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ABSTRACT

The compressive line sensing (CLS) active imaging system was proposed and validated through a series of test-tank
experiments. As an energy-efficient alternative to the traditional line-scan serial image, the CLS system will be highly
beneficia for long-duration surveillance missions using unmanned, power-constrained platforms such as unmanned
aeria or underwater vehicles. In this paper, the application of an active spatial light modulator (SLM), the individualy
addressable laser diode array, in a CLS imaging system is investigated. In the CLS context, active SLM technology can
be advantageous over passive SLMs such as the digital micro-mirror device. Initial experimental results are discussed.

Keywords: Compressive Sensing, DMD, Laser, Infrared Imaging, Individually Addressable Laser Diode Array
1. BACKGROUND

The compressive line sensing (CLS) active imaging system [1, 2] was proposed as an energy-efficient alternative to the
traditional laser line-scan (LLS) seria image [6, 9]. The non-adaptive serial raster-scan image formationin aLLS system
can be a concern in certain situations. On unmanned aerial vehicles (UAVS) and unmanned underwater vehicles (UUVS)
for which power is a a premium, the LLS sensor may consume significant power acquiring redundant data that will be
discarded during the image compression phase. Another issue is that increased platform speeds will require lasers with
higher repetition rates to maintain the same image resolution, which inevitably will increase the system cost and require
more sophisticated noise mitigation.

By adopting the concept of resource compression, the CLS system aims to achieve faster signal formation, more flexible
system configuration and higher energy efficiency. The technique also enables compact and robust system design. An
experimental CLS prototype was constructed to conduct a series of test-tank experiments [3]. As in many other
compressive sensing imaging applications, the experimental prototype was developed using a digital micro-mirror device
(DMD). Although the experimental results validated the proposed CL S concept, they also revealed some limitations of
adopting a passive spatia light modulation (SLM) device (i.e., the DMD) in such a system.

This paper investigates the power efficiency improvement using an emerging technology — Individually Addressable
Laser Diode Array (IALDA) to in the CLS system.

We provide some theoretical foundations in Section 2 and introduce the IALDA devices in Section 3. In Section 4 we
discuss the optical and electronic design of an IDALDA-based CLS system. In Section 5 we present some experimental
results. Our conclusions are summarized in Section 6.

2. THEORETICAL FOUNDATIONS
2.1. Compressive Sensing and Distributed Compressive Sensing Theories

Compressive sensing (CS) is a framework for the simultaneous sampling and compression of sparse signals using
incomplete linear measurements [5, 7]. A K-sparse signal X € RV*? (i.e., the projection of X on a sparsifying basis¥ €
RV*N:X = P contains K « N non-zero entries) can be recovered with overwhelming probability using more than
M = O0(K logN) incoherent linear measurements. y = AX = AWa, when the measurement matrix A € RM*V is
incoherent with the sparsifying basis W and satisfies the Restricted Isometry Property (RIP) [5]. The vector a (and
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therefore X) can be recovered from the measurements y by solving an L1-minimization problem. The CS theory
essentially exploits the intra-signal redundancy within a single source, and there has been significant interest in
extending it to cope with the inter-source correlations. One such approach is distributed compressive sensing (DCS).
DCSis closely related to the distributed source coding theorems [13, 14], which hold that the minimum rate of encoding
statistically dependent sources independently is the same as the minimum rate of encoding them jointly, when the
sources are decoded jointly and their differences are Gaussian.

