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APPARATUS AND METHOD FOR LABELING ROWS AND COLUMNS IN AN
IRREGULAR ARRAY

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to Provisional Application Serial No. 60/274,688,
filed March 8, 2001.

BACKGROUND
Field of the Invention;

[0002] The subject matter described herein relates generally to labeling samples in an

array.
Background of the Invention:

[0003] An array is an ordered arrangement of any kind of subject matter. In the
biological sciences, an array is generally a two-dimensional arrangement of samples
placed upon a support structure. Samples can include, but are not limited to, nucleic
acids, proteins, molecules, cells, tissues and any combination thereof. These arrays allow
for the efficient and rapid processing of large numbers of samples, allowing laboratories
to process thousands of samples a day. For example, a microplate configured with a four
by four matrix of biosites or samples in each of the 96 wells of a microtiter plate would be
able to perform a total of 1536 nearly simultaneous tests utilizing a proximal CCD
imager. A microplate configured with a 15 by 15 matrix of samples in each of the 96

wells enables a total of 21,600 nearly simuitaneous reactions to be processed.

[0004] Arrays of samples are used in many forms and for many areas of science,
including, but not limited to, 96 well plates or slides for combinatorial chemistry, multi-
well carriers for synthesizers, and papers, such as nitrocellulose and nylon, for
hybridization reactions. Array technology can be used with almost any clinical or
research protocol. For example, in screening libraries, the library, consisting of
recombinant clones or molecules, can be placed in two-dimensional arrays on supports,
examples of supports can include a microtiter plate or microscope slide. Each clone or
molecule can be identified by the identity of the plate and the clone or molecule location
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(row and column) on that plate. The arrayed libraries can then be used for many
applications such as screening for a specific gene of interest or for identifying potential
lead compounds for treating diseases. Arrays can also be used to diagnosis diseases as
well as synthesize nucleic acids, polypeptides, and chemical compounds. As another
example, arrays of tissue can be arranged on a microscope slide to simultaneously test an

experimental treatment for diseased tissues.

[0005] Current designs rely on the wells or dots being in predictable positions so they can
be processed or read by robotic equipment. If, for any reason, the positioning is not as
expected, a possible response by a computerized system is to shut down processing of the
array. Augmenting a vision system with a method for accommodating irregular arrays

would allow robotic systems of this type to recover from minor positioning errors.

[0006] Examples of arrays are shown in FIGs. 1 and 4. FIGs.1 and 4 depict slides with
samples 2 thereon. In the case where the samples are of tissue sections, tissue samples
may be embedded in a block of paraffin. Successive slices of paraffin and tissue may
then be mounted on the slide or series of slides. The slides with the samples, tissues in

paraffin, can then be subjected to a battery of test.

[0007] Once the slides of tissue are ready to be analyzed, the slides can be scanned to
produce digitized images. The digitized images of the stained slides can then be
automatically processed. However, before processing proceeds, it may be desirable to
identify the regions of the image corresponding to each tissue sample. The digitized
image may be analyzed to locate connected regions forming the tissue samples and their
centroids. Once the tissue samples and/or their centroids are located, they can be
assigned coordinates. Assigning coordinates to the samples may facilitate later data
analysis and allow one to return to a tissue sample of interest. While the identification of
the samples and/or their centroids can be preformed prior to processing the samples in a
desired protocol, identification of the samples and their centroids can also be done after

the processing of the samples.

[0008] In identifying and assigning coordinates to the samples, several image
irregularities may hinder machine determination of the row and column coordinates of the

centroids. Reasons for the irregularities range from human error to shearing of the
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paraffin during handling. The irregularities make it difficult to know with certainty the

correct labeling in the areas of these irregularities.

[0009] Even when a guide is employed, the regularity with which the tissue can be placed
into the paraffin may be less than perfect. The tissue sections may be subject to
deformation during the transfer to the slide, and some samples may fail to adhere to the
slide. In cases where samples in liquid are applied to a support of the array, the liquid
dispenser may inadvertently omit samples, for example, failure to pick up the liquid
sample, or introduce extraneous “samples,” for example, the liquid sample may
inadvertently drip from the liquid dispenser or stray marks are introduced by mishandling
the slide. Moreover, rows and/or columns, or portions thereof, of samples may be

intentionally omitted to separate different groups of samples.

[0010] The digitization process introduces further noise to challenge the row and column
identification. The noise level may be sufficiently high that a simple round to the nearest

integer in
¢! ) Deols ¥ X/ Xmax

does not reveal the centroid's column coordinate, where X is the x coordinate of the
centroid in question, X 1s the greatest x coordinate of all the centroids, and n¢o is the

number of columns on the slide.

[0011] FIGs. 1-6 illustrate some problems in identifying the coordinates of the centroids.
FIGs. 2 and 3 and FIGs. 5 and 6 are exploded views of exemplary problem regions in
FIGs. 1 and 4, respectively. An array of (x,y) pairs represents the position of the
centroids of the tissue samples on the slides. FIG. 1 appears to be fairly regular to the eye
with well-defined rows and columns, but zooming into the array illustrates problem areas.
FIG. 2 illustrates problems due to missing samples and deviation of samples from straight
colummns. FIG. 3 illustrates two different problems: two samples lay in what seems to be
a missing row (third row from the top) and the correspondence between the bottom rows

in the left half and the right half of the image is not clear.

[0012] The problem of sparse data is evident in various regions of FIG. 4, which are
shown in exploded views in FIGs. 5 and 6. In FIGs. 5 and 6, it is difficult to determine
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the row and column numbers of the samples, especially when using an algorithm based

on local structure.

