plants, the proces
sor 20 can execute a process 73 to calculate multiple 
predetermined groups 70 or patterns of spectral values 72 
from reflections of electromagnetic radiation from a plant 30 
under study. Each group 70 includes spectral values 72 
optimized to most characterize a particular stage of infection 
of disease for its group when compared to other stages. 
Accordingly, each group 70 can correspond to a likelihood 
of presence of that particular stage of infection. In one 
aspect; for P. infestans in potato or tomato, following a 
detect10n of electromagnetic radiation from a plant 30, the 
processor 20 can execute to calculate: a first group 70a of 
spectral values 72 optimized for detection of early infection 
("Stage 1"); a second group 70b of spectral values 72 
o~timized for detection ofbiotrophic growth ("Stage 2"); a 
thJrd group 70c of spectral values 72 optimized for detection 
of transition to necrotrophy ("Stage 3"); a fourth group 70d 
of spectral values 72 optimized for detection of necrotrophic 
lesion formation ("Stage 4"); a fifth group 70e of spectral 
values ~2 optimized for detection of sporulation ("Stage 5"); 
and a sixth group 70/ of spectral values 72 optimized for 
detection of disease-induced leaf death ("Stage 6"). 

With additional reference to FIG. 6A, a chart 80a indi
cates possible ranges 82a for spectral values 72 for indicat
ing the various stages 84a of infection of P. infestans with 
varying percentages of accuracy 86a. As shown, spectral 
values 72 for detection of early infection ("Stage 1 ") could 
be optimized in the first group 70a by using reflections at 
wavelengths in only the SWIR division of the IR spectrum; 
spectral values 72 for detection ofbiotrophic growth ("Stage 
2") could be optimized in the second group 70b by using 
reflections at wavelengths in only the NIR division of the IR 
spectrum; spectral values 72 for detection of transition to 
necrotrophy ("Stage 3") could be optimized in the third 
group 70c by using reflections at wavelengths in the SWIR 
and NIR divisions of the IR spectrum; spectral values 72 for 
detection of necrotrophic lesion formation ("Stage 4") could 
be optimized in the fourth group 70d by using reflections at 
wavelengths in the SWIR and NIR divisions of the IR 
spectrum; spectral values 72 for detection of sporulation 
("Stage 5") could be optimized in the fifth group 70e by 
using reflections at wavelengths in only the SWIR division 
of the IR spectrum; spectral values 72 for detection of 
disease-induced leaf death ("Stage 6") could be optimized in 
t~e- sixth group 70fby using reflections at wavelengths in the 
v1s1ble spectrum and SWIR division of the IR spectrum. 

By way of example, the inventors have found that spectral 
values 72 for detection of early infection ("Stage 1 "), at 
about 24 hours post inoculation, could be optimized in the 
first group 70a by using NDSI values based on any of the 
following combinations of wavelengths (formatted as 
X_first_ wavelength, second_ wavelength, in nanometers, 
where the NDSI value is calculated by subtracting the 
reflectance at the second wavelength from the reflectance at 
the first wavelength over the sum of the two reflectance at 
the specified wavelengths) ( corresponding classification 
accuracies for each combination, derived from 500 iterations 
of a 70-30 training-testing dataset split, are also provided): 

a. X2034.2029+X2031.2030----about 78% accuracy; 
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b. X2032.2029+X2032.2031 +X2031.2029+X897 .887 + 
X2032.2030+X2033.2029+X1948.1944+X827.826+ 
X2034.2029-about 74% accuracy; 

C. X2032.2029+X2032.2031 +X2031.2029+X897 .887 + 
X2032.2030+X2033.2029+X1948.1944+X827.826-
about 75% accuracy; 

d. X2032.2029+X2032.2031 +X2031.2029+X897 .887 + 
X2032.2030+X2033.2029+X1948.1944-about 72% 
accuracy; 

