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WIDE DYNAMIC RANGE IMAGE SENSOR

FIELD OF THE INVENTION
The pressnt invention relates to vidao imagery and more
particularly to apparatus and tschniques for providing enhanced
vidao images.

BACKQROUND OF THE INVENTION

Various types of video imags snhancement apparstus and
techniques have bsen proposed. AGC technigques have been employed,
inter alia, in vidso signals for reducing the dynamic range of
the video signal by subtraction of 1ts DC level. Such = technique
iz described in U.S. Patsnt 4,719,350, wherein linear AGC is
applied to ths video image on a pixel by pixel basig.

U.S. Patent 4,601,055 describes an image processor
which provides, intsr alia, neighborhood transforms.

U.S. Patent 4,471,228 describss a solid state image
sensor with exposure controller. The exposure control appears to
be applied to the entire frame and is not addressed to individual
pixels.

U.S. Patent 4,556,908 describes a solid state image
sengor Vincluding a photodiode array which is pixel addressable
in what appears to be a random-accessible manner. A photometric
output from a selected group of pixels to a light paster is
provided, but pixel addressable sensitivity control is not
suggestasd or provided.

U.S. Patent 4,472,638 describes a two=-dimenmional solid
state image sensor which i1s able to directly output image

information subjected to two dimsnsicnal image processing.
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U.S. Patent 4,734,776 describes a system for extanding
the dynamic rangs of a CID array. The CID array is designed to
provids two integration times, one ghort and one long, for every

pixel in the array, and to read out both of the signals thus

5 preducad. The appropriate signal is then selectsd for each pixel,
and, {f it is the signal produced from the short integration

time, it dis amplified to compensate for the differences in

gengitivity between the long and short integration times. Pixel-
addressable gensitivity is not suggested or provided.

10 U.S. Patent 4,473,836 teaches a sensor or sensor array
achisving wide dynamic range by msans of a 1log amplifiasr
integrated with a destector. It does not offer any variation of
integration tims,

U.S. Patent 4,536,865 discloses a detector design which

15 allows discharge of excess photocarriers. This is an dimproved
anti-bloocming schens.

U.S. Patent 4,656,361 discloses an nMOS photodiocde
array with ioproved sensitivity and dynamic range achieved

through ¢thas use of an integrated scheme for sensing photo~

20 gensrated current.

U.S. Patent 4,609,825 teaches a line=transfer type CCD

array providing variable integration time on & row~by-row basis.

Ths variable integration time is achisved through variation of

the time between the resst and the signal transfer pulses.

25 U.S. Patent 4,583,002 discloses a solid-stﬁte inage
sensor which provides sensitivity adjustment in response to the

ovarall izages intensity.
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U.S. Patent 4,689,688 tmaches a CID array with an
individual amplifisr for each row in order to raduce circuit
capacitanece and ¢o impreve the signal/noise ratio.

U.S. Patent 4,775,799 improves ths dynamic rangs of an
image scanner through ths technigues of digital and analog signal
averaging in a manner which adepts tc thes conditicn of the input
signal,

- U.8. Patent 4,706,123 disclosss an apparatus for
changing the exposure times of individual photodstectors in
relaticn to the amount of incident light on only the individual
photodstadtor. Tha exposurs tmis are limited to a small number
of distinct integration timeg, typically 2, and is subject to
ragtrictions as to which pixels ca:; be controlled. Bach line of
datmctors rust be accompenied by at least two additonal ghift
registers which is a prohibitive amount of cicuitry Pfor two-
dimengional arrays,

8. P, DeWserth and C. A. ‘Mead, in en article entitled
"A Two-Dimenzional Vigual Tracking Array”, presented at the Fifth

MIT Conferencs on Adﬁanced Research in VLSI, March 1988, MIT
Cambridge, Massachusetts, U.§.A. and publigshed in tho procosdings

thersof, disclose a semiconductor f:hotosenaitive cievice. which
computas, per pﬁ.xel. the differencs between the incident light
intensity and the average intengity ‘cver some neighborhocd. This
device 4is limited by the dynamic range of the individual
photodetector and by the complexity of circuitry required psr
pixel. | _
E.P. Patent 233,464 appears to show a photodicde array

providing selectable feedback amplification for each photodiode
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SUMMARY OF THE INVENTION

The present invention aeeks to provide improved vidac
image enhancsment apparatus which ovarcomes limitaticns of the
prior art apparatus and technigues discussed above.,

There 1s thus provided in accordancs with a prefsrrad
embodimsnt of the present invention, video imaging apparatus
comprising a multiplicity of photosensitive detectors arrangsd in
e staring array for receiving input radiation and detector
control apparatus for controlling the response of the
photosensitive datsctors such that they operate in different
operative ranges within thes total inherent dynamic range thereof,
whereby the output of the sta;ing array at any given time
provides image information in respect of input radiation
extending over an input radiation dynamic range which is greater
than the operative input radiation dynamic range of any given
detsctor.

In accordance with a preferred embodiment of the
invention, the apparatus for controlling the response of the
photosensitive detectors is addressable simultaneously to a
multiplicity of individual pixels or a multiplicity of designated
groups of pixels in a field.

In accordance with a preferred embodiment of the
invention, the staring array is a generally two-dimensiocnal
array. Alternatively, the staring array may comprise a one-
dimensional array.

Further in accordance with a preferred embodiment of

the invention, the detactor control apparatus includes means for




WO 90/01844 é PCT/US89/03346
= ,

sailectably and variably determining the integration time of each

of tha multiplicity of detectors.

Additicnally in accordaonas with = praferrad esmbodinent

of ths inventicn, the staring array may be embodied on s unitary

3 integratad chip, such as in the Form of an array of diffusien

dicdes. on a MCS chip.

In accordancs with one embodiment of the invention, ther
dstactor control epparstus comprises apparatus for providing two
control gignals to each of the multiplicity of dstectors. Tha_

10 detecter is actuatsd in response to simultansous raceipt or
absence of a predetsrmined combination of control signals.

According to an alternative embodimsnt of the

inventicn, =8 control cireuit is provided for each detector of

the multiplicity of detectors.

15 Additionally in accordance with a preferred
embodizent of the invention, the ocutputs of thsr detectors are
supplisd to apparatus for applying thereto a neighborhood
transform in order to preserve image contents notwithatanding the
reduction in overall dynamic range produced by eperation of the

20 dstactors with variable intagration times.