SUMMARY OF THE INVENTION

[0013] In accordance with the present invention, a method for assigning coordinates to a
centroid in an array would include the steps of providing an array to be analyzed;
selecting a starting centroid within the array by using a local lattice structure and
determining a quality of fitness for each centroid; assigning coordinates to the starting
centroid; and diffusing outward to determine and assign coordinates to neighboring
centroids using the lattice structure. While the present invention can be used with arrays
whose samples are in perfect alignment, the present invention is especially useful when
the array is irregular. The present invention can analyze all the centroids of the array or

the centroids located on portions of the array.

[0014] In some embodiments of the invention, a quality of fitness value is calculated for a

given centroid, (X, yc). The quality of fitness value being determined by the equation

Fitness(xc, Yo) = Min [z ((xk ~Xgian)” + ‘ygrid(k))z))'

Vas¥p k=1

[0015] A local lattice structure can be a grid having a center centroid (X, y;). Nis the
number of neighboring centroids (xx, yx) and v, and v, are adjusted to minimize the sum
of the squared distances from an actual position of each of the neighboring centroids to
the nearest lattice point. The lattice points relative to the center centroid can be calculated

by the equation
Fgria> Vgria) = (¥ Y. )+ K-v, + L -v,

wherein K and L are integers and v, and v, are two lattice vectors that describe the
lattice structure. Each neighboring centroid can be associated with a point of the lattice

by minimizing
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(% _xgrid)2 +( - ygrid)2
over K and L for any given value of v, and v}, for the grid as defined by

(xgrid9ygrid) = (xcayc)'l' K- v, +L V.

[0016] The grid of the lattice structure can be of any size, limited only in that the grid
must accommodate a center centroid and neighboring centroids. Thus, the grid can be a
three-by-three grid having eight neighboring lattice points, a five-by-five grid having 24
neighboring lattice points, a seven-by-seven grid having 48 neighboring lattice points,

and so on.

[0017] In some embodiments, the method includes a step of identifying (labeling)
suspicious points (centroids) by determining whether the quality of fitness of a given
centroid is greater than a first tolerance level or whether the lattice vectors associated with
the centroid relative to the lattice vectors associated with the starting centroid is greater

than a second tolerance level.

[0018] The step of identifying the suspicious point can be executed before the step of
determining the starting centroid or before the step of diffusing outward. Additionally the
step of identifying the suspicious point can be done periodically throughout the diffusing
step, or after each centroid has been selected as the center centroid and the centroids on

the grid have been assigned coordinates.

[0019] The first tolerance level, for identifying suspicious points, is €; and is defined by

&= N (5, ]

wherein N is a number of neighbors, M is a mean lattice spacing of the best lattice

structure as defined by
w4l il

and ; represents the average deviation between a lattice point and a neighboring

centroid in units of M.
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[0020] The second tolerance level is defined by

g > ||v,“ 1 ;i=ab

wherein &, = 0, and & is a user specified tolerance threshold.

*

v,

i

[0021] In some embodiments, the step of diffusing outward includes selecting one of the
neighboring centroid (X, yi) as a new center centroid. To be a new center centroid, the
centroid must not have been identified (labeled) as suspicious or ambiguous, or
previously been a center centroid. The method also includes the steps of assigning the
new center centroid a relative coordinate (I, Ji); providing a lattice structure comprising a
grid; locating a neighboring centroid to the new center centroid closest to a point on the

grid of the lattice structure using an equation
k k
(Xgrias Veria) = (X0, ) + KV, +Lvy
and assigning the neighboring centroid a relevant coordinate using the equation

a

new?

Jnew) = (Ik’ Jk) + (K’L) .

[0022] The neighboring centroid, however, may not be assigned relative coordinates if

the distance as defined by ‘/ (x - xgw.d)2 + (y - ygn.d)2 is greater than a third tolerance

level defined as €3. The third user specified tolerance level 63 is defined by
63 =€3 /M.

[0023] In some embodiments, the grid of the lattice structure used in the diffusing step is
of a different size than the grid used for determining a starting centroid. In other

embodiments, they are the same.

[0024] In some embodiments, where the neighboring centroid has already been assigned
coordinates, if the previously assigned coordinates do not match the new coordinates,

then the centroid will be identified as ambiguous.
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[0025] In some embodiments, the diffusion steps are repeated until all the centroids in the

array, not labeled suspicious or ambiguous, have been the center centroid.

[0026] In some embodiments the relative coordinates of the centroids in the array are
translated to absolute coordinates. The absolute coordinates can be calculated from the

equation

(O,P)=(1,J)— (1, )+ (1) wherein Ly, and Jiyn represent the

smallest assigned I and J values.

[0027] In some embodiments, the method further includes the step of outputting data. The
data includes the centroids being labeled either with coordinates, identified as suspicious

or ambiguous, or remain unlabeled.

[0028] In some embodiments, the method for assigning coordinates to centroids in an
array is used in an automated system. The method would include the steps of scanning the
array; and inputting the scanned image to a receiver for processing the array according to

the methods of the invention.

[0029] In some embodiments, an array of biological samples is placed in an array carrier.
The array carriers are loaded into an input hopper of an automated system. The operator
may then enter data identifying the size, shape and location of a scan area on each array,
or, preferably, the system automatically locates a scan area for each array during array
processing. An operator can then activate the system for slide processing. Alternatively,
the processing parameters of the array may be identified by a bar code present on the
airray or array carrier. Arrays can be made from slides, microtitre plates, multi-well trays,
and paper, for example, nitrocellulose or nylon. Other material used in the production of
arrays are well known in the art. For example, methods of preparing an array can be
found in U.S. Patent No. 6,312,960, U.S. Patent No. 6,203,758, U.S. Patent No.
6,103,479, and U.S. Patent No. 5,770,151, all of which are incorporated by reference in
their entirety.

