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Abstract

In medical applications, Dynamic Infrared (IR) Thermography is used to detect the temporal
variation of the skin temperature. Dynamic Infrared Imaging first introduces a thermal challenge
such as cooling on the human skin, and then a sequence of hundreds of consecutive frames is
acquired after the removal of the thermal challenge. As a result, by analyzing the temporal
variation of the skin temperature over the image sequence, the thermal signature of skin
abnormality can be examined. However, during the acquisition of dynamic IR imaging, the
involuntary movements of patients are unavoidable, and such movements will undermine the
accuracy of diagnosis. In this study, based on the template-based algorithm, a tracking approach is
proposed to compensate the motion artifact. The affine warping model is adopted to estimate the
motion parameter of the image template, and then the Lucas-Kanade algorithm is applied to search
for the optimized parameters of the warping function. In addition, the weighting mask is also
incorporated in the computation to ensure the robustness of the algorithm. To evaluate the
performance of the approach, two sets of IR image sequences of a subject’s hand are analyzed: the
steady-state image sequence, in which the skin temperature is in equilibrium with the
environment, and the thermal recovery image sequence, which is acquired after cooling is applied
on the skin for 60 seconds. By selecting the target region in the first frame as the template,
satisfactory tracking results were obtained in both experimental trials, and the robustness of the
approach can be effectively ensured in the recovery trial.
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1. INTRODUCTION

1.1 Background

Since the 1990s, following the development of IR camera technology, the novel algorithms
of image processing, and the progression in IR sensors, medical IR thermography, a totally
non-ionizing and non-invasive imaging modality, is regaining more interest in clinical
medicine.

As compared with conventional passive IR imaging, which examines the spatial temperature
information on a single image frame, dynamic IR imaging detects not only spatial but also
temporal information regarding skin temperature. Dynamic IR imaging first introduces a
thermal challenge such as cooling or heating on the human skin, and then a sequence of
hundreds of consecutive frames is acquired after the removal of the thermal challenge. As a
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result, by analyzing the temporal variation of the skin temperature in the range of hundreds
millikelvins, abnormalities such as the malignancy of the skin can be examined [1].

However, during the acquisition period of dynamic IR imaging, involuntary movements of
patients are unavoidable, and such movements will produce motion artifacts, which hinder
the accurate thermal comparison between two specific points on the skin, therefore
undermining the validity of the local temperature analysis. Therefore, in order to screen the
abnormalities of tissue accurately in dynamic IR imaging, it is crucial to track the target
motion during the acquisition period.

1.2 Literature review

Moving target tracking in the video sequence is generally an active topic in civil and
military applications. Due to the lower cost and fast improvement of infrared (IR)
technology, object tracking has also been widely used in IR thermography, such as
pedestrian detection for surveillance purposes [2—4].

In medical applications, however, only a few researchers have tackled the tracking issue
specifically for dynamic IR imaging. To allow the wide use of dynamic IR imaging in breast
cancer screening [5-7], based on marker-based image registration, the motion artifact
reduction approach using image sequence realignment was proposed [8-10]. In this
approach, the registration of each IR image frame is achieved by aligning 5 to 18 markers,
which are visible to serve as control points in IR sequence, and the approach can achieve
accurate tracking performance in terms of SNR evaluation. However, despite the fact that
algorithms are designed for marker localization and control points matching in the approach
[8], the registration error due to the mismatch of control points is still not totally eliminated.

Therefore, in order to achieve robust tracking in dynamic IR imaging, based on the
brightness constancy of the marker image and the surrounding skin over the entire IR
sequence, a template-based tracking approach is presented in this study to correct the motion
artifacts in clinical environments.

