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ABSTRACT

Motivation: Background correction is an important preprocess in
cDNA microarray data analysis. A variety of methods have been used
for this purpose. However, many kinds of backgrounds, especially
inhomogeneous ones, cannot be estimated correctly using any of the
existing methods. In this paper, we propose the use of the TV+L?!
model, which minimizes the total variation (TV) of the image subject
to an L1-fidelity term, to correct background bias. We demonstrate its
advantages over the existing methods by both analytically discuss-
ing its properties and numerically comparing it with morphological
opening.

Results: Experimental results on both synthetic data and real microar-
ray images demonstrate that the TV+L! model gives the restored
intensity that is closer to the true data than morphological opening. As
a result, this method can serve an important role in the preprocessing
of cDNA microarray data.

Contact: wy2002@columbia.edu

1 INTRODUCTION

The cDNA microarrays consist of tens of thousands of individual
DNA sequences printed in parallel on aglass microscopeslide. They
aredesigned to detect specific genesand to measuretheir activitiesin
tissue samplesby monitoring the differential hybridization of thetwo
DNA or RNA samples to the sequences on the array. The research
of cDNA microarrays has greatly contributed to cell biology, human
health and disease, drug discovery and other related areas.

From the image analysis perspective, one of the biggest problems
of cDNA microarray imagesisthat they are plagued withinhomogen-
eous backgrounds. On amicroarray dlide, the measured fluorescence
intensity of a spot isacombination of the image background intens-
ity near the spot and the intensity determined by the hybridization
level of the mRNA sampleswith the spotted DNA. Background cor-
rection is necessary to estimate the true hybridization level of the
cDNA. The existence of inhomogeneous background can make this
task very difficult.

Intheresearch community, different methodshave been devel oped
to correct microarray background bias. The published methods can
be classified into three categories: (1) constant background correc-
tion, (2) local background correction and (3) morphological opening

*To whom correspondence should be addressed.

Fig. 1. Different regions(gray) used inlocal background (white) corrections
by ScanAlyze (left), ImaGene (middle) and genePix (right).

(MO). Constant background correction methods use the mean or
median intensity of the whole image background as the estim-
ated background intensity, and, consequently are seldom used in
real applications with inhomogeneous backgrounds. Local back-
ground correction methods calculate background intensity locally
using the pixels that are near cDNA spots. These methods give
the corrected images by subtracting the mean or median intens-
ity value of local pixels from original images. Figure 1 depicts
the different local regions used in ScanAlyze (Eisen and Brown,
1999, http://rana.lbl.gov/EisenSoftware.htm), ImaGene (Medigue
et al., 1999) and GenePix (Axon Instruments, 1999). One prob-
lem of these methods is that the mean or median intensity values
of the pixels in a local region of a spot may be higher than the
intensity of the spot itself. This happens when the background
has big intensity changes near the spot. Consequently, local back-
ground correction may give negative spot intensity values, which
iswrong. In general, the performance of local correction degrades
under the presence of local background artifacts or variation. The
third category is MO (Soille, 1999), which estimates background
intensity using a non-linear filter. This filter essentially smoothes
the entire image, albeit, in a non-uniform way. It removes al local
peaks, including both artifacts and spots, and returns a smoothed
image as the background estimate. More specificaly, MO applies
a local minimum filter, which is an erosion process, followed by
alocal maximum filter, which is a dilation process, to the image.
This procedure is used in the software package Spot (Beare and
Buckley, 2004, http://spot.cmis.csiro.au/spot/doc/Spot.pdf). MO is
considered superior to constant background and local background
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correctionsdueto itsrobustnessagainst local artifactsand variations.
It seldom gives negative spot intensity. Moreover, Yang et al. (2000)
and Smyth et al. (2003) studied MO and claimed that it gave the best
results. However, there are some limitations. The most seriousoneis
that it smoothes the edges (i.e. sharp intensity changes) in the back-
ground and thus leaves these background edges in the foreground
output. This background bias usually has arbitrary sizes and shapes,
and is therefore hard to be corrected further by heuristics. Figure 3
(column 4) shows this effect. In addition, MO has the effects of
local overerosion or overdilation. The level of these effects depends
on the window size of the morphological operator. Smaller window
size minimizes these effects, but in the applications to microarray
images, the window size must be larger than the spot size.

