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1. 

PARALLEL PROGRAMMABLE ARRAY 
MICROSCOPE 

TECHNICAL FIELD 

This disclosure relates generally to microscopes, and in 
particular but not exclusively, relates to confocal micro 
Scopes. 

BACKGROUND INFORMATION 

Confocal microscopy is an imaging technique that 
increases optical resolution and contrast using point illumi 
nation and pinholes to eliminate out-of-focus light in a 
specimen. FIG. 1A illustrates a convention confocal micro 
scope 100. As illustrated, a sample 105 is illuminated using 
light source 110 through a pinhole 115. A lens 145 focuses 
illumination light 135 to a point on focal plane 150 passing 
through sample 105. Sample 105 is scanned in both lateral 
dimensions (X and Y) as well as the axial direction (Z), and 
the resulting image, acquired at camera 120 through pinhole 
125, is a three-dimensional (3D) image. A beam splitter 
130 is often used to pass the illumination light 135 to sample 
105 while redirecting the reflected light 140 to camera 120. 
This type of sequential Voxel-by-voxel Scanning is slow and 
not suitable for large longitudinal Studies and real time 
imaging. State-of-the-art confocal microscopes today use a 
spinning disk of pinholes, which increases throughput. 
However spinning disks are mechanically cumbersome and 
require a large form factor, limiting parallelization and 
Scalability. If the throughput of confocal microscopy sys 
tems could increase by orders of magnitude, new paradigms 
in Screening could be opened. 

Confocal microscopy can be extended for use with fluo 
rescence microscopes. A fluorescence microscope is a 
microscope that uses fluorescence or phosphorescence to 
image samples. FIG. 1B illustrates a conventional confocal 
fluorescence microscope 101 where a sample 155 is illumi 
nated by an illumination source 160 through a pinhole 165. 
An excitation filter 170 limits the wavelength of the exci 
tation light 175, which excites sample 155 to emit fluores 
cent light 180. The excitation light 175 is redirected by 
dichroic mirror 185 and focused onto focal plane 190 by 
objective lens 191. Fluorescent light 180 passes back 
through dichroic mirror 185, filtered by emission filter 192 
to block undesirable wavelengths, and focused through 
pinhole 193 onto camera 194 by ocular lens 195. To achieve 
3D images, sequential voxel-by-voxel scanning is used, 
which is slow and not suitable for longitudinal studies and 
real time imaging. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Non-limiting and non-exhaustive embodiments of the 
invention are described with reference to the following 
figures, wherein like reference numerals refer to like parts 
throughout the various views unless otherwise specified. 
The drawings are not necessarily to Scale, emphasis instead 
being placed upon illustrating the principles being 
described. 

FIG. 1A (PRIOR ART) illustrates a conventional confocal 
microscope. 

FIG. 1B (PRIOR ART) illustrates a conventional confocal 
fluorescence microscope. 

FIG. 2 is a functional block diagram illustrating a micro 
Scope system for obtaining images of samples in parallel, in 
accordance with an embodiment of the disclosure. 
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FIG. 3 illustrates an optical collector array for serially 

recycling illumination light over a plurality of spatial light 
modulators, in accordance with an embodiment of the dis 
closure. 

FIG. 4 is a flow chart illustrating a process for adaptive 
patterning when imaging samples using spatial light modu 
lators to acquire pinhole images of the samples, in accor 
dance with an embodiment of the disclosure. 

FIG. 5A-E illustrate various spatial light modulation 
patterns, in accordance with an embodiment of the disclo 
SUC. 

FIG. 5F illustrates point spread function imaging by 
combining pinhole images with rejected light images, in 
accordance with an embodiment of the disclosure. 

DETAILED DESCRIPTION 

Embodiments of a system, apparatus, and method of 
operation for a microscope system are described herein. In 
the following description numerous specific details are set 
forth to provide a thorough understanding of the embodi 
ments. One skilled in the relevant art will recognize, how 
ever, that the techniques described herein can be practiced 
without one or more of the specific details, or with other 
methods, components, materials, etc. In other instances, 
well-known structures, materials, or operations are not 
shown or described in detail to avoid obscuring certain 
aspects. 