8 
e. X2284.2276+X564.528-about 78% accuracy. 
Preferably, a group 70 would include between two to ten 

spectral values 72. 
Referring again to FIG. 5, the processor 20 can further 

5 execute the process 73 to apply the multiple groups 70 of 
spectral values 72 as variables in models 74 for indicating 
stages of infection of disease to produce outputs 76 indicat
ing likelihoods of presence of the respective stages of 
infection in the plant. Each model 74 can execute a multi
variate logistic regression using particular spectral values 72 
to produce a probability for providing the output 76. Each 
model 74 could execute simultaneously or sequentially. The 
output 76 could be expressed as probability or percent 
likelihood of presence of the particular stage of disease. For 

e. X2032.20294- X2032.2031+X2031.2029+X897.887+ 10 

X2032.2030+X2033.2029+X827.826+X2034.2029+ 
X2031.2030-about78% accuracy. 

Spectral values 72 for detection of biotrophic growth 
("Stage 2"), at about 36 to 60 hours post inoculation, could 
be optimized in the second group 70b by using NDSI values 
based on any of the following combinations of wavelengths: 

a. Xl 874.1414+Xl 874.1415+X1874.1416+ 
Xl 137.973.1 +Xl 136.973.1 +Xl 138.966+Xl 138.965+ 

15 P. infestans in potato or tomato, the first group 70a of 
spectral values 72 ("Stage 1 ") can be applied in a model 7 4a 
to produce an output 76a indicating a likelihood of presence 
of early infection; the second group 70b of spectral values 72 

X1084.1080+X557.556-about 75% accuracy; ("Stage 2") can be applied in a model 74b to produce an 
b. X1874.1414+X1874.1415+X1874.1416-about 66% 20 output 76b indicating a likelihood of presence ofbiotrophic 

accuracy; 
c. Xl 137 .973.1 +Xl 136.973.1 +Xl 138.966+Xl 138.965+ 

X1084.1080 about 67% accuracy; 
d. X557.556-about 67% accuracy. 
Spectral values 72 for detection of transition to necrotro

phy ("Stage 3"), at about 84 hours post inoculation, could be 
optimized in the third group 70c by using NDSI values based 
on the following combination of wavelengths: 

a. X970.962, X920.918, X1927.1922, X926.918, 
X1130.1015-about 89% accuracy. 

Spectral value 72 for detection of necrotrophic lesion 
formation ("Stage 4"), at about 108 hours post inoculation, 
could be optimized in the fourth group 70d by using an 
NDSI value based on the following wavelengths: 

a. X1982.1899-about 90% accuracy. 
Spectral values 72 for detection of sporulation ("Stage 

5"), at about 132 hours post inoculation, could be optimized 
in the fifth group 70e by using NDSI values based on any of 
the following combinations of wavelengths: 

a. X2284.2276+X2285.2276+X1931.1919+Xl 931.1925 
about 80% 

b. X1932.1919+X1932.1920+X2286.2276-about 76% 
accuracy; 

c. X2284.2276+X2285.2276+X2286.2276-about 71 % 
accuracy; 

d. X2284.2276+X2285.2276+X1931.1919-about 78% 
accuracy; 

e. X2284.2276+X2285.2276+Xl 931.1919+X1931.1925+ 
X1931.1920 about 79% accuracy; 

growth; the third group 70c of spectral values 72 ("Stage 3") 
can be applied in a model 74c to produce an output 76c 
indicating a likelihood of presence of transition to necrotro
phy; the fourth group 70d of spectral values 72 ("Stage 4") 

25 can be applied in a model 74d to produce an output 76d 
indicating a likelihood of presence of necrotrophic lesion 
formation; the fifth group 70e of spectral values 72 ("Stage 
5") can be applied in a model 74e to produce an output 76e 
indicating a likelihood of presence of sporulation; and the 

30 sixth group 70/ of spectral values 72 ("Stage 6") can be 
applied in a model 74fto produce an output 76/ indicating 
a likelihood of presence of disease-induced leaf death. 

