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ABSTRACT

There is an immediate need for the ability to detect, identify and quantify chemical and biological agents in water
supplies during water point selection, production, storage, and distribution to consumers. Through a U.S. Army
sponsored Joint Service Agent Water Monitor (JSAWM) program, based on hand-held assays that exist in a ticket
format, we are developing new algorithms for automatic processing of tickets. In previous work, detection of control dots
in the tickets was carried out by traditional image segmentation approaches such as Otsu' S method and other entropy-
based thresholding techniques. In experiments, it was found that the approaches above were sensitive to illumination
effects in the camera reader. As a result, more robust, object-oriented approaches to detect the control dots are required.
Mathematical morphology is a powerful technique for image analysis that focuses on the size and shape of the objects in
the scene. In this work, we describe a novel application of morphological operations in identification of control dots in
hand held assay ticket imagery. Such images were pre-processed by a light compensation algorithm prior to
morphological analysis. The performance of the proposed approach is evaluated using Receiving Operating
Characteristics (ROC) analysis.
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1. INTRODUCTION

Hand-held assay (HHA) is a form of biological assay which is designed to provide a quick and accurate presumptive
identification of selected biological warfare agents. The HHA works on the principle of antigen/antibody interactions1.
An antigen is any foreign substance that, when introduced into the host, are capable of eliciting an immune response,
which ultimately results in antibody production. Antibodies are molecules that are produced in response to a given
antigen. Biologically, the role of the antibody is to bind the intruding foreign substance and facilitate its removal from
the body. The HHA exploits the sensitivity and specificity of antibodies to detect and differentiate antigens. The results
provided by the HHA can be utilized to advise and assist in facilitating the resolution of a biological incident. It is only
after an agent's identity can be ascertained that an effective outer perimeter can be established, neutralization plans
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formulated, decontamination procedures enacted, emergency medical treatment plans made, and environmental
preservation precautions taken.

Through a U.S. Army sponsored Joint Service Agent Water Monitor (JSAWM) program, we are developing new
algorithms for automatic processing of HHAs that exist in ticket format. Tickets offer many unique advantages over their
bulky instrument-based counterparts: they are compact, easy to use, and have no power source requirements. For
instance, ANP Technologies Inc., a nano/biotechnology-based company settled in Newark, Delaware, has recently
developed devices that can reliably detect the presence of biological agents in HHA tickets at extremely low
concentrations. The tickets can either be read by the human eye or by an optical scanner. Although quantitative
measurements using the HHAs require an optical scanner, commercially available scanners such as those used in medical
image analysis are usually very expensive. Fortunately, a new method has been recently developed to collect the data
using a flatbed optical scanner to scan images of tested HHAs. In an initial demonstration, the inexpensive flatbed
scanner significantly outperformed commercial scanners in reading the HHAs and providing quantitative information
about the amount of biological warfare simulant present in a water sample. However, to fully exploit the flatbed scanner
in reading the JSAWM HHAs, new image processing algorithms must be developed.

Our main goal in this paper is to develop image processing algorithms that can be employed to automatically process
HHA tickets. In order to accomplish the above goal, accurate detection of control dots in the tickets is essential since
these dots provide baseline for other agent detection. In previous work, detection of control dots was carried out by
traditional image segmentation approaches such as Otsu' s method and other entropy-based thresholding techniques2. In
experiments, it was found that the approaches above were sensitive to illumination effects in the camera reader.
Improvements are thus needed for increasing the ability to automatically detect control dots in image tickets and
decrease the background noise and illumination interferers. The above goals can help automate processing algorithms
and to integrate them with the scanner and computer, so that a single untrained operator can reliably use the system. In
doing so, we propose to use reconstruction-based morphological operations35, which are able to accurately characterize
image objects in terms of their size and shape and, therefore, can be used to detect control dots in image tickets with very
high precision. The simple approach adopted in this work to reduce illumination effects is to apply a light compensation
algorithm prior to morphological analysis.

The remainder of this paper is organized as follows. In Section 2, we briefly describe mathematical morphology
theory, with special emphasis on reconstruction-based morphological operators that will be used thoroughly throughout
the paper. Section 3 develops a custom-designed algorithm to automatically process ticket images based on
morphological reconstruction operations. Section 4 summarizes experimental results after applying our algorithm to a
database of 40 ticket samples provided by the ANP Technologies Inc.. In order to accurately determine the sensitivity of
HHAs and reduce the risk in the JSAWM program, receiver operating characteristic (ROC) curves are constructed and
thoroughly analyzed. Finally, Section 5 concludes with some remarks.