Further in accordance with s preferrsd embodiment of
the present invention, the detector control spparatus comprises

apparatus responsive to radiation incident on ths multiplicity of

photosensitive detectors for governing the vresponse of the

o5 individual ones of tha photosengitive dstectors.
8till further, in accordance with a preferred embodimant
cf thes present invention, the spparatus responsive to radiation

is operative to govern the response of at least one individual
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cne of the photcaensitive detectors in responge to radiation
incident therscn and in response to radiation incident therson
and in the vicinity thereof.

Morsover, in accordance with a prefaerred embodiment of
the pragent invention, the detactor control apparatus includaa
apparatus for storing a value repregenting the response of each
of the individual ones of the photosensitive dstsctors ang
spparatus for updating the storsd values. The detector control
apparatus is alsgo cpegative to cause the nultiplicity of
detectors to provids an output having a dynamic range less than
the dynamic rangs of the input radiation or having a selectabls
dynanic range.

There is provided in accordance with a preferred
embodiment of ths present invention, video imaging apparatus also
comprising image processing apparatus receiving the outputs of
the multiplicity of photosengitive detectors and control signals
supplied to the multiplicity of photosensitive detectors and
providing in response tﬂerato modified outputs of the detectors
such as would be obtained wers ths array composed of sensors
having a uniform sensitivity and an extended dynamic range. The
image procesaing apparatus is operative to cause the multiplicity
of detectors to provide an output having a dynamic range
generally equal to the dynamic range of the input radiation or
having a selectable dynamic ranga.

Further, in accordance with a preferred embodinent of
the present invention, the image processing apparatus recsives

control signals representing integration times of the
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zultiplicity of dstectors and provides in response thersto

uodified outputs of the detmctors correspending to a2 uniform
sengitivity.

Additionally, in accordance with & praferrsd embodiment
of ths present invention, the multiplicity of photosensitiva
detacters includes @ plurality of detactors. each densitive te 4
differant color. The detsctor control apparatus is operative to

control the response of the plurality of dstectors to a plurality

of colors.,

ﬁoreover. in accordancs with a preferred embodimant of

the present invention, the color datector control apparatus

includes apparatus responsive to achromatic intensity at a given
image location for determining the response and for providing =
single control cutput governing it for the plurality of detectors
at that inage location.

Further, in accordance with a preferred embodimsnt of

the present invention, the video imaging apparatus comprisss a

multiplicity of dastsctors, column and row control apparatus

togethar detsrmining the sample timing of the plurality of

rhotosensitive detectors and apparatus for reading out a video

signal from the plurality of photosensitive dstectors.

Additicnally, each of the multiplicity of dstsctors comprises

column and row control apparatus together detsrmining the
precharge timing of the plurality of photosensitive detectors.
Still further, in accordance with a preferred embodiment
of ths present invention, the column and row control apparatus
include apparatus for providing multiple precharges of at least

scze cof the plurality of photosensitive detectors in order
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prevent accunulation of excsssive charge thersat.

There is provided in accordance with & preferrad
embodiment of the present invention, image processing apparatus
comprising apparatus for recsiving a video aignal and for

5 providing an output video signal having a dynamic range narrower
than the input dynamic range, while preserving edge information
and removing some relatively spatially unvarying information.

Additionally, in accordance with a preferred embodiment
of the present invention, the apparatus for rsceiving and

10 providing video signals comprises at leagt two neighborhood
operator apparati and summation apparatus for combining the
outputs of the at laast two nsighborhood operator apparati.

Further in accordance with a preferred embodiment of the
pressent 1nvention.- the apparatus for receiving and providing

15 comprises at least one neighborhood oparator and at least one
lock up tmble which together receive the input video signal and
providé a multiplication factor which ig multiplied by the input

video signal to provide the output video signsal.
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ERIEP DESCRIPTION OF THE DRAWINGS

Ths prasant inventicn will be undarstcod  and
app:écia‘.:sd mora fully from the following detailed dsscripticn
taken in conjuncticn with tha drawingg in which:

Fig. 1 is a block diagram illustration of a vidaso
inaging gystam coastructad and cparative in accordance with a
prafsrred ‘embodinent of the present invention;

Fig, 2A 43 a =implified block diagrem of a datsctor
array and associmtad destsctor control apparatus in accordancs
with ons embodimant of the inventicn:

Pigs. 28 end 2C are simplified circuit disgrams of two
alternative embodiments of detector elements useful in the
present inventicng

Fig. 2D is en illugtration useful in the understanding
of tHie operaticn of the detector array and control apparatus of
Fig, 243

Fig. 2R 1a a aarias af tining dingrame {1Tustrating the
cperaticn of the spparatug of Fig, 2A: |

Figa. 3A and 38 ars simplified block dJdiagrams of =
detector array and a#scciﬁted detsctoer control apparatus in
accordance with an alternative embodimesnt of ths inventionﬁ

Fig, 4 is =n electrical diagram of detector centrol
apparatus for & given detsctor in ths embodiment of Figgz., 3A and
3B3

Fig., 5 is a pictorial illuatraticn of the ralationship

batween pixels processed in a typical neighborhood transform used
in an embodiment of the invention;
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Fig. 6 is an elactrical diagram of circuitry useful in

carrying out a neighborhood transform in accordancs with an
embodiment of the invention;

Fig., 7 i3 a gimplifisd block diagram of control

s circuitry suitable for controlling the apparatus of Fig, 2A;

Figs. 8A and 8B are simplified block diagrams of two
alternative embcdiments of control circuitry suitable for
coentrolling the apparatus of Fig, 2A;

Fig, 8&C is a block diagram of cirecuitry useful in the

10 circuitry of Figs. 8A and 8B:

Figa. O9A and 9B are simplified block diagrams of two
altarnative embodiments 6? control circuitry suitable for
controlling apparatus similar to that illustratad in Pig, 2A for
full color operation; and

15 Figa. 10A, 10B and 16C are:simplified block diagrams of
three alternative embodiments of image processing circuitry

usaful -in the present invention.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMNENTS

Referencs is now made to Fig, 1, which is a schematic
block diagram illustration of a video imeging system constructad
and operative in accordance with one preferred embodimsnt or tna
present Inventien. The system cﬁmprisas o gsnerally two=

dimengional solid satate detegtor array 10, which i=

interconnoctad with adaptive aensitivity control apparatus 12,

The output of the detector arrey 10 is suppli;d via a8 suitsble
bus 14 to video readout coentrol circuitry 16, which may comprise
conventicnal raster scan circuitry or alternatively intelligent
sean  circuitry as described and claimed in Isrmel Patent
Application 83213,

Fig, 2A illustrates tha interconnection bstween ths:
adaptive sensitivity control apparatus and the detector array 10

in accordance with one prafarrsd embodiment of the invention. It

is seen that each datector element 20, corresponding to an

individual pixel, is provided with connections to both a vrow
sample control circuit 22 end a column sample control circuit 24,

both of which may employ shift regiitera.

