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1.0 Introduction

There is a need for high speed robotic vision systems that are immune to variation in lighting,
color and surface shading. Coleman Research Corporation (CRC) is developing a fiber-optic based
Coherent LaseVision System (CLVSWwhich will provide a substanti@dvance irhigh speed
computer vision performance to support robotic Environmental Management (EM) operations.

This three dimensional (3D) vision system employs a compact fiber optic based scanner and
operator at a 128 x 128 pixel frame at one frame per second with a range resolution of 21mm over
its 1.5 meteworking range. By employingcousto-optic deflectors, the scannecampletely
randomly addressable.

Such a 3D vision system can provide live 3D monitoring for situations in which it is necessary
to update the 3@eometry of significant portions d¢iie world model onthe order of once per
second. A 3D programmable mapper can less frequently provide very high precision maps or can
track single objects such as robot end effectors.

A 3D vision system can monitor the 3D position of all pixels of a scene simultaneously, thus
keeping precisé¢rack of the entire sceneThus, wholescene, real-timegligitized datawill be
available to support autonomous vehicle operations.

A 3D vision systemcan be used foDecontamination andecommissioning (D&D)
operations in which robotic systerae altering the geometry of a scene as in waste removal, surface
scarafacing or equipment disassemdotyl removal. The fiber-optmoherent laser radar (CLR)
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based system is immune to variations in lighting, color, or surface shading, which have plagued the
reliability of existing 3D vision systems, while providing substantially superior range resolution.
2.0 System Description

The CLVS system consists of; optical receiver, scanner, digital receiver, and video monitor.
The CLVS system is shown in Figure 2-1.
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Figure 2-1. CLVS Systems Block Diagram

2.1 Laser Transmitter

The laser transmitter is based on a fiber pigtailed laser diode which is frequency modulated
by varying the laser drive current. The linear frequency modulatielll) chirp duration is
approximately6lusec, pepixel, for a 128 x 128 pixel framene frame per second sceate.
Wideband FM chirpsire used because thpsovide greater range accuracy. Fast, wideband FM
chirps are desirable because the sensitivity to target motion is inversely proportional to the FM chirp
rate. The lasetuning bandwidth (chirp) used i§f ~ 25 GHz. This ighe maximum tuning
bandwidth achievable, at the CLVS pixel rates, by the 1.5um DFB laser diode.

A small portion of the laser’s output light is directed into the local oscillator (LO) path via
an LO power tap. The remainder of the light is amplified and passes through a fiber optic circulator
and polarization rotator to the acousto-optic (AO) scanner to be focused by the scanner lens into the
range measurement area of interest. Light reflected from a surface in this area is recollected by the
lens, directed into the return signal path by the optical circulator and mixed with the LO light at the
mixing 3-dB coupler. This generated range signal is detected by the pinFET photodiodes receiver.



2.2 Scanner

Figure 2-2 is a schematic of the AO scanner. The approach to the implementation of a rapid
IR scanner was to use an acousto-optic scanner to déjfledn the Fourier plane and use this
scanner to address a lenslet array just in front of the focal plane of a wide-angle lens as shown in the
Figure2-3. This allows the rapid access and high light throughput efficiency of AO scanners, and
achieves wide angular scan with large aperture because of the utilization of the lenslet array.

TeO2
COLLIMATING 2-D AO FOCUSING LENSLET SCAN
LENS SCANNER LENS ARRAY LENS

FROM TX

RemoTe A a A
\/ Y \_/

AZ

DRIVE WAVEFORMS

~
L

for BRAGG CELLS P~ EL
L

POWER
AMPLIFIERS

Figure 2-2. Scanner Schematic

CRC has developed a fully epized 2D acousto-optic scanner for the IR wavelength regime
that utilizes a 128x128 lenslet array to achieve rapid (10 psec) scanning over a full 20-degree field
of view, while maintaining a large (1 cm) collection aperture.

The light from the input fiber is collimated, and illuminates a 2-dimensional wide bandwidth
TeO, AO deflector at thBragg anglé . Thdiffractedlight is focused with a long enough focal
length lens to illuminate the full scan lens input aperture, which is about 1 cm. At this input plane
is placed a one-dimensional lensdetay containing 128x128 microlens#sat further reduce the
spots produced by the AO deflector to the sgin¢ required tofully illuminate the scan lens
aperture, thereby achieving the full resolution and deflection angle capabilities of the scan lens. A
high addressing speed of 10 psec is achievable with 50 MHz bandwidih TeO AO deflectors since
less than 500 resolvable spots are required per axis.

