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Plenoptic Imaging Apparatus, Method, and Applications

Related Application Data
The instant application claims priority to US provisional application S/N 62/332,738
filed May 6, 2016, the subject matter of which is incorporated by reference herein in its

entirety.

Background

Aspects and embodiments of the invention most generally pertain to an optical
imaging apparatus, imaging methods, and applications thereof. More particularly, aspects
and embodiments are directed to a plenoptic imaging apparatus, method, and applications
and, most particularly to a polarization plenoptic camera and methods and applications to
three-dimensional (3D) image reconstruction.

A plenoptic camera or a light field camera measures the plenoptic function, and
captures information about the light field emanating from a scene; that is, the intensity of
light in a scene and the direction that the light rays are traveling in space. This contrasts with
a conventional camera, which records only light intensity. Some reported light field cameras
use an array of micro-lenses placed in front of a conventional image sensor to sense intensity,
color, and directional information. Other reported light field cameras substitute a coded
aperture for the microlens array; however, this may reduce the amount of light reaching the
detector as compared to the use of a microlens array.

A conventional light field camera generally does not measure polarization. While it is
possible to measure polarization information by placing different polarizers in front of the
imaging lens of such a camera and taking multiple images at different times and polarizer

orientations, the inventors have recognized the benefits and advantages of a polarization
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plenoptic camera that can acquire the polarization information in a single shot; 1.e., in real
time, to avoid issues such as motion blur and also avoid the additional system complexity that

derives from mechanical scanning of a polarizer.

Summary

An aspect of the invention is a plenoptic imaging apparatus. In an embodiment the
plenoptic imaging apparatus includes a polarization-sensitive focal plane array characterized
by an array of pixels, in a division-of-focal plane architecture; a first microlens array
disposed adjacent an object side of the pixel array, having a pitch that is equal to a pitch of
the pixel array; and at least one of a second microlens array disposed at a fixed distance from
the object side of the pixel array, having a pitch that is greater than the pitch of the pixel
array, a coded aperture mask disposed at a fixed distance from the object side of the pixel
array, and a second microlens array disposed at a fixed distance from the object side of the
pixel array and a coded aperture mask disposed at a fixed distance from the second microlens
array. In various non-limiting aspects and embodiments, the plenoptic imaging apparatus
may further include or be further characterized by one or more of the following features or
limitations alone or in various combination as appreciated by one skilled in the art:
-wherein the second microlens array is characterized by a plurality of focal lengths;
-wherein the pitch of the second microlens array is between 10-100 times the pitch of the
pixel array;
-wherein the coded aperture mask is a phase-only structure;
-wherein the division-of-focal plane architecture includes a plurality of color and polarization
filters.

-further comprising an active illumination source adapted to illuminate the object scene;
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-wherein the active illumination source has a user-controlled parameter including at

least one of intensity, direction, color, polarization, coherence, spatial profile, and

temporal profile.

An aspect of the invention is a method for obtaining a plenoptic image of an object.
In an embodiment the method includes providing a plenoptic imaging apparatus including a
polarization-sensitive focal plane array in a division-of-focal plane architecture; and,
obtaining a single-shot measurement of a full Stokes vector at a plurality of spectral bands.
In various non-limiting aspects and embodiments, the method may further include or be
further characterized by one or more of the following features, steps, or limitations alone or
in various combination as appreciated by one skilled in the art:
-further comprising obtaining a single-shot measurement of a full Stokes vector at three
spectral bands;
-further comprising illuminating the object scene with structured light from an active
illumination source;

-further comprising adjusting at least one of intensity, direction, color, polarization,

coherence, spatial profile, and temporal profile of the structured light.

Brief Description of the Figures
Figure 1A illustrates the separation of reflected and transmitted images through a
semi-transparent obstruction; Figure 1B illustrates imaging through haze using polarization
analysis; Figure 1C illustrates separating reflected and transmitted objects through a window
using polarization analysis; Figure 1D illustrates the use of polarization and color for material

identification.
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Figure 2 schematically illustrates a light field camera architecture for measurement of
color (red, green and blue), angle, and polarization of light (full Stokes), according to an
illustrative embodiment of the invention.

Figure 3 shows a line drawing of a light field camera based on Fig. 2.

Figure 4 schematically illustrates an application of a plenoptic imaging system with
active illumination.

