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ABSTRACT 

A plurality of panels are assembled into a single image. Each 
of the panels may have different intensities throughout the 
panel, as well as non-uniformities between panels. The 
panels are modified using flat-field calibration, panel flat 
tening, and panel connecting techniques. These techniques 
correct for non-uniformities and provide a cleaner, single 
image. 
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FLAT-FIELD, PANEL FLATTENING, AND PANEL 
CONNECTING METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims benefit of U.S. Provisional 
Application No. 60/178.476, filed Jan. 27, 2000. 

TECHNICAL FIELD 

0002 This invention relates to image analysis, and more 
particularly to using correcting for non-uniformities among 
several panels of a single image. 

BACKGROUND 

0003 Biomedical research has made rapid progress 
based on sequential processing of biological samples. 
Sequential processing techniques have resulted in important 
discoveries in a variety of biologically related fields, includ 
ing, among others, genetics, biochemistry, immunology and 
enzymology. Historically, sequential processing involved 
the study of one or two biologically relevant molecules at the 
same time. These original sequential processing methods, 
however, were quite slow and tedious. Study of the required 
number of samples (up to tens of thousands) was time 
consuming and costly. 
0004. A breakthrough in the sequential processing of 
biological specimens occurred with the development of 
techniques of parallel processing of the biological speci 
mens, using fluorescent marking. A plurality of Samples are 
arranged in arrays, referred to herein as microarrays, of rows 
and columns into a field, on a Substrate slide or similar 
member. The specimens on the slide are then biochemically 
processed in parallel. The specimen molecules are fluores 
cently marked as a result of interaction between the speci 
men molecule and other biological material. Such tech 
niques enable the processing of a large number of specimens 
very quickly. 
0005 Some applications for imaging require two appar 
ently contradictory attributes: high-resolution and high-con 
tent. The resolution requirement is driven by the need to 
have detail in the image that exceeds by at least 2x the 
information content of the object being images (the so called 
Nyquist Limit). The content requirement is driven by the 
need to have information over a large area. One method that 
addresses these needs is to acquire a plurality of individual 
images with high spatial resolution (panels) and to collect 
these panels over adjacent areas So as to encompass the large 
desired area. The multiple panels can then be assembled into 
a single large image based on the relative location of the 
optics and the sample when each panel was collected. When 
assembling the plurality of panels into a single montage, a 
number of steps may be taken to correct for intensity 
non-uniformities within each panel (known herein as flat 
field Calibration and Panel Flattening) as well as non 
uniformities in the panel to panel intensities. 

DESCRIPTION OF DRAWINGS 

0006 These and other features and advantages of the 
invention will become more apparent upon reading the 
following detailed description and upon reference to the 
accompanying drawings. 
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0007 FIG. 1 is a flat-field calibration map showing the 
overall curvature and offset maps according to one embodi 
ment of the present invention. 
0008 FIG. 2 is a close-up view of a 20x20 region of the 
inverse gain map and offset map of FIG. 1. 
0009 FIG. 3 illustrates an image before and after apply 
ing curvature flattening according to one embodiment of the 
present invention. 

DETAILED DESCRIPTION 

0010. To create a large image, a plurality of smaller 
images are collected by a detector and assembled into a 
single large image. Each of the plurality of Smaller images 
collected by the detector may be affected by a combination 
of the non-uniform optics and detector response. In the case 
of the optics, illumination vignetting and collection vignett 
ing introduce a Substantial intensity curvature to the images 
collected by the detector. Non-uniform detector response 
comes in the form of gain and offset differences among all 
the detector elements. 

0011 To correct for these errors, a series of images are 
acquired that range from dark current (no exposure) to near 
full-well. Linear regression of each pixel in the detector 
yields a slope (gain) and intercept (offset). That is, for each 
pixel the following equation is solved form and b: 

Measured image=Desired image' m+b 

Flat-field calibration is then accomplished with the follow 
ing calculation (again for each pixel): 

Desired image=(Measured image-offset map), gain 
map 

Where m has been replaced with “gain map' and b with 
“offset map’. 

0012. The gain and offset maps correct for the illumina 
tion optics, collection optics, and detector non-uniformity at 
the same time. 

0013 Flat-field calibration maps that correct the image 
field curvature and offset problem do so at the expense of 
adding noise to the image. Both maps contain measurement 
noise that is then passed on to the calibrated image. The gain 
map contains noise that is mostly photon counting noise 
(“shot noise'), whereas the offset map is dominated by the 
electronic read-noise of the CCD camera. 