Fig. 2B dillustrates the .specific interceonnaectisng of
each datector element 20. Here it is seen that first and second
AND gotes 30 and 32 oach hava & first input connectad to column

sample control circuit 24 (Fig. 2A) via respective precharge (P)

leads 34 and sample (S) leads 36 and have a second input
connected to row sample control circuit 22 (Fig, 2A) via s lead
38. The number of lsads for each datactor element 20 may be

reducsd to two if & local delay cirbuit for determining the time
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between sampla and pracharge is provided.

The photodetector elemsnt such as a photodicds 40
corresponding to each pixel 1s coupled to a precharging veltage
V via a P gwitch 42, governed by the cutput of AND gate 30, and
1§ coupled via an S switch 44, governed by the output of AND gats
32, toa Eufrer 46 and thus to a capacitor 48, Alternatively, it
is possible to reverse the location of awitch 44 and buffer 46,
It is also possible to reverss the lonation of buffer 46 and
capacitor U48. It i3 to be appreciétad that each pixsl cell may
includae additionsal circuitry not shown in Fig., 2B. The circuitry
of fig. 2B, is however, all that is required for an understanding
of the prasent invention.

It may thus be appreciated that the integration time of
each photodetector element corresponding to a pixel is governed
by the provision of appropriate electrical signals along lamdg
34, 36 end 38. Initialization of integration is provided when AND
gate 30 simultansously raceives inputs along laads 34 and 38,
thus pracharging the photodiocde 40. Termination of integration iz
provided when AND gata 32 aimultaneously receives inputs along
leads 36 and 38, thus closing switch 44 and coupling the
photodicde via buffer 46 to capacitor 48,

An altsrnative embodiment of the detector element 20
eliminatas AND gate 32 and its connaction, via laad 38, to the
row control circuit 22, The S 1eéd 36, connected to column
control eircuit 24, is diractly connectad to § switeh 4l Thus,
all pixels iu a given column are simultancously sampled and their

exposure times are controlled by the precharge signals alona.
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It will be sppresciated that in the embodiment of Figs.
2A and 2B, the gelection of the integration tima for each pixel
is governed externally of the detector array 10 by the row and
column sample control circuits 22 ahd 24, Circuits 22 and 24 are
praferably embodied as binary data registers, such as shift
regigters.

It will ho appreciated thét the embodiment of Figs. 24
and 2B may bs applied to group$ of pixels as well ag to
individual piwsls.

The embodiment of Figs. 1, 2A and 2B may be applisd
also to mcdiéied CCD devicas. Thé overall chip architecturs
renains as is shown in Fig. 2A but the detector elcomont 20 is as
shown schematically in Fig. 2C. In this alternative enbodiment.‘
the photddetector element is a MOS dspletion capacitor 100,
commonly used in COD datector arrays. As in the previous
ambodiment, tha P switch 42 relcages = precharging voltage V
wvhen AND gute 30 simultansously reéeivas inputs along leads 32
and 38. Precharging voltags V typically removes any accumulated
photocharges frea the capacitgn 100

Unlike the pravicus embodiment, the sampling circuit
comprises u conventional CCD transfer gate 102, A complate line
{(rew or column) of such phato-site§ is triggered simultaneously
to transfer their charges to a parallsl line of a CCD shift
register 104. In due course, the CCD shift register 104
tranafers the charge out of the photo-=zite. Thus, each detector
element 20 receives its own individual precharge but all detector

elements 20 along a line are sampled together.

Thig embodiment of the ddtector element 28 is gimilar
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to that of conventicnal cep arrays with thes exception that each
detector elament 20 ia indapendently pPrecharged by it own
Precharging ciroui¢ controlled by AND gate 30.

It i3 a fsaturs of the present invenﬁion that each
Pixsl ia indepondontly precharged oz sampled ehroughllvitahing of
the signals on the column and row control leads 34, 36 and 138.
The switching opsration is illustraved in Filg. 2D. The signalg
are typically det;rmined by control words externally loadsd into
ragisters 110 and 112 of row and column control circuitg 22 and
24 (Fig. 2a), respectively. The control words typically ape
comprissd of a gequence of i-bit values, typ;cally of either 1
or 0. The control word of column register 112 typically comprisgss
a8 1 at a column address j to be prechargsd and 0's at the
remaining column addresses. The row control word loaded into
registar 110 sizultaneously with the control word for column
comprigses a 1 in each row eddress i at which g pixel (1,J) of
detector array 10 i3 to bs prechargsﬁ; In Fig. 2D the lettep P is
placed at those pixels which would be precharged given the column
and row control words shown.

The coluzn control words ars typically designad such
that the 1 is shiftad 8equentially through register 112, thereby
saquentially activating.the columnas of the detector array 10. The.
loaded row control word corresponds to the pixels tc be
precharged in the activated column. This cycle of the column
prechargs gignal 1 through the column control regigster 112, while
& néw row word is- loaded for ench column, will bs known

herainafter as a "eolumn cycle®,
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In order to produce a plurality of integration tiges,
the column cycls is repeated a plurality of times whers each
succegsive column cycle corrasponds to a shortar integration or
exposurs time. Since the pixels of a given column have varied
intagration timeg, the row control word loaded for g glven column
changas with each column cycle. The repetitions end cnce all of
the pixsls have canpletad their regeﬁ cycle. At that point, the
Pixsl photochargs valuss are gampled and their photocharga is
tranaforred out of ihs detactor array 10.