To overcome these problems in microarray background correc-
tion, we propose the use of a total variation (TV)-based regu-
larization method with an L'-norm fidelity term (Alliney, 1992;
Nikolova, 2002; Chan and Esedoglu, 2004, ftp://ftp.math.ucla.
edu/pub/camreport/cam04-07.pdf). The preliminary numerical res-
ults on both synthetic and real data appear to give significant
improvements over MO.

The rest of the paper is organized as follows. We describe the
TV+L! model in Section 2 and give its properties in Section 3,
including the choice of the only parameter A. Section 4 dis-
cusses implementation aspects. Finally, Section 5 demonstrates the
advantagesof the TV +L* model over MO using numerical examples.

2 THE TV+L! MODEL

We begin with the discussion of a generalized signal regularization
framework, which solves a variational problem. In this framework,
f ismodeled as the sum of image cartoon u and texture v, where
f, u and v are functions with bounded supports. Cartoon contains
background hues and important boundaries. The rest of the image,
whichistexture, is characterized by small-scale oscillating patterns.
If present, noises and small artifactsareincluded in v. Since cartoon
u is more regular than texture v, we can obtain « from input f by
letting u to be the solution that minimizes an irregularity measure
while being closeto f with respect to afidelity (distance) measure.
The choice of the irregularity measure and the fidelity measure is
application dependent.

A popular method for image processing in thisframework isgiven
by Rudin et al. (1992). They proposed using TV [ |Vu| of u as
the irregularity measure and the L2-norm of (f — u) as the fidel-
ity measure for noisy image restoration, where u is defined in the
space of functions with bounded variations (the BV space). This
method removes noises while maintaining the sharp edges, which
are important in most applications. Instead of using the L2-norm,
Alliney (1992), Nikolova(2002) and Chan and Esedoglu (2004) pro-
posed and analyzed the TV mode! using the L-norm. We borrow the
idea of image decomposition from Chan and Esedoglu (2004) and
apply this model to background correction. Formally, this TV+L?!
model isformulated as:

min /|Vu<x>|dx St —u@lp <o, ()
Q

ueBV(Q)

where Q istheimage domain and functions f and u are defined on 2.
Since (1) isaconvex optimization problem, it can bereformulated as

min )/ [Vu(x)| + Al f(x) — u(x)| dx, 2
Q

ueBV(Q

where A is the Lagrange multiplier. This equivalence is covered in
most textbooks on convex analysis (Rockafellar, 1996). When we
apply thismodel to cDNA microarray image background correction,
f isthe microarray image input. Since u is the cartoon of f, itis
the corrected background output, and therefore, f — u isthe signal
of cDNA spots. Noting that the solution of Equation (2) depends on
scalar A, we often write u, and vy = f — u; asthe background and
spot output.

In order to explain why this model can correctly extract cDNA
spots from the input with inhomogeneous backgrounds, we describe
its analytical properties and derive A in the following section.

3 ANALYTICAL PROPERTIES

In this section, we discuss the important properties of the TV+L?
model that help to understand its good performance on microarray
background correction. To avoid too much analysis on the boundary
of ©, we assume 2 = R2. The following lemma bridges the gap
between the variational problem (2), which is easy to solve, and its
geometrical equivalent, which is easy to analyze.

LEMMA 1 (Chan and Esedoglu, 2004). Solving Equation (2) with
Q = R? is equivalent to solving the following level-set-based
problem:

+o00
min Per ({x 1 u(x) > u})

ueBV —00
+VOl (@) > @) @ fx s F() > uh) di, ()

where Per is the perimeter function, Vol is the volume function and
S1@ 82 1= (S1\ S2) U (S2\ S1) for thegiven sets S; and S».

According to this lemma the TV4+L! model is operated on the
level sets {x : u(x) > u}and {x : f(x) > u}, for u € (—o0,0),
and it minimizes a geometric problem in them. This paves the way
to the rest of the analysis.

Since cDNA spots are almost round, we use disk signal to approx-
imate them. Using Lemma 1, we can analyticaly derive the exact
solution v, = f — u; in Equation (2):

(1) Inthecasewhentheinput hasthe background withintensity co
and acDNA spot withintensity co+c1, wehavetheinput f =
co+c1lp, () (x),i.e. fisafunction withthevaluecg+cyin
the disk centered at y and with radius r, and the value cq
anywhere else. (Chan and Esedoglu, 2004)

c1lp, (3 (x) 0<x<2/r,
v, = {slBr(y)(x) 0<s < Cl} A= 2//', (4)
0 A > 2/r.

