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Abstract
Detection of unstained viable cells in bright ﬁeld images is an inherently difﬁcult task due to the immense
variability of cell appearance. Traditionally, it has required human observers. However, in high-throughput robotic
systems, an automatic procedure is essential. In this paper, we formulate viable cell detection as a supervised, binary
pattern recognition problem and show that a support vector machine (SVM) with an improved training algorithm
provides highly effective cell identiﬁcation. In the case of cell detection, the binary classiﬁcation problem generates
two classes, one of which is much larger than the other. In addition, the total number of samples is extremely
large. This combination represents a difﬁcult problem for SVMs. We solved this problem with an iterative training
procedure (“Compensatory Iterative Sample Selection”, CISS). This procedure, which was systematically studied
under various class size ratios and overlap conditions, was found to outperform several commonly used methods,
primarily owing to its ability to choose the most representative samples for the decision boundary. Its speed and
accuracy are sufﬁcient for use in a practical system.
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1. Introduction
Cell detection in bright ﬁeld microscopy is an inherently difﬁcult task due to the immense variability of cell appearance. Even more difﬁcult is the recognition of the subtle differences in appearance that distinguish unstained viable from non-viable cells in bright ﬁeld images. Although an experienced observer can sometimes recognize these differences, viability stains are commonly used
for reliable determination of viability [1]. The requirement of a human observer represents a severe
impediment to the development of high throughput robotic systems that require recognition of viable cells. Therefore, there is a great need for effective algorithms that automatically recognize viable
cells.
Currently, a typical approach for cell detection is to use ﬂuorescent probes that have a chemical
speciﬁcity for cell organelles [2,3]. However, this approach can consume valuable ﬂuorescence channels
just for the purpose of cell identiﬁcation. It is highly desirable to identify cells with a method that uses
transmitted light illumination, thereby permitting all ﬂuorescence channels to be used to obtain cellular
and subcellular information for further cell analysis.
Classical image analysis approaches require end-users to have programming skills and require independent optimizations for different cell types [4,5]. An alternative is to use machine learning techniques,
which avoid end-user programming since classiﬁers only need to be trained. For example, artiﬁcial neural
networks (ANNs) have been successfully used to identify cells in bright ﬁeld images [6,7]. These algorithms are able to capture complex, nonlinear, relationships in high-dimensional feature spaces. However,
ANNs are based on the empirical risk minimization (ERM) principle [8]. Therefore, they are prone to
false optimizations due to local minima in the optimization function and are susceptible to training problems such as “overﬁtting” [7]. This makes ANN-training a complex procedure that may be daunting
for biologists and others who are not immersed in the complexities of ANNs. In a search for statistical
learning methods that are easier to use and more accurate, we have explored support vector machines
(SVMs).
In recent years, SVMs have been found to be remarkably effective in many real-world applications
[8–12]. Unlike ANNs, SVMs follow the structural risk minimization (SRM) principle, which aims at
minimizing an upper bound of the generalization error [8]. As a result, a SVM tends to perform well when
applied to data outside the training set. SVMs also have many desirable properties such as ﬂexibility in
choice of kernel function and implicit mapping into high-dimensional feature spaces [8]. But what makes
SVMs most attractive is that they avoid several major problems associated with ANNs. For example,
SVMs control overﬁtting by restricting the capacity of the classiﬁer. They also depend on the solution of
a convex quadratic programming (QP) problem which has no local extrema. The unique optimal solution
can therefore be efﬁciently obtained.
In this study, we have treated the detection of unstained viable cells in bright ﬁeld images as a binary
pattern classiﬁcation problem. The two classes are referred to as “Viable-cell” (VC) and “Not-a-viablecell” (NAVC). Data elements of these classes are derived from the “pixel patch” decomposition technique
that we and others have used previously [2,3,7]. The “VC” class consists of pixel patches that enclose
complete, viable cells. The “NAVC” class includes pixel patches that contain dead cells, fragments of
cells and other non-cell objects.
We found that the “pixel patch” approach generates data sets that are problematic for SVMs. For
example, in the 320 × 240 image shown in Fig. 1, only 43 patches were put into the “VC” class. The
number of extracted patches in the “NAVC” class was 19,600 even after eliminating background patches
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Fig. 1. Typical training patches in living cell detection. The sample numbers in the two classes are highly unbalanced. The total
number of “VC” patches in this 320 × 240 image is 43 and that of “NAVC” patches is about 19,600 (after eliminating the
background patches).