2. MATHEMATICAL MORPHOLOGY

Mathematical morphology (MM) is a theory for spatial structure that has been successfully used in various pattern
recognition applications. Based on set theory, binary MM was established by introducing fundamental operators applied
to two sets3. One set is processed by another one having a carefully selected shape and size, and known as the
Structuring Element (SE), which is translated over the image. The SE acts as a probe for extracting or suppressing
specific structures of the image objects, checking that each position of the SE fits within the image objects. MM
operations have been extended to gray-tone images by viewing these data as an imaginary topographic reliefs; in this
regard, the brighter the gray tone, the higher the corresponding elevation. It follows that, in grayscale morphology, each
2 — D gray tone image is viewed as if it were a digital elevation model (DEM). In practice, set operators directly
generalize to gray-tone images. For instance, the intersection n (respectively, union U) of two sets becomes the point-
wise minimum A (respectively, maximum) operator. In a similar way to the binary case, specific image structures are
extracted/suppressed according to the chosen SE. The latter is usually "flat" in the sense that it is defined in the spatial
domain of the image (the x-y plane). Therefore, classic MM looks for objects defined as a specific spatial arrangement of
pixels.
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2.1 Classic morphological operations

The two basic operations of classic MM are dilation and erosion. Following a usual notation5, let us consider a grayscale

image f , defined on a space E . Typically, E is the 2 - D continuous space R2 or the 2 -D discrete space Z2 . In the

following, we refer to morphological operations defined on the discrete space. The flat erosion of I by B 2

defined by the following expression:

(føBx,y)= A f(x+s,y+t), (x,y)ez2, (1)
(s,t)€Z2(B)

where z2(B) denotes the set of discrete spatial coordinates associated to pixels lying within the neighborhood defined

by B and A denotes the minimum. On the other hand, the flat dilation of f by B is defined by

(fBXx,y)= V f(x—s,y—t), (x,y)eZ2, (2)
(s,t)EZ2(B)

where V denotes the maximum. For illustrative purposes, let B be a flat disk SE with radius of 14 pixels, and let f
be a HHA ticket image from the ANP database, pre-processed by a combined noise removal and light compensation
technique [see Fig. 1(a)]. As can be examined in Fig. 1(b), morphological dilation based on a disk-shaped structuring
element B has the effect of expanding dark zones (in the example, the two control dots are developed). On the other
hand, morphological erosion based on B expands bright areas and shrinks dark areas [see Fig. 1(c)]. Object
extension/contraction depends on the size and shape of the considered SE. As demonstrated by this example, erosion and
dilation generally modify the properties of the objects in the scene.

2.2 Reconstruction-based morphological operations

Opening and closing by reconstruction are a special class of morphological filters that have proven to be very successful
for multi-scale image processing6. These filters can accurately preserve the shapes observed in input images. Let us

consider a greyscale image f defined on 2 Given a SE (designed by B ) of minimal size, opening by reconstruction
can be defined by the following expression:

(f 0 B)k(x,y)=V[(f0 BIf)x,y), (3)

where
k times

[6(foBIf)x,y) .(foBIf)(x,y). (4)

The elementary term [6 B(f ° B I f)x, y) is a geodesic dilation, defined as the maximum of the elementary dilation
of f o B using B at pixel (x, y) and the value of f(x, y),

[o8(f0BIf)x,y)=V[(f o B)EBx,y),f(x,y)}. (5)

As shown above, this operation is repeated k times until idempotence (i.e. no pixel value modifications) is reached. In
similar fashion, closing by reconstruction is given by:
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(1 .B)'(x,y)=/\[(f .BIf)x,y), (6)
where

k times

[e(f.BIf)x,y)= BB'cB(f.BIf)(x,y). (7)

The elementary term [EB (1 B I f)x, y) is an extended geodesic erosion, defined as the minimum of the elementary
erosion of f •B using B at pixel (x, y) and the value of f(x, y),

[EB( B I f)x, y) = Aff( • B)® B](x, y), f(x, y)} . (8)

In the following, we use closing by reconstruction as the fundamental operation for detecting control dots in HHA
water ticket images. The proposed transforms can be used to isolate bright (opening) and dark (closing) pixels in
greyscale images, where the notion of bright/dark refers to the most highly brightldark pixels among the surrounding
pixels. In order to detect pure pixels, we define the extended top-hat operator, F ,which is calculated by taking the
residual image between the original and the opened image4.