This shortlength cell (6 - 8nm) allows acircular aperture to betilized to implement a
compact 2D scannavith a penaltyfactor of about 6 ioss of RFefficiency, requiringabout 6
watts of RF drive. High throughput approaching as little as 9 - 12 dB is achievable since the entire
circular beam fronthe collimated fibercan be diffractedavithout truncation, and acoustiss is

2 Bragg angle = angle light should enter the AO modulator in order to maximize throughput.



very small for this short aperture. Since the height to acoustic aperture ratio in this case is about 6
times larger than necessary, as dictated by the near field condition in the height dimension, the entire
device is 36 times closer the neaffield. Thisdramatically improveshe homogeneity of the
diffracting acoustic field, which improves the diffracted beam quality and the corresponding fiber
coupling efficiency.
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Figure 2-3. Optical Transceiver and Scanner Block Diagram

2.3 Digital Receiver

The DigitalReceiver computes a new range for every pixel of every frame using no priori
knowledge ofange. The actual range, over the full working range of the system, is computed as a
first and only range estimate step. Range is determined by performing a spectrum analysis of the
CLR signalfor the corresponding frequency interval and detecting a power spectrum peak. The
CLVS system processes one laser FM chirp for each pixel of a (128 x 128) frame at one frame per
second. The poessing consists of the detection of the beat frequency of the mixed local oscillator
and target return signals. The bandwidth of potential signal frequency is defined by the chirp rate
(which determineshe MHz of frequency offset per meter of target range) and the depth of range
of the region being imaged.

The bandwidth of potentiaignalfrequencies and tha@well periodper pixel define the
sample rate and the total number of samples per pixel. This, combined with the total pixel rate, gives
the total average rate in samples per second at which the digital receiver processes the detected CLR



output.

The digital receiver estimates signal frequency, and the associated range, for each pixel by
the following steps:

1) mix signal to baseband in quadrature
2) digitize signal
3) compute FFT-based power spectrum

4) detect and interpolate peak frequency
5) add LO offset and multiply by a constant to yield range, and
6) insert range intensity into output frame

The Digital Receiveconfiguration is shown in Figure 2-4. The Receiver down-converts the
CLR signalfrequency to a frequency range usable by the analog to digital (A/D) converters. The
Digital Receiver consist®f: down-conversiorhardware, A/D Convertecard, and aSignal
Processing card.

The down-conversion hardware ceng the CLR signal frequency from the 150 MHz to 450
MHz range to a frequency range (DC tdvHz) usable bythe A/D converters. The down-
conversion hardware consists dr@juency synthesizer and two mixers. The frequency synthesizer
outputs are mixed (subtracted) from the CLR input signal frequency to provide a lower frequency
signal (belowthe Nyquist samplingate of theA/D converters) to the A/D converters. The CLR
input signal ismixed withthe in-phase and quadrature outputstiod synthesizer to produce a
complex in-phase and quadrature (I & Q) signal input to the A/D converter card.

The A/D converter card samples the CLR input signals (I & Q) at a 10 MHz rate. The A/D
card is configured to acquire 512-samples of the CLR signals per pixel. The A/D acquisition starts
upon eceipt of a Synagnal from the Waveform card in the PC. The Sync signal is generated once
per pixel. Acquisition of 512-samples requires 51.2 psec.

The Signal Processingard processes th&l2-samples acquired kthe A/D card by
performing a 512-point complex Fast Fourier Transform (FFT), converting the resulting complex (I
& Q) FFT output to phase and magnitude, selecting the peak magnitude from the spectral data, and
outputting the peak data to tl¥SP card in the PC. The 512-point comple¥FT requires
approximately 50 psec anlle peak-pickequires approximately 25 pusec. The signal processing
flow is illustrated in Figure 2-5.

CLR data acquisition and signal processing are pipelined operations. This pipelined operation
allows data acquisition armgtocessing t@mccursimultaneously. OverallLVS systemtiming is
shown in Figure 2-6.
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Figure 2-4. Digital Receiver Diagram
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Figure 2-5. CLVS Signal Processing Flow
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Figure 2-6. Process Timing Diagram

2.4 Host Computer and Monitor

CLVS system control and graphical user interface software is installed and implemented on
PC based hardware. The PC hardware configuration is shown in Figure 2-7. The PC configuration
consist of: CPU, Waveform card, DSP card, and PCI/VME card. The PC operating system is OS/2.

The OS/2operating system was usedaitow use of existing CRC application software
written for other existing CLR type systems. The CLVS GUI command and control software was
derived from other existing CLR application software.

