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(57) Abstract: An image capture system and method for imaging biological samples disposed in culture media supported by a plate.
The system has a calibration module, an image acquisition module and an image presentation module. When the system receives a
culture plate for imaging, default values for the culture plate and media are used to begin image acquisition at a given time. The cap-
tured image is then used to create a pixel by pixel map of the image. The system inspects the pixel-by-pixel map for saturated pixels
and for signal to noise ratio and acquires a new image if the number of saturated pixels is at or above a predetermined threshold or
the signal to noise ratio for the pixel is below a predetermined threshold. From this inspection a new value of photon flux and/or ex-
posure time is determined and a new image is captured using the new value and the steps are repeated. Upon a determination that a
predetermined threshold signal to noise ratio has been obtained for the non-saturated pixels, or when the predetermined upper
threshold for the time interval for image acquisition is elapsed the system provides a final image for the given time.



22 Oct 2019

2015212758

A SYSTEM AND METHOD FOR IMAGE ACQUISITION USING SUPERVISED HIGH
QUALITY IMAGING

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the benefit of the filing
date of U.S. Provisional Application No. 61/933,426, filed January
30, 2014, the disclosure of which is hereby incorporated hereby by
reference.

BACKGROUND OF THE INVENTION

[0002] High Dynamic Range (HDR) 1imaging 1s a digital imaging
technique that captures a greater dynamic range between the
lightest and darkest areas of an image. A process for
automatically optimizing a dynamic range of pixel intensity
obtained from a digital image is described in US Patent No.
7,978,258 to Christiansen et al. HDR takes several images at
different exposure levels and uses an algorithm to stitch them
together to create an image that has both dark and light spots,
without compromising the quality of either one. However, HDR can
present a distortion of reality because it distorts the intensity
of the image overall. Accordingly, HDR techniques that enhance

contrast without distorting the intensity of the image continue to

be sought.
[0003] Techniques for enhancing an image of a biological sample
are described in WO 2012/152769 to Allano et al. Among the

problems with imaging such samples identified in Allano et al.

are:

i) the size of the colonies being viewed;

ii) the proximity of one colony to another;

iii) the color mix of the colonies;

iv) the nature of the Petri Dish; and

v) the nature of the culture medium; as well as other
factors.
[0004] Allano et al.’s proposed solution to the problem of

imaging a bioclogical sample is to prepare a source image created
from 1images obtained at each color, removing predetermined
absorption effects for the culture medium and the culture vessel
and determining a value for photon flux and exposure time using a

predetermined exposure to obtain an image which is then dissected
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into luminosity =zones. From that, image luminosity is obtained
and used to determine if the wvalue for photon flux and exposure
time wused was correct or if a new value for photon flux and
exposure time should be used for image capture.

[0005] Problems with the above technigques is that they do not
provide a system with an ability to provide imaging conditions
that can detect very subtle changes in contrast that are required
for image-based detection/identification of microbes on growth
media. Because 1image-based evidence of microbes and/or their
growth on media is (or at least can be) difficult to detect, more
robust technigques for imaging such samples are sought.

[0005A] Any discussion of documents, acts, materials, devices,
articles or the 1like which has been included in the present
specification is not to be taken as an admission that any or all
of these matters form part of the prior art base or were common
general knowledge in the field relevant to the present disclosure
as 1t existed before the priority date of each of the appended
claims.

BRIEF SUMMARY OF THE INVENTION

[0006] Described herein 1is a system and method that enhances
the image capture for images with low or variable contrast. One
example of such a challenging imaging environment is that of
bacterial colonies growing on agar growth plates. The bacterial
colonies reflect the 1light differently from the agar. In
addition, the bacterial colonies can wvary from 1light colors to
dark colors and reflect light differently than the agar. The time
to capture an 1image of a colony 1s short (approximately one
second). Typically, an image of the growth plate is taken every 3
to 6 hours.

[0007] An image is acquired in a series of N image acguisitions

(i.e. to, t1 . . . tx). The first

A\ ”

at each time interval b
acquisition (N=1) uses default wvalues for the light intensity and
exposure time, referred to herein as “photon flux and exposure
time.” The photon flux wvalue defines the number of photons
reaching the scene per unit time and unit area ((photon gquantity)

(time-1) - (area’l)). The time being the integration time at the
camera’s sensor. The exposure time determines the number of

photons captured by the sensor for one frame acguisition. Said
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another way, photon flux is rate of flow of photons from the light
source and exposure time influences the gquantity of those photons
received by the sensor for image acguisition. For a given photon
flux, exposure time controls image intensity.

[0008] One skilled in the art i1s aware of many different ways
to control photon flux to influence image intensity. As noted
above, one technique controls the exposure time of the image.
There are other techniques that can be used to control of the
intensity of the 1light transmitted to the sensor. For example,
filters, apertures, etc. are used to control the photon flux,
which in turn, controls the intensity. Such techniques are well
known to the skilled person and not described in detail herein.
For purposes of the embodiments of the invention described herein,
the 1light intensity is set constant and exposure time 1is the
variable used to control photon flux integration.

[0008A] In one aspect there is disclosed a system for imaging
biological samples disposed in culture media, the system
comprising:

a system calibration module that provides default values for
photon flux and exposure time to capture an image of a biological
sample disposed on culture media disposed in a plate;

an image acquisition module comprising a camera wherein the
image acguisition module is adapted to acquire data for a series
of images at a given time interval, in communication with the
system calibration module, the image acquisition configured to:

i) acqguire data for a first image using the default values
for photon flux and exposure time from the system
calibration module and creating a pixel by pixel map of the
image data, each pixel associated with a signal to noise
ratio (SNR), a photon flux and exposure time, and an
intensity;

ii) update the image acguisition time by reviewing the
image data to identify saturated pixels and selecting one
of a new photon flux, a new exposure time or both based on
whether a ratio of saturated to non-saturated pixels is
greater than or less than a predetermined saturation
threshold and, based on that determination; i1ii)use the new
value for the photon flux, the exposure time or both to

acquire data for a new image; and
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iv) update the map of the image data with the new wvalues
for signal to noise ratio, the photon flux, the exposure
time or both and pixel intensity,

wherein the image acquisition module is configured to acquire
data for a new image if the signal to noise ratio of unsaturated
pixels is less than a predetermined signal to noise ratio
threshold or the number of saturated pixels exceeds the
predetermined saturation threshold,

wherein the image acquisition module finalizes image
acquisition when either the signal to noise ratio of unsaturated
pixels meets or exceeds the predetermined signal to noise ratio
threshold, a predetermined allocated time for image acguisition
has elapsed or a predetermined maximum number of images has been
acquired; and

an image presentation module that transforms the image data
from the image acquisition module into an image for viewing or
analysis.