The sampling is performed on a column-by-column basgig
in order to maintain a conatant integration time, for a glven
prechargs cycle, over all the columns. Thus, the column cycle is
repsated once more to produce the sampling. A separate columm
sample register is typically included in column control circuitry
24 for this purpose. In the first embodiment, shown in Fig, 2B, a
row word of all 1's iz loaded into the row control regigtar
bafore sampling commances. For the other embodiments, whose S
switch 44 i3 not connectad to row lsad 38, a row word generally
is not loaded.

Fig. 2E illustrates the precharging process described
herainabove and iz an exazple schematic timing diagram for the
pixels (i,j) through (4+2, J*1) of detector array 10. Fig., 2B
presents the precharge signals for the two columns, J and je1,
and for the three rows, i, i+1 and i+2, as well as the smmple
signals for the two columns.

A pixel ig precharged when its column and row addressges
simuitanecusly recsive the falling edge of their respective

prechargs signalsg. Thus, integration of the photon flux for each

16
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Pixel begins with a precharge signal which is common to beth tha
row and the column in which the pixsl resides. Intagration endsg
on ths rising edge of the sample signal for the column in which
the pixel resides.
Flg. cE 1lluatrates that each ecolumn recoives its
column precharge signal once pwr golumn cycle and that, for a
given choice of integration time, column J is always precharged
before column j+1. The timing of the row precharge signals is not
, a8 regular as that for the columns and depends on the integratien
tine desired for each pixel. As shown in Fig, 2B, thers ars thgae
example integration times, T1, T2 and T3 where T3 ia the longest
and corrssponds to the first column:cycla.
Although not illugtrated in Pig., 2B, it is posaible for
& pixel to be pracharged a multipl;;ity of times. Each time the
pixel 18 precharged, its accumulated photocharge is dischargad.
Thus, charge integration for sampling begins at the final
precharge. It will be appreociated by those skilled in  thae art
that this mechanism iz operative to prevent blooming in pixels
subjected tu high photon flux, anrraspending generally to bright
areas of the optical imamge, which would tend to cause saturatiqn
at those pixels in conventional sensor arrays.
Since video readout 18 independent of the
prechargo/sample procrainabove, integration times
are typically of arbitrary length. In the preferrsd embodiment of
the present invention, useful for standard video applications,
integration time is equal to or less than the video frame rate of

typically 30 franme/mec.
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The integration time resolution of datactor a&ray 16
depends on the length of time required for a single column cycls.
For examples, detector array 10 could be a 512 X 512 pixal
datector array operating at & 10 MHz clock rate with a 16-bit
data bus for loading in the control words. The detector slemsnts
20 ars the CCD type illustratsd in Fig. 2C. The exampia datecror
array 10 will take 3,2 ugec to load s single 512-bit row word and
1.6 ‘mlec to step through all 512 columng of ths array ones. To
increase the speed of the detactor array 10, a faster clock rats
and/or wider data busses may be utilized.

» According to an embodiment of the inventicn, selsctien.
of the integration time for each pixel is governed internally of
the dateﬁtor array 10 by adaptive ;ensitivity contrel circuitry
associated with the photodetector eiements corregsponding tc each
pPixel. This embodimant is illustrated in Figs. 3A and 3B,

Fig. 3A 1illusctrates =a detector array 50 whersin each
pixel. module 51 communicates via a bus 52 with a wvideo readout
control cireuit 54, which may ba similar to circuit 16 (Fig. 1).
Fig, 3B illustrates thes structurs of each pixel module. It is
seen ‘that each module 51 comprises a photodetector elsment such
a8 & photodicde 56 which 18 couplsd via a P switch 58 to & pre-
charging voltage source 60 and via an S switch 62 to a pixel
buffer 64, which in tﬁrn communicates via bus 52 with the wideo

veadout control circuitry 54,

The output V  of pixel ﬁurrer 64 is also suppiied to
& neighborhood transform processor 66 which is operative to

compute & signal N , which is the neighborhood transform of V
13 1]
and of the output of the pixel buffer 64 for the 8 neighbors of
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pixel ij, as illustrated in Fig. 5. Altsrnatively another type of

naighborhosd trangsform may be employed, such as one whizh

ineludes only ths two vertical and two horizontal neighbors only

or as a furthor alternative, a neighborhood lavger thun 3 x 3, In

5 ths cage of a linear scan, a neighborhood incorporating only the
neighbors along the scan lins may be employed.

The signal N i3 supplied to an adaptive sensitivity

control circuit 68, whiig provides control cutputs to switches 58

and 62.

10 A preferred embodiment of neighborhood tranafornm
processor 66 13 shown in Fig, 6, The circuitry of Fig, 6
indicates that the light intens;ty values from the eight pixsls
which abub.ﬁn 8 given pixsl are averaged by an averaging circuit
90, such as an 8«input differential amplifier or a resistor

15 network as described in the article entitled "A Two=-Dimengional
Vigsual Tracking Array" by S. P. DeWeerth and C.A. Mead. The
output of averaging circuitry 90 iz supplied to a differential
amplifier 92, which also receives the video output signal V
from the nominal pixel (i,j), via a 1 + epsilon amplifier o4, Tig

output of differential amplifier 92 is the neighborhood signal

20
N for pixel (1,]).
4 According to an altsrnative embodiment of the
inventiocn, any suitable neighborhocod trensform wmay be applied to
obtain a neighborhood signal N .
25 A preferrsd embodimeii of circuit 68 is illugtrated in

Fig, U4, As seen in Fig, 4, a differential amplifier 70 receives

gpignal N from neighberhoed transform processor 66 and a

i




WO 90/01844 & 0 PCT/US89/03346

10

15

20

25

reference voltags V from an external source. The output of
i

differential amplifier 70 ig proporticnal to the diffarencs

between N° and V and governs the operation of a trangigtor 72,
i3 1

which in turn governs charging of;a capacitor 74, A switch 76

rsseta capacitor T4 when provided with a P signal.

The capacitor 74 is couplad ta ona inpue AP a
comparator 80 which alsc raceives gz referencs voltage V . The

r

output of comparator 80 is supplied to a first one shot

multivibrator 82 which provides a control signal to switch 62
(Fig. 3B). The cutput of unw shut 82 i3 2180 supplisd to a second

cne shot mnmultivibrator 84, which provides a control signal
switch 58 (Fig,

to

3B) which is also operative to resst switech 76.
The circuitry of Fig. 4 d4fines a first order negative
feadback loop having a gain less than unity in order to avoid
oscillations. Since the neighborhodd signal N 18 monotonic in
V . the circuitry of Fig. 4 13 cperative to czgpress the dynamic
riggo of the imagw. Thus for =a Eiven cycles, the higher the image
video signal is, the ghorter the integration time for the next
cyecla will ba, preducing a lower V  in that subgsequent cycle.

i3
Higher order feedback loopx mAy Algc be usad for thig purpose.