in the preprocessing step. This scenario is a difﬁcult problem for SVMs because the classes are highly
unbalanced and the total sample number is impractically large.
The large number of training samples required for cell detection is a formidable obstacle to many
standard QP techniques, such as steepest ascent algorithms [13,14], which require that all data be held
in memory and moreover require a memory space that grows quadratically with the sample size. This
consideration has driven the design of alternative algorithms [9,15–20]. For example, the “chunking”
method [15] maintains a variable-size subset of the training data called a “chunk” and iteratively updates
it according to how the Karush–Kuhn–Tucker (KKT) conditions [26] are violated. Similar strategies
are used in the decomposition algorithm proposed by Osuna et al. [9], in the SVM light application
[19,20] and in the sequential minimal optimization (SMO) algorithm [17,18]. However, in these algorithms, only a ﬁxed-size subset of the training set, called the “working set”, is used. These iterative
methods have been shown to be able to handle problems with several hundred thousand training points
and over 100,000 support vectors (SVs) [16]. However, in all of these cases, balanced classes were
considered. In our case, the training samples are also highly unbalanced in addition to being large in
number.
Currently, a popular strategy to handle unbalanced training samples [9] is the one proposed by Osuna
et al. who use different penalty parameters in the SVM formulation. This strategy produces useful results for some applications [11,21–23], but introduces new parameters, making parameter optimization
more complex. For example, the number of parameters to be optimized increases from 2 (C and ) to 3
(C+1 , C−1 and ) for a binary classiﬁcation task. The increased complexity can make many applications
computationally impractical, especially those with large numbers of training samples.
In this study, an SVM training algorithm called “Compensatory Iterative Sample Selection” (CISS)
has been developed and successfully applied to the challenging problem of identifying unstained viable
cells in cultures. This algorithm, which is a modiﬁcation of the strategy introduced in [9], exploits the
geometrical characteristic of SVMs that samples closer to the boundary are more inﬂuential on shaping
and deﬁning the decision surface than others. Our experimental results suggest that this algorithm can
reduce classiﬁcation errors to the point where practical applications are readily possible.
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2. Materials and experimental conditions
The cells used as testing materials in our study were A20.2J murine B-cell lymphoma cells (ATCC;
CAT. no. HB-97) grown at 37.0 ◦ C in BM + 1/2 TE1 + TE2 + 10% fetal calf serum (FCS) [24]. For
microscope observation, cells in culture medium were dispensed into polystyrene 96-well microplates,
which have glass bottoms that are 0.175 mm thick.
To obtain an accurate training and testing standard, the LIVE/DEAD viability reagent set for animal
cells from molecular probes (CAT. no. L3224) was used to distinguish viable and dead cells. This reagent
set produces an intense green ﬂuorescence in viable cells (excitation/emission ∼ 495 nm/ ∼ 515 nm)
and a bright red ﬂuorescence in dead cells (ex/em ∼ 495 nm/ ∼ 635 nm). An ARCTURUS Pixcell II
inverted microscope equipped with a 20× planachromat objective and a HITACHI model KP-D580-S1
CCD color camera was used to obtain digitized images. For each microscope ﬁeld, three images were
acquired (Fig. 2). One image was acquired with bright ﬁeld illumination and was used for SVM training
or testing. Two auxiliary ﬂuorescence images were also acquired to distinguish viable and dead cells, one
with a standard ﬂuorescein bandpass ﬁlter and the other with a ﬁlter for propidium iodide.
Fifty nine sets of microscope images were acquired and used in our cell detection experiments. In each
experiment, two subsets were extracted: one exclusively for training and another exclusively for testing.
Ambiguous objects showing both red and green ﬂuorescence were manually deleted. The deleted objects
were a very small percentage of the total number of cells.
The computer programs were written in MATLAB and C++. Our algorithm was implemented with the
LIBSVM version 2.5 [25], which was compiled as a dynamic link library for MATLAB. All experiments

Fig. 2. Typical images used to construct a rigorously preclassiﬁed training set: (a) bright ﬁeld image; (b) ﬂuorescence image #1:
red ﬂuorescence stain; and (c) ﬂuorescence image #2: green ﬂuorescence stain.
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were implemented in the environment of MATLAB version 6.5.0.180913a (R13) supplemented with
image processing toolbox version 3.2. A standard PC equipped with an intel pentium 4/2.8 G processor
and 256-MB RAM was used.

3. Compensatory iterative sample selection (CISS)
3.1. Important features of SVMs
Our development of the CISS algorithm requires a consideration of some of the fundamental aspects
of SVMs. These are brieﬂy described in this section. A detailed introduction to SVM can be found in
[8,26].
SVMs represent an approximate implementation of the SRM principle and were ﬁrst introduced by
Vapnik et al. to solve pattern recognition and regression estimation problems [8]. In what follows, we
denote the training data as (xi , yi = f (xi )) : i = 1, 2, . . . , l, yi ∈ {−1, +1}, xi ∈ Rn .
In a linearly separable case shown in Fig. 3, the SVM classiﬁer follows the intuitive choice and
selects the hyperplane (among many that can separate the two classes) that maximizes the margin, where
the margin is deﬁned as the sum of the distances of the hyperplane to the closest points of the two
classes.
If the two classes are non-separable, positive slack variables are introduced to allow some training
samples to fall on the wrong side of the separating hyperplane. The SVM then ﬁnds the hyperplane that
maximizes the margin and, at the same time, minimizes a quantity proportional to the number of classiﬁcation errors. The trade-off between maximizing the margin and minimizing the error is controlled by a
user-adjusted regularization parameter C > 0. A large C corresponds to a high penalty for classiﬁcation
errors.