DCS attempts to exploit the inter-signal redundancy among distributed and correlated sources through the establishment
of the proper joint sparsity models (JSMs) [4]. In JSM-1, the framework adopted in CLS, all sources X; within the group
consist of a sum of a common component Z. and a component that is unique to each sourceZ;: X, =Z.+Z,, | =
0,1...L, where L is the number of signals to be solved jointly. On a sparsifying basisW, Z. and Z; can be expressed as
Z, =VYa,, lla.llo =K., andZ, = Ya,, ||a;ll, = K, and both are sparsg, i.e., K. < N and K; << N. The matrix form of
the measurement model isillustrated below:

A wa,
A Ya,
ALlA. | Yo, @
)7 ;'_l Ya,

wherey = [y(1), ..., y(L)]" € R¥M*1are the measurements of L sources within the group; & = [a(1), ..., a(L)]T €
REN*1 are the coefficients of the sources on the sparsifying basis ¥, and A is the measurement matrix. Solving such a
JSM-1 problem can be cast as L1 minimization with the cost function formulated by revising Equation (1) [4]:

@ =argmin [lacll; + llaglly + -+ lla.lls

. SO, 2
subjectto ||y — A¥d||, < &

where ||a;|l, = ¥V, |a,(i)| isthe L1-norm of a;.

(a) CLSintensity imager (b) System processing flow
Figure 1. CLSimaging system architecture

2.2. CLSImaging System Architecture

The CLS illuminator shares some similarity with the streak tube imaging Lidar [12], but instead of a one-dimensional
(1D) fan beam, the illuminator projects a series of 1D fan patterns onto the current target line (Figure 2a). Asin many CS
imaging systems, this pattern can be generated through modulation of alaser source by an SLM device such asthe
DMD. Each pattern corresponds to one row in the CS measurement matrix (i.e., codebook). At the receiver, similar to
the LLS system, a single element receiver such as the photomultiplier tube (PMT) records the total photon reflection
corresponding to the modulation of the spatial pattern with the target as the measurement. Each line is measured
independently; the platform motion enables the line-by-line sensing of the target scene. A group of lines are
reconstructed jointly using the DCS JSM-1 mode!:
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@ =argmin |lac|l, + llally + -+ lla.ll;

~ ©)
subjectto ||[Y —oWal||, <& X=%¥a=0

where L isthe group of linesto be solved jointly. One unique feature of this framework isthat it shares some similarity
with the “lucky imaging” scheme. Assuming the current line group parameter L > 1, then the reconstruction of liner
will beincluded in L solutions. We will buffer these L solutions, and the optimum reconstruction for line r can then be
derived from these L solutions (Figure 2b). One straightforward approach isto apply filtering such as a median filter to
obtain thefinal solution: a? = median[a¥],foru =1 ... L.

In the CLS system, resource compression is achieved by reducing the required measurements per line while still maintain
desired image quality.

2.3. CLS Multi-scaled [ llumination Patterns

Although a detailed discussion on the CLS signal model and
reconstruction framework can be found elsewhere [1], it is useful
here to discuss the illuminator patterns used in the CLS
illuminator. These patterns are individual entries from the
measurement matrix. To mitigate the forward scattering and
backscattering, multi-scale binary dither patterns (Figure 2) are
adopted. Each pattern is divided into N, level-one blocks. Only
one “on” pixel is present within each block, and its in-block location follows a uniform distribution. The on/off polarity
of ablock is determined by an independent Bernoulli random variable.

3. PASSIVE VS ACTIVE SLM
3.1. DM D-based CL S Prototype System

Figure 2. Multi-scale measurement matrix.

Digital Micromirror Device (DMD) is a microelectromechanical (MEMS)
device. A DMD consists of millions of electrostatically actuated micro-
mirrors (or pixels) that can be individually controlled to reflect external
light source. Figure 3 shows the light reflection paths when the pixels are
at ON and OFF states [15]. When a pixel is at ON dtate, it tilts toward the
light source and light is reflected to the projection lens. A bright pixel will
show up in the projected image. While when a pixel is at OFF state, it tilts
away from the light source and the light is directed to the light absorber. A
dark pixel will be on the projected image. Since the entire DMD surface is under constant illumination, only part of the
light is directed to the target when a binary pattern is generated using a DMD. The rest of the light is dissipated in the
light absorber. Therefore, the energy efficiency of the illuminator using a DMD is lower when more dark pixels are in
the projected binary patterns.

