A nmet hod of processing data froma CCD and a CCD
i magi ng apparatus The present invention relates to a
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harge, particularly in cases where charge has been
throggladower CCD elements to be read during the transport and readout process.

CCD devices are used in many imaging applications. In some, such as digital
cameras, the CCD is provided behind a shutter. However, in others, such as
luminescence and scintillation assay measurement systems, a shuiter is not provided.
However, the absence of a shutter can canse problems. In systers without a shutter,
as the charge is drawn down through adjacent CCD elements during the transpott and
readout process, the CCD elements are still subject to illumination. This tends to
imcrease the measured charge, particularly in cases where charge has been drawn
through several CCD elements during the readout process. Further, this additional
exposure time is not uniform for each charge. Charges corresponding to CCD

elements at the top of a column are drawn down through several CCD elements



t hrough several CCD el ements during the readout

process. Further, this additional exposure tine is not
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further "clear"” the sensor prior to the next exposure.
This process is known as clearing. Another problem
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columns, possibly more rapidly, in order to further “clear” the sensor prior to the next

exposure. This process is known as clearing,

Another problem that may distort the recorded illumination data, is residual charge
left during this clearing process. During clearing, current is drawn down the CCD in
columns while the illumination still present. Because, the lower CCD elements
receive charge accumulated in the CCD elements above them during the clearout
process, the clearout process tends to leave more charge in the lower CCD elements
than in the upper CCD elements, In some circumstangces, this accumulation of charge
may partially compensate for the smearing process described above. An uneven

distribution of charge at the beginning of the exposure may also be a result of an



colums while the illumnation still present. Because,
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non-uniform, such as that shown in Figure 1A, the method tends to generate negative
readings for those cells below the bright points of illmmination and fails to fully

compensate for the smeating above the bright points of illumination.

An object of the present invention is to provide a method of processing data from a
CCD and a CCD imaging apparatus that tends to better compensate for the effect of

the smearing described above,



filled and each give out the sanme anount of |ight.
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Thi s maybe done as
In some embodiments the method may comprise the step of treating the recorded data

g

for the lowest element, through which lowest element charge is drawn from the CCD,
as equal to a calculated illumination for the lowest CCD element. This may be done as
it is sensible to assume that there is no smearing in the recorded data associated with
the lowest element because the charge associated with the lowest element does not
pass through any other CCD elements, The method may comprise the step of
subtracting an offset from the measured iflumination data associated with the Jowest
CCD element before treating the resulting data for the lowest CCD element as equal
to a calculated illumination value, The offset may compensate for clearing effects
present in the measured illumination data, The method may further comprise the steps
of calculating, for each successive element of line of CCD elements starting with the
second lowest CCD element, a calculated illumination by subtracting a component of

the calculated illumination associated with each of the lower CCD elements.



it is sensible to assune that there is no snmearing in
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Preferably, some CCD elements are selected as reference elements and an expected
illumination value 1s determined for these reference elements. The reference elements
may be CCD slements that have been masked. In this case, it is expected that the

reference elements will not have been subject to illumination.

The step of determining the kemel parameter, k, may comprise the step of
1. selecting a value of the kernel parameter;
2. processing illumination data according to a method described above in order to

generate calculated data, and



for all CCD elenents formng the array. Preferably,
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the method then comprises the step of processing the remaining colurns. In some
embodiments, if the measured illumination data for the reference clements within a
column is within a tolerance range of the expected value, no further processing of that
column is conducted. In other embodiments, if the measured illumination data for the
reference elements within a column is within a tolerance range of the expected
illumination values, the column is processed using a defanlt value of the kernel
parameter. The default value of the kernel parameter may be a value of the kernel
parameter determined from processing of the kernel parameters caloulated during

processing of the high signal data columus.
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contain constants associated with smearing due to the read-out process. In some
embodiments, the elements of the matrix below the diagonal contain a single constant
associated with smearing during readout, Preferably, elements of the matrix above the
diagonal contain constants associated with pre-exposure of the CCD elements during
clearing. In some embodiments, the elements of the matrix above the diagonal each
contain a single constant associated with pre-exposure of the CCD elements during

clearing.
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with a vector representing illumnation data in which
each el enent of the columm vector corresponds to a
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opw@ﬂogbyag@lsﬁmtgt,fa@@rsom ated with colums of the CCD,
whi ch have significant snearing. In sone enbodi nents,
the matrix operator may be adjusted to conpensate f or

A 68D imaging apparatus may be provided comprising:

a CCD having a line of light sensitive CCD elements;
measuring means for measuring charges associated with the CCD elements to
generate measured illumination data; and
processing means for removing from each element of the measured
{llumination data in respect of each CCD a component of the iljumination recorded by
each of the other CCD elements through which the charge from the CCD element

passed during the readout process.