[0030] At system activation, an array carrier can be positioned on an X—Y stage, the
entire array is then rapidly scanned, thereby acquiring an image for processing and

detecting objects of interest, samples and their centroids. Color, size, density, shape, and

7
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texture of the samples can be used to identify these objects of interest. The location of
each candidate object of interest can then be stored for further processing, such as

assigning coordinates to the objects of interest.

[0031] Embodiments of an apparatus of the invention can include a computer program,
stored on a computer-readable medium, for assigning coordinates to a centroid on an
array, the computer program comprising instructions for causing a computer system to
provide an image of an array; select a starting centroid within the array by using a lattice
structure and determine a quality of fitness for each centroid; assign coordinates to the
starting centroid; and diffuse outward to determine and assign coordinates to a
neighboring centroid using the lattice structure. It is contemplated that the method of

assigning coordinates can be performed by an algorithm.

[0032] Also contemplated is an apparatus, for assigning coordinates to samples (objects
of interest) in an array, including a computer having at least one system processor with
image processing capability, a computer monitor, an input device, a power supply, and an
optical sensing device for acquiring images. The apparatus can also include input and

output mechanisms for multiple array analysis and storage.

DESCRIPTION OF THE DRAWINGS
[0033] FIG. 1 is a schematic drawing of an exemplary array.
[0034] FIG. 2 is an enlarged view of one area of the array shown in FIG. 1.
[0035] FIG. 3 is an enlarged view of another area of the array shown in FIG. 1.
[0036] FIG. 4 is a schematic drawing of another exemplary array.
[0037] FIG. 5 is an enlarged view of one area of the array shown in FIG. 4.
[0038] FIG. 6 is an enlarged view of another area of the array shown in FIG. 4.

[0039] FIG. 7 is a flow chart describing one embodiment of the method of the present

invention.
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[0040] FIGs. 8A-8C are schematic drawings of three time points in the practice of one

embodiment of the method of the invention.

[0041] FIG. 9 is a perspective view of one embodiment of an apparatus for automated

array analysis according to the present invention.
[0042] FIG. 10 is a block diagram of the apparatus shown in FIG. 9.

[0043] FIGs. 11A-11D are schematic drawings of one visualization of the results from
the practice of one embodiment of the method of the invention for the array shown in FIG
L.

[0044] FIGs. 12A-12D are schematic drawings of a second visualization of the results
from the practice of one embodiment of the method of the invention for the array shown
in FIG. 1.

[0045] FIGs. 13A-13D are schematic drawings of a third visualization of the results from
the practice of one embodiment of the method of the invention for the array shown in
FIG. 1.

[0046] FIGs. 14A-14F are schematic drawings of one visualization of the results from the

practice of one embodiment of the method of the invention for the array shown in FIG. 4.

[0047] FIGs. 15A-15F are schematic drawings of a second visualization of the results
from the practice of one embodiment of the method of the invention for the array shown
in FIG. 4.

[0048] FIGs. 16A-16F are schematic drawings of a third visualization of the results from
the practice of one embodiment of the method of the invention for the array shown in
FIG. 4.

DETAILED DESCRIPTION

[0049] As used herein and in the appended claims, the singular forms “a,” “an,” and “the”
include plural references unless the context clearly dictates otherwise. Thus, for example,
reference to “an array” can include a plurality of arrays and a reference to “the centroid”

can include reference to one or more centroids, and so forth.
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[0050] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood to one of ordinary skill in the art to which this
invention belongs. Although any method, device and material similar or equivalent to
those described herein can be used in the practice of the invention, the preferred methods,

devices and materials are now described.

[0051] The apparatus and method described herein, for assigning coordinates to samples
of an array, work from an initial list of centroids. A centroid represents the center of
mass of a sample or a putative sample; therefore, in the analysis, a centroid corresponds
to a sample of the array. In practicing the invention, the apparatus and method associate
to each centroid a set of coordinates, for example, a row and a column in the array, or
identify the centroid as a suspicious or ambiguous point that should be excluded from the

regular array.

[0052] The inventive apparatus and method for labeling rows and columns in arrays of
samples can accommodate the irregularities of the array described above. The apparatus
and method proceed via a sequence of deductions concerning the lattice structure of the
array. The apparatus and method begin from a region that conforms well to a local lattice

structure and spreads out from this initial seed.

[0053] FIG. 7 illustrates one embodiment of the method for labeling rows and columns in
an array of samples. A list of centroids is created from an array of samples 100. The
method searches for a starting region, defined as a region of centroids that best matches a
local lattice structure 110. The local lattice may be, for example, a three-by-three grid of
points representing a center centroid and its eight nearest neighboring centroids. The size
of the grid of the local lattice structure may be of any size and is only limited in that it

have a center point, thus another example is a five-by-five grid.

[0054] The method selects a best local lattice structure for the centroids and calculates a
measure of the quality of fitness of the lattice to the centroids 130. The calculated values
are then sorted by their quality of fitness to determine the centroid having the best quality
of fitness value and defining that centroid as the starting point 140.