In one aspect, the outputs 76 could be collectively sent to 
the I/O interface 18 for graphic display to a user. The user 

35 could then interpret the results to determine presence or 
absence of disease, and moreover, a stage of infection of the 
disease, if present. However, in another aspect, each of the 
outputs 76 could be sent to an analyzer 78 for producing a 
selection 79 indicating presence or absence of disease, and 

40 moreover, stage of infection of the disease, if present. The 
analyzer 78 could be a program executing to reference a 
library comprising historical test results and apply statistical 
analysis and/or machine learning to produce the selection 
79. The selection 79, in tum, could be sent to the I/O 

45 interface 18 for graphic display to the user to provide a 
simplified result. 

f. X2284.2276+X2285.2276+X1931.1919+X1931.1925+ 50 

X1931.1920+X1932.1919+X1932.1920-about 78% 

Referring now to FIG. 7, an alternative system 100 can be 
provided for detection of disease in plants in accordance 
with an aspect of the invention. The system 100 can include 
a combined control system 102, including a processor, data 
store, spectrometer and/or I/O interface, in communication 
with an enclosure 104, through a cable 106 providing I/O 
control and/or a waveguide. The enclosure 104 can include 
a door 107 having a clip or other mechanism for retaining a 

accuracy; 
g. X2284.2276+X2285.2276+X1931.1922-about 78% 

accuracy; 
h. X2284.2276-about 74% accuracy. 
Spectral values 72 for detection of disease-induced leaf 

death ("Stage 6"), at about 24 hours post inoculation, could 
be optimized in the sixth group 70/ by using NDSI values 
based on any of the following combinations of wavelengths: 

55 plant material 108, such as a leaf, under study. The plant 
material 108 can be held by the clip and, as shown in detail 
view I/O, the door 107 can be closed to contain at east a 
portion of the plant material 108 inside the enclosure 104 for 
testing. 

a. X2284.2276, X1931.1922, X564.528-about 78% 60 With the plant material 108 held inside the enclosure 104 
and the door 107 closed, the control system 102 can be 
triggered to initiate testing. When initiated, as shown in 
detail view 112, the control system 102 can trigger the 
enclosure 104 to project a spectrum of electromagnetic 

accuracy; 
b. X2284.2276-about 70% accuracy; 
c. X2284.2276+Xl 931.1922+X1932.1922+X558.5521 + 

X564.527 +X560.533+X559 .533+X561.533-about 
80% accuracy; 

d. X2284.2276+X2285.2276+X1931.1922+ 
X1932.1922+X564.528-about 79% 

65 radiation, directed toward the plant material 108, from a 
radiating source 114, preferably including visible and infra
red spectra. A lens 116 could then direct reflections from the 
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way of example, for identifying the early infection stage of 
P. infestans, a reflection measurement at 1000 nanometers 
may provide a greater predictor of presence of this stage of 
infection than a reflection measurement at 500 nanometers 

plant material 108 to the spectrometer. The control system 
102, with results from the spectrometer, can then calculate 
the predetermined groups 70 of spectral values 72, and apply 
the groups 70 of spectral values 72 as variables in a model 
7 4 to produce outputs 7 6 indicating likelihoods of presence 
of stages of infection in the plant material 108 and/or the 
selection 79 for graphic display. 

Referring now to FIG. 6B, in another aspect of the 
invention, a chart 80b indicates possible ranges 82b for 
spectral values 72 for indicating the various stages 84b of 
infection of P. infestans with varying percentages of accu
racy 86b. In this aspect, a fewer number of stages 84b can 

5 (see FIG. 9). As a result, a coefficient corresponding to 1000 
nanometers can be emphasized by the function 226 by 
configuring a greater value coefficient at 1000 nanometers 
and a lesser value coefficient at 400 nanometers. In one 
aspect, the function 226 can apply a partial least squares 

10 discriminant analysis with respect to the first and second 
spectrums 222 and 224, respectively, to generate the coef
ficients 228. 

With additional reference to FIG. 14, coefficients 228 can 
be prepared for each given disease or stage of disease being 

be detected, in this case four, with different percentages of 
accuracy for each stage by using different NDSI values, 
similarly as described above with respect to FIG. 5. 