Inatead of a photodetectsr which operates cyclically,
it i3 possible to employ a photosenasitive trangigtor, as
described in the article entitled "A Two-Dimensional Visual
Tracking A?ray" es refersnced hereinabove.

Reference is now made to Fig, 7 which d4llustrates a
second embodiment of the control circuitry. In this embodiment

of the present invention, the adaptive sangitivity control

eivouditry 12 ig partially internal to a sensor chip 119 and
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partially external to 1it, Thas internal circuitry of sensor chip
119 compriszas tha detector array 10 and the elements directly
centrolling it, intsr alia, the roew and column control clrcuitry
22 and 24, respectivaly, and video readout control circuitzy 16.
5 Tha adaptive control circuitry 12 external to the chip are those
elamentsz which datarmins the integration time for each pixel on
the detector array 10 and which determine the wide dynamic rangs

video aignal which is typically ths cutput of the video imaging

systam of the present invention.

10 Tha saenmor chip 119 typ{cal ly opsratess as described
hereinabove for the individual elsments. A timing control 120
defines several, typically 3, intégraticn times for the array
Pixels such that a rsasonably wide range of integration times is
defined. An example get of integéation times of 0.1, 1.6 and 25.6

15 msec yields a 256¢1 range within the constraint of a 30 msec
frame rata. To achisve these integrgtion times typically raquires
a 25 MHz clock and a 64~bit data bus.

Row control words corresponding to the sat of
integration times are defined as fdllows. A row control nemory

20 122 gtores the row control word for -each of the M columns of the
M x N detector array 10 for each 5? T repetitions, where r is
elso the ' number of ingegration tides. For the example sst of
integration times, each pixel has associated with it one of three
entries, either [0,0,1] for the shortest integration time,

25 (0,1,0] for the intarmediate length integration time and [1,0,0]
for the longest integration time. Row control memory 122

additionally stores the chosen integration time for use in
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processing describsd hersinbslow.

Timing control 120 causes the column control 22 to
cycla through r column cyclss while indicating to row control
msmory 122 the appropriats rew centrel word R to load into row
control register 110. It will be appreciated that 1t may be
necessary to have a wait state batwesn column cycles to achiave
the requested intasgration times._ Once ths repetitions have
finished, timing control 120 sends the sppropriate sampile signal
to the column control 24 to cause the array to bes sampled.

It will bs appreciated that all of the pixels of a
givon column are simultanecusly sampled and that a gap ULeiwwen
the time a given column ig sampled and the time its lefthand
neighboz is sampled is maintained in order to maintain uniformicy
of pixel integration times across detector array 10. For the
example given above, the gap ia 3.2 ugec.

After sampling, the pixes intensities are read by tha
video readout control 16. The video output of readout 16 is
emplified, in an wwplilier 126, and digitized,

in A/D convertar

128, to produce V for uge in an integration time update and
i3 :
extended dynamic range video output calculation operation. The

algorithn utilized in Lhe opuration iy disclosed in Israel Putent

Application 873086, commonly owned by the common cwners of the
present application. Briefly, the algorithm defines the vaiue for
each pixel ag that which was received when the pixel datector
element 20 was cperating in the optimal, linear range, The
algorithm then multiplies (or shifts) each value by the inverse
of the integration time which produced the value within the

linesr range of the pixel detector element 20. The pixel wvalues
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ars then combined into a single, expanded dynamic rangs picturs.
Accordingly, a comparator 130 dstsrmines whether or not

V  ia within the linear range of the detector slement 20. If it
iJ

iz, the entry for pixel (i,j) stored in row control memory 122

remaing unchanged. If V 1ig out of the linear range, T ig

1] 1]
incremented or decremsnted to the next higher or lower

integraticn time, depending on whether it was respectively boelow

or above the linear rangs, by a Changa T block 132 and tha
. id
entry for pixel (i,§) is changed accordingly. IP? V i3 very far

out of the linear range, the change in T nay nocige sufficient
and tharmfarm, T will nemd ta ha adjtinnﬂ RZAIN At tha next
frame. This will c:itinue until V  is within the linear rangs or
until T has assumed an extreme \j;g.lue and cannot be adjusted any
further%JThua. there may be a lag of r-1 frames in adjusting the

sensitivity to sudden tsmporal changes in scene brightness.

v is also dinput to a multiplisr 134 which is
cperative tg adjust the video output signal for variations in
pixel sensitivities, or integration times, over the datactor
array 10. Multiplier 134 transforms V into V /T where T is

iJ iy 41 i
calculated from the eppropriate pixel entry in row control nanory
122. For integration times which are multiples of 2, as in the
exanpls above, multiplier 134 performs a shift operation by the
appropriats number of bits. In the current embodiment, multiplier
134 typically produces a 16-bit digital video signal from the 8-
bit video signal produced by detector array 10. Standard video
display equipment is generally capable of displaying only analog

signals of no mors than 6-7 bits dynamic rANge.
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Therefore, tha preferred embediment of the present
invention also includes a dynamic range compressor  136.
Compressor 136 typically comerises o FIFQ serpentine buffer 138
typically of size M*(m~1) + m)*16, three mxm convolvers 140, 142

5 and 144, an adder 146 and a D/A converter 148 for producing the
output analog video signal,

For  typical 3x3 neighborhocds, FIFO buffar 138
typieally atoraas 2™ + 3 pixels al any Lliw and is Lapped Lo Mead
cut a given 3x3 neighborhoced aroénd a given pixel until the

10 entire array has passed through and bsen processed. Each of the
16=bit valuea of the given neighborhocd is 'sliced' into three 8-
bit values known as the high byte, the low byte and the middle
byte. The middls byte is that which is produced by removing the
four highest and four lowsst bitg.

15 The high bytes of the neighborhosd are convolived
together in convolver 140, the middls bytes are convolved by
convolver 142 and the low bytes are convolved by convolver 1l44.