[0008B] In another aspect there is disclosed a method for
imaging biological samples disposed in culture media, the system
comprising:

determining default values of photon flux and exposure time
for obtaining an image of a biological sample disposed on culture
media supported in a plate ;

acquiring data corresponding to a series of images at a first
time over a first time interval, the data of the first image in
the series being acgquired using predetermined defaults for photon
flux and exposure time;

creating a pixel by pixel map of the image data;

associating data for each pixel with a signal to noise ratio,
a value for photon flux, exposure time, and an intensity;

updating at least one of the image photon flux value and
exposure time value by:

i) reviewing the image data for saturated pixels and the
signal to noise ratio for the pixels and selecting a new value for
at least one of photon flux and exposure time based on whether a
ratio of saturated to non-saturated pixels is greater than or less
than a predetermined threshold and whether the signal to noise
ratio of unsaturated pixels meets or exceeds a predetermined
signal to noise ratio threshold, and based on that determination,

using the new value for photon flux,

3A
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exposure time, or both to acquire a new image and updating the map
of the image with the new values for signal to noise ratio, photon
flux and exposure time, and pixel intensity;

ii)acquiring data for the new image using the at least one
new value for photon flux and exposure time;

iii) optionally repeating steps i) and 1i); finalizing image
data acquisition for the time interval when either the image data
is at or above the predetermined signal to noise ratio threshold,
a predetermined maximum allotted time for image acquisition has
elapsed or a predetermined maximum number of images has been
acquired; and

repeating the steps of acquiring, creating, associating,
updating and finalizing for a second time over a second time
interval; and

transforming the image data acquired at first and second time
intervals into first and second images the first image acquired at
the first time and the second image acquired at a second time.
[0008C] Throughout this specification the word "comprise", or
variations such as "comprises" or "comprising", will be understood
to imply the inclusion of a stated element, integer or step, or
group of elements, integers or steps, but not the exclusion of any

other element, integer or step, or group of elements, integers or

steps.

[0009] In the embodiments where photon flux is controlled by
controlling the exposure time, initial exposure time values are
obtained from system calibration. The system 1is calibrated using
a library of calibration plates. Baseline calibration is obtained
as a function of plate type and media type. When the system is

used to interrogate new growth plates the calibration data for a

particular plate type and media type is selected. In this regard,

growth plates can be: mono-plates (i.e. for one media); bi-plates
(two media); tri-plates (three media), etc. Each type of growth
plate present unigque imaging challenges. The calibration provides

a default exposure time for capturing the first image (image N=1)
of the growth plate. The calibration also makes it possible for
the system (or system operator) to determine which parts of the
image are plate (i.e. not background) and, of the plate portions

of the image, which portions are media

3B
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(the nutrients used to cultivate the colonies) and which
portions are, at least potentially, colonies.

[0010] Image N=1 of a growth plate is captured using the
default values obtained from calibration. If an averaging
technique is used to capture the digital images of the growth
plate, the bright pixels will have a better signal-to-noise
ratio (SNR) than the dark pixels. In the method described
herein, signals are isolated for individual pixels,
regardless of whether the pixels are light or dark. For a
predetermined number of pixels, the intensity, exposure time
and SNR are determined. A “map” of these values in the image
context 1s prepared. From this map, a new exposure time that
will ©preferably not saturate more than a predetermined
fraction of pixels is selected for the N+1 image acquisition.
Preferably, an exposure time in which only a very small
fraction of pixels (or less) are saturated is determined and
used to capture the final image.

[0011] From this a map of the SNR for each pixel where
the SNR is updated (i.e. the grey value is refined and the
SNR improved for the non-saturated pixels) for each non-
saturated pixel is generated. An image is simulated based on
this map.

[0012] An optimization function algorithm is used to map
each grey value intensity for each pixel to the required
exposure time corresponding to the optimal SNR for the pixel.
The optimization algorithm begins by looking at the initial
image (N=1), which was captured using the predetermined
default exposure time. An intensity, exposure, and SNR map
is generated for the entire image. The exposure time for
each pixel 1is adjusted based on image N and another image
(N+1) is captured. As stated above, the new exposure time is
chosen that will saturate the signals of the dark parts,
resulting in overexposure of the light parts. The intensity
map, exposure map, and SNR map are updated for each pixel.

This is an iterative process and images are acquired until

-4 -
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the maximum SNR for each pixel for the image is reached, or
the maximum number of images 1is reached, or the maximum
allotted time has been reached.

[0013] Essentially, the dark spots remain dark, the
bright spots remain bright and the SNR is improved. The agar
growth medium acts as the background for the digital images.
A pixel in the image that is different in some way (i.e. a
different intensity) from previous images indicates that
either the colony is growing or there is contamination (e.g.
dust) on the plate. This technique can be used to look at
multiple plates at one time.

[0014] As the SNR is significantly improved, details can
be revealed (with confidence) that could not be seen/trusted
allowing for detection of very early small colonies in timed
plate imaging. The systems and methods also provide images
corresponding to an optimal exposure time that corresponds to
specific and controlled saturation over the scene or object
of interest.