Figure SA schematically illustrates a plenoptic imaging apparatus utilizing a coded
aperture(s) and a micropolarizer sensor; Figure 5B schematically illustrates a plenoptic
imaging apparatus utilizing a microlens array and a micropolarizer sensor; and Figure 5C
schematically illustrates a plenoptic imaging apparatus utilizing a microlens array, a coded
aperture(s), and a micropolarizer sensor, according to exemplary embodiments of the
invention.

Figure 6 schematically illustrates a plenoptic imaging apparatus utilizing an imaging
lens array, according to an exemplary embodiment of the invention.

Figure 7 schematically illustrates a plenoptic imaging apparatus utilizing passive
illumination, according to an exemplary embodiment of the invention.

Figure 8 schematically illustrates a plenoptic imaging apparatus utilizing both passive
and active illumination, according to an exemplary embodiment of the invention.

Figure 9 shows a schematic diagram of a sequence of data acquisition, according to an

exemplary embodiment of the invention.

Detailed Description of Exemplary, Non-limiting Embodiments of the Invention
Figs. 1A-1D illustrate that measurement of polarization information, such as the
Stokes vector of a scene, permits the separation of reflected and transmitted light at different

surfaces, thus providing important information about the material properties of the object,
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increases signal-to-noise ratio, and enables imaging of objects that are not in direct line of
sight, partially occluded, or obscured by an opaque medium.

Figs. 2, 3, and SA-5C illustrate the architectures of three exemplary embodied
polarization plenoptic imaging systems 100. As described further below, one of the
exemplary embodiments includes coded aperture(s) and a micropolarizer sensor; another
exemplary embodiment includes a microlens array and a micropolarizer sensor; and a third
exemplary embodiment includes a microlens array, a coded aperture(s), and a micropolarizer
sensor.

Referring to Figs. 2 and 3, an embodied polarization plenoptic imaging system 100
referred to as a division-of-focal-plane imager includes a focal plane array 104 that
advantageously is a polarization sensitive focal plane array using a pixelated array of
micropolarizers as known from US Patent 8866997 (or equivalent detector(s) such as
division-of-amplitude detector using beam splitter and multiple sensors). A first microlens
array 106 is disposed on the object side of the detector pixel array 104, advantageously
directly on top of the pixel array for the purpose of collecting and focusing light onto each
individual pixel. The first microlens array 106 serves to cover and to collect light that falls
outside of the light collection area of each pixel. The pitch of the first microlens array is
advantageously the same as the pitch of the pixel array. In a non-limiting, exemplary
embodiment the sensor pixel size is five (5) microns and is arranged in a square grid of pitch
five (5) microns. The first microlens array has a dimension equal to the pitch of the pixel
array, which is also five (5) microns. This first microlens array is overlaid on the pixel array
to increase the fill-factor of the detector array. The focal length of the first microlens array is
advantageously substantially the same as the diameter of each microlens, which is five (5)
microns. The plenoptic imaging system 100 further includes micro-filter elements 108

disposed immediately in front of (i.e., object side) each detector pixel. The micro-filter
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elements may be color and polarization filters that advantageously are equal in size to a
single pixel on the detector. An exemplary configuration uses four polarizer orientations (0°,
45°,90°, and circular) and three color filters (red, green and blue) as illustrated in Fig. 2.
Examples of different filter configuration are described in Xingzhou Tu and Stanley Pau,
Optimized design of N optical filters for color and polarization imaging, OPTICS EXPRESS,
Vol. 24, No. 3 (2016). Further included in a first exemplary polarization plenoptic imaging
system 100 is a second microlens array 110 disposed on top of (i.e., object side) the micro-
filter elements 108 at a fixed distance. The pitch of the second microlens array 110 is larger
and may typically be a multiple of ~10 to 100 times the pitch of the detector pixel array. In
an example, the pitch is about 50 to 500 microns. The focal length of the second microlens
array may be about one to two times the microlens dimension. In this example, the focal
length may be 50 to 1000 microns. The second microlens array 110 may comprise
microlenses having different focal lengths, which enable imaging at a larger depth-of-focus
than the case of using microlenses of a single focal length. Finally, imaging optics 102 are
disposed on the object side of the second microlens array at an appropriate distance.