10
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[0055] The measure of the quality of fitness of a lattice structure for a given centroid is
computed as follows. The lattice points relative to a center centroid (X, y.) are given by

the equation
(2) (xgrid’ygrid) =(xc’yc)+K.va +L.vb

where K and L are integers and v, and v, are the two lattice vectors that describe
the local lattice and that remain to be determined as part of the fit. In the case of a local
lattice having an three-by three grid, the eight closest centroids N8 ={(xx, yi), k=1,...,8},

are each associated with a node, or point, on the model grid by minimizing the equation
3) (% “xgrid)z + (- ygrid)2

over the values of K and L for any given values of v, and v, where (Xgrig, Yaria) are
as defined in equation (2). The grid parameters v, and v;, are then adjusted to minimize
the sum of the squared distances from the actual positions of the eight centroids closest to
(Xe» ¥e) and their nearest lattice points. Specifically, the quality of fitness, Fit(x., y.), for a

given centroid, (X, y.) is determined by the equation

N
) Fit(xc, yo) = Mln (Z ((xk ~ Xeria(k) )2 +(, — ygrid(k))2 ))
VsV k=1
where N is the number of neighboring centroids, in this case eight. The sum of
these eight squared distances is the measure of the quality of fitness of a region's local

lattice match.

[0056] Given reasonably close starting values of v, and vy, a local optimization can be
carried out analytically. The choice of K and L for a given center centroid (x., ye), its
neighboring centroids (Xy, yi), and lattice vectors v, and vy, is achieved by expressing the
displacement (Xx-Xc, Yi-Yc) as a linear combination of v, and vy, and rounding the
coefficients to the nearest integers. Using these integers K} and Ly for the (Xgriaqo, Yeriato)
positions, the resulting objective function is quadratic in the four unknowns v, = (Vax,Vay)
and vy, = (Vox,Viy). Setting the four partial derivatives of the objective function in
equation (4) equal to zero, gives four linear equations which may be solved for the
optimal values of v, and vy. The solution determines the horizontal and vertical vectors

that generate the best model grid for the region. The starting values of v, and vy, are
11



WO 02/072867 PCT/US02/07277
Va= ( Xmax/Mecols, 0) and vp=(0, Y/ Drows)-

[0057] Once a region with the best quality of fitness value is found, its v, and v;, are used

as initial values for the next optimization.

[0058] The previous paragraphs describe how each centroid is assigned an associated pair
of lattice vectors v, and vy, and a quality of fitness value. The starting point of the method
is the centroid with the best quality of fitness value. This starting centroid is assigned
relative row and column coordinates (LJ)=(0,0) and its lattice vectors are denoted by v,*

and vy,*.

[0059] Referring to the embodiment shown in FIG. 7, once the starting centroid is
identified, the diffusion step can proceed 160. However, before beginning the step of
assigning coordinates to the remaining centroids by way of the outwardly diffusion
process, “suspicious points” in the list of centriods are identified 150. Because these
suspicious points question whether this centroid is a real sample or merely a mistake,

these suspicious points will not be a center centroid during the diffusion process.

[0060] Suspicious points can be identified by either (a) having a quality of fitness value
as determined by equation 4 above some tolerance level g1, or (b) having a value when the
local lattice vector associated with the centroid in question is compared to the local lattice
vectors associated with the starting centroid (which has been determined to have the best
quality of fitness value) above some tolerance level g,. The tolerance levels can be user

specified.

[0061] In one embodiment, the tolerance levels can specify limiting values of certain
quantities calculated from the (x,y) coordinates of the centroids and, as such, may be
highly dependent on the scale used in digitizing the image. To eliminate this dependence,
the values of these tolerance levels, €; and &;, are calculated from user-specified

tolerances 8, i=1 and 2 which are measured in units of a lattice spacing.

[0062] To rescale from units of a lattice spacing to the units used in the digitized grid, it

is convenient to define a parameter M, which represents the mean lattice spacing, as

S{ERE

2

v, +‘

*
Vp

12
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where Va* and Vb* are the lattice vectors of the starting centroid, having been

determined that the centroid had the best quality of fitness value. It is also possible to
define M by using the scales of Ax and Ay.

[0063] Tolerance level €; can be defined as

& = ]\'7(*]\451)2

where N is the number of neighboring centroids, which would be eight for a
three-by-three grid. For a centroid to be identified as suspicious, its quality of fitness

is greater than the tolerance level ;
g1 < Fit(xe, o)

and Fit(xc,yc) is a sum of N squared deviations and 8; represents the average
deviation between a lattice point and a neighboring centroid in units of M. The user
can also specify that if the quality of fitness is equal to €1, the centroid should also be

labeled as suspicious.

[0064] The second tolerance level, €, is used to identify suspicious points on the grounds
that their lattice vectors deviate too much from the ideal. In the method, this can be

measured by

€ > ’Li"—l ;i=a,b.
*

vV,

1

[0065] Since €, specifies a fractional difference, then
62 =E.

[0066] This makes &, a fractional threshold comparing the size of the locally optimized
lattice of the centroid to the best lattice of the starting centroid. This test condition serves
to eliminate harmonics. If a set of points is well described by the lattice vectors v,, v,

then they are also well described by v,/2 and vi/2. These locally optimal solutions are

13
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called harmonics. If the optimized lattice is too small, then the lattice vectors correspond

to higher harmonics. Similarly, if the lattice is too large it is called lower harmonics.

[0067] Once all the centroids have been evaluated in order to identify suspicious
centroids, the diffusion step proceeds 160. Alternatively or additionally, the method may
provide for re-evaluating the centroids periodically to note any changes in the tolerance
values. In other words, as the diffusion step proceeds, a centroid may be a neighboring
centroid in several lattice structures. As more information is gathered, the tolerance
measurements for a centroid may be re-calculated to see if additional information has
changed the tolerance measures below the applicable tolerance threshold levels, g1 and &5,
to justify removal of the suspicious label. This “re-evaluation” of a suspicious point can
be done after the assignment of a coordinate, or before the selection of a new center

centroid. It can also be done periodically during the diffusion process.

