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CSC341- IR ROIC with analog domain nonuniformity cortiea (NUC) and bad pixel (BP) mediation processing

1 Resistive Grid Spatial Filtering — SCAIP ASIC

The Alternate Architecture (AA) represents CSC’w/est generation analog image processor
(AIP) and realizes the concept of mtegrated Sensor Processor (ISPyhe AA-ISP advances
the programmable spatial filtering capability ofrlea resistive grid processors by including
multiple programmable isotropic & oriented anispimlowpass spatial filters to be combined
within a singlechip and providing individual filter response gaweighting and summation for
performing complex spatial filtering operations. hel AA-ISP also includes multiple
programmable lowpass, bandpass, and highpass temmfitering processing which can be
optionally combined in parallel or in series witletoutput from the spatial filters. All spatial,
temporal or spatio-temporal filtering operations performed in the analog domain under digital
supervisory control. This third generation is andaiic advancement over previous generations
which implemented a single lowpass spatial filtea®ingle bandpass temporal filter as separate
devices.

Two processing array types are currently being ldgeel to support the AA-ISP; one
array called the CSC341 (NUC/BP) detector arrayopers the detector interfacing and signal
integration functions of typical ROICs in additido including spatial domain restive grid
filtering capability for detector non-uniformity oection (NUC) and bad pixel (BP)
compensation. A second array referred to as th@é32% (STF/ME) processing array performs
more extensive spatio-temporal filtering and inelsidpatial phase shifting in the analog domain
to support motion-based processing and orientedigntfiltering. A combined embodiment
where both designs are fabricated on a single mtlecan pass image data using a column level
data bus is referred to as the CSC275. For thalirdesign supporting 240 rows and 320
columns, inter-array data transfer occurs at eattnmn for a 320 signal wide bus. The CSC-
275 is intended as a flexible test-bed supportineclip scene-based NUC, bad pixel (BP)
mediation and highly programmable spatial, temparal spatio-temporal filtering for up-front
pre-digitization image processing.

CSC has been actively developing resistive gridioghamage processors (AIP) for
spatialfiltering since 1995. Resistive grid processing, origingityneered by Carver Mead [1]
in his development of his model of mammalian vissystems, has been implemented at CSC
using organic polymer overcoats on CMOS capaciti@ya for resistive interconnection as well
as the current all CMOS generation ASICs utilizgwgtched capacitor resistive elements.

Analog VLSI AlIPs aramassively parallespatial-frequency filtering convolution engines
matched pixel-to-pixel to the spatial format of #oeal plane detector array for computing a
class of convolution operations directly in hardevatAnalog image processors directly sample
an image over an array of spatially distributedrgha which are interconnected through a
programmable resistive layer.

CSC began developing resistive grid processingni@olgy with the Thin Film Analog
Image Processor (TAIP) [2][3] where a 2D capaciavey is over-coated with a high-resistance
polymer to form an RC network. Through global peogmable control of isolation switches
per-pixel, RC connectivity and therefore the exwingpatial signal admixture can be controlled.
Multiple spatial filtering chips coupled with swited capacitor temporal bandpass ASICs have
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been used to demonstrate a high-throughput progessngine aggregating the processing
capability of multiple discrete spatial and tempdittering ASICs in a VME system to produce
programmable spatio-temporal filtering and scenéiananformation [4].

CSC’s second generation analog image processoswstened capacitor (SCAIP) ASIC
where the polymer resistive layer is replaced bgea of programmable switched-capacitor
resistors connecting neighboring unit cells. Eai cell contains a single blur capacitor and six
switched capacitor resistors that connect to dieotinit cells. The effective resistive of each
pixel interconnection is controlled by the numbércounts or switch cycles the two storage
capacitors in each connected pixel are allowed#wescharge. In a single switch cycle, only a
small charge transfer is allowed based on the oitibe storage capacitance in each pixel to the
small transfer capacitance which is alternativeljtched into a parallel configuration with each
storage capacitor to effect one charge transfdecytie storage capacitors in two pixels sharing
charge are never directly connected directly togetlBy controlling the strength and
directionality of the programmable conductivity, large class of isotropic and oriented
anisotropic Gaussian blurring kernels can be impleed. The switched capacitor
implementation of a 2D resistive grid carries owdao our third generation devices. Sample
image data from the SCAIP processor showing varbwsing options is shown in Figure 1.