0014) To correct for the offset map noise, the average 
dark current image (no exposure) may be used instead of the 
linear regression result. That is, the offset-map used to 
flat-field images is the average of many dark current images 
rather than the intercept calculated by the linear regression. 
Experience has shown that the intercept is inherently noisy 
(the intercept is measured at the low signal-to-noise part of 
the camera range). Use of the calculated offset map reduces 
the sensitivity of the instrument by increasing the baseline 
noise. The offset map shown in FIGS. 1 and 2 are the 
average dark current. The calculated intercept would have 
about double the noise of the average dark current. 
00.15 Averaging multiple frames for each measurement 
improves the signal-to-noise of the data and reduces the 
noise in the resulting gain and offset maps (in the event that 
the calculated offset map is used for flat-fielding). 
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Another technique is to Smooth the gain map with a low-pass 
filter. 

0016 Perfectly uniform flat-field calibration slides are 
nearly impossible to fabricate. Non-uniform fluorescence is 
typical even with very carefully prepared slides. However, 
moving the calibration slide during camera exposure aver 
ages non-uniform fluorescent response of the slide. Flat-field 
calibration maps can be generated from significantly lower 
quality calibration slides. 

0017 FIGS. 1 and 2 illustrate flat-field calibration maps 
made from uniformly fluorescent calibration slides. The gain 
map 105, 205 contains approximately 0.3% noise whereas 
the offset map 110, 210 contributes 1.24 counts (gain cor 
rection is multiplicative, offset is additive). 

0018. Although flat-field calibration is an effective tech 
nique, the technique introduces noise. Cleaning the flat-field 
calibration maps could yield Substantial improvements in 
image quality. In particular, further reduction of offset map 
noise would improve low-end sensitivity. The read-noise in 
the CCD camera used to collect the maps above has about 
1.77 counts of read-noise. Adding the offset map noise (in 
quadrature) yields about 2.2 counts of baseline noise, a 24% 
increase. 

0019. Another problem is that the intensity curvature of 
the panels creates a visible artifact. FIG. 3 illustrates an 
image 300 without any curvature correction. A combination 
of illumination vignetting and collection vignetting leads to 
more brightness or higher collection efficiency, respectively, 
in the center of the field-of-view. Even when flat-fielding 
techniques have been applied to the panels, a variety of 
factors contribute to a residual curvature. For instance, lamp 
fluctuation, camera bias instability change the general inten 
sity level of the acquired image and affect the standard 
flat-fielding calculation, which is: 

flat image=(acquired image-offset map), gain map. 

Small errors in the offset map cause the gain map (which is 
usually curved) to introduce a field curvature. The more 
curvature that exists in the acquired image, the greater the 
potential for residual curvature. 

0020. Because the intensity curvature is typically consis 
tent from one panel to the next, averaging the intensity 
profile of each panel gives an average curvature map. 
Dividing each panel by the curvature map is then a way to 
flatten the intensity curvature that is consistent among all 
panels. Normalizing the curvature map by the average 
intensity, or similar value, of the curvature map allows the 
calculation to be performed without altering the net intensity 
scale of the image. 

0021 One example of how to average the intensity 
profile of each panel is to perform the following procedure 
for each pixel in each panel. First, if the pixel in the current 
panel is not signal, apply the following equations: 

Accumulator map=accumulator map-pixel intensity 

Accumulation counter map=accumulation counter 
map+1 

Aug. 30, 2007 

Second, for all pixels within the accumulator map, calculate 
the curvature map using the following technique: 

0022. If counter map is greater than 0 
Curvature map=accumulator 
counter map 

map? accumulation 

Otherwise 

Curvature map=average of neighboring curvature val 
le:S 

This creates a curvature flattening map that is defined as: 
Curvature flattener=1, curvature map 

0023 The procedure may be refined in several manners. 
First, the curvature map may be smoothed to reduce the 
sensitivity to noise and spurious signals in the average 
curvature image. Second, only the pixels from each panel 
that are not significantly above the background intensity 
may be averaged. A histogram of each panel is used to 
distinguish background areas (desired) from image signals 
(undesired). A map of the number of pixels added to each 
point in the curvature map is then required to calculate the 
average since not all panels contribute information to each 
pixel in the curvature map. Pixels that contain no informa 
tion can be synthesized from the average of neighboring 
pixels. Third, the curvature map may be curve-fitted using a 
weighting scheme that emphasizes relatively low intensity 
values. Curve-fitting would be useful for reducing noise. 
The goal of curve-fitting is to measure only the background 
curvature and reduce the influence of the image signal. Other 
refinements include averaging lots of Small panels reduces 
sensitivity to image signal corruption and over-scanning the 
desired image area to provide more panels for averaging and 
panels that contain only the background intensity curvature. 