Figure 3. Pixelsin ON and OFF states [15]

\

(a) DLP Lightcrafter (b) Overall prototype system
Figure 4. Initial prototype system [3]
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A prototype system was developed to validate the aforementioned CLS concept [3] (Figure 4b). The prototype consists
of the illumination and the receiver subsystems. The configuration of the receiver includes a single element detector such
as aphotomultiplier tube (PMT).

One of the main objectives of the optics in the illumination subsystem is to generate the required 1D spatia patterns.
Two different options were explored (Figure 5a) — option 1: along the “on” reflection (i.e. projection) path (Figure 5b)
and option 2: along the illumination path (Figure 5¢). In both options the core component of the illumination subsystem
is a compact DLP Lightcrafter evaluation module (Figure 4a). The prototype was used in the test-tank experiments and
provided avaluable dataset to validate the CL S concept.

(@) Optica pathsfor the two options (b) Optical design for option 1 (c) Optical design for option 2
Figure 5. Options for illumination optics to generate 1D spatial patterns using DMD [3]

With the laser output set to 650 mw, in-water power was limited to 30mw for option 1 and 60 mw for option 2 with one-
on/one-off binary patterns. Option 1 was mainly used in clear water experiments and option 2 was used in severa
turbidity cycle tests.

(a) Reconstructed images (b) Eight different sensing patterns used to acquire/reconstruct
these images.

Figure 6. Image reconstruction using different compression ratios, line group setting with C=0.8 (4 Attenuation Lengths), and some
corresponding sensing pattern examples with minimum spacing = 64 pixels

During this process, however, some issues with the DMD-based CL S prototype emerged. One issue is that the low laser
power utilization. As discussed in section 2.3, increasing the distances between the minimum ON-pixels is one approach
to mitigating forward scattering and backscattering. Figure 6a shows the reconstructed image from the dataset acquired
in ahigher turbidity test-tank experiment (C=0.8 with the target distance = 5m). The measurement patterns for this low-
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visibility environment had a minimum ON-pixel spacing of 64 pixels (Figure 6b), and since only 1/64™ of the mirrors
were at ON-state, a significant amount light was lost.

Furthermore, although it is possible for DMD to control the amplitude (i.e., brightness) of different regions of the
projected patterns through pulse-width modulation in atelevision or data projector system, it is not possible to achieve
thiswhen DMD is used as a passive binary SLM device.

We therefore want to discuss adopting an active SLM device —an IALDA —in the CLSimaging system.
3.2. Individually Addressable L aser Diode Array

The concept of using an IALDA as an SLM has been around since the 1990s [10]. In recent years, progressesin
semiconductor laser diode manufacturing processes have enabled several different IALDA devices to reach the market.
Most notables are the products from Quantel Laser [16] and Intense [17]. The Intense DLAM ™ 200 was used in the
experiments described here.

The DLAM 200 is manufactured using the so-called quantum well intermixing process[17], which allowsfor the
monolithic integration of alarge number of high-power, individually addressable, single-mode lasers on one chip (Figure
7). The on-board current driver application-specific integrated circuit is integrated with the IALDA to allow pixel control
from a serial datainput.

(a) DLAM 200 semiconductor device (b) Zoom-in view of two adjacent laser diodes
Figure 7. DLAM™ 200 individually addressable laser diode array [17]

Currently, IALDA devices are used in the printhead for non-contact laser marking and printing applications such as fruit
labeling [8]. There are several features of these devices make them attractive to be used as the illuminator inaCLS
system. First of all, each laser diode of the IALDA device can be turned on and off independently, which can mitigate
the aforementioned low power utilization issue, and produce patterns with high contrast ratio. Secondly, DLAM 200 has
amuch higher pattern refresh rate (10MHz vs. 32KHz for the DMD). Lastly, the amplitude of each diode can be updated
at arate of 600Hz, which is sufficient to adjust the diode power level to compensate for the variation across the receiver
field of view, as experienced in [3]. However, as an emerging technology, it has limitations to be used as the illuminator
in the CL S system. For example, the shortest pulse width of the device is 100ns and the capable resolution (diode counts)
isstill low. The diodes on the current DLAM chip are limited to a one-dimensional array of 300 diodes. In addition,
these devices are generally available only in near infrared (NIR) spectrum, mainly driven by the requirement from the
laser printing market. Although it isideal for many aeria active imaging applications, this spectrum is not suitable for
underwater applications.