Reference throughout this specification to “one embodi 
ment” or “an embodiment’ means that a particular feature, 
structure, or characteristic described in connection with the 
embodiment is included in at least one embodiment of the 
present invention. Thus, the appearances of the phrases "in 
one embodiment' or “in an embodiment in various places 
throughout this specification are not necessarily all referring 
to the same embodiment. Furthermore, the particular fea 
tures, structures, or characteristics may be combined in any 
Suitable manner in one or more embodiments. 

FIG. 2 is a functional block diagram illustrating a micro 
Scope system 200 for obtaining images of samples, in 
accordance with an embodiment of the disclosure. The 
illustrated embodiment of microscope system 200 includes 
an illumination source 205, spatial light modulator 210, a 
sample tray 215, cameras 220 and 225, relay optics, and 
controller 230. The illustrated embodiment of the relay 
optics includes lenses 235, 240, 245, and 250 and a beam 
splitter 255. The illustrated embodiment of controller 230 
includes logic 260 and memory 265. In one embodiment, 
microscope system 200 may further include a spectral 
splitting element 270. 

Microscope system 200 is an optical sectioning micro 
Scope system capable of acquiring three-dimensional (3D) 
images over wide fields of view. Microscope system 200 
using confocal techniques to achieve high resolution, dif 
fraction-limited images of 100+ micron thick samples (e.g., 
biological samples) held in sample tray 215. Microscope 
system 200 may also be implemented as a fluorescence 
microscope by the inclusion of appropriate filters and the use 
of selective illumination wavelengths for illumination light 
207. 

In some embodiments, microscope system 200 includes a 
number of parallelized elements that facilitate obtaining 
images of many samples in parallel. For example, sample 
tray 215 may be implemented as a multi-sample tray 216 
having 96 well plates each capable of holding a different 
sample under test. As such, the other components of micro 
scope system 200 may also be parallelized. For example, 
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spatial light modulator 210 may be implemented as an array 
211 of spatial light modulators, each corresponding to a 
sample well within multi-sample tray 216. Similarly, cam 
eras 220 and 225 may also each be implemented as an array 
221 of cameras, each corresponding to a sample well within 
multi-sample tray 216. The relay optics may also be simi 
larly parallelized or alternatively enlarged to have a field of 
view that covers the full arrays 211 and 221. In one 
embodiment, arrays 211 and 221 may be implemented using 
oversized arrays that are logically sectioned, with each 
section corresponding to a different sample within multi 
sample tray 216. 

Microscope system 200 operates using spatial light modu 
lator 210, which includes rapidly re-programmable elements 
212, which alter the wavefront of the ingoing illumination 
light 207 and outgoing image light 209 (backscatter light). 
Spatial light modulator 210 is capable of illuminating a well 
on sample tray 215 over a macroscopic (e.g., millimeters) 
field of view, while each element 212 of spatial light 
modulator 210 can provide pinhole illumination that is 
scanned and sectioned over a sample. Spatial light modula 
tor 210 may be implemented using a digital micro-mirror 
device (“DMD) or liquid crystal screen and may have on 
the order of 10° pixels or elements 212 capable of being 
switched at kHz speeds. This order of magnitude enables 
diffraction-limited operation and rapid image acquisition. Of 
course, in parallelized embodiments, array 211 would 
include NX10 elements 212, where N is the number of 
samples within sample tray 215 that can be simultaneously 
imaged. 

In an example where spatial light modulator 210 is 
implemented using a DMD (illustrated), each element 212 is 
capable of tilting to at least two directions—an activated 
state illustrated by element 212A and a deactivated state 
illustrated by element 212B. Activated element 212A directs 
a pinhole illumination from illumination light 207 onto 
sample tray 215 and further directs a pinhole image of 
backscattered image light 209 to beam splitter 255 where it 
is reflected towards camera 220 and captured. The spatial 
light modulator 210 can rapidly switch elements 212 to scan 
across the Surface of a sample and acquire a 2D set of 
pinhole images of the sample at camera 220. Subsequently, 
a position of sample tray 215 can be adjusted along the axial 
direction (Z-axis) to acquire another 2D set of pinhole 
images, referred to as a slice. The slices can then be 
combined into a 3D image. This procedure is further paral 
lelized across all N samples on sample tray 215 to enable 
high-speed massively-parallel diagnostic screening. In other 
embodiments, focal plane 217 may be adjusted while sample 
tray 215 is held stationary to acquire each slice. 