[0015] Once the image acguisition at time tp, is complete,
the process of iterative image acquisition 1is stopped for
that time interval. When the predetermined time interval
from tpy to t; has elapsed, the iterative image acguisition
process 1s repeated until the desired confidence in the
integrity of the image so acquired has been obtained. The
signal to noise ratio 1s inversely proportional to the
standard deviation (i.e. SNR = gv’/standard deviation.)
Therefore, an image acquisition that yields a maximum SNR per
pixel (i.e. a minimum standard deviation per pixel) will
provide an image with a high confidence associated with a
time "Ty". For example, a high SNR image is obtained for a
plate that has been incubated for four hours (T;=4 hours).
Another high SNR image of the same plate is obtained after
the plate has been incubated for an additional four hours

(Ty=8 hours).
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[0016] Once an 1image associated with a subsequent time
(Tx+1) 1s obtained, that image (or at least selected pixels of
the 1image associated with an object of interest) can be
compared with the image associated with the previous time (Tx)
to determine if the subsequent image provides evidence of
microbial growth and to determine the further processing of
the plate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a schematic description of a three
module system for image acquisition and presentation
according to one embodiment of the present invention;

[0018] FIG. 2 is a flowchart of system operation for the
three module system illustrated in FIG. 1;

[0019] FIG. 3 1is a description of the functions of the
calibration module illustrated in FIG. 1 for illumination
calibration, optics calibration, and camera calibration
according to one embodiment of the present invention;

[0020] FIG. 4 is an illustration of the data determined
from the calibration plates to calibrate the system of FIG. 1
according to one embodiment;

[0021] FIG. 5 1is a description of the functions of the
image acquisition module illustrated in FIG. 1 according to
one embodiment of the present invention;

[0022] FIG. 6 1is a schematic of the method of image
acquisition wusing the system of FIG. 1 according to one
embodiment;

[0023] FIG. 7 is more detailed description of the
functions performed by the image acquisition module
illustrated in FIG. 5.

[0024] FIG. 8 illustrates the method for choosing the
next image acquisition time according to one embodiment;
[0025] FIG. 9 1s a description of the steps taken to
finalize image acquisition; and

[0026] FIG. 10 is a process flow gschematic of how to

determine system integrity.
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DETATILED DESCRIPTION

[0027] The system described herein is capable of being
implemented 1in optical systems for imaging microbiology
samples for the identification of microbes and the detection
of microbial growth of such microbes. There are many such
commercially available systems, which are not described in
detail herein. One example is the BD Kiestra™ ReadA Compact
intelligent incubation and imaging system (2" generation BD
Kiestra™ incubator). Such optical imaging platforms have been
commercially available for many vyears (originally CamerA
PrimerA from Kiestra® Lab Automation), and are therefore well
known to one skilled in the art and not described in detail
herein. In one embodiment, the sgsystem is a non-transitory
computer-readable medium (e.g. a software ©program) that
cooperates with an image acguisition device (e.g. a camera),
that provides high quality imaging of an image by interacting
to provide a maximum Signal to Noise Ratio (SNR) for every
pixel in the 1image. For each pixel and each color (e.g.
channel), the intensity and exposure time are recorded and
the system then predicts the next best exposure time to
improve on the SNR of the whole scene or objects of interest
in the scene. One skilled in the art will appreciate that
the multiple values obtained per pixel will depend upon the
pixels and the imaging system. For example, in an RBG
imaging system, values are obtained for each channel (i.e.,
red, green, or Dblue). In other systems, the values are
obtained for different spectral bands or wavelengths.

[0028] Initially, the system is calibrated. Calibration
of imaging systems such as the one described herein are well
known to one skilled in the art. A variety of calibration
approaches are known. Described herein are examples of
system calibration that provide a baseline against which the
captured images are evaluated. During calibration,
calibration plates (e.g. plates with media but no colonies)

are used and the system image acquisition is calibrated

-7 -



WO 2015/114121 PCT/EP2015/052017

against the known input. A library of calibration wvalues for
each type of plate media is created, and the calibration data
used for a particular plate is selected based on the media in
the test plate. Both the system and the data are calibrated.
For data calibration, SNR, Linearity, Black level, etc. are
determined for each pixel of the captured image of the
calibration plate. System calibration includes, but is not
limited to, lens distortion, chromatic aberrations, spatial
resolution, etc.

[0029] Following calibration, images of new plates are
acquired. The pixels in the image are analyzed in real time
in order to estimate the exposure time that will improve the
SNR of the pixels with an SNR that is either below a
predetermined threshold or for those pixels with the lowest
SNR. Typical imaging systems only retain intensity values for
the pixels in the image. In the embodiments described
herein, intensity and exposure time are recorded for each
pixel. The same pixel 1is imaged at different exposure times
and intensity information is combined to generate high SNR
data. From this information, an image can be generated for
any specified exposure time, or the best exposure time can be
extracted to control pixel saturation.

[0030] From a quantitative aspect, due to high SNR, the
confidence on subtle intensity wvariations, on colors and
texture is greatly improved allowing a better performance of
subsequent object recognition or database comparison. The
analysis is done on a grey scale with comparison both to the
grey value of the pixel in a prior image (i.e. for image N,
the wvalue of the pixel in image N-1). In addition to
comparison of the same pixel grey value in the prior image,
the pixel grey value of adjacent pixels is also compared with
the pixel grey value to determine differences (e.g. the
colony/media interface).

[0031] SNR of dark of colored objects is uneven in the

different channels or very poor when compared to bright

_8_
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objects. In order to improve on this, the system and method
described herein deploy an image detection module in which
object detection is based upon contrast, SNR, and
size/resolution. SNR 1is improved in both dark and Dbright
regions. Standard deviation is decreased and therefore local
contrast i1s made as significant in bright and dark regions.
The goal here is to provide a system that will detect even
subtle differences between the x and x+1 time interval images
of a plate suspected to contain a growing culture. Those
differences must be distinguishable from the “noise” that
results from signal variations but not changes in the sample
attributable to a growing culture. The systems and methods
described herein are especially valuable when objects of
interest in the scene may exhibit very different colors and
intensities (reflectance or absorbance).

[0032] Specifically, the system and method provide
automatic adaptation of the dynamic range (extended dynamic
range) to accommodate the scene. The system and method
provides both the minimum exposure time for saturating the
brightest pixel and the maximum exposure time for saturating
the darkest pixel (within physical and electronic constraints
of the image acquisition equipment (e.g. the camera)). The
system and method provide for faster convergence towards a
minimum SNR per pixel when compared to image averaging. The
system and method provide for improved confidence on colors.
Specifically, the SNR for red, green and blue values are
homogenized regardless of intensity disparities in red,
green, and blue colors.

[0033] Intensity confidence intervals are known per
pixel, which is very valuable for any subsequent
classification effort. The SNR optimization provided by the
system and method can be supervised (weighting of detected
objects of interest to compute next image acquisition’s

exposure times).
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[0034] Intensity, exposure time and estimate SNR are
determined from calibration and physics theory for each
pixel. To further improve on 1image quality, chromatic
aberration and lens distortion are also calibrated and
corrected to render an image free of such defects.