The Waveform card outputs a sample clock (10 MHz) to the Digital Receiver A/D converters
and generates timing signals to the DSP card. These timing signals establish the CLVS frame rate.
The DSP card consists of two TMS320C40 DSP processors. The C40_AV processor; acquires peak
signal datarom the Digital Receiver, controls Scanner frequenciesgioel selection, controls
Digital Receiver front end frequency translation, and outputsindie data to theC40 BV
processor for display on the video monitor. The C40_BV processor; acquires 3D image data from
the C40_AVprocessor, loads pixelatainto the pixel frame, converts the video frame to RS-170
video format, and outputs video data to the video monitor.
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Figure 2-7. CLVS PC Hardware Configuration

The PCI/VME card provides a link between the computer’s PCI bus and the Digital Receiver
VME bus. This PCI/VME interface is used to load and configure the Digital Receiver hardware and
software as required by the CLVS system.

3.0 Applications

The intended ues of the CLVS is to generate raster scanned range images which provide a
precision 3D-world model to support robotic operations. In general, the CLVS will overcome the
problems of current 3D vision technology - lack of resolution and sensitivity to ambient lighting or
surfaceshading. A programmable beam CLR 3D mapper can provide an extremely precise three
dimensional map of a facility and can concentrate the density of its scanning and mapping on areas
of interest and can precision track the position of a single object such as a robot end effector. With
less precision (Imm) but still far greater precision and reliability than any existing raster scanned 3D
vision systemCLVS will monitorthe 3Dposition of all pixels of ascenesimultaneously, thus
keeping track of thevhole scene, nqustone tracked objectThe generated 3bnagecan be
overlaid on color video, infrared or other raster-scanned two dimensional images. This whole scene
monitoring is useful for autonomous vehicle operations since in the vehicle frame the whole scene,
not just one object moves as the vehicle maneuvers.



D&D Scene Altering Operations CLVS monitoring is idealfor scenealtering D&D
operations such as:

. structure and equipment dismantling
. equipment moving or removal

. waste retrieval

. surface scarafacing

. excavation

A significant fraction of the whole three dimensional scene, thousands of pixels, may change
in a few seconds. Theregsll the need in robotic operationsrwve precisely whilgripping,
shoveling ortherwise interacting witsceneobjects or avoiding collisions even though positions
of objects oftenmay not be precisely predictable. Varialighting conditions and surface
shadowing will preclude reliance on 3D vision systems which are sensitive to these environmental
factors.

Unmanned Vehicle Navigation the three-dimensional world view to be used in navigating
an autonomous or semiautonomous vehicle may be acquired by a CLVS, avoiding the inaccuracy
and susceptibility taighting of current 3Dvision sensors. The precision thie CLVS will be
valuable inmeldinginformation from past and present frame scans into an integrated world view.
Although the scene perspeet from the vehicle is constantly changing, the 3D world model (except
for other moving objects) may be kept as a constant and details added in as they are revealed to the
CLVS. In the eventual evolution tiie CLVS for maneuvering vehicle applicatiortbg stored
world model information will be used to reduce greatly the vision system processing load since this
model, along with a projection of vehicle motion, mayulsed to predict the approximatenge
values for pixels of the CLVS range image frame.

Augmentation of Color or Stereo for Surveillance or Inspection Operations. Low
contrast features or featuresloW level geometric distortion mayot be detected with stereo or
color monitorimages. Detecting these pattermsll be important for early detection of leaks or
potential rupture of waste storage barrels or other vessels. For high speed inspection operations the
CLVS range map information may be overlaid on color video images for greatly enhanced feature
detection, either by machine patteatognition orenhancedmagehuman recognition. Just as
“false color” is used to enhandaiman detection ofow contrast color oshadingfeatures,
“enhanced contour” may be used to emphasize bulges or depressions for human detection.
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5.0 Acronyms

3D Three Dimensional

A/D Analog to Digital (converter)

AO Acousto-optic

CLR Coherent Laser Radar

CLVS Coherent Laser Vision System

CRC Coleman Research Corporation

D&D Decontamination and Decommissioning
DFB Distributed Feedback

DSP Digital Signal Processing

dB Decibel

EM Environmental Management

FFT Fast Fourier Transform

FM Frequency Modulated

GUI Graphical User Interface

| & Q In-phase and Quadrature

LO Local Oscillator

0S/2 Operating System/2

PC Personal Computer

PCI/VME PCI (Peripheral Computer Interface) bus to VME bus interface
pinFET positive-intinsic-negative Field Effect Transistor
RF Radio Frequency

RS-170 Video Signal standard

TeG, Tellurium di-oxide