Optional features of the first aspect of the present invention described above,

may also optionally be features of the second aspect of the present invention.



uniformsensitivity of the CCD el enments by multiplying
each row of the matrix operator by a sensitivity

w0 a@r06905A CCD i magi ng apparatus may be provi dedI/IB2006/003621
conprising: a CCD having & |ine of |light sensitive CCD
el ements; measuring neans for neasuring charges
associated with the CCD el enents to _generate neasured
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ligh®BRfGder®f the present invention described above, may

al so optl onally be features of the second aspect of
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Flg% and a CCD i magi ng apparatus will now be

gstri bed, by way of exanple only, with reference to

t h&hme@ RiieenyLtioghdsawis AaCD imagmgippafanguntboliyiesiows a

ving CCD el enents, upon a few of which a bright

preﬁemglﬂ‘t’e“?‘gna ncident; Figure 1 Billustrates smearing of
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gure 2 schenati cal shows a | magi ng appar at us
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methdtboffthe fist bOdinEBNGS thefrdseht @uwéion onSiraulglcd pMesdd Wnig:
the effect of the |linear offset nethod and the nethod

datdnf the first enmbodi ment of the present invention on

sinmul ated sneared i mage data. Figure 2 shows a CCD

i magi ng apparatus conprising a CCD 1, which has an
Figure 2 shows a CCD imaging apparatus comprising a CCD 1, which has an

array of CCD e¢lements 10. The CCD is under constant illumination and is not
provided behind a shutter. The CCD 1 is connected to measuring means in the form of
an analogue to digital converter (ADC) 2 for measuring charges accumulated at the
CCD elements 10. In general, the measuring means may be formed as part of the

CCD or may be a separate device. The ADC 2 is connected to processing meays in

the form of a processor 3 for processing image data received from the ADC 2.

Image data generated by the ADC 2 is subject to distortion due to smearing
and due fo charge density differences at the start of the CCD exposure caused by
clearing. The effect of smearing and clearing on the data depends to some extent on
the relative duration of the exposure, readout and clearing of the CCD 1. In this
embodiment, the exposure time is around 400 ms, the readout time is around 600 ms

and the clearing time is around 100 ms.

Smearing tends to become a greater problem as the readout time becomes

large compared with the exposure time. Thus if the exposure time is reduced to 4ms to



array of CCD elenments 10. The CCD i s under constant
illumnation and is not provided behind a shutter. The
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I(y)=X(y)~k [X (2)dz

where I(y) is a recorded illumination function representing data recorded by
ADC 2 and k is the parameter known as the kemel parameter. The function X(y)
represents illumination during the exposure time. The kemel, k, may, more generally,
be a function that varies along the column of CCD elements, for example where the
readout process is non-uniform. In the case where the kemel varies spatially, the
kernel fanction should be taken inside the integral, The integral term represents

charge accumulated as the charge associated with the CCD element at v passes



passes through the y-1 CCD el enents below it during
the transport and read out process. I|llum nation of
wa hiog/oewbumm of CCD el enents is in general nonPCMiB2006M03621
and may be represented bylhn illum nation function
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illumnation function representing data recorded by
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Is non-unfform In the case where the kernel varies
spatially, the kernel function should be taken inside
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leading to e MgV 49HAE®S t hrough the el ements below it, it
can be seen that k nust be a negative constant in the
present case. The above equati on nay be rearranged as
fol]o 'el'gg equation is recognisable as a volterra
i ntlegt Aly datfion for which there exist standard
solutions. Afternatively, the problem nmy be couched
in discrete terras leading to the foll ow ng equati on:
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integral vanishes indicating that there is no smearing in respect of the lowest CCD

element. This is because charge from the lowest element does not pass through any
CCD clements below it. Looking particularly at the discrete equation one can
therefore start by settting X equal to I; and estimate that the next illumination, X,

will be equal to:

./YZ =]2 —kX'lu

It can be seen that the illumination function, Xy, may be, therefore, be
estimated iteratively, by repeating the above steps for X5 Xs.....X; where n is equal to
the number of CCD elements in the column of the CCD. At this stage, the only

remaining unknown is, therefore, the kernel parameter.



i ntegral vanishes indicating that there is no snearing

in respect of the |owest CCD elenent. This is because
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any CCD el enments below it.i2Looking particularly at the
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a dotted line narked "inmage". This inage data was
generated for a CCD conpri si ng a columm of CCD
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LLIum nati
which an exp ecteci) nlummauon is known, may be referred to as reference elements,