In an alternative second exemplary embodiment of the polarization plenoptic imaging
system, the second microlens array 110 is replaced by one or more coded aperture mask(s)
112 disposed at carefully selected locations in front of the sensor. These coded aperture
mask(s) provide additional degrees of freedom for encoding the high-dimensional light field.
Such encoding is especially advantageous as the polarization sensitive focal plane array
makes a low-dimensional measurement of the encoded light field, which can then be inverted
using appropriate regularization or priors using non-linear reconstruction algorithms to obtain
a higher resolution estimate of the high-dimensional light field. As such, the coded
aperture(s) serves as a pre-conditioner that reduces the calculation difficulties of the inverse

problem using appropriate regularization and constraints. Other benefits of using a coded
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aperture include potential multiplexing signal-to-noise (SNR) advantage and the capability to
acquire multiple measurements of a light field, as well as adaptation of measurements to
improve the light field quality further. Furthermore, the coded aperture(s) can be made as
phase-only structure(s), which leads to improved light collection efficiency for higher SNR
performance of the camera.

There are several coded-aperture designs reported in the literature including, but not
limited to, Uniformly Redundant Array (URA), Modified Uniformly Redundant Array
(MURA), Hexagonal URA (HURA), Fresnel Zone Plate (FZP), and random phase diffuser,
that can be used to encode the light field in any plane between the lens (i.e., Fourier plane)
and the focal plane array (i.e., image plane). The encoded light field measurement at the
focal plane array now serves as an input to the inverse problem of recovering the light field at
higher spatial and angular resolution by exploiting the inherent sparsity/compressibility of the
natural light field. There are numerous algorithms from the compressive sensing area that
can be used to solve this inverse problem, such as 11-minimization, LASSO, and TWIST to
recover a high-resolution light field reconstruction.

Figs. SA-5C more clearly illustrate the various embodied combinations of microlens
arrays and coded apertures. Fig. SA schematically illustrates a plenoptic imaging apparatus
500-1 utilizing a coded aperture(s) 503 and a micropolarizer sensor 501/502. Fig. 5B
schematically illustrates a plenoptic imaging apparatus 500-2 utilizing a microlens array 504
and a micropolarizer sensor 501/502. Fig. 5C schematically illustrates a plenoptic imaging
apparatus 500-3 utilizing a microlens array 504, a coded aperture(s) 503, and a
micropolarizer sensor 501/502, according to exemplary embodiments of the invention.

The embodied plenoptic imaging system(s) can operate in a natural light environment.
For some applications, however, where natural light is insufficient or where high precision is

advantageous, the plenoptic imaging system can also or alternatively operate in ‘structured’
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light; i.e., using an active illumination source 402 as illustrated in Fig. 4. Both the
illuminator and the plenoptic imaging apparatus are controlled by a computer 403. The
illumination source 402 may be a simple light bulb, a light emitting diode, a laser, laser(s)
with scanner, an image projector, or other structured illumination source as known in the art.
The intensity, direction, color, polarization, coherence, and spatial/temporal profile of the
light source can be controlled to maximize signal-to-noise ratio in the image acquisition; for
example, structured light can be projected onto the object of interest 404 and an image can be
acquired using the embodied polarization plenoptic imaging system 401. Structured light can
have random or pseudorandom codifications, binary structured codifications, and N-ary
codifications.

Another embodiment of the plenoptic imaging apparatus is shown in Fig. 6. For some
applications, the imaging optics may be a single lens that collects light from a scene onto the
sensor as shown in Fig. 3. The single lens can be made of multiple elements and thus be
bulky. In Fig. 6, the imaging optics is a lens array 605. This configuration of lens array can
potentially be flatter than the configuration of a single lens. In the lens array configuration,
each lens collects light from the scene from a different perspective onto the sensor 601. The
sensor raw data then consists of an array of images, each coming from a lenslet in the lens
array. Note that each lens in the lens array can be made of multiple elements. Examples of
lens array size can range from a 2x2 lens array to a 10x10 lens array. A 10x10 lens array
allows simultaneously imaging of a scene at 100 different perspectives.

Another embodiment of the application of the plenoptic imaging apparatus is shown
in Fig. 7. This configuration utilizes passive (natural) illumination. An object of interest 704
is illuminated by natural light such as the sun or scattered light from the sky. Such light can
be partially polarized and spectrally broad. The illumination is not directly controlled by the

user and the characteristic(s) of the illumination, such as wavelength, polarization, temporal
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and spatial profiles, is not known. This is especially true for the polarization state. In order
to accurately characterize the reflected light from the object, the user needs to know the state
of the natural light. This state can be measured independently and simultaneously by a
separate polarimeter and/or spectrometer 705. The measurement can be performed by a
simple detector, a spectrometer, a polarimeter, or a combination. Light from the object is
measured by a plenoptic imaging apparatus 701. Both the polarimeter/spectrometer and the
plenoptic imaging apparatus are controlled by a computer 703. Data from 705 and 701 are
measured and can provide a more faithful representation and 3D reconstruction of the object
of interest 704.