Fig. 3. Illustration of SVM classiﬁcation (linearly separable case). The SVs are circled.
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In many practical cases, however, nonlinear decision surfaces are needed. Nonlinear SVMs can be
generalized from linear SVMs by using a nonlinear operator (·) to map the input pattern x into a higher
(even inﬁnite) dimensional Euclidean space H. It has the form:
f (x) = w T (x) + b.

(1)

Mathematically, it can be shown that the solution of the nonlinear case is
f (x) =

l


i yi  (xi )(x) + b =
T

i=1

l


i yi K(xi , x) + b,

(2)

i=1

where the coefﬁcients i are the solution of the following convex QP problem:
max LD (i ) =

l


i −

i=1

subject to 0 i  C,

l
l
1 
i j yi yj K(xi , xj ),
2

(3)

i=1 j =1

and

l


i yi = 0,

(4)

i=1

where the function K(·, ·) is called kernel function and deﬁned as
K(x, z) ≡ T (x)(z)

(5)

It turns out that, in a typical problem, only the coefﬁcients i of a few training samples will be nonzero. These samples are called “SVs”. Let sj , aj∗ , j = 1, 2, . . . , m, (m < l) denote these SVs and their
corresponding non-zero coefﬁcients. The decision function in (2) can be rewritten in the “sparse” form
of the SVs as
f (x) =

m

j =1

∗j yj T (si )(x) + b

=

m

j =1

∗j yj K(sj , x) + b.

(6)

This form shows that the decision functions are determined only by the SVs, which typically represent a
very small fraction of the whole training set.
3.2. Improved SVM training with CISS
As described earlier, the impractically large size of the “NAVC” class and the extremely unbalanced size ratio of “NAVC” to “VC” class make our application a very difﬁcult case. In many applications, random selections of training sets with a controllable size will typically be made. However,
since only a very small portion of the total set is used, the randomly selected training sets may not be
representative.
Osuna et al. proposed a “decomposition” algorithm [9] to make use of all the available training samples.
The algorithm exploits the sparseness of SVM solution and iteratively selects the “most representative”
examples for the classes. In the context of SVMs, “most representative” refers to samples that are close to
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the boundary and are difﬁcult to classify. We modiﬁed Osuna’s algorithm and proposed a novel algorithm
called “CISS” to handle the extremely unbalanced training sample set. The new algorithm includes four
steps:
(1) Construct an initial working set S (with a user-selected size l) from the whole training set ST , such
that S consists of all samples from the “VC” class SV , and a comparable number of samples randomly
selected from the very large “NAVC” sample set SN .
(2) Train a SVM classiﬁer f (x) with S and use f (x) to classify the remainder of the preclassiﬁed training
set ST . Put misclassiﬁed “NAVC” samples into a set SM .
(3) From SM , a “replacement set” of size n is randomly selected and is used to replace an equal number
of “NAVC” samples in the working set which were correctly classiﬁed in step 2.
(4) Repeat steps (2) and (3) until no further improvement occurs.
Our algorithm differs from that of Osuna et al. in the following ways:
(1) In Step 1, when generating the initial working set, Osuna et al. arbitrarily chose samples from the
whole training set. Since only balanced classes were used in their case, the resulting working set
was also approximately balanced. In our algorithm, since the training set is extremely unbalanced,
arbitrary choices of samples from the whole training set would result in a working set that is likewise
extremely unbalanced. To solve this problem, we constrained the initial working set to contain all the
samples from the “VC” class and a comparable number of samples randomly selected from the very
large “NAVC” class.
(2) In the strategy of Osuna et al. there is no deliberate control of the relative contributions of the two
classes to the replacement set. This has been shown to work well for balanced cases. We have tested
this approach with highly unbalanced classes and found it to be unusable (data not shown). In our
algorithm, we deliberately constrain the relative contributions of the two classes to the replacement
set. In the detailed studies described below, we make the contribution of the “VC” class zero and
replace only samples from the much larger “NAVC” class.
A geometric interpretation of our algorithm is given in Fig. 4. As shown, CISS leads to a improved
decision boundary by adding samples that violate the optimality conditions to the working set.
Using an argument similar to that used in [9], we show that CISS leads to a reduced classiﬁcation error
that converges to a stable value. Essentially, we show that substitution of correctly classiﬁed “NAVC”
samples in the working set S with misclassiﬁed “NAVC” samples from SN , an improvement of the function
in (3) can be achieved.
Let S = {(x1 , y1 ), (x2 , y2 ), . . . , (xl , yl )} be the working set used to train the SVM classiﬁer, and let
SN = {(xl+1 , yl+1 ), (xl+2 , yl+2 ), . . . , (xL , yL )} be the remainder of the training samples, where yi =
−1, i = l + 1, l + 2, . . . , L, i.e. total training set ST = S ∪ SN .
Let 1 = {1 , 2 , . . . , l } be an optimal solution to (3) when training with the working set S. We can
extend it to the entire training set as  = {1 , 2 , . . . , l , l+1 , l+2 , . . . , L } with i = 0, i = l + 1, l +
2, . . . , L. Note that although the solution of  is optimal over working set S, it may not be optimal over ST .
Since the SVM guarantees to ﬁnd the optimal solution, what we need to prove here is that the solution 
is not necessarily optimal when we replace a correctly classiﬁed sample in S with one that is misclassiﬁed
in SN .
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Fig. 4. A geometric interpretation of the way CISS allows the redeﬁnition of the separating surface by adding samples that violate
the optimality conditions: (a) a sub-optimal solution; and (b) a redeﬁned decision boundary, where the solution is optimal.