Looking at the graph, where the image data forms a substantially flat line beyond
columnar pixel index 250 the flat line represents the reference pixels that were subject
to no illumination. However, looking at the graph it can be seen that, due to smearing,
the relative illumination of the reference pixels is in fact above zero and somewhere
beyond 0.2. Application of the above method using a value of k = -0.01 can be seen to
reduce the effect of smearing, lowering the height of the flattened end section of the
image date to a relative illumination below 0.2. However, 2 better fit appeats to be
provided by lowering the kernel parameter further to -0.002 in which case the
flattened end portion is bought to nearly zero relative illumination. This corresponds

to the expected zero illumination due to masking of the CCD elements.



In order to allow an appropriate value of k to be
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expected zero illum nation due to maski ng of the CCD
el ement s. Looki ng at the results for K= -0,005 and K =
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illum nation. The optinal value of k therefore appears
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of residual exposure of the CCD elements from clecmug This effect may be seen in
the lowest elements of the CCD columns where no smearing is present. In order to
compensate for the clearing, an offset may be applied to the data for a column of
CCDs to bring the reference elements at the bottom of the CCD to there expected

value before applying the method described above.

Application of the above method has been found to be very effective. Figure 4 is a
graph showing simulated smeared image data, image data caloulated using the integral

algorithm described above and data caleulated using the linear approximation method
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Second embodiment

In a second method embodying the present invention, the recorded
illumination data, which represents the actual illumination of the CCD, is freated as
original illumination data acted on by a matrix operator. The recorded data may be
arranged as a column vector 1. Correspondingly, the original {llumination data may
be arranged as a column vector X, The recorded illumination data is regarded as the
original illumination data acted on by a matrix operator, M, that represents the action

of the CCD duting pre-exposure, clearing exposure and read out, Thus

-

T=MZX
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for the different exposuré$ vary, the value of the
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If the above matrix with a clearing constant C is substituted into the matrix
equation above and multiplied out then the result is the discrete equation formulated
earlier in respect of the method of the first embodiment except for the presence of
terms involving constant C which relate to clearing, Thus, if terms involving C are
small enough to be ignored the solution of the above equation will produce exactly the

same result as the integral method of the first embodiment,

The matrix M may be written in lower diagonal form by representing M as the

sum of two matrices as follows:



pauses during the clearing process. In these
ci rcunst ances and as nentioned above, the constant C

w0 poovioe9osmt ri x M may not be a satisfactory PCT/IB2006/003621
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subtracted from all the column data before implementing the method according to the

first embodiment.

A second special case exists when the effect of read out and pre exposure
constants are approximately equal. In this case it can be seen from the equation above
that the effect of smearing and clearing cancel each other out and the lower diagonal
mairix becomes diagonal. In this situation the solution of the above equation lies in
simply removing an offset from each columm as described above to compensate for

the presence of C in the diagonal terms of the matrix.

It has been found that in practice even if the assumption of the uniform pre-
clearing (C = constant) is not valid the application of the integral algorithm according

to the first embodiment with the offset described above is likely to give a good first



constants are approximtely equal. In this case it can
be seen fromthe equati on above that the effect of

w@p®aness and cl eari ng cancel each other out aPCI/IB2006/003621
| ower diagonal matrix becanes diagonal. In this
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equations with relatively little corrputational effort.
thﬁﬂ&ﬂﬁﬂngﬂtaﬂ% of this nethod therefore produces data

with substantially |ess snmearing and cl earing

di stortion. In the event that the value of C may not

be Fregtgd as a constant it has to be replaced by

constants Cu, nore sophisticated nmethods may be

enpl oyed. Returning to the matrix equation I =MIC we

may,, I oth.sid of the.e on b
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resuitihg 8quitioh Ehus as woul d be expected, the actual

illumnation data nmay be recovered i f we can apply an

inverse of the rratrix M whi ch represents action of the
~th n@a illumnation data. Applying this

|de e nt* vvoproblerrs: determining the matrix M

from knovvl edge of CCD operating conditions and w thout

prior know edge of illum nation X and inversion of
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without prior knowledge of illumination X, and

inversion of the matrix M.

Inversion of the matrix M may pose particular problems when the CCD is
large and consequently the matrix M has a large number of elements. The inversion of
the matrix M, once it has been determined, may be accomplished by various known
methods. One preferred method is that of singular value decomposition. This method
has the advantage that the user may determine when the inversion is likely to become

numerically unstable and make a good approximation to the solution.