Yet another embodiment of the application of the plenoptic imaging apparatus is
shown in Fig. 8. This configuration utilizes both active and passive illumination. An object
of interest 804 is illuminated by an illuminator 802 and natural light. The natural light is
measured by a polarimeter and/or spectrometer 805. Light from the object is measured by a
plenoptic imaging apparatus 801. The illuminator, polarimeter/spectrometer and the
plenoptic imaging apparatus are controlled by a computer 803.

Fig. 9 shows a schematic diagram 900 of a sequence of data acquisition. At 901 the
active illuminator is OFF and background light is measured using a spectrometer/polarimeter.
At 902 the active illuminator is turned ON. At 903, the reflected and transmitted light from
the object of interest is measured using the plenoptic imaging apparatus and the
spectrometer/polarimeter. At 904 data from the plenoptic imaging apparatus and the
spectrometer/polarimeter are analyzed, and reflected light illuminated by the illuminator and
reflected light from background light are separated. At 905 the active illuminator light output
is modified depending on the state of the passive illumination in order to improve the signal-
to-noise ratio of the measurement. At 906 the reflected and transmitted light from the object

of interest is again measured using the plenoptic imaging system.
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Light field cameras have been used for the purpose of depth measurement and 3D
reconstruction of a scene. The camera can capture both light ray directions and intensity in a
single shot. This information can be used to re-focus an image at different depths and
permits an estimation of a depth map of a scene. An example of an image processing
algorithm includes stereo matching of sub-aperture images to calculate distance and
combination of depth cues based on defocus and correspondence to create high a resolution
depth map. Numerous algorithms are known in the art.

In summary, 3D scene reconstruction requires the accurate measurement of the
plenoptic function. The embodied polarization plenoptic camera enables measurement
properties of light rays including: (1) wavelength, by using color filters at the pixel level, (2)
light direction, by using a microlens array(s) and/or coded apertures, and (3) polarization, by
using a micropolarizer(s) at the pixel level. The embodiments enable real time depth
estimation of a moving object and can separate reflected and refracted images through
polarization analysis. Thus the embodied invention adds new functionalities/information to
existing plenoptic camera technology by measuring additional dimensions, spectral

characterizations, and polarization of the light field with efficient, one-shot measurements.

All references, including publications, patent applications, and patents cited herein are
hereby incorporated by reference in their entireties to the extent allowed, and as if each
reference was individually and specifically indicated to be incorporated by reference and was
set forth in its entirety herein.

The use of the terms "a" and "an" and "the" and similar referents in the context of
describing the invention (especially in the context of the following claims) is to be construed
to cover both the singular and the plural, unless otherwise indicated herein or clearly

contradicted by context. The terms "comprising," "having," "including," and "containing" are

10
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to be construed as open-ended terms (i.e., meaning "including, but not limited to,") unless
otherwise noted. The term “connected” is to be construed as partly or wholly contained
within, attached to, or joined together, even if there is something intervening.

The recitation of ranges of values herein is merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range, unless
otherwise indicated herein, and each separate value is incorporated into the specification as if
it was individually recited herein.

All methods described herein may be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by context. The use of any and
all examples, or exemplary language (e.g., "such as") provided herein, is intended merely to
better illuminate embodiments of the invention and does not impose a limitation on the scope
of the invention unless otherwise claimed.

No language in the specification should be construed as indicating any non-claimed
element as essential to the practice of the invention.

It will be apparent to those skilled in the art that various modifications and variations
can be made to the present invention without departing from the spirit and scope of the
invention. There is no intention to limit the invention to the specific form or forms disclosed,
but on the contrary, the intention is to cover all modifications, alternative constructions, and
equivalents falling within the spirit and scope of the invention, as defined in the appended
claims. Thus, it is intended that the present invention cover the modifications and variations
of this invention provided they come within the scope of the appended claims and their

equivalents.