Controller 230 is coupled to at least cameras 220 and 225, 
spatial light modulator 210, and illumination source 205 to 
control their operation. Controller 230 includes logic 260 
that is executed to choreograph the automation of the 
various functional components of microscope system 200. 
For example, controller 230 is coupled to spatial light 
modulator 210 to switch elements 212 and select spatial 
light modulation patterns. Spatial light modulator 210 oper 
ating under the influence of controller 230 and logic 260 is 
a programmable array microscope. Controller 230 is 
coupled to cameras 220 and 225 to acquire images and to 
control exposure times. Controller 230 is coupled to illumi 
nation source 205 to enable illumination light 207, and in 
Some embodiments, to adjust its intensity or spectral con 
stituents. In one embodiment, controller 230 is coupled to 
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4 
actuators for either adjusting an axial position of sample tray 
215 and/or coupled to relay optics to adjust a position of 
focal plane 217. 

In one embodiment, microscope system 200 can be oper 
ated to generate point spread function images of samples in 
sample tray 215. In this embodiment, a rejected light image 
247 is directed towards camera 225 by elements 212B in the 
deactivated State. Thus, light incident upon spatial light 
modulator 210 around the "pinhole generated by the acti 
vated element 212A, is not merely discarded. Rather, this 
rejected light has valuable information and is collected by 
camera 225 in a similar manner to how camera 220 collects 
the pinhole images. Controller 230 is coupled to both camera 
220 and camera 225 to control their operation and acquire 
their respective images. The collected pinhole images and 
rejected light images are stored into memory 265 and 
combined to generate point spread function images that 
include information from both the pinhole images collected 
by camera 220 and the rejection light images collected by 
camera 225. 
The relay optics serve the function of imaging focal plane 

217 through sample tray 215 onto the surface of spatial light 
modulator 210 and further imaging the surface of spatial 
light modulator 210 onto cameras 220 and 225. Lenses 235, 
240, 245, and 250 may be implemented as discrete refractive 
optical elements (or arrays of discrete refractive optical 
elements), diffractive optical elements, filters, or otherwise. 
The relay optics may include beam splitter 255 to pass a 
portion of illumination light 207 while redirecting a portion 
of pinhole image light 209 to camera 220. Beam splitter 255 
may be implemented as a 50/50 beam splitter or a polariza 
tion beam splitter with a polarization rotator. The orientation 
of lenses 235, 240, 245, and 250 illustrated in FIG. 2 is 
merely a demonstrative example. The relay optics may 
implemented with a variety of different configurations and 
elements capable of imaging focal plane 217 onto spatial 
light modulator 210 and imaging spatial light modulator 210 
onto cameras 220 and 225. 
As mentioned above, spectral splitting element 270 is an 

optional feature, which may be used to obtain hyper-spectral 
images. In one embodiment, spectral splitting element 270 is 
a prism that spatially separates different wavelengths and 
maps wavelength to pixel position on camera 220. The 
scanned pinhole images of a given slice can then be collated 
to obtain hyper-spectral images. 

FIG.3 illustrates an optical collector array 300 for serially 
recycling illumination light over a plurality of spatial light 
modulators, in accordance with an embodiment of the dis 
closure. Optical collector array 300 is one possible embodi 
ment for illuminating array 211 of spatial light modulators. 

Optical collector array 300 includes a series of reflectors 
305 positioned to reflect rejected illumination light 310 from 
one spatial light modulator 315 to the next. Spatial light 
modulators 315 are operated to provide a pinhole like 
function, which means only a small fraction of elements 312 
are activated (e.g., activated elements 312A) at a given 
instant and a majority of elements 312 are deactivated (e.g., 
deactivated elements 312B). The activated elements 312A 
redirect the incident illumination light as pinhole illumina 
tion light 320, which is focused onto a corresponding sample 
in sample tray 215. The deactivated elements 312A redirect 
the light to optical collector array 300 where it is reflected 
back to the next spatial light modulator 315 to recycle 
rejected illumination light 310 in a serial fashion to the next 
inline spatial light modulator 315. Thus, illumination source 
205 need only illuminate one spatial light modulator within 
array 211 and the bulk of the incident illumination light 207 
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that would otherwise be discharged is recycled over the 
array 211. Reflectors 305 may be simple reflectors or may be 
curved reflective surfaces with focusing power. 