@

Figure 1. Output from the switched capacitor (SCAIP) résistgrid ASIC demonstrating hardware realized
filtering capability where (a) an input image isosm isotropically blurred and (b) filtered using ariented
anisotropic lowpass Gaussian kernel at (c) 26d§°9Q° and (e) 116.6° as measured from verticachkEmage is a
10 frame average processed at a 60Hz frame rate.

2 CSC321 Functionality Overview

The CSC321 (STF/ME) analog image processor (AlRjregates the functionality of
seven previous generation ASICs and includes nialif@ependently programmable isotropic &
oriented anisotropic low pass spatial filters adl a® multiple low pass temporal filters allowing
many spatio-temporal filtering (STF) combinationSpatial phase filtering can also be
implemented to allow oriented gradient Differené€saussian filtering. The extensive spatial,
temporal and spatio-temporal filtering and confahility supports computing scene Motion
Energy output according to Adelson on & Bergen [2].

In the CSC275, the CSC321 array performs spatidltemporal filtering on data which is

input using a 320 signal wide column-level bus frita CSC341 array. The CSC341 array is
responsible for all detector interfacing, bad-piretdiation processing with interpolated local
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surround replacement, and NUC filtering. Followisgatio-temporal filtering processing the
CSC321 multiplexes the array of resulting signate & single video output (or several outputs,
as appropriate to achieve faster frame rates). O®€321 IC also accepts a serial multiplexed
video analog voltage input, with the same imagengdror smaller.

A functionality illustration describing the spatiahd temporal filtering capability of a
single CSC 321 AIP spatio-temporal resistive gnidcpssing layer, and the interplay between
unit cell level and column-level processing is shaw Figure 2.

Using a resistive grid comprised of switched capaalements between neighboring unit
cells, each layer can perform three spatial lowgsassial filtering (SF) operations (65) and store
the result of the filtering operation on storageneénts denoted by SF1, SF2 and SF3. An image
created using the output from each SF# storageegleim each unit cell of the processing layer
would produce a lowpass filtered version of theuingignal array. In like manner, two
additional lowpass filtered images are possiblddwying different lowpass cutoff frequencies.
The switched capacitor design of the resistive ngtvallows selectable electrical connectivity at
each unit cell between neighboring unit cells ia lorizontal and vertical directions as well as in
all possible chess knight move directions. Usirg librizontal direction as reference the knight
move directions includes two over one up, two awaee down, two back one up and two back
one down. These connections allow oriented armipatrspatial lowpass filtering at different
angles to also be performed.

The design exploits shared pixel-level and coluewel signal processing. Through a row
mux operation (66) the three spatial filtered repreations of the input frame, or a subset, can
be brought to the column-level where individualngaieighting (positive and negative gains)
(67) can be applied followed by summation. If temgb filtering of the spatially processed data
is desired, the signal can be directed to returthéopixel (69) and sampled onto up to four
different storage elements (70) using a switchgahciéor implementation of a IR lowpass
temporal filter where the number of sampling cyctesnbining the current frame data to
previously stored frames produces the effect ehgpbral lowpass filtering operation.