The structure of the matrix M, may be determined as follows. Initial estimates
meay be determined based on knowledge of the time taken by the CCD during

exposure, readout and clearing. These estimates ave likely to allow a good first



met hods. One preferred nethod is that of singular

val ue deconposition. This nethod has the advant age
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appidxifidiati on data and the known illumination pattern
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approxi mati on. The above nethod could be applied in a
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mul tiple colums at the sanme tine, a weighted average
iIlum nation data colum vector and wei ghted average
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termwis a weighting factor. If it is assuned that

equatiog 157 ek mayioe Wrginiim gredpar eadout is the same for
each columm then Mis a constant that nmay be taken
out side the summation. At the sane tine both sides of

Zf"t{g}g’i% At j,op are nultiplied by the inverse of the
“frat ri X t6 arri've at the followi ng equation: In order
to obtain a reasonabl e approxi mation of the matrix M,
the follow ng nethod is enployed using a CCD with

In thegbRresiequatien %n semuitionsrscatied beertheN aoldmipe bf temiabge

and i represents a row index. The term w is a weighting factor, Ifit is assumed that the
effect of clearing and readout is the same for each column then M is a constant that
may be taken outside the summation. At the same time both sides of the equation are

multiplied by the inverse of the matrix to artive at the following equation:

In order to obtajn a reasonable approximation of the matrix M, the féllowing method
is employed using a CCD with masked reference elements at the top and bottom of
each column of CCD elements. The weighting factor w is adjusted to produce the sum

of those columns which have a strong smear. This may be determined for example by



each columm of CCD el enents. The weighting factor wis
adj usted to produce the sum of those colums which
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solytion is reached,Cains 1. A nethod of processing

solufionds rsaghada ©CD having at | east one line of Iight
sensitive CCD el enents, conprising the steps of:
recei ving neasured illum nation data readout fromthe
CCD coxresponding to a neasurenents of charge
associated with each element of the line of Iight
sensitive CCD el enents; and renoving fromthe neasured
illumnation data in respect of each CCD el enent a
conponent dependent upon the illum nation recorded by
each of the other CCD el enents through which the
charge fromthe CCD el enent passed




during the readout process. 2. A nethod according to

claim1l, wherein the nethod further conprises the step
w@boornemsd ng the recorded data for a | owest el POEIR2006/003621

t hrough which el enment cha2§e is drawn fromthe |ine of
Cld€ial® el enents, as equal to a calculated illumnation

for the | owest CCD elenent. 3. A nethod according to

claim2, wherein the nethod further conprises the
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conuehgrthe agRindriatssupon the illum nation recorded by
each of the other CCD el enents conprises the step of
renmoving fromeach CCD el enent a quantity
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according to claim5 or claim®6, wherein the kernel
function is a constant kernel paraneter. 8. A nethod
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f ONB%edt ccD clement, a calculated illumination by subtracting a component of

the calculated illumination associated with each of the lower CCD elements.

4. A method according to claim 2 or claim 3, wherein the method comprises the
step of subtracting an offset from the measured data associated with the lowest
CCD element before treating the resulting data for the lowest CCD element as

equal to the caloulated illumination for the lowest CCD element.

5. Amethod according to amy preceding claim, wherein the step of removing
from the measured illumination data in respect of each CCD element a
component dependent upon the illumination recorded by each of the other
CCD elements comprises the step of removing from each CCD element a

quantity substantially equal to the integral of the product of a measured



plurality of colums of which the line of CCD el enents

is one. 10. A nethod according to any preceding claim
wob@resrnssome CCD el enents are sel ected as ref PCEIR2006/003621

el enents and expected ill @t nation val ues are
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according to claim 10, wherein the reference el enents

ar eChEsReue| ement s that are expected not to be
subject to illumnation. 12. A nmethod according to
claimO or claim1l when dependent upon claim5
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of the kernel paraneter 2). progessing.jllunm nation
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calculated illumnation data; and 3) inspecting the
calcul ated data in order to determ ne whether the
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: ne

val ues. od according to claim 12, further
conprising the step of 4) varying the value of the

ernel paraneter, and5) repeati.ng steps 1 4 until
e & A Rk SISy T WaerP B Rl LB sompaR s
hasadfi eI elefnd! | um nation values to within a
predeterm ned tol erance, 14. A nethod according to
claim12 or claim 13, wherein the step of selecting a
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nmet hod according to any precedi ng cl ai mwhen dependent
upon claim7 and claim9, wherein the kernel paraneter
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11. A method according to claim 10, wherein the reference elements are masked

clements that are expected not to be subject to illumination.

12. A method according to claim 10 or claim 11 when dependent upon claim 5
further comprising the steps of:
1) selecting a value of the kernel parameter
2) processing illumination data according to any preceding claim to
generate calculated illumination data; and
3) inspecting the calculated data in order to determine whether the
calculated {llumination data corresponding to the reference elements

has the expected illumination values.