FIG. 4 is a flow chart illustrating a process 400 for 
adaptive patterning when imaging samples with microscope 
system 200, in accordance with an embodiment of the 
disclosure. Process 400 is described with reference to FIG. 
5A-5E. The order in which some or all of the process blocks 
appear in process 400 should not be deemed limiting. 
Rather, one of ordinary skill in the art having the benefit of 
the present disclosure will understand that some of the 
process blocks may be executed in a variety of orders not 
illustrated, or even in parallel. 

In a process block 405, initial images of samples are 
acquired using an initial spatial light modulation pattern. 
FIGS. 5A to 5E illustrate various examples of spatial light 
modulation patterns, which can be programmed into spatial 
light modulator 210. The dark pixels correspond to activated 
elements 212A while the white pixels correspond to deac 
tivated elements 212B. An initial modulation pattern may be 
a sparse pattern that can be scanned across quickly, with 
large pinhole groups that pass more light to enable quick 
integration times for each pinhole image. For example, FIG. 
5E may represent a suitable initial spatial light modulation 
pattern with pinhole groups 505 including many elements 
212A and the picture frame consists of fewer overall pinhole 
groups through which to Scan. 

In a process block 410, the initial images of the samples 
are analyzed. Based upon characteristics of the initial 
images, each spatial light modulator 210 within array 211 
may be programmed with a new (and potentially individu 
ally different) spatial light modulation pattern (process block 
415). The revised spatial light modulation patterns may be 
selected from a fixed database of patterns stored in memory 
265. Sample characteristics that may impact pattern selec 
tion include sparsity of reflective/fluorescent particles in a 
given sample, size of particles being imaged, image resolu 
tion desired, imaging time constraints, etc. For example, 
spatial resolution may be increased if the particles are Small 
or imaging time is not constrained. In this case, the spatial 
light modulation pattern illustrated in FIG. 5C having a 
dense pattern of small pinholes 510 may be selected. If the 
particles are densely packed within the sample, then the 
sparsely spaced pinholes 515 of the spatial light modulation 
pattern illustrated in FIG.5D may be selected. Accordingly, 
the initial images may be used to select the size of each 
pinhole in a pattern (e.g., Small pinholes as illustrated in 
FIG. 5A vs large pinholes as illustrated in FIG. 5B) as well 
as the sampling pattern of the pinholes in spatial light 
modulation pattern (e.g., a dense pattern as illustrated in 
FIG. 5C or a sparse pattern as illustrated in FIG. 5D). The 
revised spatial modulation patterns may also include adjust 
ments to pinhole exposure times or duty cycles. In a process 
block 420, the samples are reimaged using the revised 
spatial light modulation patterns. 

FIG. 5F illustrates point spread function imaging by 
combining pinhole images with rejected light images, in 
accordance with an embodiment of the disclosure. As men 
tioned above, microscope system 200 can be operated to 
generate point spread function images of samples in sample 
tray 215. These images are created by combining rejected 
light images acquired by camera 225 within pinhole images 
acquired by camera 220. The rejected light images are 
reflected by deactivated pixel elements 520 while the pin 
hole images are reflected by activated pixel elements 525. 
Peripheral light incident around the pinholes created by 
activated elements is typically discarded by confocal micro 
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6 
scopes. However, this light can have useful information if 
combined using point spread function imaging techniques. 
Accordingly, camera 225 and deactivated pixel elements are 
used to acquire this peripheral light data. 
The processes explained above are described in terms of 

computer software and hardware. The techniques described 
may constitute machine-executable instructions embodied 
within a tangible or non-transitory machine (e.g., computer) 
readable storage medium, that when executed by a machine 
will cause the machine to perform the operations described. 
Additionally, the processes may be embodied within hard 
ware, such as an application specific integrated circuit 
(“ASIC) or otherwise. 
A tangible machine-readable storage medium includes 