We now replace a correctly classiﬁed (randomly chosen) sample i = 0, i ∈ [l, 1] (note that for
SVMs, points which are correctly classiﬁed during the training will have a coefﬁcient of  = 0) with
am = 0, m ∈ [l + 1, L], ym f (xm ) < 1. After replacement, the new subproblem is optimal if and only if
ym f (xm )  1.
Assume that there exists a margin support vector p , with corresponding label yp = −1. We have
0 < p < C since it is a support vector. (We can also pick out an error support vector [26]; the proof is
analogous). Then there exists a positive constant  such that 0 < p −  < C. Consider a vector  =
{1 , 2 , . . . , l , l+1 , l+2 , . . . , L } which has the elements : m = , p = p − , and i = i for all other
elements. Then we have:


L D ( ) =

L

i=1

Note that:

L

i=1 i

=

i

L
L
1   
−
i j yi yj K(xi , xj ).
2

(7)

i=1 j =1

L

 
i=1 i , m

=  =  + m and p = p − . It can be shown (see appendix) that:

LD ( ) = LD () − [(ym f (xm ) − 1] −

2

2

[K(xp , xp ) − 2yp ym K(xp , xm ) + K(xm , xm )],

(8)

if the  is chosen small enough, the third term of above can be neglected. Then, above become:
LD ( ) = LD () − [(ym f (xm ) − 1].

(9)

Since ym f (xm ) < 1, it can be easily shown from (9) that LD ( ) > LD ().
4. Experiments with artiﬁcial 2D data
In our study, a series of simulation experiments using artiﬁcial data have been done to evaluate systematically the effectiveness of our algorithm. Different artiﬁcial 2D data sets were used in these simulation
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Fig. 5. The convergence of training process when trained with artiﬁcial 2D data. Sample numbers in the two classes are 50 for
Class 1 and 1000 for Class 2. Replacement set size n = 5. A RBF kernel was used. The parameters of the SVM used are: C = 100,
 = 0.05.

experiments. The reason why simulation experiments were used is two fold. First, by using artiﬁcial 2D
data, the training process and results can be clearly visualized. Second, with artiﬁcial data, we can create
different scenarios to study the factors that affect classiﬁcation accuracy.
4.1. Convergence
We ﬁrst constructed a 2D data set which consists of two different multivariate normal distributions
with different means and covariance.
 Class
 1 consists of 50 random points with mean vector 1 =
1.5 0.4
T
[−1 − 1] and covariance 1 = 0.4 1.5 . Class 2 has 1000 random points with mean vector 2 =


3 0.1
[2 2]T and covariance 2 = 0.1
4 . The samples in Class 1 are manually labeled +1 and those in
Class 2 are labeled −1. An SVM classiﬁer with a RBF kernel function was trained on this data set
using CISS. The convergence of the training process is shown in Fig. 5. The parameters used in the
training process were: C = 100,  = 0.05, working set size l = 150 and replacement set size n = 5. The
parameters C and  were chosen by the “parameter optimization” procedure (see Section 5.2.3 for detailed
description). Different values of l and n have been tried and similar results were produced. So, unless
further indicated, the same working set size l and replacement set size n were used in other simulation
experiments.
As one can see from Fig. 5, all classiﬁcation errors level out at about the 10th iteration, which
clearly indicates the convergence of our algorithm. Although the classiﬁcation error of Class 1 gradually
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Fig. 6. The evolution of decision boundary as the number of iteration increases. Trained with artiﬁcial 2D data. The iteration
number i = 1, 4, 7, 10, respectively. The sample numbers in the two classes are 50 for Class 1 and 1000 for class 2. Replacement
set size n = 5. A RBF kernel was used. The parameters of the SVM used are: C = 100,  = 0.05.