The pros and cons of the active SLM devices compared to the passive SLM devices (DMD) are summarized in Table 1.

Proc. of SPIE Vol. 9484 94840I-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/03/2015 Terms of Use: http://spiedl.or g/terms



Table 1. A Comparison of DMD and IALDA

Pros Cons
e Highresolution (4K) e Throw away > 50% light
DMD e Capable of narrow pulses <1ns e Unable to independently control the
o 2D array phase/amplitude of each pixel
e Phase/amplitude/frequency of each pixel e Longpulse~100ns

IALDA can be controlled independently e Low resolution (currently <300 emitters)
e Fast update rate (up to 10 MHz) 1D array

4. DEVELOPMENT AND VALIDATION OF A IALDA-BASED CLSPROTOTYPE

We developed the CL S prototype subsystem using a DLAM ™ 200-based
LEONARDO printhead. LEONARDO is aturnkey 64 emitter computer-to-
plate module offered by Intense (Figure 8). The laser wavelength is 808 nm
and the peak power of each emitter is 168 mw. LEONARDO provides two
data and control interfaces: acommand interface (Cl) via RS-422 seria
connection and a high—speed-data-interface (HSDI) via a Displayport
connection. The laser driver current (i.e., emitter amplitude) can only be
controlled through the CI interface supporting a115.2 KHz baud rate.
Therefore, the amplitude of each emitter can be updated at afairly high rate,
if needed. The image data (i.e., binary pattern of the emitter array) can be

updated through the HSDI interface at the fixed 1.25 Gbsrate. Therefore the

patterns can be refreshed at arate of up to 10 MHz. Figure 8. '-EONAR%Ol compuiter-to-plate
modaule

4.1. Electronic Design

Figure 9. Electronic system block diagram

Figure 9 describes the electronic system block diagram. One major effort in the electronic system development was to
program a Xilinx Kintex-7 FPGA KC705 Evaluation Kit. The KC705 communicates with the LEONARDO module
through the HSDI interface for high-speed image data updating. For each pattern update, KC705 provides atrigger signal
through an AES-FMC-DV I-G daughter board to one of the analog input ports on the National Instruments 6133 data
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acquisition system. The control PC also communicates with the KC705 through the seria port to 1) configure the KC705
operation mode (i.e., pattern update frequency, single step vs. continuous pattern refreshing, etc.) and 2) pre-load image
data (up to 1024 patterns). The analog output of the single-element detector (PM T or avalanche photodiode) connects to
a separate analog input of the 6133 board.

Figure 10. Data acquisition process flow

Figure 10 outlines the system operation flow. A Matlab script running on the PC is the central control. NI-6133 and
KC705 arefirst initialized. KC705 is then instructed to start the pattern sequence cycling. During this step, new image
datawill be sent to the LEONARDO module and atrigger signal will be send to the NI-6133. The digitized datafor each
pattern will be buffered. Datawill be transferred to file storage after the system cycles through al the pre-loaded
patterns.

4.2. Optical Design

The other challenge in the system development is the optical design. LEONARDO is configured such that the internal
bulk optics will focus the beam to aworking distance of 150mm for printing applications. For the CLS prototypeit is
necessary to have collimated beams delivered at a much longer distance. Theideal choice would be a complete redesign
of the optical frontend, but in the absence of the significant time and engineering resources this would require, we have
elected to add external optics to collimate the beams.

Aswith most other laser diodes, the DLAM 200 emitter produces an elongated beam. The stretching along the slow axis
is even more prominent when the beams are beyond the focal plane of the bulk optics (Figure 11).