['[f(x,y)]= Dist[f(x, y),(f °BXx, y)] ' (9)

where Dist is the Euclidean distance. In a similar way, the inverse extended top-hat operator, F' ,can accurately detect
dark pixels according to the size and shape of the structuring element B.

r"[f(x,y)]= Dist[(f•Bx,y),f(x,y)J. (10)

3. AUTOMATIC MORPHOLOGICAL TICKET PROCESSING ALGORITHM (AMTPA)

This section develops an automatic algorithm for morphological processing of HHA tickets, which is based on the
morphological operations addressed in the previous section. Before describing the algorithm, we must first note that a
pre-processing stage is required in order to remove noise and illumination effects in the images acquired by the camera
reader. The former goal is accomplished by using a simple 3x3 median filter. In order to deal with the latter problem, we
have further developed an adaptative technique that estimates how much light should be compensated for each pixel in
the image. Here we briefly describe the procedure followed to estimate the amount of light compensation from both
vertical and horizontal directions. For the vertical direction, we simply average the gray level values of the pixels in
columns 20th and 200th and subtract each element of the resulting vector from the maximum gray level in the scene. As a
result, a light level compensation pattern in the vertical direction is obtained. A similar approach is applied to produce a
light level compensation pattern in horizontal orientation. In this case, we average the gray level values of the pixels in
rows 5th, 10th 5th, and 20th and then subtract each element of the resulting vector from the maximum gray level in the
scene.

With the above pre-processing techniques in mind, we describe next the proposed algorithm for automatic processing
of HHA image tickets. The images were collected using a flatbed scanner with resolution of 200 dpi. The size of the
images is 640x480 pixels with dynamic range of 8 bits (256 gray levels). In what follows, we assume that the ticket
window in each HHA image has been cropped from the image, a task that can be easily accomplished by a simple edge
detection algorithm. With the above assumption in mind, the step-by-step algorithmic description of an automatic
morphological ticket processing algorithm (AMTPA) is given below:

AMTPA algorithm
1. Pre-processing:

1.1. Apply a 3x3 smoothing filter to remove noise from the cropped ticket window.
1.2. Estimate vertical and horizontal light patterns in the HHA ticket window and obtain the corresponding light

compensation masks.
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1.3. Remove the shadow effects from the control dot region by applying the light compensation masks above
[seeFig. 1(a)].

2. Identification of control dots:
2. 1 . Apply a morphological inverse top-hat operator to the image resulting from step 2.2 [see Fig. 1(e)].
2.2. Apply Otsu's automatic segmentation method to the image resulting from step 2.3 [see Fig. 1(01.

3. Positioning the geographical center of the control dots and antigen dots:
3. 1 . Calculate the centroid of the two control dots.
3.2. Estimate the approximate location of antigen dots, i.e. 200 pixels from the centroid of the control dots and

1 10 pixels from each antigen [see Fig. 1(g)].
4. Estimating the concentration of each antigen in the antigen dots:

4. 1 Extract the gray level value at the corresponding antigen dot pixel locations.
4.2 Use a lookup table that relates the gray level value at each antigen's dot pixel location with the

concentration of each antigen in the ticket.

Figure 1. Morphological processing of a HHA ticket image. (a) Original image pre-processed by noise removal and light
compensation. (b) Eroded image. (c) Dilated image. (d) Image after closing by reconstruction. (e) Image after inverse top-
hat operator. (f) Segmentation by Otsu's method. (g) Identification ofcontrol dots in the original image.