In addition, in an alternative aspect of the invention, the 
fewer number of stages 84b can be detected, with varying 
percentages of accuracy 86c, using an application of coef
ficients as described herein. Referring now to FIG. 8, in such 

15 targeted by the process for analysis. For example, first 
coefficients 228a ("Xl") can correspond to an A. solani 
model comparing the reference data set Ml captured with 
respect to a healthy plant to a data set M2 for a plant 

a system, the processor 20 can execute the process 200 to 20 

obtain reflection measurements from the spectrometer 16 
and apply such measurements as variables in a model 
configured to indicate a likelihood of presence or absence of 
a disease in a plant. Beginning at step 202, the process can 
begin by generating models used for determining plant 25 

healthiness, presence of disease, such as P. infestans (late 
blight) and/or A. solani (early blight), and/or presence of 
stages of infection of a disease. By way of example, with 
additional reference to FIGS. 9-12, waveforms are provided 
illustrating reflection measurements versus wavelengths for 30 

plants inoculated with optimally identifiable stages of infec
tion of P. infestans as determined by the inventors, including 
early infection (FIG. 9), biotrophic growth (FIG. 10), necro
trophic lesion formation (FIG. 11), and sporulation (FIG. 
12), each in comparison with a healthy or "control" plant. 35 

The models can be generated and re-generated with adjust
ments as often as desired. 

With additional reference to FIG. 13, in one aspect, to 
generate a given model, first and second spectrums of 
electromagnetic radiation 222 and 224, respectively, can be 40 

detected by the spectrometer 16. Each spectrum can repre
sent an array of reflection measurements corresponding to 
wavelengths between lower and upper wavelengths, such as 
between 400 and 2400 nanometers, in given increments, 
such as every 1 nanometer. For example, each spectrum 45 

could have a first reflection measurement at 400 nanometers, 
a second reflection measurement at 401 nanometers, a third 
reflection measurement at 402 nanometers, and so forth. The 
first spectrum 222 ("Ml") can be a control or reference data 
set captured with respect to a healthy plant (such as control 50 

curve 242 of FIG. 9). However, the second spectrum 224 
("M2") can be a captured data set for a given disease or stage 
of infection being targeted by the model (such as inoculated 
curve 244 of FIG. 9). The first and second spectrums 222 
and 224, respectively, can then be applied to a function 226 55 

to produce an array of coefficients 228 ("X") or multiplier 
values corresponding to the wavelengths between the lower 
and upper wavelengths. The function 226 is applied to 
produce coefficients 228 that are configured to emphasize 
identification of the given disease or stage ( exhibited by the 60 

second spectrum 224). That is, the coefficients are deter
mined to maximize contributions of reflection measure
ments at particular wavelengths which are most indicative of 
the given disease or stage. 

Referring again to FIGS. 9-12, wavelengths which may 65 

maximize contributions of reflection measurements for the 
various stage of P. infestans are identified by bands 240. By 

inoculated with A. solani; second coefficients 228b ("X2") 
can correspond to a first stage P. infestans model ( early 
infection) comparing the reference data set Ml captured 
with respect to a healthy plant to a data set M2 for a plant 
inoculated with first stage P. infestans; third coefficients 
228c ("X3") can correspond to a second stage P. infestans 
model (biotrophic growth) comparing the reference data set 
Ml captured with respect to a healthy plant to a data set M2 
for a plant inoculated with second stage P. infestans; fourth 
coefficients 228d ("X4") can correspond to a third stage P. 
infestans model (necrotrophic lesion formation) comparing 
the reference data set Ml captured with respect to a healthy 
plant to a data set M2 for a plant inoculated with third stage 
P. infestans; fifth coefficients 228e ("XS") can correspond to 
a fourth stage P. infestans model (sporulation) comparing the 
reference data set Ml captured with respect to a healthy 
plant to a data set M2 for a plant inoculated with fourth stage 
P. infestans; and so forth. In addition, sixth coefficients 228/ 
("X6") can correspond to plant healthiness comparing the 
reference data set Ml captured with respect to a healthy 
plant to an inverse of one or more data sets M2 for a plant 
inoculated with a given disease or stage. Accordingly, such 
models can be configured to indicate a likelihood of pres-
ence of diseases and/or stages in a plant. 