any mechanism that provides (i.e., stores) information in a 
non-transitory form accessible by a machine (e.g., a com 
puter, network device, personal digital assistant, manufac 
turing tool, any device with a set of one or more processors, 
etc.). For example, a machine-readable storage medium 
includes recordable/non-recordable media (e.g., read only 
memory (ROM), random access memory (RAM), magnetic 
disk storage media, optical storage media, flash memory 
devices, etc.). 
The above description of illustrated embodiments of the 

invention, including what is described in the Abstract, is not 
intended to be exhaustive or to limit the invention to the 
precise forms disclosed. While specific embodiments of, and 
examples for, the invention are described herein for illus 
trative purposes, various modifications are possible within 
the scope of the invention, as those skilled in the relevant art 
will recognize. 

These modifications can be made to the invention in light 
of the above detailed description. The terms used in the 
following claims should not be construed to limit the inven 
tion to the specific embodiments disclosed in the specifica 
tion. Rather, the scope of the invention is to be determined 
entirely by the following claims, which are to be construed 
in accordance with established doctrines of claim interpre 
tation. 

What is claimed is: 
1. A microscope system, comprising: 
a sample tray including a plurality of sample wells to hold 

a plurality of samples to be imaged in parallel; 
an illumination source to generate illumination light; 
a plurality of spatial light modulators each positioned to 

spatially modulate the illumination light onto a corre 
sponding one of the samples, wherein each of the 
spatial light modulators corresponds to one of a plu 
rality of logical sections of an oversized spatial light 
modulator and wherein each of the logical sections 
corresponds to one of the sample wells; 

relay optics positioned in an optical path between the 
sample tray and the plurality of spatial light modulators 
to image the samples onto the plurality of spatial light 
modulators, wherein the relay optics are coupled to 
direct an image of a given one of the samples to a 
corresponding one of the logical sections of the over 
sized spatial light modulator, and 

a plurality of first cameras positioned to capture images in 
parallel of the samples in the sample tray by imaging 
the plurality of spatial light modulators. 

2. The microscope system of claim 1, wherein each of the 
spatial light modulators is configured to perform program 
mable pinhole spatial filtering on the illumination light to 
point illuminate a corresponding one of the samples. 
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3. The microscope system of claim 2, wherein each of the 
spatial light modulators comprises one of a digital micro 
mirror device or a liquid crystal pixel array. 

4. The microscope system of claim 2, wherein the first 
cameras are positioned to capture pinhole images of the 
samples at a given instant from activated portions of the 
spatial light modulators. 

5. The microscope system of claim 4, further comprising: 
a plurality of second cameras positioned to capture 

rejected light images of the samples by imaging the 
plurality of spatial light modulators, wherein the 
rejected light images are directed to the second cameras 
by deactivated portions of the plurality of spatial light 
modulators. 

6. The microscope system of claim 5, further comprising: 
a controller coupled to combine the rejected light images 

with the pinhole images to generate point spread func 
tion images of the samples. 

7. The microscope system of claim 1, wherein the illu 
mination source is positioned to directly illuminate a first 
one of the spatial light modulators, the microscope system 
further comprising: 

an optical collector array positioned to collect rejected 
illumination light from the spatial light modulators and 
serially recycle the rejected illumination light to illu 
minate the spatial light modulators not directly illumi 
nated by the illumination source. 

8. The microscope system of claim 1, further comprising: 
a controller coupled to the spatial light modulators and to 

the first cameras, wherein the controller includes adap 
tive patterning logic, which when executed by the 
controller causes the microscope system to perform 
operations, including: 

acquiring initial images of the samples based upon an 
initial spatial light modulation pattern to be applied to 
the spatial light modulators when acquiring the initial 
images: 

analyzing the initial images; 
Selecting revised spatial light modulation patterns to be 

applied to the spatial light modulators based upon the 
analyzing; and 

re-imaging the samples using the revised spatial light 
modulation patterns. 

9. The microscope system of claim 8, wherein the revised 
spatial light modulation patterns adjust one or more of a 
pinhole size generated by the spatial light modulators, a 
pinhole sampling pattern generated by the spatial light 
modulators, or pinhole exposure times used by the spatial 
light modulators. 