Morphological by reconstruction presents important advantages over traditional morphological operations. First, if
the searched patterns do not have regular properties across the scene, an adaptative scheme is needed to ensure that the
correct SE size and shape is considered at each pixel. This need consequently poses the problem of adequate parameter
selection and multi-scale image processing, which can be successfully accomplished by opening and closing by
reconstruction. Second, these filters do not introduce discontinuities and therefore preserve very accurately the objects in
the original image. In order to illustrate the reconstruction-based operations addressed above, let f be the HHA ticket
image in Fig. 1(a). Similarly, let B be a flat disk SE with radius of 14 pixels. The size and shape of the considered SE has
been selected according to the spatial properties of the objects of interest in the scene, in this case, the two control dots at
the top of the ticket window area. As displayed in Fig. 1(d), a closing by reconstruction operation based on Bproduces
an image which is similar to the original image in Fig. 1(a). However, it should be noted that the two control dots have
been smoothed so that their contrast with regard to the background is more diffuse than in Fig. 1(a). If we now apply a
morphological inverse top-hat operator, which is calculated by taking the residual image between the original image in
Fig. 1(a) and the image in Fig. 1(d), the resulting image [see Fig. 1(e)] provides a clear separation between the objects of
interest (i.e. the two control dots) and the image background. In this case, the control dots have been detected and
separated from the image background by means of the considered SE, whose size and shape accurately match those of
the two control dots of interest. Finally, a simple automatic segmentation method such as Otsu's method2 can easily
extract the two control dots from Fig. 1(e), as displayed in Fig. 1(f).

Proc. of SPIE Vol. 5584     225



4. EXPERIMENTAL RESULTS

In this section, we summarize the results obtained after applying our AMTPA algorithm to a database of 40 HHA ticket
images with ground-truth antigen concentrations provided by the ANP. A major question arising in our detection
application is how can we objectively evaluate whether or the proposed technique is effective and in what sense.
Receiver Operating Characteristics (ROC) analysis has been widely used for that purpose7. Before addressing our
experimental results, we first provide a description of the use of ROC analysis in the considered application.

4.1 ROC analysis

The goal of traditional ROC analysis is to plot a curve, referred to as ROC curve, based on the detection probability (PD)
versus false alarm probability (PF). This curve focuses on the effectiveness of a decision made for a detection problem,
regardless of what specific criterion should be used. In order to develop ROC curves in our particular application, we
need to calculate PD and Pp of each antigen m for j = 1 4 in the HHA ticket image, where the m3 can be given by
different combinations of antigens such as vaccinia, coxiella, ricin or bot tow1 . Setting a concentration threshold for each
antigen to be detected is an important task in chemical and biological applications, where the presence of a threat usually
depends on whether its concentration or abundance is above a certain tolerance threshold. If the concentration is greater
than the threshold, we claim that the antigen is detected. Otherwise, we consider that no antigen is detected. Let t be the
detection threshold value used as a desired cutoff threshold value. Similarly, let gm (x, y) be the gray level value that is

proportional to the concentration of antigen m at the pixel with spatial location (x,y) detected in the ticket image. Using
as a detection threshold value we can define a detector, denoted by d by

Ii ifg(x,y)�t
d(g(x,y))= J

(11)J L°' if g (x, y) < t

which uses t as a threshold value to convert a gray level value g (x, y) to a binary value. Accordingly, a "1" produced

by Eq. (11) indicates that antigen m is detected at pixel at spatial location (x,y) in the HHA ticket image; otherwise, we
consider that antigen m , is not present at (x,y). The detection rate RD(mJ) and the false alarm rate Rp(m) are defined by

ND(m.)
RD(mJ)= N(m) ' (12)

I \ NF(m.)
RFm.)= J , (13)J N_N(m)

where ND (m3 ) the total number of pixels in which the presence of antigen m is correctly detected, NF(mJ) is the total

number of pixels in which the presence of m is detected as a false alarm, N(m3) is the total number of pixels which
contain m, and N is the total number of pixels in the ticket image. From Eqs. (1 1-13), it is clear that each fixed
produces a point in a 2-D ROC curve given by (RD(mJ),RF(mJ)) for the antigen m. Now, if we vary tin a third dimension,
it results in a 3-D ROC curve89 for m where (RD(mJ),t) can be plot versus RF(mJ). Using this 3-D curve we can further
plot three 2-D curves, a curve of RD(mJ) versus Rp(m) which is the traditional ROC curve, a curve of RD(mJ) versus t,
and a curve of RF(mJ) versus t for performance analysis. Finally, the mean detection rate RD and mean false alarm rate

RF can be further defined by

RD=p(mJ)RD(mJ), (14)
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RF=p(mJ)RF(mJ), (15)

where p(m1 )=N(mJN(m ) . Similarly, each fixed t also produces a point in a 2-D ROC curve given by

(D "F) . By varying the detection threshold value t in a third dimension, it also results in a 3-D mean-ROC curve,

which can be used to evaluate the performance of the proposed detection algorithm by plotting (D t) versus RF.

