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ABSTRACT

Compact imaging devices are desirable in many different machine vision applications. For instance, in inspection
for semiconductor manufacturing systems, the reduction in feature size demands lenses with a small working
distance but a wide field of view. An integrated computational imaging system has proved to be advantageous in
this respect, as it integrates the optics, optoelectronics, and signal processing together in the system architecture.
This allows for unconventional optical systems that require further image processing to reconstruct the images,
but can be made to satisfy more stringent design constraints such as size, power, and cost. In this paper, we
focus on a multi-lens optical architecture. We explain the possible designs and discuss the reconstruction of
images, as we need to combine the multiple low-resolution images formed from the different optical paths into a
high-resolution image. We will also explore its applicability in various machine vision applications.

Keywords: Imaging systems, multi-lens architecture, computational imaging, super-resolution, image recon-
struction, machine vision

1. INTRODUCTION

In a typical imaging system design, the process is traditionally divided into two distinct aspects: the optical front-
end, which is responsible for producing a crisp image, and the post-detection processing that aims at enhancing
the quality or extracting information from the image. This is especially true for machine vision applications,
where we often perform tasks such as edge detection or feature extraction on the images. In many designs, the
optics often imposes significant physical constraints such as size and weight, and incurs substantial cost among
the entire system.

However, recent advances in imaging technology have shown that an integrated approach combining the
design of the optics, optoelectronics, and image processing can lead to more effective imaging systems.1 This
has its roots in the earlier days of optical signal processing,2 but the key here is to tap the power of image
post-processing to permit a more flexible optical architecture. The image formed may not be visually appealing,
but it contains useful information that becomes apparent after the processing. Wavefront coding, which we
will explain further below, is a successful realization of this design philosophy, where an imaging system with a
suitable phase mask can achieve an extended depth of field compared to the traditional design.3,4

This integrated approach has also been applied to multi-lens architectures. Over the last few years, various
groups worldwide have developed “compound-eye” systems inspired by the biological vision of arthropods.5–9

They can be further classified into apposition and superposition systems. In the former, each lenslet produces
images on separate regions of the sensor, while in the latter, light from multiple lenslets combines on the sensor.
Various researchers have demonstrated that the apposition system can enjoy a wide field of view, but often at
the expense of low spatial resolution and sometimes low light sensitivity.7 The superposition system is more
light sensitive, but spherical aberrations often affect the combination of light and lead to a resolution far from
the diffraction limit.10 In applying such multi-lens architecture for machine vision, a wide field of view is very
desirable11 and most “compound-eye” systems follow the apposition design. Image reconstruction techniques
are improving to produce higher quality images to ameliorate the loss in spatial resolution.12
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Figure 1. The TOMBO system.13

2. THE TOMBO ARCHITECTURE

Short for thin observation module by bound optics, TOMBO is a multi-lens system design that has attracted a lot
of attention.9 A basic system is represented in Figure 1. It consists of a lens array with, say, N ×N microlenses,
and a photodetector array with D × D photosensitive cells. D is generally much larger than N . We can let
D = βN , and each microlens would correspond to β × β cells. A microlens and its array of photosensitive cells
together form an imaging unit. Each imaging unit of the system generates a low resolution (LR) sub-image of
the object. To avoid cross-talk between the individual sub-images, a separation layer, which consists of partition
blocks, is often placed between the lens array and the photodetector array.

The working principle of the TOMBO system is summarized in Figure 2.14 The multi-lens camera first takes
a snapshot of the target object. The result is an intermediate image consisting of an array of LR sub-images.
This then undergoes a reconstruction algorithm to give a final HR image of the object.

There are several challenges involved in the design and analysis of this multi-lens system:

1. Optical system modeling
The LR images are warped versions of one another because of differences in the lenslet positions. An
accurate parameter estimation of the displacement and modeling of the aberrations in the optics are
needed to fuse them. Information from the captured images is often needed for such a purpose.

2. Optical system enhancement
As digital processing is inevitable for our multi-lens architecture, it is possible to accommodate other
imaging methods that also require post-processing. For example, phase modification through wavefront
coding has been shown to increase image depth of field and reduce color artifacts, and it is possible to take
advantage of such development to construct a more powerful optical system as discussed below.

3. Image restoration
The aberrations in the optics and the finite size of the sensor pixels both cause image blurring. Moreover,
separators among the lenslets to avoid signal cross-talk can cause noticeable blocks in the HR image after
the reconstruction. Sharpening through image restoration is therefore necessary.
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Figure 2. The working principle of the TOMBO system.13

4. Speed of reconstruction
Iteration is common for the reconstruction and the restoration processes, so it is necessary to ensure
numerical stability and fast convergence. Furthermore, in machine vision inspection there is often a strict
time requirement, adding extra strain on the computational efficiency.

3. IMAGE RECONSTRUCTION IN A MULTI-LENS SYSTEM

Substantial computation is needed to reconstruct the HR image from the various LR images. Various methods
have been proposed in the literature, including the image-sampling method, backprojection method, pixel-
rearrange method, and super-resolution-based reconstruction.