10. The microscope system of claim 1, further compris 
1ng: 

one or more spectral splitting elements positioned 
between the spatial light modulators and the first cam 
eras to map wavelengths to pixel positions on the first 
cameras to acquire hyper-spectral images of the 
samples in parallel. 

11. A microscope system, comprising: 
a sample tray to hold a sample to be imaged; 
an illumination source to generate illumination light; 
a spatial light modulator positioned to spatially modulate 

the illumination light onto the sample, wherein the 
spatial light modulator is configured to perform pro 
grammable pinhole spatial filtering on the illumination 
light to point illuminate the sample; 

relay optics positioned in an optical path between the 
sample tray and the spatial light modulator to image the 
sample onto the spatial light modulator; 
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8 
a first camera positioned to capture an image of the 

sample in the sample tray by imaging the spatial light 
modulator, wherein the first camera captures pinhole 
images of the sample: 

a controller coupled to the spatial light modulator and to 
the first camera, wherein the controller includes adap 
tive patterning logic, which when executed by the 
controller causes the microscope system to perform 
operations, including: 
acquiring an initial image of the sample based upon an 

initial spatial light modulation pattern to be applied 
to the spatial light modulator when acquiring the 
initial image: 

analyzing the initial image: 
Selecting a revised spatial light modulation pattern to be 

applied to the spatial light modulator based upon the 
analyzing; and 

re-imaging the sample using the revised spatial light 
modulation pattern. 

12. The microscope system of claim 11, further compris 
1ng: 

a second camera positioned to capture rejected light 
images of the sample by imaging the spatial light 
modulator, wherein the rejected light images are 
directed to the second camera by deactivated portions 
of the spatial light modulator. 

13. The microscope system of claim 12, further compris 
1ng: 

a controller coupled to combine the rejected light images 
with the pinhole images to generate point spread func 
tion images of the sample. 

14. The microscope system of claim 11, wherein the 
revised spatial light modulation pattern adjusts one or more 
of a pinhole size generated by the spatial light modulator, a 
pinhole sampling pattern generated by the spatial light 
modulator, or pinhole exposure times used by the spatial 
light modulator. 

15. At least one machine-accessible storage medium that 
provides instructions that, when executed by a microscope 
system, will cause the microscope system to perform opera 
tions comprising: 

spatially modulating illumination light onto a plurality of 
samples held on a sample tray using a plurality of 
spatial light modulators; 

imaging the samples onto the spatial light modulators 
using relay optics; 

capturing, in parallel, images of the samples with a 
plurality of first cameras focused to image the plurality 
of spatial light modulators; 

acquiring initial images of the samples based upon an 
initial spatial light modulation pattern applied to the 
spatial light modulators when acquiring the initial 
images: 

analyzing the initial images; 
selecting revised spatial light modulation patterns to apply 

to the spatial light modulators based upon the analyZ 
ing; and 

re-imaging the samples using the revised spatial light 
modulation patterns. 

16. The at least one machine-accessible storage medium 
of claim 15, wherein spatially modulating illumination light 
comprises performing pinhole spatial filtering on the illu 
mination light to point illuminate the samples, and wherein 
capturing the images of the samples comprises capturing 
pinhole images of the samples from activated portion of the 
spatial light modulators. 
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17. The at least one machine-accessible storage medium 
of claim 16, further providing instructions that, when 
executed by the microscope system, will cause the micro 
Scope system to perform further operations, comprising: 

capturing rejected light images of the samples with a 
plurality of second cameras focused to image the 
plurality of spatial light modulators, wherein the 
rejected light images are directed to the plurality of 
second cameras by deactivated portions of the plurality 
of spatial light modulators. 

18. The at least one machine-accessible storage medium 
of claim 17, further providing instructions that, when 
executed by the microscope system, will cause the micro 
Scope system to perform further operations, comprising: 

combine the rejected light images with the pinhole images 
to generate point spread function images of the 
samples. 

19. The at least one machine-accessible storage medium 
of claim 15, wherein the revised spatial light modulation 
patterns adjust one or more of a pinhole size generated by 
the spatial light modulators, a pinhole sampling pattern 
generated by the spatial light modulators, or pinhole expo 
Sure times used by the spatial light modulators. 

k k k k k 

10 

15 

10 