[0035] The system and method can control pixel SNR for
the image either in an automatic mode or a supervised mode
where certain portions of the image are of particular
interest. In the automatic mode, the whole image of the
scene is optimized, and all pixels are treated equally. In
the supervised mode, the scene is further analyzed when
acquired to detect the objects of interest. SNR maximization
favors the objects of interest regions.

[0036] In automatic mode, the image acquisition will stop
after the first of the three following conditions occurs: (1)
a minimum level of SNR is reached for each and every pixel;
(2) a predetermined number of acquisitions have been
performed on this scene; or (3) the maximum allowed

acquisition time has been reached.

[0037] Referring to FIG. 1, a schematic of the system of
one embodiment is illustrated. The system 100 has three
modules. The first is a system calibration module 110. The

calibration module calibrates the illumination of the image,
the optics used to collect the image, and the baseline data
for the new plate under evaluation by the system.

[0038] The image acquisition module 120 is in
communication with the system calibration module 110. The
image acquisition module captures an image of the object
under analysis. The image 1is captured using exposure time
and other criteria determined in a manner described in detail
hereinbelow in the context of specific examples. As
discussed above, image acquisition proceeds in an iterative
manner until a predetermined SNR threshold is met for each
pixel or until a predetermined number of images have been

captured. The image presentation module provides the image

_10_
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with the best dynamic range (i.e. the Dbrightest non-
saturating pixels that are Jjust below saturation), either
globally (i.e. 1n automatic mode) or restricted to the
objects of interest (i.e. in supervised mode).

[0039] Referring to FIG. 2, Dboth external data and
calibration plates (i.e. the range of combinations of test
plates and culture media) are used to calibrate the system).
From the calibration, ©both system calibration and data
calibration are determined. The system and data calibration
values are used in image acquisition for a new plate. The
calibration is used to validate the new image in terms of the
image map (i.e. which pixels are regions outside the plate,
which are inside the plate but media with no colonies and
which regions reveal colonies).

[0040] FIG. 3 further illustrates the specific aspects of
the system equipment that are <calibrated. For the
illumination component(s) 111 the warm up time, intensity (A)
= f (input power) and field homogeneity are determined.
Again, for the test plates, the media should be homogeneous
for the applicable region (i.e. the entire plate for a mono-
plate, half the plate for a bi-plate and a third of a plate
for a tri-plate). For the optics calibration 112, alignment,
chromatic aberrations and geometrical distortions are
determined. For camera calibration 113, baseline levels are
determined. Such baseline data are: warm up time; linearity
(fixed relationship of grey values and number of photons that
reach the sensor) and black 1level as functions of exposure
time, SNR as a function of pixel intensity; field
homogeneity; chromatic aberrations; and geometrical
distortions are all determined as a baseline against which
the acquired image is evaluated. Such baseline data is well
known to one skilled in the art and not described in further
detail.

[0041] FIG. 4 is further detail on the inputs into the

calibration system (i.e. system information, the library of

_11_
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calibration plates and other inputs). For each calibration
plate, an image is obtained and each pixel is assigned values
for black level, SNR, linearity and illumination. For the
system (i.e. not pixel by pixel) model wvalues that reflect
system factors such as distortion, chromatic aberrations,
spatial resolution and white balance are determined. These
values are all collected to provide a calibrated system and
calibrated data for use in the evaluation of plates. As noted
below, these values are used to finalize image acguisition.

[0042] More details about the image acquisition module

are described in FIG. 5. In the first step, an image 1is

acquired using default values. From this first image, the
intensity, exposure time, and SNR for each pixel are
determined. The intensity is determined by subtracting the

“black level” for the pixel from a measured intensity wvalue.
The black level and SNR are obtained from the calibration
previously described.

[0043] Image acguisition occurs at times ty, ti1, .. tx. At
each time, an image is acquired through a series of N image
acquisitions. The series of N image acquisitions iterates to
a SNR for the acquired image that correlates with high

confidence in image integrity.

[0044] Image acquisition at a given time (e.g. tp) and
update 1is illustrated in FIG. 6. The image of a new plate
610 is acquired in step 620. Image acquisition is informed

by the system 630 and data 640 calibration. Plate traffic
conditions (i.e. number of plates per unit time) are also
used to calibrate and control the system. At a later point
in time during the image acguisition process, a subseguent
image 1is acquired 650 and compared with the prior image
(either automatically or supervised). Typically, there will
be about four to about ten image acguisitions at each time
interval to obtain an image with an acceptable confidence.

Once the desired SNR for the selected object is obtained, the

_12_



WO 2015/114121 PCT/EP2015/052017

exposure time is determined for the final image acquisition
660.

[0045] According to one embodiment, the ©pixels are
updated as follows. Grey value, reference exposure time and
signal to noise ratio represent the information stored for
each illumination configuration (top, side, bottom, or a
mixture of them) per plate (image object). This information
is updated after each new acgquisition. To start with, this
information i1is wupdated using the first image acquisition
(N=1) .

[0046] Grey value, reference exposure time and signal to
noise ratio represent the information stored for each
illumination configuration (top, side, bottom, or a mixture
of them) per plate. This information is updated after each
new acquisition. To start with this information is
initialized according to the first image acquisition (N=1).
In one embodiment, gVUyyq1 1s a grey value (gv) at 1image
position (x,y) corresponding to the 1°" image capture (N=1) of
the plate using exposure time FE; and respective Signal to

Noise Ratio (SNRy,). In this embodiment:

. blaCkxyﬁa is the black reference value point in (x,V)
corresponding to exposure time Ej;

° E}yl is the updated reference time point in (x,y) after
1 acquisition;

° gv&ylﬂl is the updated grey value in x,y after 1
acquisition at E'yy,; equivalent exposure time;

e SNR,,; is the updated SNR in x,y after 1
acquisition;

I
E xyl = El

! —_ —_
IV xy 1By, = GVxy1 — blackyy g,

SNR

JVxy1
SNR',, v =1 .. e -
xy,N {0 Lf GVxy1 LS saturating
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[0047] The black level is noisy and the iterative image
acquisition process obtains an image that 1is “less noisy”
(i.e. an image with a higher confidence level). The black

value 1s a default wvalue that 1s not recalculated during

image acquisition. The black value is a function of exposure
time.
[0048] SNR = 0 when a pixel 1is saturating for a given

exposure time (hence no improvement in SNR) and light source

intensity. Only wvalues from the non-saturated pixels are
updated.