0024. Another problem with combining a plurality of 
Small images to form one large image is that Small discon 
tinuities between adjacent panels become visible. Intensity 
differences of 1-2 counts are readily detected by the human 
eye, even in the presence of 1-2 counts of random noise and 
when important information is much more intense. The 
remaining discontinuity create a visible Stitching artifact. 
Examples of the discontinuities may be seen in the image 
3OO of FIG. 3. 

0025 To correct this problem, a panel edge connection 
technique is performed. In this technique, the border of each 
panel is compared with all neighbors to the left, right, top, 
and bottom. This comparison generates border intensity 
scaling values for the entire boundary of each panel. The 
boundary may then be scaled so that the result is halfway 
between the boundary of the current panel and the adjacent 
panel. The intensities are then connected at the half-way 
point between the adjacent border intensities. The boundary 
Scaling may be applied to each pixel in the panel based on 
the distance from the four boundaries. A weighted combi 
nation of the Scaling factors is used such that a continuous 
intensity ramp is applied from one boundary to the next. (In 
the middle of the image, the scaling factor should be the 
average of the left, right, top, and bottom Scaling factors.) 
Some examples of the weighting methods include inverse 
square weighting and inverse weighting. These techniques 
may be implemented using the following formulas: 
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0026 Inverse square weighting: 
Left weight=1/(i+1)2 
Right weight=1/(nx-i+1)2 
Bottom weight=1/(i+1)2 
Top weight=1/(ny-j+1)2 

0027) Inverse weighting: 
Left weight=1/(i+1) 
Right weight=1/(nx-i-1) 
Bottom weight=1/(i+1) 
Top weight=1 (ny-i-1) 
Total weight=Left weight--Right weight--Top 
weight-i-Bottom weight 

0028) Scaling Factors: 
Left scale(i)=/3*Left border(i)+Right border of 
left panel (i) Left border(j) 

Right scale(i)=/3*Right border(i)+Left border 
of right paneli) Right border(j) 
Top scale(i)=/3*Top border(i)+Bottom border o 
f upper panel (i) Top border(i) 
Bottom scale(i)=/3*Bottom border(i)+Top bor 
der of lower panel (i). Bottom border(i) 
Pixel (ii) intensity Scaling factor= 
Left scale(i)*Left weight-- 
Right Scale(i) Right weight 
Bottom scale(i)*Bottom weight--Top scale(i)*Top 
weight Total weight 

0029) 
0030) 
0031) 
0032) 
0033) 

Definitions: 

nx Number of pixel columns 
ny Number of pixel rows 
i Column number (0 based) 
j Row number (0 based) 
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0034. Both connection and curvature flattening are 
important for panels with significant background intensity. 
An image having curvature flattening is shown in FIG. 3. 
Further refinements include median filtering the boundary 
Scaling values to reduce sensitivity to outliers. Misalignment 
of the panels causes miscalculation of the Scaling factors. 
The miscalculation is significant when bright (or dark) spots 
do not overlap along the borders of adjacent panels. Addi 
tionally, Smoothing of the median filtered boundary Scaling 
values may be used to remove spikes caused by alignment 
problems. Finally, the boundary Scaling values may be 
curve-fit to find the general trend and avoid noise and 
misalignment. 

0035 Numerous variations and modifications of the 
invention will become readily apparent to those skilled in 
the art. Accordingly, the invention may be embodied in other 
specific forms without departing from its spirit or essential 
characteristics. 

1-14. (canceled) 
15. A method of reducing discontinuities between adja 

cent panels in an image comprising: 
comparing a border of each panel on all sides to generate 

border intensity Scaling values; and 
Scaling a boundary of each panel to a point approximately 
midway between a current panel and an adjacent panel. 

16. The method of claim 15, further comprising scaling 
the boundary of each panel using an inverse square weight 
1ng. 

17. The method of claim 15, further comprising scaling 
the boundary of each panel using an inverse weighting. 
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