PROOF. Without loss of generality, we assume ¢; > 0.
Clearly, solution u(x) of Equation (2) is bounded between cq
and cp + c1. It follows that Equation (3) is simplified to:

co+c1

lpgég g Per ({x : u(x) > uh

+AVol ({x jux) > u}®{x: f(x)>u}) du. (5

Since{x : f(x) > u} = By (y) for u € (co,co+c1), S() ==
{x : u(x) > p} must solvethefollowing geometrical problem:

mSi nPer (S(u)) + AVol (S(w) & B-(»)), (6)
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foral i € (co, co+c1). Firgt, S() € B, (y) holds; otherwise,
S(w) N B, (y) achievesalower objective value of Equation (6)
than S(w). Then, it follows that

Vol (S(w) & B, (y)) = Vol (B, (y)\S(1)) . @)

Therefore, to minimize Equation (6) is to minimize the peri-
meter of S while maximizing its volume. According to the
| soperimetric Theorem (Siegel, 2003), S() must be either ¢
or adisk. Let rg denote the radius of S, it is easy to see from
the optimality of Equation (6) that rs = r if A > 2/r,rg =0
if0 < A < 2/randrs € {0,r}if A = 2/r. Equation (4)
follows from relationship v;, = f — u;.

Note that A, which determines whether v, isc11p, (y)(x) Or
0, depends only on the disk radius r but not on the values co
and c; and the disk center y! When A = 2/r, Equation (2)
gives multiple solutions. Generally, the analytical solutions of
v;, are not unique for at most a countable number of As (Chan
and Esedoglu, 2004). Therefore, we can omit these valuesin
the forthcoming analysis and in the numerical tests.

(2) In the case when the cDNA spot has inhomogeneous intens-
ity and its signal resembles an annulus, we have f = ¢o +
c1la, ,,»(x), where0 < r» < ry and A, ,, represents the
annuluslying between two concentric circleswith radii r, and
ro. In other words, f takesthe value co + ¢1 between the two
circles and the value ¢ €lsewhere. Then

cily,,, ;&) O0<i <min { rfirlzrg’ rlfrz} ,
vi=—alp,m@) T <i<Z,
0 A>max{rlfr2,%}.
®

Asin the previous case, scalar A, which determines whether
the entire spot signal is given in the output, only depends
on size parameters r1 and r,. The following two properties
describe the analytical solutions of two more complicated
Cases:

(3 Suppose f = co + c1lg, () (X) +c2lp, () (x), Where
c1,¢2> 0,0 <rp <rpand By, (y2) C By, (y1)

(c1lp, ) +c21p,0))(x) 0<A < o
2
v(A) = CZ]-BQ(,vz)(x) 71 <A< Ew (9)
2
0 A > —.
r2

(4) Assumethe sameasinthe above property except —c1 < ¢z <
Oand y; = y, := y, then

CllBrl(,V) + 6‘213’,2@) O<A< %,
2 : 2r 2
_CzlA’_lJz(y)()C) H < A < min { r12712r22’ r17r2} f
V) = 2
Cle,z(y)(X) 2 —r12r§ <A< %,
2 2

0 A>max{r17r2,a}.

(10)

Equation (4) shows that, when both the background and the spot
have homogeneous intensities, any » < 2/r, where r is the spot

radius, makes the TV+L* model to return the exact spot intensity
and the correct background. The other three propertiesinfer that this
is also true when the spots are not homogeneous, which is often the
case in reality. Similar properties can be further extended to more
general casesaslong asthefeaturelevel setshave smooth boundaries
(Chan and Esedoglu, 2004). In general, the decomposition using the
TV+L! model is only scale dependent, and this property together
with the edge preserving property (Strong and Chan, 2003) explain
why the model is suitable for extracting small-scale signal under
large-scal e inhomogeneous background.

A disadvantage is that the model always leaves small areas where
spotsarelocated with constant intensity valuesin the estimated back-
ground. In the above properties, if the true background intensity isa
ramp ranging from ¢} to ¢ in the area under the spot, then u; = ¢
when A < 2/r. This happens because TV +L* decomposes f based
onthe scale of itslevel setsand the 11 level set of £, for i € [c], ¢!,
is of a much larger scale than the cﬁ level set—the spot support.
However, the intensity of large-scale inhomogeneous backgrounds
changes relatively slowly except which crossing sharp boundaries;
hence the background intensity in the small area under a spot can be
regarded homogeneous (constant) in most cases. Consequently, we
do not observe this effect in corrected backgrounds of real cDNA
microarray images (Fig. 5) although we do so in the synthetic results
(Fig. 3) with steep ramps in backgrounds (Fig. 2).