Both the image-sampling method and the backprojection method are proposed along with the early TOMBO
system.9 The former simply finds the signals from the various optical path. The pixel selection is based on
the geometric relationship between the object and the individual photodetector arrays. The latter formulates
the imaging process as a linear system and attempts to invert it via truncated singular value decomposition
(TSVD). It was, however, later pointed out that neither delivered satisfactory performance in practice,12 and the
pixel-rearrange method is considered an improvement. The idea is to map the pixels in each imaging unit into
a virtual image plane consisting of fine pixels, and neglect the physical size of the original pixels. Interpolation
is then performed to fill in the remaining pixels, and image filtering is used to compensate for the blurring and
diffraction of the lenses.12

This approach lends itself to the more general image super-resolution framework.15 Consider the mathe-
matical modeling in Figure 3. Let g(x, y) represent the object sampled at a fine grid. It is the target of our
reconstruction algorithm. Assume that the N2 lenslets are indexed by the subscript k. Lenslet k has a relative
displacement with respect to each other, represented by mk(x, y). Each lenslet also produces a blurring hk(x, y),
which can encapsulate both the optical transfer function (OTF) from the optics and the finite pixel size of the
sensors. An accurate computation of the OTF is critical for a good modeling of the imaging system, especially in
a multi-lens system where aberration would cause much difficulty in image registration. For diffraction-limited
imaging under incoherent light, the OTF is expressed as a function of the pupil, according to the formula2
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Figure 3. Image super-resolution framework of the multi-lens image acquisition.

where P (x, y) represents the pupil function, λ is the wavelength of the illumination, and zi is the image distance.
Space-invariant aberrations can be incorporated through changing P (x, y). As the image from each lenslet
is at a lower resolution than the reconstructed image, we can represent this reduction in resolution through
the downsampling dk(x, y). Noise nk(x, y) is also added before we capture each image as ik(x, y). Image
reconstruction in a multi-lens architecture is equivalent to estimating g(x, y) as accurately as possible based on
the set of ik(x, y).

Theoretically, a HR image can be obtained from such a collection of LR images because each LR contributes
additional information. This is the essence of super-resolution, a topic receiving much attention in recent years.16

Using lexicographic ordering of the images, we can write the following matrix equation for the image acquisition
process:

Ik = DkHkMkG + Nk k = 1, . . . , N2. (2)

We want to recover G based on the collection of Ik’s. If we let Ak = DkHkMk, we can see that equation
(2) is the same as a conventional model used for image restoration. We can therefore conclude that, just with
image restoration, the image reconstruction from multi-lens is also ill-conditioned and requires regularization.
Furthermore, a solution to equation (2) can be written as

Ĝ = arg min
G

N2∑
k=1

{‖Ik −DkHkMkG‖+ λk‖CkG‖} , (3)

where ‖·‖ can be L1 or L2 or other norm operations such as total variation (TV), λk is a regularization parameter
and Ck defines the regularization operation.

Many techniques have been developed to actually solve the above equation. Most of them are iterative in
nature, such as using alternating projections. A lot of attention has also be paid to the numerical stability and
computational efficiency in the iterations. Readers are referred to articles such as Ref. 16 for details. As an
example, Figure 4 shows a simulation with our implementation of the super-resolution algorithm described in
Ref. 13, compared with the pixel-rearrange method.

4. APPLICATIONS

Several applications have been explored for the multi-lens systems. The following is by no means exhaustive:

• Target tracking
The goal is to track a well-defined small object that transverse a large field of view. This object may move
from far field to near field. A multi-lens system has been built and evaluated for this purpose.8

• Fingerprint identification
A multi-lens system has the advantage of being very thin with a large field of view, and this is ideally
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Figure 4. Comparison of super-resolution reconstruction and pixel-rearrange method.

suitable for fingerprint identification systems. However, the object is also located very near the lenses, and
therefore each imaging unit cannot capture the entire object. Instead, the system has to operate much
like the apposition compound-eye structure,17 i.e., each unit observes a different part of the object. The
separation layer depicted in Figure 1 continues to function as avoiding cross-talk, and the images from
each unit are pieced together, after removing the peripheral of the images that result from shading of the
separation layer, to form the entire fingerprint image.18 It is expected that some distortion corrections
may be necessary.19

• Depth of field extension
The idea is that the different imaging units, which give rise to the respective LR images, can be separately
considered and modified. This gives rise to a lot of extra flexibility in the optical system. One instance of
which is to incorporate the wavefront coding technique. It has been shown that by deliberately introducing
phase masks, of which a cubic one has been shown to be quite effective, it is possible to alter both the
in-focus and defocus OTF so that they resemble each other. Thus, the same restoration filter can be applied
to bring them back in focus. This can work for a much wider range of defocus than is normally possible
with conventional optical design, and thus is considered a method for extending the depth of field of the
optical system.3,4

We can apply the phase masks to the imaging units in a multi-lens architecture as shown in Figure 5(a).
As a result, the modeling of each of the optical path is changed as shown in (b). The extra Ĥk represents
the phase mask, and the optical path produces an intermediate image Îk. Restoration filter represented
by Rk is needed for post-processing. Figure 6 is a simulation of a scene where a cup is normally in-focus
a book is out-of-focus. In (a), no phase mask has been used, and we can see that the book is severely
blurred. In comparison, in (b) both objects appear sharp.

5. CONCLUSIONS

In this paper we have highlighted the recent efforts in integrated computational imaging systems pertaining to
the design of multi-lens architecture. The primary advantage of such a system is flexibility and wide field of
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(a) Modification of the TOMBO system with the incorporation of phase masks.20
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G −→ Mk −→ Ĥk −→ Hk −→ Dk −→ ⊕ −→ Îk −→ Rk −→ Ik

(b) Modeling of an optical path of the phase-mask-incorporated multi-lens system.

Figure 5. A multi-lens architecture with phase masks in the optical paths.

(a) No phase mask (b) With phase mask

Figure 6. Comparison of multi-lens system with and without phase masks using super-resolution reconstruction.21
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view, but further improvements in image reconstruction will be needed to advance this technology. Some machine
vision applications have been explored, and it is expected that more can be found with specially adapted designs.
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