D= focal plane+100mm D=focal plane+200mm

Figure 11. Beam at two different distances beyond the focal plane of the bulk optics (imaged using a Newport NIR Sensor Cards)

We made two different attempts to collimate the beam. In the first approach we used a single 2 in. plano-convex lens
with 50mm focal length (fl), since our Zemax model seemed to indicate that such configuration is valid. However, the
issue we discovered is that while the beams near the center of the lens were collimated well, on the edges the beam was
significantly distorted into a“c” shape.

We therefore adopted the more traditional way of using apair of cylindrical lenses to shape the slow axis and fast axis
independently. To mitigate the issue of beam divergence along the fast axis, we used plano-concave cylindrical lenses
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instead of plano-convex lenses. An fl=150 mm lensis used to collimate the beams along the fast axis and an fl=100 mm
lensis used aong the slow axis. We added a dlit to further shape the beam along the slow axis. Figure 12 illustrates the
optical system design.

|Fast axis Iens| |Slow axis Iens|

Slow axis slit

Figure 12. Beam collimation using a pair of plano-concave cylindrical lenses and adlit

Figure 13 shows some of the resulted patterns at 5m distance. The images were taken using a modified Canon Rebel Xti
modified to acquire infrared scene. Each laser beam spot is estimated to be 8 mm at 5 m distance.

Figure 13. Four different illumination patterns projected using the beam collimation opticsin Figure 12 (recorded using a Canon Rebel
Xti camera modified to acquire infrared images)

4.3. System Calibration

A related issueis to calibrate the module so that the laser power from all emitters is more uniform. Although the vendor
provided adefault factory calibration, it was oriented toward achieving power uniformity at the focal plane of the bulk
opticsin the LEONARDO module. For the CLS prototype, the goal of the calibration isto achieve power uniformity at
the receiver. The following calibration configuration (Figure 14) was therefore adopted: All emitters were set to the same
pre-defined power setting, and the diodes were turned on one at a time to scan through a uniform target (blackboard).
With one diode (i.e., center emitter 32) selected as the reference, the measured detector output offsets between the other
emitters and the reference were used to adjust the settings.

Proc. of SPIE Vol. 9484 94840I-8
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Figure 14. Illustration of the target calibration setup.

Figure 15 shows the detector power output before and after the calibration.

(a) Pre-calibration detector output (b) Post-calibration detector output
Figure 15. Pre/post calibration detector power output against a uniform target

While it is encouraging to notice the calibration process reduced the bias in the pre-calibration curve (Figure 15a), the
improvement of the emitter-to-emitter variation was not as significant.

S.INITIAL VALIDATION TEST RESULTS

We conducted a series of experiments to obtain some initial validation of the prototype. In the first set of experiments,
the setup was similar to that used in the calibration process (Figure 14). The target was placed 5 m from the
illumination/receiver assembly shown in Figure 16a. We attempted to measure and reconstruct a single line segment. A
Hamamatsu R928 PMT was used in the receiver due to its low cost and fairly high quantum efficiency in the NIR
spectrum (Figure 16b). An 808nm bandwidth filter was place in front of the PMT to reduce the interference from the
ambient light.

(&) Illuminator/Receiver Assembly (b) R928 PMT Response Curve
Figure 16. The Illuminator and Receiver Assembly Used in the Experiments and the PMT Response Curve
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Figure 17 illustrates the results of two different targets: one containing two Gaussian curves and a second containing
three stripes. The image reconstruction process is outlined elsewhere [1]. For this exercise, we used 32 measurements to
reconstruct a64x1 signal, a compression ratio of 2:1.