[0068] In the diffusion process 160, the method provides for selecting a centroid (xy, i)
to be used as the next center of a new local lattice and then assigning row and column
coordinates to all the points lying sufficiently near the lattice point, such as those found in
a five-by-five grid having a center at (xi,yx) 170. The new center must fulfill four
criteria: ‘

(a) it has not been labeled suspicious as described in the previous paragraph;

(b) it has not been labeled ambiguous as described below;

(c) it has not been previously used as a center in the method; and

(d) it has been assigned relative row and column coordinates (I,J).

[0069] Among the centroids that fulfill these four conditions, the one which lies closest to
the starting center (I,J)=(0,0) can be used as the next center centroid. FIGs. 8A-8C depict
the diffusion pattern the method of the invention generates as it looks for neighbors to
label. Note that condition (d) implies that initially only the starting point can be chosen
as a center. The coordinates of the next center centroid is denoted by (Xk,yi) and its
assigned relative row and column coordinates by (I,Ji). The diffusion step proceeds to
generate the lattice points in the lattice structure. For example, in a lattice structure
having a five-by-five grid, 25 lattice points are generated; for each K and L value between
—2 and 2, the centroid (x,y) closest to the lattice point is calculated by

(xgrid’ygrid) =(%,y,)+ va + va
14
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and tentatively assigned the coordinates

I

new?

Jowd = (s ) + (K, L) .

[0070] These tentatively assigned coordinates are actually assigned to this centroid only

if no previous coordinates have been assigned to this point and the distance

J(x B xgrid)z + (y B ygria')2

is less than a third tolerance level €;. If coordinates have previously been assigned

and they do not match the newly calculated coordinates, then the centroid is identified as

“ambiguous” and, thus, will not be used as a center.

[0071] A user specified tolerance level €; is used in the equation

€3> J(x— xgr,-d)z + (y - ygrid)2

to decide whether the neighboring centroid (x,y) of a center centroid should be

labeled based on its proximity to the nearest grid point emanating from the center
centroid. Therefore, if the third tolerance value of the neighboring centroid is less
than €3 and no previous coordinates have been assigned it, it will be assigned a

coordinate. Defining 83 by
83 =g3 ™
makes 33 scale independent.

[0072] The diffusion process continues until all eligible centroids have been used as the
center centroid 180. The relative row and column coordinates (J) can then be translated

to absolute row and column coordinates by the following equation

(0, P) = (L, ) = Ly, i) + (L)

15
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where Ly, and Jni, represent the smallest assigned I and J values 190. Besides the
row and column assignments, the output of the present method can include lists of

suspicious, ambiguous, and unlabeled centroids 200.

[0073] The various techniques, methods, and aspects of the invention described above
can be implemented in part or in whole using computer-based systems and methods.
Additionally, computer-based systems and methods can be used to augment or enhance
the functionality described above, increase the speed at which the functions can be
performed, and provide additional features and aspects as a part of or in addition to those
of the invention described elsewhere in this document. Various computer-based systems,
methods and implementations in accordance with the above-described technology are

presented below.

[0074] An apparatus of the invention may include the use of the methods of the invention
in conjunction with any of the computer-based systems described herein. The computer-
based system may include the means for inputting data either manually or automatically.
The system can include devices for scanning the array, or otherwise inputting data about
the array, digitizing the image, storing data, processing the data according to the methods
described herein, outputting data, or any one of these functions. Any or all of these

functions may be automated.

[0075] The processor-based system can include a main memory, preferably ra‘ndom
access memory (RAM), and can also include a secondary memory. The secondary
memory can include, for example, a hard disk drive and/or a removable storage drive,
representing a floppy disk drive, a magnetic tape drive, an optical disk drive, etc. The
removable storage drive reads from and/or writes to a removable storage medium.
Removable storage media represents a floppy disk magnetic tape, optical disk, etc., which
is read by and written to by removable storage drive. As will be appreciated, the
removable storage media includes a computer usable storage medium having stored

therein computer software and/or data.

[0076] In alternative embodiments, secondary memory may include other similar means
for allowing computer programs or other instructions to be loaded into a computer
system. Such means can include, for example, a removable storage unit and an interface.
Examples of such can include a program cartridge and cartridge interface (such as the

16
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found in video game devices), a movable memory chip (such as an EPROM, or PROM)
and associated socket, and other removable storage units and interfaces which allow
software and data to be transferred from the removable storage unit to the computer

system.

[0077] The computer system can also include a communications interface.
Communications interfaces allow software and data to be transferred between computer
system and external devices. Examples of communications interfaces can include a
modem, a network interface (such as, for example, an Ethernet card), a communications
port, a PCMCIA slot and card, etc. Software and data transferred via a communications
interface are in the form of signals which can be electronic, electromagnetic, optical or
other signals capable of being received by a communications interface. These signals are
provided to communications interface via a channel capable of carrying signals and can
be implemented using a wireless medium, wire or cable, fiber optics or other
communications medium. Some examples of a channel can include a phone line, a

cellular phone link, an RF link, a network interface, and other communications channels.

[0078] In this document, the terms “computer program medium” and “computer usable
medium” are used to generally refer to media such as a removable storage device, a disk
capable of installation in a disk drive, and signals on a channel. These computer program

products are means for providing software or program instructions to a computer system.