13. A method according to claim 12, further comprising the step of

4) varying the value of the kernel parameter, and



illumnation data. 17. A nethod according to claim15,
conprising the step of selecting one or nore col unms
w0 b@av/obmse been exposed to relatively high quaPrCT/1B2066/003621
of light and cal cul ati ng phe kernel paraneter for
t hese ' fer , eRnce
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remai ni n | ums. .19. A nmethod according to claim 15
when deé&ﬁ% aé?'lle’@ﬂ%ﬁ'm 10, wherein if the measured
illumnation data for the reference elenents in a
colum of CCD elenments is within a tol erance range of

flAeA esgtlad aseorring derrlate 1 3 AT vlainy &3, Whergan [he st of seleEg:
iS¢ 5 T

cal ELESH 6 o SHHE bR RohRRRANRE Pl clipipe s keml
el gremhaer tBatrieobiwemg niapoivnddbameasipectdd kérhelmarsmdtien

data for CCD elenents within the colum. 20. A nethod
according to claim17 when dependent upon claim 10
WHEeA @hdihddf ackSiEingRA abl SrécddindiThifeivhandegaidnf Wontdeim 7 and
reference elenments in a colum of CCDel enents is
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val%gisé, a default value of the kernel paraneter is

used. 21. A nethod according to claim 20, wherein the
default value is a value of the kernel paraneter
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renpvi ng a conponent dependent upon the illum nation
r eciipmnptipy dgfther CCD el enents conprises the step of
treating the illum nation data fromthe |line of CCD

el ements as a vector and pre-raultiplying the vector
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columns.

18. A method according to claim 17, comprising the step of subsequently

calculating kernel parameters for the remaining columns.

19, A method according to claim 15 when dependent upon claim 10, wherein if
the measured illumination data for the reference elements in a column of CCD
clements is within a tolerance range of the expected illumination values, the
kerme] parameter 1s set to zero such that no component of the calculated
ilumination data associated with lower CCD elements is removed from the

measured illumination data for CCD elements within the column.

20. A method according to claim 17 when dependent upon claim 10 wherein if the

measured illumination data for the reference elements in a column of CCD



24. A nmethod according to claim23, wherein the

approxi mation of the inverse of the matrix operator is
W@Dbioaiosmdd by i nverting an approxi mati on of theP@EIB20#6/003621

operator. 25. A nethod accgyding to claim24 wherein
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CCD el enents are selected as reference el enents and
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28, V\,herel n the CCD conprises an array of CCD eI enent s
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25. A method according to clatm 24 wherein the matrix operator is estimated
based on knowledge of the exposure time of the CCD, the read-out time of the
CCD and clearing patterns of the CCD,

26. A method according to any one of claims 23 to 25, wherein some CCD
clements are selected as reference elements and expected illumination values

are determined for these reference elements.

27. A method agcording to claim 26, further comprising the steps of
1) processing data using the estimated matrix to generate calculated
illumination data, and
2) inspecting the calculated illumination data to see if the data

corresponding to the reference elements has the expected illumination values,



is adjusted to conpensate for non-uniformsensitivity

of the CCD elenents by nultiplying each row of the
wordoriosoosy a sensitivity factor. 32. A CCD i mapgCTgB2006/003621

apparatus conprising: a C28 conprising a line of |ight
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33. An a ment system conpri sing D
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t hat, when run.o%&ﬁéocessi ng neans, perforns a nethod

accor di ny S SHEIIRPARETaIr% | ains 1 to 31,

29. A method according to claim 27 or claim 28, wherein the CCD comprises an
array of CCD elements arranged in rows and columns, and steps 1 o 3 are
performed using a vector corresponding to a weighted average of data from

CCD elements in an associated row of the CCD.

30. A method according to claim 29, wherein the weighted average is calculated
80 as to lend greater weight to data corresponding to those columns of the
CCD that have been subject to relatively high quantities of light.

31. A method according to any one of claims 22 to 30 wherein the matrix operatot
is adjusted to compensate for non-uniform sensitivity of the CCD elements by

multiplying each row of the matrix by a sensitivity factor.

32. A CCD imaging apparatus comprising:
a CCD comprising a line of light sensitive elements;
measuring means for measuring charges associated with the CCD
elements to generate measured illumination data; and
processing means for performing a method according to any preceding

claim.

33. An assay measurement system comprising a CCD imaging apparatus

according to claim 32.

34. Software that, when run on processing means, performs a method according to

any one of claims 1 to 31.