increases, the overall classiﬁcation error decreases dramatically with the iteration number due to the
reduction of classiﬁcation error in the dominant Class 2. The error rate decreases from 8.29% at the
1st iteration (this is equivalent to standard, non-iterative SVM training procedures) to 1.24% at the 10th
iteration.
The evolution of decision boundary in this experiment is also shown in Fig. 6, where the sample points
and the decision boundary at iteration numbers: i = 1, 4, 7 and 10 are plotted. It is clearly shown that, as
the iteration number increases, the decision boundary between the two classes is gradually readjusted to
reduce the training error. As a result, the decision boundary gets more and more accurate until it converges
to a stable value, i.e. as the iteration number increases, the change of the decision boundary gets smaller
and smaller until there is no further signiﬁcant change.
4.2. Effect of class size ratio on the classiﬁcation error
To study the effect of class size ratio on the classiﬁcation error, ﬁve data sets, each with 50 samples
in Class 1 and different numbers of samples in Class 2, were constructed using the same means and
covariances described above. Each data set was used to train an SVM classiﬁer with CISS. The parameters
of the SVMs were optimized individually. The classiﬁcation errors are plotted against iteration number
in Fig. 7. The data clearly show that although the low ratio sets give lower classiﬁcation error after the
ﬁrst iteration, further improvement as iteration number increases is quite limited. On the other hand, even
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Fig. 7. Classiﬁcation error using CISS with different synthetic sample sets which have different sample numbers (different sample
number ratio between the two classes). Replacement set size n = 5. A RBF kernel was used.

though the high ratio sets do not perform very well after the ﬁrst iteration, they can be greatly improved
with multiple iterations. For example, after the 10th iteration, a much lower error rate, even lower than
the error rate in the low ratio case, is achieved. This is reasonable since many more samples were used in
the high ratio cases.

4.3. Geometric interpretation
The following experiment with 2D data was designed to verify the geometric interpretation of CISS
given in Section 3.2 and to reveal the primary reason why CISS can improve classiﬁcation accuracy.
We constructed three different data sets, each with the same covariance and sample numbers, but different mean vectors. The data sets are plotted in Fig. 8(a)–(c), respectively. Sample set 1 represents a
simple scenario, since the two classes are well separated. Sample set 3 represents a very difﬁcult scenario, since there is a large overlap between the two classes. When CISS was applied, one can see
from Fig. 8(d) that Sample set 3 shows a great improvement, whereas Sample set 1 is only slightly
improved. These results show that CISS iteratively chooses the “most representative” training samples
from Class 2 while keeping the total number of training sample small and balanced. It should be noted
that in the context of SVMs, “most representative” refers to samples that are close to the boundary
between the two classes and are difﬁcult to classify. Such a scheme can help to make the decision
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Fig. 8. Classiﬁcation errors using CISS with different artiﬁcial sample sets: (a) sample set 1: with small overlapping; (b) sample
set 2: with median overlapping; (c) sample set 3: with large overlapping; and (d) classiﬁcation error rate changes with number
of iterations. Replacement set size n = 5. A RBF kernel was used.

boundary more accurate than standard, non-iterative SVM training, especially when applied to difﬁcult
scenarios.