4 IMPLEMENTATION: PDE AND SOCP
APPROACHES

Inthissection, weintroduce two independent approachesto solvethe
discretized version of the TV +L* model. The microarray images can
be represented as two-dimensional (2D) m x n matrices in R™>",
Let matrix f € R™*" denote the input microarray image. f con-
tains inhomogeneous background # € R™*”, which the background
correction process should identify. Let v(= f — u) denote the rest
of the image. Since v contains microarray spot signal, which isin
small-scale, v istreated as the texture part in the TV +L* model.

The existing partial differential equation (PDE) approach (Chan
and Esedoglu, 2004) requires the TV+L* model to be represented
in the relaxed form [Equation (2)] and the existence of itsfirst-order
optimal condition: the Euler—L agrange equation

Vu f—u
v (Wu\)“lf—m =

In practice, to avoid division by zero, asmall valuee > Oisadded to
|Vu|and |u— f|. Thischangealso makesthe method strongly convex
and ensures uniqueness. To solve Equation (2), the PDE approach
uses an artificial time stepping method (an evolving method solving
heat PDE with heat source) to find the solution of Equation (11). The
evolving formula used in Chan and Esedoglu (2004) is

otu. otu.
ul'.’jl =ul;+8L0; ( "M’*J> +8i£9; ( yM’*f)

fij —ui;

oy e

0. (12)

8,02 12)

where

M = \/(Bju,*’,j)z +@ful )2 +e, u); = fij,
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8¢ isthetime step, and 9™ and 9~ areforward and backward partial
finite differences, respectively. Clearly, this approach has cheap per-
iteration cost asit only computesthefirst-order discretederivativesin
the LHS of Equation (11) in each iteration. Numerical experiments,
however, show that this advantage is offset by the large number of
iterations needed to reach a steady state u. Since the last term in
Equation (12) is very sensitive to the sign of 1 —ulj, especialy
when the system is close to a steady state, ;¢ has to be very small
for the update formula (12) to catch all important changes in the
flow field u. Asaresult, the PDE approach must reduce §,¢ with the
increase of n. We cannot reduce é, ¢ arbitrarily close to zero because
too small §,¢ causes numerical problems and increases the execu-
tion time. On the other hand, the second-order cone programming
(SOCP) approach (Goldfarb and Yin, 2004) described in the follow-
ing paragraph neither relies on the existence of Equation (11) nor
uses any time steps, and hence, avoids the problems of the PDE
method in practice.

The SOCP (Alizadeh and Goldfarb, 2003) isan extension to linear
programming (LP). The vector inequality constraint in the form of
a>binLPisextendedtoa — b € K in SOCP, where IC is one or
a Cartesian product of second-order cones {(so;5) : so > J/5'5}. In
the 1D case, a second-order cone reducesto {so : so > 0}. Inthe 3D

space, {(so;s1,52) © so > ,/s2 + s3} looks like an ice cream cone.
SOCPs can be solved by modern interior-point agorithms that are
efficient bothintheory andin practice. Goldfarband Yin (2004) intro-
duced SOCP to a group of TV-based image regularization models,
including Equations (1) and (2). The TV term fQ |Vu| dx ishandled
discretely by 3°,  ¢; ; subjectto 2, > (d,u; j)* + (dyu; ;) and the
L*termishandled discretely by Y, ; w; ; subjecttow; ; > f; j—ui ;
and w; ; > u;; — fi,;. In addition, by defining operators 9, and
d, as forward, backward or centered finite differences that are lin-
ear in u, Equations (1) and (2) can be formulated as SOCPs. Each
of the SOCPs minimizes a linear function subject to a set of lin-
ear equality and inequality constraints and second-order constraints
€2, > (3w j)* + (3yu; )2, for each i, j. In SOCP interior-point
methods, the per-iteration cost of solving the SOCP is much higher
than calculating Equation (12), but on the other hand they usually
take only 10-30 iterations to return an accurate solution in prac-
tice, and this number of iterations does not increase with image size.
Moreover, Goldfarb and Yin (2004) demonstrated the application of
domain decomposition in the TV+L2 model, which further cutsthe
computation time and memory usage. Thisdecomposition technique
can be also applied to the TV+L* model.