Referring back to FIG. 8, after generating the models, the 
process can continue to step 204 in which a given plant 
sample can be measured by the spectrometer 16. Referring 
also to FIG. 14, the plant can be measured to produce a 
sample spectrum 230 ("MO") representing an array of reflec
tion measurements corresponding to wavelengths between 
the lower and upper wavelengths, in increments correspond
ing to the models, such as every 1 nanometer. Reflection 
measurements of the sample spectrum 230 can then be 
applied as variables for indicating a likelihood of presence 
of diseases and/or stages in the plant. In particular, at step 
206, each reflection measurement of the sample spectrum 
230 can be multiplied by a coefficient for a given wave
length, for each of the models produced. An analyzer 232, in 
turn, can receive the products of the sample spectrum 230 
separately multiplied by each set of coefficients 228 in 
separate paths. With these calculated values, the analyzer 
232 can analyze the results of each path to determine a 
likelihood or probability of a disease being present, an 
identification of the disease if present, and/or an identifica
tion of a stage of infection of a given disease if present. In 
one aspect, the analyzer 232 can apply stages of multivariate 
regression to produce an output. 

Still referring to FIG. 8, at decision step 208, the process 
can determine a likelihood of presence of a disease. If a 
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disease is not likely to be present ("No"), the process can 
proceed to step 210 to record and output the results, then step 
212 to measure a next sample spectrum 230, and then step 
206 again to apply the new reflection measurements as 
variables with respect to the one or more models. However, 5 

if a disease is likely to be present ("Yes"), the process can 
proceed to step 214 to identify the likelihood of disease to 
a given probability. Then, at decision step 216, the process 
can determine whether the identified disease is comprised of 
stages of infection. For example, P. infestans could be 10 

comprised of four identifiable stages of infection based on 
targeted models, such as early infection, biotrophic growth, 
necrotrophic lesion formation, and/or sporulation. However, 
A. solani might not be comprised of any further identifiable 
stage of infection, aside from the disease itself. If the 15 

identified disease is not comprised of stages of infection 
("No"), the process can proceed to step 210 to record and 
output the results of the disease itself, then step 212 to 
measure a next sample spectrum 230, and then step 206 to 
apply the new reflection measurements as variables again 20 

with respect to the one or more models. However, if the 
identified disease is comprised of multiple stages of infec
tion ("Yes"), the process can proceed to step 218 to identify 
the stage of infection to a given probability. Then, the 
process can proceed to step 210 to record and output the 25 

results of the disease and stage, then step 212 to measure a 
next sample spectrum 230, and then step 206 to apply the 
new reflection measurements as variables again with respect 
to the one or more models. 

Referring again to FIG. 14, in one aspect, output 234 from 30 

the analyzer 232 could comprise a ranking ("Z") of the 
likelihood of presence of each disease and/or stage of 
infection of disease with probabilities, corresponding to the 
paths produced by the different models of coefficients 228. 
For example, when analyzing a sample spectrum 230 with 35 

respect to six different models Xl-X6, the results of each can 
be ranked from most probable to least probable. Moreover, 

12 
such as a second spectral pixel 262" capturing soil, and a 
third spectral pixel 262"' capturing water. Prior to analyzing 
any spectrum associated with a pixel, the processor 20 could 
execute a filter to remove certain non-plant spectral pixels, 
such as the second and third spectral pixels 262" and 262"', 
respectively, which do not correspond to plant material like 
the first spectral pixel 262'. In one aspect, such a system can 
efficiently determine reflection measurement waveforms of 
the second spectral pixels 262" as corresponding to a stored 
soil waveform 264, and reflection measurement waveforms 
of the third spectral pixels 262"' as corresponding to a stored 
water waveform 266, and filter such spectral pixels from 
analysis based on their matched similarities. Also, the sys
tem can efficiently determine reflection measurement wave
forms of the third spectral pixels 262"' as corresponding to 
a stored vegetation waveform 268 and being processing of 
such pixels for spectral analysis for determining likelihood 
of presence of diseases and/or stages of infection. 