Target image Reconstruction Results
Two EEEEEEEEEEEEEEEEEEEEEEEHN
Gaussian
Curves
@ (b)

3 Stripes IS NN EEENEEEEEEEEEEEEEEEN

© (d)

Figure 17. Initial validation test results using the IDLDA-based CL S prototype. The raster-scanned signal (64x1) is compared with the
CS reconstruction using 32 measurements (2:1 compression)

For comparison we also raster-scanned the same line to be used as a reference (red curves in Figure 17b and Figure 17d)
versus the signals reconstructed using the CLS framework (blue curves in Figure 17b and Figure 17d). The signals are
normalized against their maximum values. It is therefore encouraging that the CS-reconstructed signals in genera
followed the raster scan signals well.

(b) CAD rendering of the above water platform in the
(a) IALDA-CLS Prototype HBOI optical test facility

4

Target moving
Direction IALDA CLS Prototype

(c) Geometry Target (d) Experiment setup

Figure 18. The setup using the above-water test platform at HBOI optical test facility to conduct the second validation test
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For the second test we moved our prototype on the newly upgraded above-water test platform at the Harbor Branch
optical test facility (Figure 18b). The illuminator and receiver assembly (Figure 18a) remained the same. The target was
a 75 cm? geometric pattern attached to a linear drive capable of 5 degrees of freedom (Figure 18c). The area marked by
the green dash linesis the actua region sensed by the imaging system during the experiment. The horizontal width of the
region was estimated to be 60 cm. The linear drive was controlled to cover avertical distance of 40 cm at a step size of 8
mm. The center 36 lines were included in the reconstructed image in Figure 19 below, resulting in an image size of
64x36. The top and bottom 7 lines were not included because the maximum line group was 7. This ensures that the
image sizes at all compression ratios are the same. Figure 19 shows the reconstructed image at different compression
ratios and sensing patterns, with either minimum ON-pixel spacing of 4 (i.e., a most 16 emitters will be turned on) or 8
(i.e., at most 8 emitters will be turned on).

32 measurements/line, 16 measurements/line, 8 measurementg/line, 4 measurements/line,
(CR=2:1) (CR=4:1) (CR=8:1) (CR=16:1)
Line group=5 Line_group=7 Line_group=7 Line_group=7

Min. ON-
pixel
spacing:

Min. ON-
pixel
spacing:

Figure 19. Reconstructed image at different compression ratios using two types of measurement patterns with different minimum
spacing.
Both spacing options produced similar images at lower compression ratios (1:2 and 1:4), but as the ratios increased,
dense spacing produced higher quality imagery. Thiswas expected because these initial tests were conducted in air at a
fairly closerange.

It is also interesting to note that while the image intensity in genera was consistent with the target under visible lighting
conditions, a piece of black tape used to cover underlying mounting screws seemed to generate some new features under
NIR lighting. Thisis evident by comparing the images taken with aregular camera (Figure 20a) and a modified camera
capable of capturing the NIR illumination patterns (Figure 20 b and c). Both the upper and lower marked regions appear
darker than their surround regions under visible lighting. However, the lower region actually reflects NIR lighting more

strongly than the surrounding area.

(a) Under visible light (b) IR illuminating top segment of thetape (c) IR illuminating bottom part of the tape
Figure 20. Comparison of different feature under visible and NIR lighting
6. CONCLUSIONS

In this paper we proposed to adopt atype of active SLM device, the individually addressable laser diode, in our

compressive line sensing imaging system. Thisis mainly aimed at improving the power efficiency, especially when more
sparse patterns are needed such as in a strong scattering environment. The benefits and drawbacks of IALDA and passive
SLM devices (e.g., digital micromirror device) were analyzed. We discussed the effort of developing such a prototype by
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converting a LEONARDO module originally used in laser printing applications. Interestingly, the original application of
the DMD also was printing. Although the initial tests validated the applicability of the IALDA in CLS, they also
revealed some issues to be resolved. The beamsin general were well collimated, but the laser beam spot was not
uniform, which indicates the need for optical design improvement. The calibration process also needs to be improved.
The low image resolution was expected due to the low emitter count, and although this could be improved by using
IALDAs with high emitter counts, a more interesting approach that will be explored in future work is to integrate
IALDA with a passive SLM device such asthe DMD.
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