Each temporal lowpass can have an independentf dtggtiency. The temporal filtering
portion of the unit cell (70) accepts input eitlpeior to spatial filtering to allow independent
spatial and temporal filtering operations, or fallog spatial filtering (69) to produce a spatio-
temporally filtered output. Two temporal bandp&EBP1 and TBP2) infinite impulse response
(IIR) filtering operations can also be producedaisingle processing layer (71) at the column-
level. Each can also receive an independent gaighting prior to read out. During the final
readout operation from the signals at the colummetl€72) a full frame shift (73) can also be
implemented to produce multiple output video streaimaving different spatial phase
relationships. This functionality is based on tlom-destructive read capability of the unit cell.
This feature has utility in motion sensing applicas where motion sensitivity arises form the
combination of spatial and temporal phase delajs Téhe spatial shifting operation also allows
oriented anisotropic gradient filtering operatiaios be performed in the CSC321 AIP. For
example, a single lowpass spatially filtered imapédted in the x-direction, inverted and co-
added to itself produce a first order gradienefiloriented in the x-direction. Five selectable
(multi-mux) output signals can be read from thehaecture for 30-240 Hz operation using a
single tap or using up to four independent tap$igh frame rate operation.
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Figure 2 This functional block diagram summarizes the coapability of the CSC321 AIP. The
CSC321 allows a large variety of spatio-temporalcpssing on an input from either a serial mux or
from column-level buses linking the CSC321 STFywawéh the CSC341 NUC/BP array. This IC can
produce either a serial mux output using 1-4 taps.

2.1 Switched Capacitor Temporal Filtering

Currently CSC implements lowpass temporal filtgrnrsing switched capacitor sampling
of the current frame and can combine two lowpassage elements in the column to produce a
temporal bandpass output. A temporal bandpass fitiplemented using switched capacitors
has the transfer function:

R..C..S
H (S) - 2 HP ~HP
RLP RHPCLPCHPS + RLPCLP + RHPCHP + RLPCHPS+1
Where,
224 224
R = dR =-_-"
LPCLP N1 xfclk an HPCHP Nz xfclk
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The filter operation is tunable through the thpaeameterd;, N,, andfex. N; andN, are
nine-bit counters andq is the system sampling frequency, which is eqodhé frame rate for
our system.

This filter has an infinite impulse response (lIR)bandpass amplitude response, and a
non-zero, non-linear phase response. Althouglpliase response is not ideal from an Adelson-
Bergen motion energy perspective [4], the impori@mracteristic for our applications is the
ability to set up two filters with a fairly constamon-zero phase difference within a fairly
narrow temporal passband.

The modulation transfer functions of example terapdilter cascades are shown in
Figure 3. The narrowest filter (N1=2, N2=1 showrgnmeen) will have the longest filter impulse
response. The wide pass-band in the magnitudemespad the current temporal band-pass filters
is of particular importance.

Modulation Transfer Function of Cascade of 3 Ternporal Filters
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Figure 3. Modulation transfefunctions (MTF) for the temporal filter cascade®dfied in Table 1
Temporal filter characteristics are determined iy parameters N1 and N2 described above. The filter
[N; = 2, N = 1] (shown in green) has the narrowest frequamsyponse, hence the longest impulse
response.
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2.2 Motion-Energy Processing

The conventional representation of image motioromical flow: an array of vectors
representing the local image velocity at each ap&ication. However, this representation is
limited to cases in which image motion is uniformepeach spatial location because it requires a
decision (represented by a single vector) as tahvtirection there is motion. In the key cases
of occlusion and transparency, multiple motionsunda small spatial regions and the optical
flow representation, however produced, gives mdiien results. Increasing the spatial
resolution of the optical flow field improves thikusttion, but image processing costs increase as
the square of the field size.

Consider a different representation of image moimrwhich a 2-D probability density
function over velocity space, rather than a singdetor, is used for each local image region.
This representation, a superset of optical flooved the natural representation of multiple
motions as well as uncertainty about the true mmotibeing seen. It also makes fewer
assumptions about the image motion than the optical approach, thus allowing for easier
spatial combination of multiple image regions intfer processing.