5. Automatic detection of unstained viable cells
In this section, a supervised SVM learning framework for automatic viable cell detection is presented
and quantitatively evaluated under practical conditions. We use pixel patches as the primary input data
elements. Essentially, the software is taught to classify pixel patches into two classes. One class contains
desired objects (e.g. viable cells) and is usually much smaller than the other class, which contains all
undesired objects (e.g. non-viable cells, fragments of cells, trash).
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5.1. Feature extraction
Since individual cells typically occupy only a small percentage of total image area, it is advantageous
to decompose an image using pixel patches that are just large enough to contain the largest cells in the
image. In actual experiments, a 31 × 31 pixel patch was extracted at each location in a microscope image,
except for those in the 15-pixel margin around the edges. Our experiments indicate that performance
is not very sensitive to small variations in patch size, e.g. a patch size of 33 × 33 produced similar
results. Since many locations in the image are uniform background, a “mask” was created to exclude
these patches. Essentially, the “mask” eliminated all pixel patches whose average pixel intensities were
below a user-chosen threshold.
5.2. SVM training
5.2.1. Construction of preclassiﬁed training set
A training set was created with the aid of an interactive program that displays the digitized microscope
images and allows a user to select the locations of viable cell centers with a mouse cursor after manual
comparison of bright ﬁeld and ﬂuorescence images. The pixel patches extracted from the selected viable
cell locations were preprocessed by principal component analysis (PCA) [2,3,7,27] and used as “VC”
class (labeled y = +1) sample vectors. The sample vectors in the “NAVC” class (labeled y = −1) were
then generated automatically by extracting all the pixel patches whose centers were r  5 pixels away
from any of the selected viable cell locations. As for “VC” class vectors, PCA preprocessing was used to
reduce dimensionality to 10. The value of r was empirically chosen in relation to the sizes of cells and
pixel patches. Finally each attribute of the PCA-preprocessed vectors was linearly scaled to the range
[−1, +1]. The main advantage of scaling is to avoid computational difﬁculties and to avoid the dominance
of attributes with greater numeric ranges over those with smaller numeric ranges [25].
5.2.2. Selection of kernel function
In order to train a SVM, the following parameters have to be chosen: the kernel function type, the
regularization parameter C and , the parameter associated with the kernel function. These parameters are
often optimized by v-fold crossvalidation [25]. In v-fold crossvalidation, the training set is ﬁrst divided
into v subsets of equal size. Sequentially, one subset is tested using the classiﬁer trained on the remaining
v − 1 subsets. Thus, each instance of the whole training set is predicted once and the crossvalidation
accuracy is the percentage of data which are correctly classiﬁed.
The performance of an SVM depends critically on its kernel function. In this study, we considered
three commonly used kernel types: linear (K(x, y) = xy + 1), polynomial (K(x, y) = (xy + 1)P ) and
2
Gaussian radial basis function (RBF, K(x, y) = e−x−y ).
A training set containing 496 “VC” samples was created from 15 randomly picked microscope images.
We also randomly selected 1000 samples from the very large “NAVC” set. A ﬁve-fold crossvalidation
procedure was performed using the 1496 samples for training and testing the SVM classiﬁer under various
kernels and parameters. The results are shown in Figs. 9 and 10, the linear kernel yields an accuracy of
only about 80%. The polynomial kernel (third order) gives an accuracy of 90.64%. However, neither are
as good as the RBF kernel function, which yields an accuracy of 92% when a coarse grid search is used.
Therefore, we chose the RBF kernel function for further studies.

352

X. Long et al. / Computers in Biology and Medicine 36 (2006) 339 – 362

Fig. 9. Kernel function selection: evaluation of the classiﬁcation accuracy of SVMs with linear and polynomial kernels using
ﬁve-fold cross validation.

Fig. 10. A coarse grid-search for C and  with grid size = 1. The ﬁve-fold cross validation accuracy (ACC in ﬁgure) of an SVM
with a RBF kernel is plotted for different combinations of C and .
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Fig. 11. A ﬁne grid-search with grid size = 0.25 on the region that was identiﬁed in the coarse grid-search. The ﬁve-fold cross
validation accuracy (ACC in ﬁgure) of an SVM with a RBF kernel is plotted for different combinations of C and .

5.2.3. Optimization for C and 
The goal for parameter optimization is to identify values for C and  that optimize classiﬁcation accuracy
with samples not in the training set. A two-step “grid-search” method [25] on C and  was used in this
study. In the ﬁrst step, a coarse grid-search with a grid size of 1 was used to localize a region of interest
(ROI) containing the optimal values (shown in Fig. 10). Since the cost function of an SVM is convex, we
do not need to worry about the SVM being trapped in local extrema. Therefore, in the second step, a ﬁne
grid-search over the ROI with a grid size of 0.25 was used to give more precise values for C and . The
result is shown in Fig. 11. We picked the optimized parameters C = 1.6818,  = 1.6818 and used them
for further studies.
5.2.4. Training with CISS
In the above SVM training procedures, 1496 samples were used: 496 “VC” and 1000 “NAVC”. To
explore the use of CISS with a much larger training set, we added 200,000 randomly selected “NAVC”
samples to the initial training set. It should be noted that this number of samples is much larger than the
number that can be handled with a standard PC [9] in conventional non-iterative training procedures. In the
CISS training process, a “working set” with size l = 1496 was used. In each iteration, a “replacement set”
consisting of n = 25 misclassiﬁed “NAVC” samples was selected and substituted into the “working set”.
We used two schemes for selecting the “replacement set”: the “random” scheme, in which 25 misclassiﬁed
samples are randomly selected from the total; the “greedy” scheme, in which the 25 most wrongfully
classiﬁed samples are chosen. The degree of misclassiﬁcation is measured in relation to the prediction
value f (x).
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Fig. 12. Plot of classiﬁcation error rate of the CISS-trained SVM versus the number of iterations. Replacement set size n = 25.
The parameters of the SVM used are: C = 1.6818,  = 1.6818.