[0079] Computer programs (also called computer control logic) are stored in main
memory and/or secondary memory. Computer programs can also be received via a
communications interface. Such computer programs, when executed, enable the
computer system to perform the features of the present invention as discussed herein. In
particular, the computer programs, when executed, enable the processor to perform the
features of the present invention. Accordingly, such computer programs represent

controllers of the computer system.

[0080] In an embodiment where the elements are implemented using software, the
software may be stored in, or transmitted via, a computer program product and loaded
into a computer system using a removable storage drive, hard drive or communications
interface. The control logic (software), when executed by the processor, causes the
processor to perform the functions of the invention as described herein.

17
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[0081] In another embodiment, the elements are implemented primarily in hardware
using, for example, hardware components such as PALs, application specific integrated
circuits (ASICs) or other hardware compo'nents. Implementation of a hardware state
machine so as to perform the functions described herein will be apparent to person skilled
in the relevant art(s). In yet another embodiment, elements are implanted using a

combination of both hardware and software.

[0082] In another embodiment, the computer-based methods can be accessed or
implemented over the World Wide Web by providing access via a Web Page to the

methods of the present invention.

[0083] FIGs. 9 and 10 show a perspective view and a block diagram, respectively, of one
embodiment of the apparatus of the invention. The apparatus for automatically
processing an array is generally indicated by reference numeral 10. The apparatus
comprises a scanning subsystem. The scanning subsystem can include a microscope
subsystem 32 housed in a housing 12. The housing 12 includes an array carrier input
hopper 16 and an array carrier output hopper 18. A door 14 in the housing 12 secures the
microscope subsystem from the external environment. A computer subsystem comprises
a computer 22 having at least one system processor 23, and a communications modem 29.
The computer subsystem further includes a computer monitor 26 and other external
peripherals including storage device 21, a pointing device, such as a track ball device 30,
a user input device, such as a touch screen, keyboard, or voice recognition unit 28 and
color printer 35. The apparatus can also include a separate image monitor 27. An
external power supply 24 is also shown for power outage protection. The apparatus 10
further includes an optical sensing device 42, such as a camera, preferably a CCD camera,
for acquiring images. Microscope movements are under the control of system processor
23. An automatic array feed mechanism in conjunction with X-Y stage 38 provide
automatic slide handling in the apparatus 10. An illumination light source 48 can project
light onto the X-Y stage 38 where an array is placed. The array is subsequently imaged
through the microscope subsystem 32 and acquired through the optical sensing device 42

for processing by the system processor 23.

[0084] In one embodiment, the X-Y stage is moved to scan the image of the array.

~ Alternatively or additionally, it is the microscope subsystem 32 and/or optical sensing
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device 42 that is moved to scan the array. The apparatus may also include a Z stage or
focus stage 46 under control of the system processor 23 to provide displacement of the
microscope subsystem in the Z plane for focusing. The microscope subsystem 32 can
further include a motorized objective turret 44 for selection of objectives to view the
array. In other embodiments, the array is scanned in a manner similar to that of electronic
scanners, where an “eye” picks up images and digitalizes it as the “eye” is moved along,

directly or indirectly, to the surface of the array.

[0085] One purpose of the apparatus 10 is for the unattended automatic scanning of
prepared arrays for the detection of samples in the array. The apparatus 10 can then
automatically locate and assign coordinates to the samples in the array. A number of
stains can be used, if desired, to distinguish the samples from the background. Thus, in
one aspect, the samples can be prepared with a reagent to obtain a colored insoluble
precipitate. The apparatus of the present invention being used to detect this precipitate as
a sample. Other means of distinguishing samples from background include, but are not
limited to texture and density analysis. Methods and apparatus of automated image
analysis and detection of objects of interest, e.g., samples on slides, are provided in U.S.
Patent Application Serial No. 09/344, 308, filed June 24, 1999; U.S. Patent Application
Serial No. 09/495,461, filed February 1, 2000;‘ and U.S. Patent Application Serial No.
09/616,817, filed July 12, 2002, all of which are explicitly incorporated by reference in

their entirety.

[0086] During operation of the apparatus 10, a user can mount the prepared arrays onto
the input hopper 16. The hopper 16 may utilize an automatic feed mechanism 37. The
user can then specify the size, shape and location of the area to be scanned or,
alternatively, the system can automatically scan the array. The operator can command the
apparatus to begin automated scanning of the array through a graphical user interface. A
bar code label can be affixed to the array or array carrier and read by a bar code reader 33

during this loading operation.

[0087] The apparatus stores an image of the array for later analysis or review by a user.
All results and images can be stored to a storage device 21 such as a removable hard

drive, DAT tape, local hard drive, optical disk, or transmitted to a remote site for review
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or storage. The stored images for each slide can be viewed in a mosaic of images for

further review.

[0088] The following examples are provided to illustrate the practice of the instant

invention and in no way limit the scope of the invention.

Examples

[0089] In evaluating the experimental values for 6s, Table 1 below shows the range of
parameter values that can produce satisfactory performance using a method of the

invention. The table also summarizes the meaning and use of each of the parameters.

Tolerances Liberal Conservative Meaning Use

S - 0.20 0.15 Mean deviation of neighboring points from Decide whether to use centroid
the local lattice as center

S, 0.30 0.10 Fractional deviation of local lattice vectors Decide whether to use centroid
from best lattice vectors as center

3 0.25 0.15 Deviation of one neighbor to nearby grid Decide whether to assign label
point to neighbor

[0090] The method described above performed satisfactorily on all datasets considered.
The arrays of FIGs. 1 and 4 show the centroids in the troublesome regions of each figure,
i.e., FIGs. 2, 3, 5, and 6, received labels that depended strongly on the parameters used

and, therefore, served to define the range of reliable values shown in Table 1.