[0049] N=1: The initial exposure time is the best known
default exposure time (a priori), or an arbitrary wvalue

Max exposure time+Min Exposure time
(e.g.: . )

This is determined from

calibration for the particular plate and media for the
new plate under analysis.

[0050] Grey value, reference exposure time and signal to
noise ratio are updated after each new 1image acguisition
(i.e. N=2, 3, 4 . . . N) according to the following
embodiment. Grey value gv,,y for 1image position (x,V)
corresponds to the Nth image capture of the plate using
exposure time Ey and respective Signal to Noise Ratio

(SNRy,n) . In this embodiment:

. blaCkxyﬁN is the black reference value point in (x,y)
corresponding to exposure time Ey;

° Ekyw is the updated reference time point in (x,y) after
N acquisitions;

° gﬁ/%%NﬁN is the updated grey wvalue in (x,y) after N
acquisitions at Ekyw equivalent exposure time; and

e SNR,,y 1is the updated SNR in x,y after N

acquisitions.

, ~ {MIN(E,x,y,N—l,EN) if gv’x’y’N_l’ExyN_lor gVxyn are saturating
YN T -
xy MAX(E'wyn-1En)  else

9v!x,y,N—1,E/ _ GV y N —Dblacky v g
x,y.N—-1 XY, XY, NXSNRZ

En x,Y.N

2 ,
P XSNRI% 3 y_q+

I I
gv x,¥,N,El, = E x,y,NX 7
IR STA N Y.N Y 2 2
SNRx,y,N_l +SNRx,y,N
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SNR'yyn = \/SNR;?%N_1+ SNRiy’N

[0051] Therefore, the updated SNR for a pixel in the Nth
image acquisition is the square root of the squared updated
signal to noise ratio of the prior image acquisition and the
squared signal to noise ratio of the current image
acquisition. FEach acquisition provides an updated value
(e.g. E’4,y,n) for each pixel. That updated value is then used
to calculate the updated value for the next image
acquisition. SNR = 0 for a pixel when a pixel is saturating
for a given exposure time and light source intensity. Only
the non-saturated pixels are updated. The N exposure time
corresponds to a supervised optimization the goal of which is
to maximize the SNR for the objects of interest. The object
of interest can be the entire plate, the colonies, a portion
of the plate, or the whole image.

[0052] After updating the image data with a new
acquisition, the acguisition system is able to propose the
best next acquisition time that would maximize SNR according
to environmental constraints (minimum required SNR,
saturation constraints, maximum allowed acquisition time,
region of interest). In embodiments where image acquisition
is supervised: x,y € object implies that in supervised mode,
the object pixels only are considered for the evaluations. In
those embodiments where image acquisition is not supervised,
the default object is the entire image.

[0053] With reference to FIG. 7, from the acquired image
analysis, the exposure time for the next image (N+1) in the
image acquisition series at a given time interval is
determined using either the automatic mode or supervised mode
described above. Referring to FIG. 7, for the automated
process, each pixel 1is weighted equally (i.e. assigned a

value of 1). For the supervised approach, pixels associated
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with objects (e.g. cultures) are weighted differently. The
supervised process requires additional imaging steps. If a
significant fraction (e.g. greater than 1 in 100,000) of
pixels are saturating and their weights are not 0, then a new
exposure time 1is proposed that is shorter (e.g. 1/5th) than
the previous minimum exposure time used to capture the image.
This adjustment improves the probability of getting non-
saturated information for the saturating pixels. In
alternative embodiments a new exposure time 1is calculated.
If there is no significant pixel saturation, then, for each
pixel, from the exposure and intensity map, the maximum
exposure time that will not result in pixel saturation is
determined. From this an exposure time for the image 1is
determined, and an intensity image is simulated. From this,
the corresponding weighted SNR map is determined.

[0054] Referring to FIG. 8, the specimen image is used to
update the image data, pixel by pixel, in the image map.
That specimen data 1is then fed to the image analyzer and
image analysis is ©performed informed by predetermined
constraints on the SNR for each pixel, other saturation
constraints, object constraints, etc. and time or traffic
constraints (i.e. the duration of the capture and analysis).
[0055] In one embodiment specifically, the acquired image
is analyzed pixel by pixel for saturated pixels. If Ey results
in pixel saturation that exceeds predetermined limits, a
lower value for Ey4; is selected. For example, if the minimal

exposure time was not acguired yet and the % of saturated

pixels (gv = gVsat) exceeds the predetermined limit (e.q.

!
!
X:y:N:Ex_y_N

> 1/10°) a new exposure time is proposed at a predetermined

increment (e.g. a fifth of the minimal exposure time
previously used). The lower 1limit (i.e. the minimum
acceptable exposure time) is also predetermined. These

constraints on exposure time permit faster convergence

towards non-saturating image acquisition conditions.

_16_



WO 2015/114121 PCT/EP2015/052017

[0056] A new image is acquired at the new exposure time.
For the new image, secondary checked constraints are the
minimum desired SNR per pixel (this 1is the lower SNR
threshold) and overall acquisition time (or Ny.x) allowed for
this image. If the overall acquisition time for this scene
has reached the time limit or if every updated SNR for each
pixel is such that SNR,,y = MinSNR, then the image data is
considered acceptable and the acquisition of the scene ends
for the time interval (e.g. ty). When image acquisition
commences at time tx (e.g. time t;) the best exposure time
(Exfinal) leading to sub-saturation conditions from the
previous acguisition (e.g. at time t;) exposure is used as the
initial wvalue for E. The process for image acquisition at tyx
is otherwise identical to the process at time t..

[0057] If the saturation constraint is lifted (no
significant saturation) the next optimal exposure time 1is
determined and investigated. First, the exposure time
boundary limits are computed over the region of interest.
These exposure time boundaries are: 1) the exposure time to
saturate the brightest pixels; and ii) the exposure time to
saturate the darkest pixels.