Certain terminology is used herein for purposes of refer
ence only, and thus is not intended to be limiting. For 
example, terms such as "upper," "lower," "above," and 
"below" refer to directions in the drawings to which refer
ence is made. Tennis such as "front," "back," "rear," "bot
tom," "side," "left" and "right" describe the orientation of 
portions of the component within a consistent but arbitrary 
frame of reference which is made clear by reference to the 
text and the associated drawings describing the component 
under discussion. Such terminology may include the words 
specifically mentioned above, derivatives thereof, and words 
of similar import. Similarly, the terms "first," "second" and 
other such numerical terms referring to structures do not 
imply a sequence or order unless clearly indicated by the 
context. 

When introducing elements or features of the present 
disclosure and the exemplary embodiments, the articles "a," 
"an," "the" and "said" are intended to mean that there are 
one or more of such elements or features. The terms "com
prising," "including" and "having" are intended to be inclu
sive and mean that there may be additional elements or 

in some aspects, the first ranked result can be provided to an 
output, such as a graphic display implemented on a com
puter screen or mobile device. 40 features other than those specifically noted. It is further to be 

understood that the method steps, processes, and operations 
described herein are not to be construed as necessarily 
requiring their performance in the particular order discussed 

Referring now to FIG. 15, in another aspect of the 
invention, a spectroscopic imager can be used to capture 
images 250 comprising spectral pixels 252 in which each 
spectral pixel comprises reflection measurements corre
sponding to wavelengths in a spectrum. For example, an 45 

imager can capture the image 250 of a plant leaf comprising 
in rows and colunms of spectral pixels 252. Each spectral 
pixel can comprise an individual sample spectrum MO, like 
the sample spectrum 230, which could be modeled and 
analyzed in the system of FIG. 14. Depending on distance 50 

from the plant being measured, and resolution of the imager, 
greater or lesser numbers of sample spectrums MO, covering 
greater or lesser areas of plants, can be captured and 
analyzed in varying degrees. Accordingly, such analysis can 
be carried on a micro level, such as with respect to leaves 55 

and plants, and/or on a macro level, such as with respect to 
fields and terrains. 

or illustrated, unless specifically identified as an order of 
performance. It is also to be understood that additional or 
alternative steps may be employed. 

References to "a microprocessor" and "a processor" or 
"the microprocessor" and "the processor" can be understood 
to include one or more microprocessors that can communi
cate in a stand-alone and/or a distributed environment(s), 
and can thus be configured to communicate via wired or 
wireless communications with other processors, where such 
one or more processors can be configured to operate on one 
or more processor-controlled devices that can be similar or 
different devices. Furthermore, references to memory, unless 
otherwise specified, can include one or more processor-
readable and accessible memory elements and/or compo
nents that can be internal to the processor-controlled device, 
external to the processor-controlled device, and/or can be 

With additional reference to FIG. 16, in one aspect, an 
overhead vehicle 258, such as an aircraft, drone or satellite, 
could include such an imager used to capture images 260 of 
a large terrain, such as swath of the Earth's surface, in which 
spectral pixels 262 of the image each comprise reflection 
measurements corresponding to wavelengths in a spectrum. 

60 accessed via a wired or wireless network. 

At this macro level, an image 260 could capture large areas 
of plants and vegetation, such as a first spectral pixel 262' 
capturing densely populated frees. However, the image 260 
could also capture significant areas of non-plant material, 

It is specifically intended that the present invention not be 
limited to the embodiments and illustrations contained 
herein and the claims should be understood to include 
modified forms of those embodiments including portions of 

65 the embodiments and combinations of elements of different 
embodiments as coming within the scope of the following 
claims. All of the publications described herein including 
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patents and non-patent publications are hereby incorporated 
herein by reference in their entireties. 

What is claimed is: 
1. A system for detection of disease in plants, comprising: 
a spectrometer configured to detect a spectrum of elec- 5 

tromagnetic radiation reflected from a plant at a plu
rality of wavelengths, the spectrum comprising reflec
tion measurements corresponding to wavelengths; and 

a processor executing a program stored in a non-transient 
medium to apply the reflection measurements as vari- 10 

ables in a predetermined model configured to indicate 
a likelihood of presence of a disease in the plant and 
output the likelihood of presence of the disease in the 
plant; 

14 
tion measurements at differing wavelengths divided by a 
sum of the reflection measurements at the differing wave
lengths. 