We also evaluated the effect of replacement set size (data not shown). It was found that if the size is
too small, convergence requires a larger number of iterations. If the size is too large, fewer iterations are
needed, but oscillations are observed. Generally, a choice from 10 to 50 samples has been found suitable
in our cell recognition experiments.
To test the classiﬁcation accuracy of our trained SVM classiﬁer, a testing set with 500 “VC” and 1500
“NAVC” samples was constructed. None of these samples were in the training set. At each iteration, the
trained SVM classiﬁer was applied on the testing set to determine the classiﬁcation error. In Fig. 12,
classiﬁcation error is plotted against iteration number. Two interesting points are revealed. First, as
expected, both the “random” and “greedy” schemes for replacement set selection dramatically reduce
the classiﬁcation error, which converges to a stable value. In addition, the “random” scheme achieves a
lower classiﬁcation error than the “greedy” scheme.
For the ﬁrst point, we believe it is due to the fact that more and more “representative” samples (i.e.,
samples that are close to the boundary and hard to classify) were iteratively selected by our algorithm and
used for training. To verify this hypothesis, we compared iteration-1 pixel patches for “NAVC” SVs with
corresponding iteration-14 patches. Both groups were randomly selected from the “random” scheme and
are shown in Fig. 13(a) and (b). To a human observer, it is clear that iteration-14 patches contain objects
that more closely resemble viable cells than objects in iteration-1 patches. This suggests that the decision
boundary at the 14th iteration is supported by vectors that are more difﬁcult for the SVM to classify. For
the second point, a possible explanation could be that the most wrongfully classiﬁed samples selected
by the “greedy” scheme can be too far from the boundary to generate an optimal decision surface and
therefore are not necessarily the best vectors to deﬁne the decision boundary.
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Fig. 13. Typical samples of SVs in the “NAVC” class after applying CISS: (a) SVs after the 1st iteration; and (b) SVs after
the 14th iteration. Replacement set size n = 25. The parameters of the SVM used are: C = 1.6818,  = 1.6818. Samples were
randomly selected using matlab.

Fig. 14. Effect of different training images on our algorithm. Patches were extracted from three image groups that have different
“None living-cell” to “Living cell” ratio: Low (619 to 1), Median (2836 to 1) and High (8119 to 1). Replacement set size n = 25.
The parameters of the SVM used are: C = 1.6818,  = 1.6818.

We also tested our algorithm with training images that have different levels of imbalance. Three different
image groups were created: low, median and high, each with different “NAVC” to “VC” ratios. In the
“Low” group, the images are dominated by viable cells. The “High” group, on the other hand, has much
more trash, dead cells and debris. The “Median” group is intermediate. Therefore, after eliminating the
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background patches, 112,711 “NAVC” and 182 “VC” patches could be extracted from the “Low” group.
These samples were used to construct a training set with the “NAVC” to “VC” ratio of 619:1. For the
“Median” group, the “NAVC” to “VC” ratio was 513,274 to 181 (i.e. 2836:1). For the “High” group, the
ratio was 1,363,990 to 168 (i.e. 8119:1).
Each of the three training sets was used with CISS to train a SVM, which was then tested on the testing
set described above. The results are compared in Fig. 14 with results obtained by SVMs trained with a
non-iterative procedure using a training set similar to the initial working set used with CISS. One can see
that these results closely parallel those obtained in the simulation experiments with artiﬁcial 2D data as
shown in Fig. 7. The improvement obtained with CISS on the “Low” group is quite limited, whereas, a
substantial and valuable improvement was obtained for the “High” group (classiﬁcation error decreased
from 9.4% to 1.26%).
5.3. Identiﬁcation and localization of unstained viable cells in bright ﬁeld images
To generate a more practical tool, we developed a method that combines an automatic “pixel patch”
decomposition technique [2,3,7] with CISS-trained SVMs. This method permits not only the identiﬁcation
of the desired objects but also gives their locations relative to the pixel coordinates of the primary image.
The essential aspects of this method have been described in a previous publication [7]. Basically, for
each pixel p in the image (excluding pixels in the margin around the edges), a pixel patch (e.g. 31 × 31)
centered at that pixel is extracted and mapped to a “conﬁdence value” C[p] ∈ [−1, 1] by a CISS-trained
SVM. After all the pixels in the primary image are processed, a new image called a “conﬁdence map”
is created. Pixels in the conﬁdence map are the conﬁdence values of their corresponding patches in the
original image and form “mountains” with large peaks representing a high probability of cell presence.
Cell positions can then be easily found by identifying local maxima in these “mountains”. To increase
speed, patches that clearly indicate the background were not used.
In order to examine the effect of our algorithm on images with different levels of complexity, three
testing groups, each consisting 10 images, were created. Scenario 1 is the simplest case where the cell
density is low; and there is little cell aggregation. Trash and debris are also at a very low level. Scenario 2
is more complex since many cells are aggregated and there are higher levels of trash and debris. Scenario
3 represents the most complex case where the cell density and aggregation are high; as are trash, debris,
and the percentage of dead cells. Typical images from these three scenarios are shown in Fig. 15.
Fig. 16(a) shows the conﬁdence map for Fig. 15(c). The conﬁdence value range of the SVM ([−1, 1])
has been linearly scaled to [0, 255] for grayscale representation in the conﬁdence map. In Fig. 16(b), the
viable cell positions detected are denoted by “plus” signs in the image.
Statistical results for viable cell detection in Scenarios 1, 2 and 3 are summarized in Figs. 17–19,
respectively. We employed a “Free-response Receiver Operating Characteristics” method (FROC) [28]
with the average number of false positives (FPs) in each image and the sensitivity (i.e., the percentage
of viable cells that are identiﬁed by the classiﬁer) as performance indexes. As described above, the cell
positions are identiﬁed as “peaks” of the “mountains” in the conﬁdence map. This requires a user-deﬁned
threshold for the deﬁnition of “peak”. The FROC curve plots the relationship of false positives and
sensitivity as a function of the threshold (not explicitly represented in the plot). In a practical application,
a suitable threshold can then be selected to achieve the required behavior. Note that a total of four methods
were used in the experiment. All the SVM classiﬁers followed the procedures described above. A detailed
description of the ANN method used here can be found in [7].
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Fig. 15. Typical testing images for viable cell experiments: (a) Scenario 1; (b) Scenario 2; and (c) Scenario 3.
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Fig. 16. CISS-trained SVM results for image Fig. 15(c): (a) Conﬁdence map: The conﬁdence values are linearly scaled to 0–255
for display and (b) superposition of primary image and calculated cell positions (“plus” signs), which correspond to conﬁdence
maxima in (a). Replacement set size n = 25. SVM parameters are: C = 1.6818,  = 1.6818.