[0091] In evaluating the method of the invention, it is useful to introduce three
complementary ways of visualizing the results obtained from practicing the method of the
invention. The first is the finished version of the lattices generated during the diffusion
phase. FIGs. 11A and 11C show this view of the labeled dataset from the array of FIG. 1.
FIG. 11A is generated using conservative values of the tuning parameters § while FIG.
11C uses liberal values. FIGs. 11B and 11D show labeled close-ups of the bottom left
comer corresponding to FIG. 3 of the array of FIG. 1. For legibility, only the labels

suspicious (susp), ambiguous (ambg) and unlabeled (unlb) are included in the figures.
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Using conservative values for the parameters tend to label fewer points and result in one
unlabeled centroid, while using liberal values tend to overlabel and result in six

ambiguously labeled points.

[0092] The lattice visualization shows each edge (the line segment connecting two
adjacent points in a row or column) as represented in six different local lattices. These
lattices are well aligned if the six line segments appear as a single line segment. Small
misalignments cause the line segment to appear thicker, and large misalignments produce
shadows or completely separate traces. As a result, this way of displaying the data can
explain any difficulties encountered by the algorithm. The “ambiguous” labels are due to
the very slanted local lattice clearly visible in the liberal labeling program. This lattice
does not show up in the conservative labeling program since its center is labeled

suspicious and, therefore, is not used to label nearby points according to its local lattice.

[0093] The second visualization of the results obtained from practicing the method of the
invention is shown in FIGs. 12A-12D. FIGs. 12A and 12C show the results of the
conservative and the liberal labeling for the dataset of FIG. 1. This view shows the grid
generated by connecting each centroid to the adjacent centroids in its assigned row and
column. This visualization displays the global structure resulting from the assignment of
coordinates to centroids. The rows and columns can be easily discerned and deviations
from a regular grid shape stand out. Irregularities in the grid pattern identify centroids
with questionable assignments. For example, FIG. 12B shows the centroid left unlabeled
when using conservative parameter values. The centroid is seen to lie at a “fault line.”
When using liberal values, FIG. 12D shows a shift by about half a grid spacing for the
grid to the left relative to the grid line on the right. In this situation, it is better for the
method to focus the attention of the user to this region than to come up with purported

labels. Both extremes of parameter values fulfill this goal of pointing out problem areas.

[0094] The third visualization for this same dataset is shown in FIGs. 13A-13D. This
graphical representation displays the lines that are the least squares fit to the centroids in
each row and in each column. These lines summarize the global structure that has been
assembled by the methods of the invention. Any nonlinear trends or deviations within a
row or column are clearly visible within this representation and show the variation of

local structures relative to the global structure. The lone pair of centroids in the 6™ row

21



WO 02/072867 PCT/US02/07277

from the bottom are very easy to spot in this view. In retrospect, it is also easy to spot
these two points in the grid representation of FIGs. 12A-12D and represent another reason
to call in a human operator. The “fault line” of FIGs. 12A-12D is also evident here in
FIGs. 13A-13D.

[0095] The least squares lines in this representation can be used to extend the global
structure into sparse regions and enable the assignment of row and column indices to
centroids that were left unlabeled by the local structure method. The grid can also be

extended across empty regions to connect isolated groups of centroids.

[0096] The closeness of a centroid to the nearest grid intersection can be used as a fourth
measure of the confidence in its row and column assignment. The row and column
assignments of centroids that are further from an intersection of the grid may be
questionable. Using this measure would enable the method to perform further

consistency checks thereby resolving some ambiguities and identifying others.

[0097] All three visual representations make it easy to spot the missing rows and
columns. The grid and the lattice representations make clearly visible any misalignment
between two intentionally separated regions. FIGs. 11A-11D show how a region
boundary projects the local structure of its region into the missing row or column. A
misalignment between the regions will appear as a series of misalignments between the
local lattices centered on opposite sides of the missing row or column. Thus, the local
structure for the boundary centroids spans the missing row or column and resolves the

offset between the regions.

[0098] The sensitivity to parameter values is further illustrated by considering the
labeling for the dataset from FIG. 4 shown in FIGs. 14A-14F (local lattice view), FIGs.
15A-15F (grid view) and FIGs. 16A-16F (lines view). Both the conservative and the |
liberal values for the parameters focus the operator attention on the problem area in the
bottom left corner. Conservative parameter settings leave many points unlabeled, while
liberal parameter settings label many points ambiguous. The best results are obtained by
taking a conservative approach to allowing centers by keeping the conservative setting
8:=0.15, while allowing liberal labeling of neighbors from approved centers 8;=0.25.
The third labeling in FIGs. 14A-14F, FIGs. 15A-15F and FIGs. 16A-16F show the results

of the mixed setting 8;=0.15, 8,=0.30, and 6;=0.25. This labeling shows that the culprit is
22
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the point in the second column which lies a little too far above the fourth row from the

bottom.
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CLAIMS

1. A method for assigning coordinates to a centroid in an array, the method
comprising:
(a) providing an array;
(b) selecting a starting centroid within the array by using a local lattice
structure and determining a quality of fitness for each centroid;
(©) assigning coordinates to the starting centroid; and
(d)  diffusing outward to determine and assign coordinates to a neighboring

centroid using the lattice structure.
2. The method of claim 1, wherein the array in step (a) is irregular.

3. The method of claim 1, wherein the diffusing step is repeated until all the

centroids in the array are assigned coordinates.