11. The system of claim 10, wherein the model applies no 
more than ten NDSI values for indicating the likelihood of 
presence of the disease or stage of infection of disease. 

12. The system of claim 1, wherein the processor further 
executes to send the likelihood of presence of the disease or 
stage of infection of disease to a graphic display. 

13. The system of claim 1, wherein the spectrometer is 
attached to a contact probe, an agricultural implement or an 
aerial vehicle. 

14. A system for detection of disease in plants, compris-
wherein the model provides an array of coefficients mul

tiplied by each reflection measurement, wherein each 
coefficient corresponds to a given wavelength and 
emphasizes identification of a disease or stage of infec
tion of disease. 

15 ing: 

2. The system of claim 1, wherein the coefficients are 20 

determined by applying a partial least squares discriminant 
analysis with respect to first and second spectrums, the first 
spectrum comprising reflection measurements correspond
ing to wavelengths from a plant free from the disease or 
stage of infection of disease, and the second spectrum 25 

comprising reflection measurements corresponding to wave
lengths from a plant having the disease or stage of infection 
of disease. 

3. The system of claim 1, wherein the reflection measure
ments correspond to wavelengths between 400 and 2400 30 

nanometers. 
4. The system of claim 3, wherein the reflection measure

ments are provided in increments of at least 1 nanometer. 
5. The system of claim 1, wherein the reflection measure

ments are applied to indicate a likelihood of presence of 35 

Phytophthora infestans (P. infestans) or Alternaria solani 
(A. solani). 

an imager configured to a capture an image comprising a 
plurality of spectral pixels, each spectral pixel corre
sponding to a spectrum of electromagnetic radiation 
reflected at a plurality of wavelengths, the spectrum 
comprising reflection measurements corresponding to 
wavelengths; and 

a processor executing a program stored in a non-transient 
medium to apply reflection measurements at each spec
tral pixel as variables in a predetermined model con
figured to indicate a likelihood of presence of a disease 
of a plant at the spectral pixel and output the likelihood 
of presence of the disease in the plant 

wherein the model provides an array of coefficients mul
tiplied by each reflection measurement, wherein each 
coefficient corresponds to a given wavelength and 
emphasizes identification of a disease or stage of infec
tion of disease. 

15. The system of claim 14, wherein the coefficients are 
determined by applying a partial least squares discriminant 
analysis with respect to first and second spectrums, the first 
spectrum comprising reflection measurements correspond
ing to wavelengths from a plant free from the disease or 
stage of infection of disease, and the second spectrum 

6. The system of claim 1, wherein the reflection measure
ments are applied to indicate a likelihood of presence of one 
or more stages of infection of P. infestans. 

7. The system of claim 6, wherein the stages of infection 
comprise: 

40 comprising reflection measurements corresponding to wave
lengths from a plant having the disease or stage of infection 
of disease. 

early infection; biotrophic growth; necrotrophic lesion 
formation; and sporulation. 

16. The system of claim 14, wherein the reflection mea
surements correspond to wavelengths between 400 and 2400 

8. The system of claim 6, wherein the model produces an 
output ranking the likelihood of presence of each stage of 
infection. 

45 nanometers. 

9. The system of claim 1, wherein the reflection measure
ments are transformed into spectral values, each spectral 
value quantifying a relative difference between reflection 50 

measurements at differing wavelengths to emphasize iden
tification of the disease. 

10. The system of claim 9, wherein the spectral values are 
Normalized Differential Spectral Index (NDSI) values, each 
NDSI value being calculated as a difference between reflec-

17. The system of claim 14, wherein the reflection mea
surements are transformed into spectral values, each spectral 
value quantifying a relative difference between reflection 
measurements at differing wavelengths to emphasize iden
tification of the disease. 

18. The system of claim 14, wherein the processor further 
executes a filter to remove spectral pixels which do not 
correspond to plants. 

* * * * * 