Comparing these two approaches, we find that the PDE approach
ismore suitable to processlarge cDNA microarray imagesin abatch
mode while the SOCP approach is more useful to process smaller
cDNA microarray images with higher accuracy.

5 NUMERICAL EXPERIMENTS

In this section, we compare our proposed method against MO on
both synthetic data and real cDNA microarray images.

5.1 Parameter selection

As shown in Section 3, the choice of parameter A in the TV+L?!
model only depends on the scale of the signal to be extracted. To
return entire spot signal in v;, the model can use any A < 2/rmax,
where rma denotes the largest spot radius in a microarray image.
Since too small A may cause numerical inaccuracy, it is better to

(d) (€) (f)

Fig. 2. Generated synthetic data

choose A that is dlightly <2/rmax. For fair comparison, we adjusted
thewindow sizes when applying MO. We found that the use of over-
small and overlarge window sizes causes the estimated background
to be contaminated by spot intensity and affected by overerosion and
overdilation, respectively, hence we chose to use the window sizes
that minimized these effects and showed the best results. Follow-
ing these guidelines, for all the six synthetic images with rmax = 5,
we used A = 0.35 in the TV+L! model and 8 x 8 window size
in MO. For the real cDNA microarray images, we used AS varying
between 0.3 and 0.8 and MO window sizes varying between 5 x 5
and 10 x 10 since these images are obtained from different sources
and thus in different zooms. In practice, if spot sizes of a batch
microarray images are fixed (e.g. in the microarray images produced
by the same device) then a single A is good for al the microarray
images.

5.2 Codesand running times

We developed our PDE code in C++ and used commercial optimiz-
ation package Mosek (called in Matlab) as our SOCP solver. Wea so
implemented our MO code in C++. The average running times to
processal50x 150 grayscaleimageare 18.34 shy the PDE approach,
12.25 s by the SOCP approach and 4.14 s by the MO approach on
a Pentium 1V-2.8 GHz Windows workstation with 1GB RAM. We
recommend Goldfarb and Yin (2004) to readers for optimizing the
SOCP solver and for acomprehensive comparison between the PDE
and the SOCP approaches.

5.3 Synthetic data generation

A synthetic microarray image f* is the sum of aforeground image
v* of spots and a background image u*, which are generated on
the 256 gray level scale. The intensity of each spot in v* is uni-
formly distributed between 15 and 150. The radius of each spot is
uniformly distributed between O (not visible) and 5 pixels. They
are located along an n x n grid but their centers are subject to
small Gaussian disturbance. These spots simulate cDNA microar-
ray spots. Different backgrounds have been generated for the test.
They are backgrounds with linear intensity changes (&), multilinear
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(a)

(®)

(©)

(d)

(©)

®

Fig. 3. Background removal results of synthetic microarray images (a)—(f). Each row shows one synthetic example. Column: (1) Original images, (2) ground
truth background, (3) ground truth signal, (4) background estimation using MO, (5) Restored foreground using MO, (6) background estimation using the
TV+L model and (7) restored foreground using the TV+L* model.

gradient backgrounds (b) and (c), mildly inhomogeneous back-

ground (d), mildly inhomogeneous background with sharp edges g
(e) and large-scale Gaussian background (f), which are depicted in 7 LB
Figure 2. We use these examples to simulate real cDNA microarray OTvLL
images. 6
5
54 Synthetic data test results =
Figure 3 shows the background correction results given by MO and
TV+L2. Inall our testswith synthetic data, the TV+L* model gave ’
more accurate backgrounds as compared with the originalsthan MO. 2
While TV+ L1 preserves the edges in the backgrounds in tests (b), 1
(c) and (e), MO creates the obvious edge distortionsin these tests. In
the TV+L? result (c6), we also observe the constant intensity Ieft in 0
the small areas where the spots are located. The MO results of tests @ ® W e W
(@), (b) and (e) show oversmoothed edges but stair-cased ramps in @] ® | @ |@]@E]O

MO 1.76 | 1.79 | 3.62 | 3.13 | 7.26 | 4.61

the background, and the MO results of test (d) and (f) show over-
TV+L' [ 091 | 0.55 | 1.73 | 1.32 | 4.17 | 1.70

erosion and dilation effects. Moreover, in test (c), we can see some
background intensity is left in the foreground output of MO (c5).
To quantize the differences, we defined the average intensity errors Fig. 4. The AIEs of restored intensities.
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V VI

Fig. 5. Background removal results of real microarray images /—VI. Rows: (1) Original images, (2) background estimation using MO (3) restored foreground
intensity using MO (+100 for better visualization), (4) background estimation using the TV+L* model and (5) restored foreground intensity using the TV 4Lt

model (+100 for better visualization).