Using this 3-D mean-ROC curve we can further plot three 2-D ROC curves, a curve of RD versus RF which is the

traditional ROC curve, a curve of RD versus t, and a curve of RF versus t for detection performance analysis. Once the

2-D ROC curve of "IF ) is generated, the area under the curve is calculated and defined as overall detection rate
(DR), which can be used to evaluate the effectiveness of the proposed detector. So, when the DR is 1 , thedetector can be
considered an ideal detector. Conversely, when DR is 0.5, the detector performs the worst.

4.2 Results and discussion

In this subsection we conduct an investigation of the performance of the AMTPA algorithm based on 3-D and 2-D ROC
analysis addressed in the previous subsection. As shown in Fig. 2, the 3-D ROC curve in Fig. 2(a) shows the
performance of the AMTPA as a function of three parameters, RD, R and t. While the 2-D ROC curve of (RD ,RF)
in Fig. 2(b) provides the mean detection rate of the AMTPA versus the mean false alarm rate, the 2-D ROC curves of

(D , t) and (F , t) in Fig. 2(c-d) indicate how a threshold value oft affects the performance of the AMTPA.
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Figure 2. (a) 3-D ROC curve of (D,F,t); (b) 2-D ROC curve of (D,F); (c) 2-D ROC curve of (D,t);(d) 2-D ROC

curveof (F,t).

It should be noted that the mean detection rate (DR) can be simply obtained by calculating the area under the 2-D ROC
curve in Fig. 2(b). By looking at the 3-D ROC curve in Fig. 2(a), it is clear that the proposed algorithm is able to produce
high scores of RD and low scores of R F for different values of t. Specifically, Fig. 2(b) reveals that the 2-D ROC curve

of (R D ' RF ) close to optimal. The higher the ROC curve, the better the detection power. The worst case is the one

which produces the diagonal line, in which case RD and RF yield the same probability, i.e. 1/2 and, subsequently,
DR = 0.5 . That would imply that the method is completely useless since it would be equivalent to flipping a coin to
make the decision without designing any technique at all. In order to measure the detection power of our proposed
AMTPA algorithm, we have calculated the area under the 2-D ROC curve in Fig. 2(b), which resulted in DR =0.85.
This indicated that the proposed algorithm could be successfully used to detect the presence of a biological threat in
HHA ticket imagery. According to Fig. 2(c), the RD of the proposed AMTPA algorithm dropped to zero for a small

concentration. This demonstrated that the RD of the proposed algorithm is sensitive to a small concentration t of an
antigen, which is of great interest in the considered biological application where sensitivity to concentration of a certain
antigen is the key element in order to determine if the considered antigen represents a threat or not. Similar phenomena
were also observed in the 2-D curve of (, t) [see Fig. 2(d), where in this case RF dropped drastically around t = 5.

5. CONCLUSIONS ANDFUTURE RESEARCH

Hand held assay (HHA) is a form of biological assay that represents a powerful technique designed to provide a quick
and accurate identification of selected biological warfare agents. Although HHAs are fairly reliable, accurate and
sensitive assaying of environmental samples is exceedingly difficult. Automatic processing of HHAs is highly desirable
in order overcome potential deficiencies/limitations that may arise in the analysis process, usually carried out by a
trained operator. This paper has developed a fully automatic algorithm for detection and quantification of chemical and
biological agents on HHAs that exist in a ticket format. In order to accurately determine the sensitivity of the HHAs and
reduce the risk in the advanced acquisition system, 3-D ROC analysis was conducted on a data set made up with 40
ticket image samples with ground-truth antigen concentrations, provided by the ANP Technologies Inc. The proposed 3-
D ROC analysis takes advantage of concentrations produced by our proposed detector, and then thresholds these
concentration estimates. By adjusting the percentage of concentration of an antigen we can calculate the detection rate
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and false alarm rate for performance analysis, which is cmcial in chemical and biological standoff detection applications
where the presence of a threat generally depends on whether its concentration is above a specified tolerance threshold.
Experimental results reveal that the proposed algorithm can automatically detect the exact location of antigen dots in the
ticket images with great accuracy, and further estimate the concentration of each antigen in the corresponding dots.
Future research will focus on testing the proposed algorithm with additional samples provided by the ANP and exploring
additional methods for reliable estimation of antigen concentrations.
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