This approach to the representation of visual nmotian be well compared to the one used
in biological vision systems. A large number ajaithms which implicitly produce this sort of
representation have been developed, primarily adetacof biological vision systems. Such
motion energy models are based on banks of sgatthitemporal frequency-tuned filters. CSC
has concentrated on the model developed by AdelsdrBergen, [4]

Figure 4 illustrates the Adelson-Bergen motion gsial approach as implemented in the
CSC321. This model is based on a non-linear matimergy algorithm that has similarities to
biological mechanisms for motion detection in arlsnand humans. Sample motion-energy
output computed using discrete ASICs for the ratpispatial and temporal filters and
implemented in a multi-ASIC VME demonstration systappears in Figure 5.

In the original model [4], and shown in Figure Be toutputs of quadrature pairs of spatial
and temporal filters give a per-frame directionsséve measure of the motion energy within a
frame. In the CSC321 implementation, the tempbltars are in quadrature that introduces a
differential time delay between the two temporékfi outputs. However, the spatial filters are
not in quadrature. Instead, each frame is shifted specific direction. The combination of
spatial shifts and temporal delay produces a larggion-energy response when the shift
magnitude compensates for the time-of-travel duentdion across the frame. The linearly
filtered frames are non-linearly combined by takthg difference of the sums of the squared
outputs from each filter leg. This process reduteghe difference between the pair wise
multiplication of the shifted and un-shifted spamnporal output of the two different spatio-
temporal filtering legs. Further processing cambine the outputs of several motion energy
detectors with different frequency responses arettional sensitivities into velocity estimates.
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Figure 4. The CSC321 (STF/ME) processor aggregates theepsorgy capability of seven of the
previous generation ASICs with extensive progranmal-chip signal combining. Different modes
of operation allow multiple selectable lowpass,dgass and highpass spatial and temporal filtelbe to
produced and combined to effect parallel and castadmbinations. Spatial phase filtering can also
be implemented to allow oriented gradient Differetnd Gaussian filtering as well as producing scene
Motion Energy output according to Adelson on & B=rd4].

Figure 5. Sample motion energy output computed in real-tusiag a 60 Hz camera input and a spatio-
temporal motion processing unit combining multi@&C ASIC's performing spatial and temporal
filtering under digital supervisory control. Thetput for the hand motion is sensitive to verticaition
with upwards motion color coded red and downwardsan shown in blue.
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Figure 6. CSCs next generation AIP aggregate the processapagbility of five of the previous
generation ASICs with extensive programmable omp-ckignal combining. Different modes of
operation allow multiple selectable lowpass, basdpand highpass spatial and temporal filters to be
produced and combined to effect parallel and castadmbinations. Spatial phase filtering can akso
implemented to allow oriented gradient DifferendeGaussian filtering as well as producing scene
Motion Energy output according to Adelson on & Bard2].

2.3 Spatio-Temporal Filtering for Detection

Detectionrefers to the process of deciding whether or ntdrget is present in the data
provided by a sensor. For an infrared sensor tapkipwards at a cold sky, detection is the
process of differentiating between weak, distargdts and sensor noise. Detection in this case
is limited by the characteristics of the sensoedieirs on the focal plane array (FPA). However,
for an infrared sensor looking earthwards for gegrdetection is the process of differentiating
between targets and a complex background. TheosdfBA detectors will always ‘see’
something. Some characteristic of the target, sgcimtensity or motion, must be different from
the background for the target to be detected.

The Adelson-Bergen motion energy model [4] appliedsmall flying objects over cluttered
terrain is a good example of the motion discrimorasupporting improved detection that can be
achieved. Sample input and output frames arenshio Figure 7. This example used isotropic
spatial blurring and the inherent directional sevisy of the computed motion-energy to achieve
improvements in the signal-to-clutter ratio.
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Figure 7. (a) A single frame from a video sequence comgjstif a dim target in a background of mo\
clutter. (b) The output image shows how the spiaioporal motion energy has isolated the dim tar
the original image.