The results show that for Scenario 1, a very easy case, all methods produce very good results. For
Scenario 2, where the images are more complex, our algorithm starts to show some advantage. A much
greater advantage is seen in the very difﬁcult case represented by Scenario 3. For example, if the false
positive acceptance number in each image is set at 3, CISS-trained SVM (random) achieves a sensitivity
of 94%, which is 1 percentage point greater than that of CISS-trained SVM (greedy), 3 points greater
than that of SVM without using CISS and 7 points greater than the ANN approach in [7].
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Fig. 17. FROC plots of different candidate methods when applied to Scenario 1: (a) ANN from [7]; (b) SVM trained without
CISS; (c) SVM trained with CISS (greedy); and (d) SVM trained with CISS (random), replacement set size n = 25. A higher
FROC curve indicates better performance. The parameters of the SVM used are: C = 1.6818,  = 1.6818.

Fig. 18. FROC plots of different candidate methods when applied to Scenario 2: (a) ANN from [7]; (b) SVM trained without
CISS; (c) SVM trained with CISS (greedy); and (d) SVM trained with CISS (random), replacement set size n = 25. A higher
FROC curve indicates better performance. The parameters of the SVM used are: C = 1.6818,  = 1.6818.
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Fig. 19. FROC plots of different candidate methods when applied to Scenario 3: (a) ANN from [7]; (b) SVM trained without
CISS; (c) SVM trained with CISS (greedy); and (d) SVM trained with CISS (random), replacement set size n = 25. A higher
FROC curve indicates better performance. The parameters of the SVM used are: C = 1.6818,  = 1.6818.

As noted previously, our results with the simulation shown in Fig. 8 suggest that our algorithm iteratively
chooses the “most representative” samples for training, and therefore can produce a decision boundary
that is more accurate than other methods. The experiments with viable cells described in this section add
further support to this claim.
When our current method is used with a 31 × 31 pixel patch, a 640 × 480 image requires a processing
time of 30–120 s, depending on the number of cells present. This speed in conjunction with the high
classiﬁcation accuracy makes CISS-trained SVM highly useful for many practical applications.

6. Conclusions
An effective algorithm for SVM training on large and highly unbalanced data sets has been proposed
and successfully applied to identify and localize unstained viable cells in bright ﬁeld images. The CISS
algorithm has been shown to be superior to SVMs with non-iterative training, especially when the ratios
are high. We suggest that CISS is effective because it iteratively chooses the most representative training
samples, i.e., the samples that are close to the boundary and are more difﬁcult to classify. This scheme
can make the decision boundary more accurate, especially when applied to difﬁcult scenarios. The speed
and accuracy of CISS-trained SVMs suggest that it can be very useful in high throughput robotic systems
that require automatic cell recognition and localization.
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