The kernel for the three convolvers 140, 142, 144 18 as follows:

=1 =1 -1
20 =1 8+eps ~i
-1 -1 -1

where eps i3 a small-valued constant stored in block 150.
The outputs of the convolvers 140, 142 and 144 are
sunmed and truncated by adder 146 to produce the 8-bit velue
25 which is passed to D/A 148 which, in turn, produces the analog
value of the 8-bit signal.
It will be appreciated by those skilled in the art that

the result of the operation described hereinabove is to stretch
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the inherent input dynamic range of Lhe detsctor elements 20 in
datactor array 10 from a range of 7-8 bits to fully 16 hits whils
maintaining an output dynamic range that i1s compatible with
common  digplay and processing umesng., In an altarnativa
embodimant, the 16-bit digital value read out of multiplisr 134
is furnished directly to a digital computer or other imags
proceasing meens capable of processing the extendsd dynamic range
signal. As menticnad hareinabove, the gtretch is accomplished by
choosing one of r possible integration timea for each pixel.

It will further be mppreciated that, with the exception
of ths detector array 10 and its column and row controllers 24
and 22, the necessary components ara currently available.

Refersncs is now made to Fig. 8A which illugtrates an

alternative embodimsnt of the adaptive sensitivity control 12 of
Fig. 7. In this enbodiment, the analog video output is directly
producad, thus eliminating ths need to produce the 16-bit
intensity wvalues and to subsequently compress then. The
integration time calculation is modifiad to increase the number
of integration time intervals such that the integration time can
bs any value which is an integral multiple of the time required
for a column cycle. For a minimum column cycle time of 0.16 maec
and a frame rate of 30 msec, integration time may be varied over
s 200:1 pange., By re;tricting' sampling time 1in 2x2 pixel
neighborhoeds to be identical over the neighborhood, a range of
integration time of 800:1 can be attained.

Sensor chip 119 produces analog video output which is

umplified by an amplifier 172 before output to display equipment.
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AsS in the previcus embodiment, the integration time processing
elements of ths adaptive sensitivity control apparatus 12 apa
axternal tc sensor chip 119 and are comprised of generally
digital circuitz, ‘The external ihtegraticn time processing
5 eslamenta are Lypically comprised of an A/D convertar 174 for
converting: the analog video output to digital intengities V fer
processing, an update integration time block 175 which priguces

optimal integration times T' given both the output intengity

13
v and the integration time T used to produce that output, and
i3 13 '
10 4 freme timing memory 178 of gize M X N x 8 bitg for storing the

selectad integration tizmes aa 8-bit valuas.

The updata block 175 comprises a lockup tabls 176, a

multi-tap delay line 180 and an accumulator 182. Lookup table 176

chooses a praliminary naw valuas, T hew, for the integration tims
i3
15 Ti « Many different functions of viJ and T;J can bs used to
J
generate the values, stored in lookup table 176, which determine

T new. In the preferred embodiment, the following logic is used:
H 1. 12 v i8 at the saturation level, which is
typically a value o§’255. then T new i3 get to T /2% otherwise,
20 €. T new = ing( ij‘V' *exp(~V ))id (1)
i3 1 iy i3 ’

where k ig g normalization constant chosen to generate a smooth
1 _

sprsad of valueg of T over the rangs desired and the function
' i3
int preduces an integer value from a'non-integer value.

In accordance with an altarnative embodiment, T new ig

1]
25 defined acecording to equation 2.
T new = k *(1-exp(lnE /B tau) ) (2)
i3 P4 i3 43
vheres & is a normalization ccnstant chosen to produce an B
2

13
which is in a range which i3 convenient for computations, such as
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the rangs ®atween 0 and 63,355, useful for 16~bit computations,
and whers 8 is d.aﬁ:nld in Aecardanca with aquation 3,

43 _

2 = gAY T (3)

i - 234 4
and vhars ¥ -aid-tau are normalizaticn constants chosen o

prodons o 'a;graziutaly logarithmic curve which stretches the
low valuss-and- <thdsnses tha high values of T new.

frn drdér to locally enHancs edg!:" and to suppress
avtifases,: T nsw is modified by the average of ths new
intsgratith gmr' "in its mghborzzoed. Thus, it is typically
stored irn'multdetwp delay lins 180 'to wait for the neighborhoed
valusg- t¢ b8  produced. The neightorhood i3 then averaged by
accumulatcr 182 ¢o producs T* , the hew valus of the intsgratiocn
tize :fap this haxc pass. Y.

v i1g'gtored as an 8-bit humber in frame timing memory
178 fsp ﬁ:«: O B2uiring tha next imags. The appropriats row
control wprds: whith will produce an integration time of T' at
pixsl (i .13 ara genaratad by row control logic 184 as fouowidand
ars lnldbd intt row control circuitry 22 as  describad
herainsiiovp,

Row control logic 184 is shown generally in Fig, 8C. It
generatss "thw: rsy Word correspondinhg to column § at a current
integriatich ' tims T by reading the T values for that column
from memory 178 =mt - 2onpar1ng each of tgem. in a comparator 300,
to '1‘ A EBuntdt 302 provides the value T in units of the basic
timing gap, which i3 0.16 msec in the e:ample. IeT igs less
than or hqual' ¢ 'l‘ then address' 1 in the r:x.v.z:stntJ row word

receivés B valis of :.. indicating that pixel (4,J) will be
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precharged on the current column cycls. Otherwise, addreas 1

raceives a O valus, indicating that pixel (i,J) will continus
integri:ing charge until it ias sampled. It will be appreciatad
that counter 302 is typically decrementsd each column cycle until
a sampling cyecls occurs; thug, T baging the integraticn cycle at
ita largsst valua and ends at it: smallest value, decrementing by
one column cycles each tims. Additicnally, it will be appraciatad

that each pixel may be pracharged at every column cycle until T
n
rsaches iis integration tize value.

10 Timing control 120 causes ths column control cirquitry

24 to. precharge each column once per column cycle.

It will bs appreciated that the pixel-by-pixel update
of the integration times T cgcurz independently of the
prechapge ‘and sampls oporntion:jbf tha sengor chip 119. Ths off-

15 chip generation of row words is typically very fast; for example,
to: achiieve a U.16 msec minimal integration time, a row word of
512 bits must be generated every 300 ngec. A 6i=bit bus operating
at 25 MHz ig capﬁbla of producing row words at such a speed.