[0058] The exposure time for saturating the brightest
non-saturated pixels, Egp 1s determined from the grey value
8Vmax that corresponds to the absolute maximum intensity and

E] (its related exposure time) from the following:

gVmax
gv_
Y, NEy . .
: . % is Maximum ,
9Vmax = 9V, np with o 2 Egy =GV, related Ex
gvx.y,N,E;yy'N &2 gvsat
, 9Vsar
Emin = Egy X . Jrsat
max  max(gVmax, 1)
[0059] The exposure time for saturating the darkest

pixels, Epue 1s determined from the grey value gvpn that
corresponds to the absolute minimum intensity and EéWmn is its

related exposure time:
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gv NE’
XYV, . P
: . E—”” is Minimum .
IVmin = gvx'y'N'E;’y’N with xon ,E av,. = 9Vmun related E, , y

gvx,y.N.E;yy,N F 9Vsar

E =F % gvsat
nax ¥min max(.gvmin: 1)
[0060] The next optimal exposure time is chosen among all

candidate exposure times within Ep.x and Eui, by simulation.
Specifically, an exposure time 1is determined by simulation
that will maximize the updated mean SNR (for all pixels below
the minimum signal to noise ratio threshold), after adding
the simulated image at tested exposure time Ersn+1- The
simulated image at Eisn+: 15 generated as follows (for each

and every pixel).

!

[0061] Grey value gv%%Nﬁin

is pixel data corresponding to

the current updated image data. If a new time point Eign+r 18

selected, the expected grey value is:

E
_ . r test,N+1
8Vxy Erestnsr — NN (gVX’y’N’E;'y'N X —— N + blaCery:Etest,N+1’ EVsat >
Xy,
[0062] After updating this wvalue with a wvalue for the

pixel from the simulated image at time point Eegny: 1image,

the SNR for this (x,y) pixel will be:

SNR;(,y,N+1 = \/SNR;(Z,y,N + SNR?{,y,N+1

[0063] The next best exposure time  Epegnt+r 1s  then

determined by:
Ebest,N+1 = Etest,N+1 € [EminJEmax] ’

: Etest,N+1 ! . .
with xyedﬂatSNRKMN+1 being maximum.

If image acquisition and analysis is supervised X,y € object the
SNR 1is integrated for the objects of interest only. In
automatic mode the object is the whole image.

[0064] FIG. 9 describes the final steps for image
acquisition. Those steps are conventional image processing
techniques well known to one gkilled in the art and not

described in detail herein.
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[0065] FIG. 10 illustrates the method by which system
integrity is determined during image acquisition. ©Note that,
once system integrity is checked, specimens are loaded into
the system and the data from the specimens is captured. The
data capture is informed by the calibration information as
discussed above. The captured data is provided to both the
system integrity check and a system events analyzer.

[0066] Once the image has been obtained as described
above it is compared with an image of the plate that has been
incubated for a different amount of time. For example, an
image of a plate is obtained as described herein after the
plate has been incubated for four hours (T:=4). After four or
more hours, another image of the plate is obtained as
described above (Tx=8 hrs). The high SNR image obtained at
Ty+1 can then be compared with the high SNR image at Tx.
Changes in the two images are evaluated to ascertain evidence
of microbial growth. Decisions on further processing (e.g.
plate is positive, plate is negative, plate requires further
incubation) are based on this comparison.

[0067] Although the invention herein has been described
with reference to particular embodiments, it 1is to Dbe
understood that these embodiments are merely illustrative of
the principles and applications of the present invention. It
is therefore to be understood that numerous modifications may
be made to the illustrative embodiments and that other
arrangements may be devised without departing from the spirit
and scope of the present invention as defined by the appended

claims.
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CLAIMS:

1. A system for imaging biological samples disposed in
culture media, the system comprising:

a system calibration module that provides default values
for photon flux and exposure time to capture an image of a
biological sample disposed on culture media disposed in a
plate;

an image acquisition module comprising a camera wherein
the image acquisition module is adapted to acquire data for a
series of images at a given time interval, in communication
with the system calibration module, the image acquisition
configured to:

i} acquire data for a first image using the default
values for photon flux and exposure time from the
system calibration module and creating a pixel by pixel
map of the 1image data, each pixel associated with a
signal to noise ratio (SNR), a photon flux and exposure
time, and an intensity;

ii) update the image acquisition time by reviewing
the image data to identify saturated pixels and
selecting one of a new photon flux, a new exposure time
or both based on whether a ratio of saturated to non-
saturated pixels 1s greater than or less than a
predetermined saturation threshold and, based on that
determination;

iii) use the new wvalue for the photon flux, the
exposure time or both to acquire data for a new image
and

iv) update the map of the image data with the new
values for signal to noise ratio, the photon flux, the
exposure time or both and pixel intensity,
wherein the image acquisition module is configured to

acquire data for a new image if the signal to noise ratio of

unsaturated pixels 1is less than a predetermined signal to
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noise ratio threshold or the number of saturated pixels
exceeds the predetermined saturation threshold,

wherein the image acquisition module finalizes image
acquisition when either the signal to noise ratio of
unsaturated pixels meets or exceeds the predetermined signal
to noise ratio threshold, a predetermined allocated time for
image acquisition has elapsed or a predetermined maximum
number of images has been acquired; and

an 1image presentation module that transforms the image
data from the image acquisition module 1into an image for
viewing or analysis.

2. The system of claim 1 wherein the photon flux is a
set value and the system controls a camera sensor integration
by controlling exposure time wherein the calibration module
determines default photon flux and exposure time for a
variety of plates and culture media.

3. The system of claim 1 or claim 2 wherein signal to
noise ratio is determined for at least a portion of the image
of the sample disposed on the culture media.

4., The system of any one of the preceding claims
wherein the image acquisition module acguires image data from
the camera for at least one or more channels or one or more
spectral bands.

5. The system of any one of the preceding claims
wherein the image acquisition module assigns a grey value for
each pixel for each image acquisition, and the grey value for
each pixel is updated after each image acquisition.

6. The system of claim 5 wherein the updated grey value
is the previous grey value minus a predetermined reference
value, wherein the predetermined reference value 1is a
predetermined wvalue based on the plate, the plate media and
the exposure time for the image acquisition module assigns a
grey value for each pixel for each acguisition, and the grey

value for each pixel is updated after each image acquisition.
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7. The system of claim 2 wherein the new value for the
photon flux is obtained by using either a new exposure time
or a new light intensity value or both.

8. The system of any one of the preceding claims
wherein the image acquisition module is configured to operate
in at least one of an automatic mode where all pixels are
treated equally or a supervised mode, where the analyzed
pixels are those having been identified as associated with
one or more objects of interest.