(AIES) (Fig. 4) of these results as:
S Y N =y

mXxXn

whereu'™® and u aretrue and extracted backgroundsin form of m x n
meatrices, respectively. Figure 4 clearly shows that the AIEs of the
results obtained by applying the TV+4L! model are much smaller
than those obtained by applying MO.

5.5 Real datatest results

In this subsection, we continue to demonstrate the effectiveness of
the TV+L* model by comparing it with MO on six problematic but
representative real cases of cDNA microarray images. Background
correctionisoften separately appliedtothered and thegreen channels
during the generation of real cDNA microarrays. However, since our

testing microarray images have the similar inhomogeneous back-
grounds in both channels, we directly apply the MO and TV+L?
models to the images with combined red and green channels and a
reduced color depth of 256 grays. Figure 5 depicts the results.

e Case | (Yang, 2004, http://www.biostat.ucsf.edu/jean/
Presentation/ShareMAF/SMFQualityV3.pdf). This case
demonstrates the importance of the edge preserving prop-
erty of the TV+L* model. In the MO correction [Fig. 5I-2]
of the water stain near the upper left corner [Fig. 51-1], the
edge of the stain is smoothed. The TV +L* model, however,
keeps the edge of the stain perfectly intact [Fig. 5I-4]. This
renders the restored signal closer to the original .

e Casesll, Il and IV (Yang and Barczak, 2003, http://arrays.
ucsf.edu/presentations/SandlerL abM eeting.2003.07.07.ppt).
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These three cases demonstrate the weakness of MO. As we
have mentioned in the introduction, MO using a large win-
dow size will smooth away smaller stains while MO using a
small window size will affect the spot intensity values. This
iswhy some small stains are not seen in the MO background
correction. On the other hand, the TV+L! model does not
have this problem as we can see in these three cases that all
the large stains and the small stains are well kept.

e Case V Bibeau et al. (2005), http://www.corning.com/
lifesciences/technical_information/techdocs/troubleshooting
UltraGAPS_ProntoReagents.asp). Inthiscase, theleft sideof
the image has water stain overlapped with the signals. This
stain is not completely kept in the background using MO
as we can see a vertical line near the left edge of the estim-
ated foreground (Fig. 5V-4). The TV+L! model successfully
keeps the stain in the background.

e Case VI (Bibeau et al., 2005). In this extreme example, both
methods give satisfying results. The advantageof the TV+L1
model over MO is demonstrated by the sharper edges and
more details of the water drop in the estimated background
and the clearer spot expressions under the water stain in the
estimated foreground.

In cases I-1V where the spot sizes are similar, s were set to
0.3. In cases V and VI, As were set to 0.8 as the spot sizes are
much smaller than those in the previous cases. We also adjusted
the window sizes of MO and selected the smallest window size
that keeps the spots in the estimated foregrounds. We note that,
in the estimated foregrounds of the TV+L* model, only spot sig-
nals (and small-scale artifacts) have positive intensity values. The
remaining area has zero intensity uniformly. Clearly, this prop-
erty is very useful in spot finding (Saeed et al., 2003; Jain et al.,
2002; MicroDiscovery, 2004, http://www.microdiscovery.de; Koada
Technology, 2004, http://www.koadarray.com), another important
process on cDNA microarray images.

6 DISCUSSION AND CONCLUSION

Inthispaper, we proposethe use of the optimization model of minim-
izingthe TV and an L1-norm fidelity term for correcting background
intensity inhomogeneities. This model decomposes the input into a
large-scalebackground part and asmall-scalesignal part. Itissuitable
for background correction because the decompositionisindependent
of thefeatureintensity andis controlled simply by ascalar parameter
A. Moreover, the correct A can be easily calculated. We generate syn-
thetic datawith various background biasand measure the accuracy of
restored signal. Thenumerical results show that the method performs
better than the prevailing method—MO. Thisisfurther supported by
experimental resultson six real microarray images. Onedisadvantage
of the proposed method isthat it leaves small areas where spots are
located with constant intensity values in the estimated background.
In future we will develop finer correction methods to remove this
defect.

In conclusion, we believe that the proposed work will contrib-
ute to the field of cDNA microarray data analysis on account of a
more accurate restoration of the original intensities of the hybridized
spots.
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