An altarnative embodiment of the adaptive sensitivity

20 control 12 which directly produces analog video output is shown
in Fig. 8B and differs from the embodiment 1llugtrated in Fig. 8A
in  the update block 175 which produces the optimal new
integration time value, T,

i3
25

In accordance with this alternative embodiment, update
bleck 175 comprises a first and a second lockup table, 190 and
192, respsctively, and a multiplexsr 194,

Pirst lockup table 190 receives the output intengity

v and the integration time T and chooses a value & which
i3 1] ij
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correspendz to the signals it rsceives. The values E ars

ij
typically generated according to equation 2.

Az in ths previous embodiment, local edge enhancsment
and artifact suppression 1is provided by delay line 180 and
5 accumulater 182 which togethsr produce the neighborhood averaga

E avg.
i
Second lookup table 192 receives E avg and chooses =z
i)
value for T new which corresponds to the input E avg. The
i) iJ
values astored in second lookup tabls 192 are typically generated

10  according to equatien 4,

T new = k *(1 - exp(~1nE avg/E avg*tau)) (4)
1] 4 13 1]
where kh and tau ars normalization constants as describad with

respect to equaticn 3 herasinabove.

If V is at the saturation level, then the value of
i3
15 T new computed in equation 4 ig invalid and multiplexer 194 gets
iJ
T' to T /2. Otherwise, multiplexer 194 sets T' to T new.
iy & 1 13
It will be appreciated that the embodiment of Fig. 8A

first determines T new and then performs the local edge

enhancement and artifact suppressicn wherag the embodiment of

20 Fig. 88 firat determines the neighborhood average I avg and then
uses it to compute tha integration-time T'. 4

Reference iz now ummde to Fi:i. 9A and 9B which

1llustrate two embodiments of the adaptive sangitivity control

25 12 for'a system which produces color images. Three sensor arrays

200, 202 and 204, respsctively, aseparately but synchronously

gensrate the red (R), green (G) and blue (B) components of en

imags. The R, G and B componsnts ars individually digitized by
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A/D convercars 208, 208 and 210 respactively and the digital
ocutput iz convertsd ints the hie (H), saturation (S} eand
intensity (I) color reprasentation by color converter 212, It .
will be appraciatsd that the opsrations deacribed above can also
be perfermed on cutput from a single RGB color datector array.

In accordance with a first embodiment of the adaptive
unsitiviéy control 12 for eslor, the intensity valueg I are
treatsd exactly as the video ocutput V iz tresatad ii the

iJ
sonochroms adaptive sengitivity embodiment of g, 7. = is

multiplisd (or shifted) by & multiplisr 214, .conpreu:g by
cozprassor 136 and than recombined, in a combiner 216, with the
corrasponding hue and gaturation values, H and §

raspactively, to preduce the eorrected RGB signal ig'o:' d:l.apla:;:.,
The digital c;-mm HO8 cignol is wubsoquontly convortod to  an

analog signal by D/A convartars 218, 220 and 222,

The intansity valus T is also utilized for
44
computation of the integration time T r 88 V  was utilized in

the monochrome embodiment depicted iird: E‘:lg.“'{ and described
hwrwinabove. The opsracicn is perforzed in ypdata integracion
tiam block 224 which cempriges coapa;.-ntor 138 (Pig. 7) and Change
T block 132 (Fig. 7). The new integration time is identical for
l-idl thrae gensor arrays 200, 202 and 204 and is storsd in row
contrel memory 122, Thus, a single set of row control words 41ig
read out of row control memory 122 to be used for contrelling the
thres sansor acrays 200, 202 and 204,

Alternatively, three separate control circuits can be

exployed, for each of the three sensor arrays 200, 202 and 204,
each ginildr to one described in Figg., 7 and 8.
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A second embodiment of thse adaptive sensitivity control
for color, shown in Fig. 9B, ia similar to that of the first
color embodiment in that the intengity I ig used to calculats
the new intggration timas. However, updau:dineagration tims block

5 224 of Fig. 9A is replaced by either of the update integratiocn
time blocks 175 of Figs. 8A and Fig. 8B and rew control zemory
122 i3 replaced by frame timing memory 178. Additionally, there
12 no 16-bit intensity value calculation nor the attsndant
compressor 136 since the enalog vidao ocutput is directly produced
10 from sensor arrays 200, 202 and 204.

Reference i3 now mads to Fig. 10 which 1llustrates
three altarnative image processing meang useful for reducing the
dynamic range of a wids range input video signal, V, without

~losing any details of the image. Fig. 10A comprises 2 small
15 number, typically 3, of convolvers 316, 312 and 314 each
receiving a different consecutive portion of the bitz of the
original pixel word, and together covering all of the bits of the
many bit pixel word. Thras selectors 311, 313 and 315 sach
producs one of the consecutivae portions of tha original many bit
20 word. The convolvers typically use a 3x3 kernel, as described
hereinabove in refarence to Fig., 7. The results of the convolvers
are added together in an adder 316 to produce & smaller dynamic
range signal, v,
25 An alternative exbodiment; shown in Fig, 10B, exploys a
circuit similar to that used in Fig. 8B to compute T new and
comprises an averaging circuit 322 and a loockup table igz&. The

averaging circuit 322 is typically comprised of a dslay line 320
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and an accumulator 321 and produces an average neighborhood
intensity. Lookup table 324 implements any of the functicns
described hsreinabcve. Ths ocutput of the lockup table 328 is
zultiplisd, in & multipliar 326, with the extsndad dynanic rangs

input signal V to produce ths reducsd dynamic range cutput signal

Ve

A further embodiment of tHe dynamic range compressor is
illugtrated in Fig. 16C. The circuitry 1s similar to that shown
in Fig. 108 with the exception that the lockup table 324 4is
placed .bafora the avéfaging circuit 322.

It will be appreciated by persons akilled in ths art
that the present invention is not limited ¢o what has basen
particularly shown and described hereinabove. Rather the scope of

the present invention iz defined only by the claims which follow:
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CLAIMS
1. Videc imaging apparatus comprising:
a multiplicity of photosensitive detectors arrangsd in
a staring array for receiving input radiation: and
detector control means for controlling tha response of
5 individual ocnes of the photosensitive detectors such that they
operate in differsnt operative ranges within the total inherent
-dynami¢ range thers=of, whereby the cutput of the staring array at
any given time provides image informatiocn in respect of input
radiation extending over en input radiation dynamic range which
10 is gresater than the operative input radiation dynamic range of

any given datector.