9. The system of claim 1 wherein the photon flux is a
set value and the system controls a camera sensor integration
by controlling exposure time.

10. A method for imaging biological samples disposed in
culture media, the system comprising:

determining default wvalues of photon flux and exposure
time for obtaining an image of a biological sample disposed
on culture media supported in a plate;

acquiring data corresponding to a series of images at a
first time over a first time interval, the data of the first
image 1in the series being acquired wusing predetermined
defaults for photon flux and exposure time;

creating a pixel by pixel map of the image data;

associating data for each pixel with a signal to noise
ratio, a wvalue for photon flux, exposure time, and an
intensity;

updating at least one of the image photon flux value and
exposure time value by:

i} reviewing the image data for saturated pixels and the
signal to noise ratio for the pixels and selecting a new
value for at least one of photon flux and exposure time based
on whether a ratio of saturated to non-saturated pixels 1is
greater than or less than a predetermined threshold and
whether the signal to noise ratio of unsaturated pixels meets
or exceeds a predetermined signal to noise ratio threshold,

and based on that determination, using the new wvalue for
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photon flux, exposure time, or both to acquire a new image
and updating the map of the image with the new values for
signal to noise ratio, photon flux and exposure time, and
pixel intensity;

ii) acguiring data for the new image using the at least
one new value for photon flux and exposure time;

iii) optionally repeating steps i) and ii);

finalizing image data acquisition for the time interval
when either the image data is at or above the predetermined
signal to noise ratio threshold, a predetermined maximum
allotted time for 1image acquisition has elapsed or a
predetermined maximum number of images has been acquired; and

repeating the steps of acgquiring, creating, associating,
updating and finalizing for a second time over a second time
interval; and

transforming the image data acguired at first and second
time intervals into first and second images the first image
acquired at the first time and the second image acquired at a
second time.

11. The method of claim 10 wherein the value for photon
flux is constant and the exposure time wvalue updated and
wherein the predetermined default values for photon flux and
exposure time are based on plate, plate culture and exposure
time.

12. The method of c¢laim 10 or c¢laim 11 further
comprising determining the pixels for which the image map
will be created, wherein the pixels are associated with an
object of interest.

13. The method of claim 12 wherein the default wvalues
for photon flux and exposure time comprise a black level for
the pixels associated with an object of interest at a default
exposure time.

14. The method of any one of claims 10 to 13 wherein
the pixel by pixel map is a grey value, the signal to noise

ratio and the exposure time for each pixel.

23



PCT/EP2015/052017

WO 2015/114121

0g 1~

1/10

ANS Q3AOUdNI HLIM
‘SANIL 3YNSOdX3 Q3I4I03dS LV
dviddv dTNOM A3HL SV S3OVAI

SALVINWIS ‘ALISNALINI LHOM/
JAIL J¥NSOdX3 40 TOHLINOD
1401431S0d V

(dvW OlLvY 3SION
OL T¥YN9IS ANV JWIL/ALISNALNI
NO¥4 Q3AI¥3Q) SANTVA T3Xid
NO SIVAYIINI JON3AIANOD

(XvW—0) (LS3¥3INI 40
S103rg0 3HL OL Q3ILDIN¥ISIY ¥O
9019 ‘NOILYYNLYS

MOT38) JONVY DINVNAQ 1S3d

J1NAON NOILVINIS3dd JOVAI

I

NOILISINDOV 3OVI 3IZITWNI4

N3OS 3HL 40 NOILISINDJV
JOVAI ;3N *SNOLLISINDIV

JOVAI ININD3ISANS

40 NOILISIND

AN3IOS M3IN V

OV FOVAI 4l

J1NAOW NOILI

SINDJV JOVNI

N0zl

|

|

VH3AVO

SJl1ld0

Ol 1]

NOLLVNIANTI

J1NAON NOILVHEINMVO WILSAS




WO 2015/114121

EXTERNAL
DATA

PCT/EP2015/052017

CALIBRATION
(OPTICS, CAMERA,
ILLUMINATION, METRICS)

Y

CALIBRATED CALIBRATED
SYSTEM DATA
Y Y
4 VALIDATED
NEW PLATEl—=|  ACQUISITION ~! NEW PLATE
IMAGES

SYSTEM

INTEGRITY

FIG.2

SYSTEM
INTEGRITY



PCT/EP2015/052017

WO 2015/114121

3/10

L

SNOI1¥01SId

VOI¥13N03D

JONVIvE

¢l

SNOILYOLSId

8’9’y SNOILvyy3av
JILYWOYHD

A

VOIY13N03D

SNOILVYYE8Y

ALIIN3IO0NOH a1314

ALISNAINI T13XId 40
NOILONN4 ¥3MOd

A

v SV (MNS) olvy
3SION OL T¥YNIIS

JAIL J¥NSOdX3
40 NOILONNd V SV
13A3T MOV1E NV3IN

JAIL J¥NSOdX3
40 NOILONNS V SV
ALIMVANIT ALISNILNI
VH3AVI

JAIL AN NAVM

NOILVHEITVD VHINVOD

JILVNOYHO

INJANOIMV

NOLLYYEITVO SJI1dO

N2Z11

ALIINIOONOH d7314

(¥3MOd LNdNI)

J1NAONW NOILVHEIvD

4 = (V)ALISNILNI

JAIL AN NEVM

NOLLVHEITYO NOILYNIANTI

Nl




PCT/EP2015/052017

WO 2015/114121

4/10

\
NOILVOI4ILN3dI

NOI93

d1Vid dv310
/

(" IONIYIAN
INIL IYNSOdX3

¥°Old

VIVA % W3ILSAS
Q31vygrvo

31N70S8av

JONVIVE 3LHM )

\
41N NOILN10S3d

(" ALIANIOONOH
VIav¥ NOILYINAONW

VIMO1O3S
NOLLYNINNTII

\
(398[qoy'0))y=|

ALIMVANN

J

VILVdS

/

(" ((Ax=( A x)
SNOLLYH3gV

NOILYHEITVO

\
(ALISNALIND} =

dNS OlLVY 3SION
OL VNOIS )