11
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I claim:
1. A plenoptic imaging apparatus, comprising:
a polarization-sensitive focal plane array characterized by an array of
pixels, in a division-of-focal plane architecture;
a first microlens array disposed adjacent an object side of the pixel
array, having a pitch that is equal to a pitch of the pixel array; and
at least one of a second microlens array disposed at a fixed distance
from the object side of the pixel array, having a pitch that is greater than the
pitch of the pixel array, a coded aperture mask disposed at a fixed distance
from the object side of the pixel array, and a second microlens array disposed
at a fixed distance from the object side of the pixel array and a coded aperture
mask disposed at a fixed distance from the second microlens array.
2. The plenoptic imaging apparatus of claim 1, wherein the second microlens array is
characterized by a plurality of focal lengths.
3. The plenoptic imaging apparatus of claim 1, wherein the pitch of the second
microlens array is between 10-100 times the pitch of the pixel array.
4. The plenoptic imaging apparatus of claim 1, wherein the coded aperture mask is a
phase-only structure.
5. The plenoptic imaging apparatus of claim 1, wherein the division-of-focal plane
architecture includes a plurality of color and polarization filters.
6. The plenoptic imaging apparatus of claim 1, further comprising an active illumination
source adapted to illuminate the object scene.
7. The plenoptic imaging apparatus of claim 6, wherein the active illumination source
has a user-controlled parameter including at least one of intensity, direction, color,

polarization, coherence, spatial profile, and temporal profile.

12
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8. A method for obtaining a plenoptic image of an object scene, comprising:
providing a plenoptic imaging apparatus including a polarization-
sensitive focal plane array in a division-of-focal plane architecture;
obtaining a single-shot measurement of a full Stokes vector at a
plurality of spectral bands.
9. The method of claim 8, further comprising obtaining a single-shot measurement of a
full Stokes vector at three spectral bands.
10. The method of claim 8, further comprising illuminating the object scene with
structured light from an active illumination source.
11. The method of claim 10, further comprising adjusting at least one of intensity,
direction, color, polarization, coherence, spatial profile, and temporal profile of the structured

light.

13
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USPC - 250/208.1; 348/36; 348/335; 348/345; 348/221.1; 348/222.1; 396/89; 396/268 (keyword delimited)

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2012/0281072 A1 (GEORGIEV et al) 08 November 2012 (08.11.2012) entire document 1-7

Y TU et al. Optimized design of N optical filters for color and polarization imaging. Optics Express |1-7
24 08 February 2016 entire document. [retrieved on 2017-08-186]. Retrieved from the internet:
r<1tl.t’:sE/:/www.osapublishing.org/DirectPDFAccess/4367CEF5-08DE-ZD1 C-6C27EAS51BA3744E _
336090/0e-24-3-3011.pdf?da=18&id=336090&seq=0&mobile=no>

Y US 2011/0069189 A1 (VENKATARAMAN et al) 24 March 2011 (24.03.2011) entire document [ 1-7

Y US 2013/0076910 A1 (SCOTT) 28 March 2013 (28.03.2013) entire document 3

A US 2013/0265485 A1 (SAMSUNG ELECTRONICS CO., LTD.) 10 October 2013 (10.10.2013) [ 1-7

entire document

D Further documents are listed in the continuation of Box C.

D See patent family annex.

b Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying tﬁe invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

16 August 2017

Date of mailing of the international search report

01SEP 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
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PCT Helpdesk: §71-272-4300
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. l:] Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. E] Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet(s).

1. L__l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No r.equired additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-7

Remark on Protest I:I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation. ’

[:l No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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Continued from Box No. lIl Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-7, drawn to a plenoptic imaging apparatus.
Group Il, claims 8-11, drawn to a method for obtaining a plenoptic image of an object scene.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: a first microlens array disposed adjacent an object side of the pixel array, having a pitch that is equal to a pitch of the pixel
array; and at least one of a second microlens array disposed at a fixed distance from the object side of the pixel array, having a pitch
that is greater than the pitch of the pixel array, a coded aperture mask disposed at a fixed distance from the object side of the pixel array,
and a second microlens array disposed at a fixed distance from the object side of the pixel array and a coded aperture mask disposed at
a fixed distance from the second microlens array as claimed therein is not present in the invention of Group Il. The special technical
feature of the Group Il invention: a polarizationsensitive focal plane array in a division-of-focal plane architecture; obtaining a single-shot
measurement of a full Stokes vector at a plurality of spectral bands as claimed therein is not present in the invention of Group 1.

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of a plenoptic
imaging apparatus, this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2013/0265485 A1 (SAMSUNG ELECTRONICS CO., LTD.) 10 October 2013 (10.10.2013) teaches a plenoptic imaging
apparatus (Paras. 15-18).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.

Form PCT/ISA/210 (extra sheet) (January 2015)
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