4, The method of claim 1, wherein the quality of fitness for a given centroid,
(Xe, ¥o), is determined by an equation
N
Fitness(Xc, o) = M n (kzl ((xk - xgrid(k))2 +( -y grid(k))2 ))
oty k=
wherein the lattice structure comprises a grid having a center centroid (x., y.) and
N is the number of neighboring centroids (xx, yi) and v, and v, are adjusted to minimize
the sum of the squared distances from an actual position of each of the neighboring

centroids to a nearest lattice point, where lattice points relative to the center centroid are

given by an equation
(xgrid’ygrid) = (xcsyc) +K. v, +L- v,

wherein K and L are integers and v, and v, are two lattice vectors that describe the

lattice structure, and each neighboring centroid is associated with a point of the lattice by

minimizing
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2 2
(% = Xgria)” + O = Voria)
over K and L for any given value of v, and vy, for the grid as defined by

(xgridﬂygrid) =(xc:yc)+ K'Va +L- Vg

5. The method of claim 4, wherein a size of the grid of the lattice structure is
limited only in that the grid must accommodate a center centroid and neighboring

centroids.

6. The method of claim 4, wherein the lattice structure comprises a three-by-

three grid having a center and eight neighboring lattice points.

7. The method of claim 4, wherein the lattice structure comprises a five-by-

five grid having a center and 24 neighboring lattice points.

8. The method of claim 4, further comprising the step of identifying a
suspicious point comprising determining whether the quality of fitness of a centroid is
greater than a first tolerance level or whether the lattice vectors associated with the
centroid relative to the lattice vectors associated with the starting centroid is greater than a

second tolerance level.

9. The method of claim 8, wherein the step of identifying the suspicious point
is done before the step of determining the starting centroid or before the step of diffusing
outward.

10.  The method of claim 8, wherein the step of identifying the suspicious point
is done periodically throughout the diffusing step.

11. The method of claim 8, wherein the first tolerance level is g; as deﬁned by
& = N(Ms1)
wherein N is a number of neighbors, M is a mean lattice spacing of the best lattice
structure as defined by
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M=lU

; )

and 0 represents the average deviation between a lattice point and a neighboring

+ “ v,

*
v(l
centroid in units of M.

12.  The method of claim 8, wherein the second tolerance level is defined by

& > “vl" 1 ;i=ab
|v:

wherein &, = 0, and 9, is a user specified tolerance threshold.

13, The method of claim 1, wherein the step of diffusing outward comprises:
(e) selecting one of the neighboring centroid (xx, yi) as a new center
centroid, wherein the neighboring centroid has not been labeled as suspicious or
ambiguous, or had not previously been a center centroid;
® assigning the new center centroid a relative coordinate (I, Jy);
(g)  providing a lattice structure comprising a grid;
(h) locating a neighboring centroid to the new center centroid closest
to a point on the grid of the lattice structure using an equation
(Xgrigs Veria) = (%> Vi) + KvE+Lvf ; and
) assigning the neighboring centroid a relevant coordinate using the
equation

e

new?

Jnew) = (Ik’Jk)+ (KbL) .

14.  The method of claim 13, wherein the neighboring centroid is not assigned

relative coordinates if the distance as defined by J X — xg,,.d)2 + (y — ygn.d)2 is greater

than a third tolerance level defined as €.
15.  The method of claim 14, wherein a third user specified tolerance level 3 is

defined by
83 =£€3 /M.
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16.  The method of claim 14, wherein a grid of the lattice structure used in the

diffusing step is of a different size from a grid used for determining a starting centroid.

17.  The method according to claim 13 wherein the neighboring centroid had
already been assigned coordinates and the previously assigned coordinates do not match

the new coordinates, resulting in the centroid being labeled ambiguous.

18.  The method according to claim 13 wherein steps (e) to (i) are repeated
until all centroids in the array not labeled suspicious or ambiguous have been the center

centroid.

19. The method of claim 13 wherein the relative coordinates are translated to

absolute coordinates.

20. The method of claim 19, wherein the absolute coordinates are calculated
from an equation
O,P)=(,J)—({ s iy )+ (L1)  wherein Ly, and Ty, represent the

smallest assigned I and J values.

21.  The method of claim 1 further comprising the step of outputting data
wherein the centroids are labeled either with coordinates, identified as suspicious or

ambiguous, or remain unlabeled.

22. A method for assigning coordinates to a centroid in an array in an
automated system, the method comprising the steps of:
(a) scanning an array;
(b) inputting the scanned image to a receiver for processing;
(c) locating centroids;
(d) determining a quality of fitness for each centroid using a lattice
structure;
(e) selecting the centroid with a best quality of fitness and designating it a
starting centroid;

(f) assigning coordinates to the center centroid;
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(g) labeling centroids whose quality of ﬁtﬁess is greater than a user selected
tolerance level as suspicious;

(h) diffusing outward from the starting centroid to assign coordinates to
neighboring centroids;

(1) using neighboring centroids not labeled as suspicious or those already used as

center centroids as centers for the lattice structure;

(j) assigning relative coordinates to new neighboring centroids on the grid;
(§) labeling as ambiguous centroids whose relative coordinates differ; and

(k) repeating steps (h) through (j) until all centroids not labeled suspicious or

ambiguous have been center centroids.

23. A computer program, stored on a computer-readable medium, for
assigning coordinates to a centroid on an array, the computer program comprising
instructions for causing a computer system to:

(a) provide an image of an array;

(b)  select a starting centroid within the array by using a lattice structure and

determine a quality of fitness for each centroid;

(c) assign coordinates to the starting centroid; and

(d diffuse outward to determine and assign coordinates to a neighboring

centroid using the lattice structure.

24.  The computer program of claim 23, wherein the assignment of coordinates

is performed by an algorithm.
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