2. Apparatus according to claim 1 and whersin said nmeans
for controlling the response of the photosensitive detectors is
addressable sinmultaneously to a multiplicity of individual pixels

or a multiplicity of designated groups of pixels in a field.

3. Apparatus according to either of claims 1 and 2 and

whrein -said staring array is a generally two-dimensiocnal array.

4, Apparatus according to any of the preceding claims and
wherein gaid detector control means includes means for selectably

and variably determining the integration time of each of the

multiplicity of detectors.

5. Apparatus according to any of the preceding cleims and

wherein said staring array is embodied on a unitary integrated
chip.
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6. Apparatus according to any of the preceding claimsg and

whersin said detactor centrol means comprises means for providing
two control signals to each of ths multiplicity of dastactors
whersby emch detsctor is actuatsd in responae to simultanecus

receipt or absencs of & predeterained combination of gontral
aignals.

7. Apparatus according to any of the preceding claims 1 ~

5 and whersin said detector control means comprises a control

circuit for each detector of the pultiplicity af datectors.

8. Apparatus according to any of the praceding claims and

whersin the outputs of the detectars are supplied to apparatus
for epplying thersto a neighborhood transform in order to

preserve image contants notwithgtanding the reduction in overall

dynami¢ range produced by opsration of the detectors with
variabls integration times.

9. Apparatus according to any of the preceding claims

and  wherein said detector control means cdmprises means

responsive to radiation incident on 8aid multiplicity of
photosensitive detactors for governing the rssponse of =said

individual ones of the photosensitive detectors.

ie. Apparatua according to claim 9 and wherein said

means responsive to radiation 1s operative to govern the response
¢f at least one individual one of the photosensitive detectors in

response to radiation incidant thsreon.
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11. Apparatus according to claim 9 and whsrein sgaid
zsang responsive to radiation is operative to govern the response
of at lamst one individual one of ths photosensitive detectors in

rasponse to radiation incident therson and in  the vicinity
5 tharaof,

12. Apparatus according to any of the preceading claims and
wherein said detector control means includes means for storing =
value rspresenting the response of each of said individual ones

of said photosensitive detectors and means for updating the

5 storsed valuss.

13. Apparatus according to any of the preceding claimg 1 =~
12 and wherein said dstector coﬁtrol meang is cperative to cause
said pultiplicity of detsctors to provide an output having a

dynamic range less than the dynamic range of said input
5 radiation.

14, Apparatus according to any of the praceding clpimg 1 -
12 and wherein said detector control means is operative to cause
said gultiplicity of dstasctors to provide an output having a
sslectsble dynamic range.

15. Apparatus according to any of the preceding claims and
also comprising image processing means receiving the outputs of
the multiplicity of photosensitive detectors end control signlas
supplisd to said multiplicity of photosensitive destectors and
5 providing in response therstoc modified outputs of the detectors

corresponding to a uniform sensitivity.
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i8. Apparstus according to claim 15 and whersin said imags
Frocessing means is operative to cause said ‘multiplicity of
datecters to provids an cutput having a dynamic rangs ganerally
equal to ths dynazic range of said input radiatien.

17. Apparatus according to claim 15 and wherain said imags

procassing means iIsx operative Lo cuusmw wadcd multiplicity of

datactars -+ provids an cutput having a selectable dynamic rangs.

18, Apparatus sccording to any of the preceding claimg 15 -
17 and whersin said image processing means receives control
gignals rspresenting integration times of said multiplicity of
datectors and provides in response thersto modified cutputa of

5 the ‘datectors corrssponding to a uniform sengitivity.

ig, Apparatus according to any of the preceding claimg and
wherein said multiplicity of photossnsitive dstectors includes a
plurality of detectors, each sensitive to a differsnt cclor and
vhersein said dstsctor control means is operative to control the

5 response of gaid plurality of detactorz to a plurality of colors.

20. Apperatus according to claim 19 and wherein said

detsctor control msans includes means respongive to achromatic
intansity at a given image locatiocn for deterzining the responsa

of said plurality of detactors at gaid image location,

21. Apparatus according to claim 20 end wherein said
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detactor control means includes means responsive to achwomatie
iNTANSITY 8t 4 glivou luake lucaticn Lfer providing a aingls
control output governing the respongse of said plurality of

5 detactors at said image locaticn.

22, Apparatus according to any of the preceding claims and
wherein sach of said multiplicity of detectors comprisges:
| a8 plurality of photosensitive detactors:
column and row control msans togsther detaraining the
5 sample timing of said plurality of photoaensitive detectors; and
means for reading out a video =signal from said

plurality of photosensitive detectors.

3. Apparatus according to any of the precading claims and
whareain egc.n Of sai1d multiplicity of detectors comprises:
a plurality of photosensitive detectors:
colunn and row control maans togethsr datermining the
5 prechurgs Lining of said plurality of photosensitive detoctora,

and

- Bsans for reading out a videa aignal from aaid

plurality of photosensitive detectors.

24. Apparatus uccordlug Lo claim 23 and whorein said column
end row control means includs means for providing multiplae
precharges of at least some of said pluralit& of photosensitive
dstactors in order to prevent accumulation of excessive charga

tharsat,

25. Image processing apparatus comprising:
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Bsans for rsceiving a video gignal having a firat
dynamic range and for providing an output video signal having =a
sedond dynamic range narrowar than gzaid first dynamic range,

wn

whila pregerving edgs informatien gnd removing scma relatively
gspatially -unvarying infermaticon.

28. Apparatus according to cligim 25 and wharein gaid means
for rscsiving and providing comprides at loast tuws neighborheod
cperator msans and summation meanz for combining the cutputs of

» said at laast tuo neighborhood operstor means.

27, Apparatus according to cldim 2% and whersin said mesans
for receiving and providing compriges at least one neighborhood
operator and at least ome lock up fabla which together receive
said input video aignal and provida -a multiplicaticn facter which

s iz multiplied by the input video stfqnal to provide said cutput
vidao signal,

28. Apparatus  gubstantially as shown and  described
hsreinabove.

29. Apparatug gubstantially, as 1llugtratad in any of ths
d:mg’o
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