The S-T filter and motion energy approaches usethish example would have identified
anything sufficiently target-like, in terms of sealpersistence, or motion, in the image. The
process of choosing among various target-like dabjebat have been detected is called
discrimination. CSC has been pursuing two sigaiftapproaches to discrimination: continuous
wavelet transform analysis and motion energy amglj@r example.

If a target has some specific spatial or tempolaracteristics, then the clutter can be
reduced simply by spatially and/or temporally filtgy to exclude anything but the known target
characteristics. For example, if the target hdshawn focal plane size, a spatial filter can
preferentially filter for objects in the FPA withd same size. In this way, pure spatio-temporal
filtering can increase the signal-to-backgroundbrtir a target.

Figure 8 shows an example of how motion discrimamatcan improve probability of
detection for this case. Figure 8(a) shows thenadized peak target and background signals
plotted for each frame in the video sequence. ddwred target peak intensity was consistently
much lower than the background intensity. Onlyrnba end of the image sequence did the
target signal surpass the background. This ocduwieen the target passed over a densely
forested region which happened to have uniformly intensity compared to the flying object.
The overall increasing trend reflected the decregplne-of-sight range and therefore an increase
in the target spatial scale. Figure 8(b) cont#iessame plot after spatio-temporal filtering tuned
to the target characteristics. Following S-T motenergy filtering, the target signal-to-clutter
ratio has dramatically improved with the targethfighted as a strong peak relative to the
fillered background. After the processing, detscttpdf this target was possible by simple

thresholding.

Pure temporal filtering effectively compares a pséntensity to its own past values. For
stabilized imagery, a temporal filter selects toe persistenceof an object. For noise removal,
persistence is a useful concept. Typically, olsjguersist longer than noise, for example,
although there are cases where the reverse ig3fueHowever, for the detection of a moving
object in cluttermotionis a more natural target characteristic.
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Figure 8. (a) The peframe peak intensity both on and off the cruisesitgstarget demonstrates
difficulty of performing target detection relyinghndhresholding. For most frames, the target i
below the peak intensity of the clutter backgrourd.detection systems relying on geaime detectio
(thresholding), the tracking system would be presgwith a multitude of potential targets corregjiog
to bright regions in the background clutter. (eTper-frame spatio-teromlly filtered peak intensit
both on and off the cruise missile target. That gemonstrates the benefits of increased sigralltte!
attainable with full frame spar-temporal filtering

3 Conclusions

The Alternate Architecture (AA) represents CSC’w/est generation analog image processor
(AIP) and realizes the concept of Btegrated Sensor Processor (ISPyhe AA-ISP advances
the spatial filtering programmable capability ofrlea resistive grid processors by allowing
multiple programmable isotropic & oriented anispimlowpass spatial filters to be combined
within a singlechip with individual filter response gain weighgimnd summation for complex
spatial filtering functions. The AA-ISP also indies multiple lowpass, bandpass, and highpass
temporal filteringprocessing which can optionally be combined irafd@lr or in series with the
output from the spatial filters.

In the monolithic multi-array (MMA) architecture fegred to as the CSC275, the CSC341
(Det/NUC/BP) processor array and the CSC321 (STH/ptacessor array are combined as a
single device with an inter-array data path comsgsdf a 320 signal wide column-level bus. The
extensive programmability included for the procegsarrays allow full control of the spatial and
temporal filtering cutoff frequencies for NUC anefective pixel processing, detector integration
time and sub-frame averaging in the CSC341 arfidye CSC321 array realizes an even greater
number of programmable spatial and temporal fileerd includes motion energy processing [4]
and oriented gradient filtering.

With camera on a chip processing servicing FPAemtion and dynamic range processing,
CSC’s ISP technology is particularly enabling tavilift capable surveillance systems with
limited power and sensor system weight budgetscamdalso enable lower bandwidth bird-to-
ground downlinks to be implemented without saadnficsalient image data.
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