JILVWOYHD
NOILYOLSIA SNIT/

\

SINdNI TVYNY31X3
J

\
(FNIL dx3)3=M0v1d

13A3T MOVI4
/

SLvld
NOILVYEITvO

r

ALIRIOAINI WILSAS
JISvd

J




WO 2015/114121

5/10

IMAGE ACQUISITION MODULE

15t IMAGE ACQUISITION OF A NEW SCENE

INITIAL EXPOSURE TIME:
BEST KNOWN DEFAULT EXPOSURE TIME (A
PRIORI) OR ARBITRARY VALUE

INITIALIZE INTENSITY, EXPOSURE TIME AND
SNR MAPS FOR EACH PIXEL STORE:
(INTENSITY—BLACK LEVEL*), EXPOSURE TIME
AND SNR*

*.known values from calibration

KNOWN VALUES FROM

nth IMAGE ACQUISITION OF THE NEW SCENE

GET NEXT ACQUISITION'S EXPOSURE TIME*
GLOBAL OR SUPERVISED:

*GLOBAL: ALL PIXELS ARE CONSIDERED
OF EQUAL IMPORTANCE

* SUPERVISED: OBJECTION DETECTION
IS PERFORMED, OBJECTS ARE GIVEN
MORE WEIGHTS THAN NON OBJECTS
*See slide: "Get next acquisition’s
exposure time”

ACQUIRE IMAGE AND UPDATE DATA USING
NEW INPUTS:
UPDATE INTENSITY MAP
UPDATE EXPOSURE TIME MAP
UPDATE SNR MAP

ACQUIRE ADDITIONAL IMAGES?
(e.g., MINIMUM SNR IS NOT REACHED YET,

PCT/EP2015/052017

MAXIMUM NUMBER OF ACQUISITION

IS REACHED, ...)

FIG.S

NO

FINALIZE
IMAGE
ACQUISITION




WO 2015/114121 PCT/EP2015/052017

6/10
/630 640 A
CALIBRATED| |CALIBRATED PALTE
LIBRAT! IBRA TRAFFIC
CONDITIONS
610 1 620
‘KNth IMAGE !
NEW PLATE ——=1 AcquUISITION (SUPERVIZED
ACQUISITION
T " CONDITIONS
I N+
650~  UPDATE
IMAGE DATA
‘ J
660~  FINALIZE Yampa
NEW PLATE
ACQUISITION) IMAGES

)

SYSTEM
INTEGRITY

SYSTEM

INTEGRITY

FIG.6



PCT/EP2015/052017

WO 2015/114121

7/10

L Ol

dVN NS QILHOIAM 3JHL ONIZINIXV JWIL SI JNIL 3¥NSOdX3 1XIN 1S34

(SLHOIAM
713XId *« dYIN UNS) dVIN UNS QILHOIIM ONIANOdSINH0D IHL ILNAWNOD e
INIOS IHL 40 IOVWI ALISNILINI @3LD3AdXI IFHL ALVINNIS °
JANIL FUNSOdX3I ALVAIONYD
NAID V 304 JNIL 3¥NSOdX3 ALVAIANYD LXAN 1S39 ¥04 MO0

13XId SIHL ¥04
NOILLYHNLYS 8NS VYIAVO OL ONIQVI1 JNIL JUNSOdX3 WNWIXVN JHL
713XId HOV3 ¥04 ALVNIVAI ‘dVN 3YNSOdX3 ANV ALISNILINI 3HL ONISN

(NOLLYYNLYS INVOIJINOIS ON) JWIL 3¥NSOdX3 M3IN TVAILO 3LNdWOD

JAIL 3UNSOdX3 MIN TVAILAO 31NdWOD
ENJE
(ST3XId ONILVINLYS 3HL 404 NOILYWHOANI
ONILYANLYS NON ¥ ONILII9 40 ALNIGvE0dd JHL SIZINIXVW)
AN3OS SIHL J8N1dv0 OL d3SN 3JNIL 3¥NSOdXd WNWININ
SNOIAYd 3HL NVHL Y3140HS 3JNIL NOLLISINDIV MIN V 3ISOd0dd
‘0 1ON 3V SIHOIAM dIFHL ANV ONILVYNLYS JdV ST3IXId JNOS I

((NOILYDIJISSYTO ANV NOILVINANO93S) SdALS ONIOVAI
IVNOLLIAQY SFMINDIAY) LSIYAINI 40 SL103rd0 OL LON ¥0 ONIONOT3Ig
HIFHL NO ONIONIdIA ATIVIINIYIAAIA QILHOIEIM 3V STIXIA :AISIAYIANS ©
(1 = SIHOIAM T3XId)
JONVLIYOdNI WVND3 40 d3IY¥IAISNOD ¥V S1AXId TV “IWE0T9 e

JNIL 39NSOdX3 S,NOILISINDOV LX3N 139




WO 2015/114121 PCT/EP2015/052017

8/10
NEW (CAPTURE NEW
SPECIMEN SPECIMEN
IMAGE IMAGE
i
Y
UPDATE PROPOSED
SPECIMEN EXPOSURE
DATA TIME
I
CONSTRAINTS

NOT MATCHED

Y

/
, STOP
SPECIMEN SS}EFTQ\E,%%N SPECIMEN

DATA ANATER IMAGE
ACQUISITION,
MINIMAL SNR TIME /TRAFFIC
CONSTRAINTS CONSTRAINTS
Yy, e W,

/
SATURATION OBJECT
CONSTRAINTS| |CONSTRAINTS

FIG.8




WO 2015/114121 PCT/EP2015/052017

9/10

FINALIZE IMAGE ACQUISITION

CORRECT ILLUMINATION
UNEVENNESS

BALANCE R,G,B CHANNELS

CORRECT FOR CHROMATIC
ABERRATIONS AND
GEOMETRICAL DISTORTIONS

FIG.9



OL°OId

PCT/EP2015/052017

10/10

(" 1SV03404 NIZATYNY (" MJ3HD V1va
JOINYIAS | SIN3IA3 - ALIMOFINI (S)NaWID3dS
INLIV—0Yd) W3LSAS W3LSAS d3aLvanva
\ .
ﬂ viva (" SNIWID3dS
(S)NINIOIS |~ MIN ‘N
Y - FANLVO ) oL | aQvol
VO | i
IOAM3S 31vHgvo3Y
J
(" WILSAS
=—{Q3LVAINVA %

A31vagIvo

WO 2015/114121



	BIBLIOGRAPHY
	DESCRIPTION
	CLAIMS
	DRAWINGS