2. METHOD

2.1 Template-based tracking algorithm

Template-based tracking is achieved by estimating the warp of a template image in an image
sequence, and in this paper, the method is described using the notation of Mathews et al[11].
Given that a template image T(X) is the region of interest, we want to track in a target image
I(xX)where x represents the pixel coordinates vector, W(x;p) is the warp function
parameterized in terms of parameters p = (pt,...pMT. In the algorithm, all pixels x in 1(x)
will be warped by the function W(x;p) to be compared with T(x), and the optimized
parameters p will be determined such that:

I(W(z;p)) = T(x) (1)

Since the template image patch is moving in 3D, the affine warp W(x;p) is utilized for the
template-based tracking:

xT
1+p1  p3s  Ps
N =
W (z;p) ( p2  1+ps ps Y @

Where p=(p1, P2, P3, Pa, Ps, Pe,) " are the 6 parameters for affine transformation.
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2.2 Lucas-Kanade approach

Based on the Lucas-Kanade algorithm [12], in an attempt to search for the optimized
parameters p for warping function, the problem can be formulated as the minimization of the
sum of squared errors between the warped image | and the template patch T:

Se[I(W(z;p) — T(x)]*

This minimization is a non-linear optimization problem, and based on a predicted current
estimate of p, the Lucas-Kanade algorithm iteratively solves for an increment 4p to update
the current estimate p by:

p—ptAp (4
and the expression (3) can be re-written as:

o[ I(W (z;p+A4p)) — T(2)]* )

As a result, the iteration will continue until the updated estimate of p converges, which
serves as the optimized set of parameters p for W(x;p) at the end of the computation.
Furthermore, to linearize the error function (5), the Lucas-Kanade algorithm adopts the first-
order Taylor expansion to approximate 1(W(x;p+4p)):

oW
I(W(w;p+AP)):I(W(w;p))JrVI%Ap ®)

Therefore, by substituting 1(W(x;p+4p)) into (5), the error function can be written as[13]:

oW 2
Ya I(W(w;P))"’VI%AP -T(z)| @

where Al is the gradient of image | evaluated when the current estimate warping function

124% 4
W(x;p) is applied, and ap represents the Jacobian of the warp. For affine transformation,

W(x;p) can be decomposed as : W(x;p)=(Wy , Wy)Tand the Jacobian of W(x;p) is

represented as:
oW %V&/Vm -G8\ (204010
op \ Wu. . 9Wy |71 020y01

0p. Ope

Based on equation (8), to minimize the error function (7), we can first get its partial
derivative with respect to 4p

25, {vz%—vﬂ ’ {I(W(m;p))wraa—‘: Ap— T(:c)] ©

By setting the expression (9) to zero, the closed-form solution for the 4p can be obtained
[13]:
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T
Ap=H 'S, {VI%—VZ] [T(=) - I(W(=;p))] 0)

where H is the nxn Hessian Matrix, and the Gauss-Newton approximation is adopted in
Lucas-Kanade algorithm for Hessian matrix:

ow T _ ow

2.3 Infrared image acquisition

The simulated target attached to the skin surface is imaged using the Merlin midwave (3-5p.
m) infrared camera (MWIR) as shown in Fig. 1(a). The temperature resolution of the camera
is 0.025 °C, and a 320 by 256 pixel focal plane array (FPA) is used to acquire 16 bit raw
data at frame rate of 60 Hz. Each image frame has the field of view (FOV) of 22 x 16
degrees. In our experimental trials, we recorded two sets of IR image sequence on a
subject’s hand: the first one is the steady-state image sequence, and the other one is the
recovery image sequence, which is acquired after gel-pack cooling is applied on the skin for
60 seconds. In both sets of the IR sequences, the subject’s hand movement is deliberately
incorporated.

2.4 Tracking marker and simulated lesion

In general, abnormal regions on the skin are not directly identifiable in the IR image. To test
the performance of the tracking method proposed in this study, we created two paper
markers which are both visible in the IR image (Fig .1 (c) (d)): one is the rectangular marker
of size: 5 cm x 5 cm, which serves as the template image as shown in Fig.1 (d), and the
other is the round maker used to simulate the location of lesion target on the skin.

2.5 Weighting mask of the template image

The appearance constancy over the entire image sequence is the primary assumption for
template-based tracking, whereas this assumption is not feasible in many circumstances
where partial occlusions and brightness variations are unavoidable. The assumption might
roughly hold for steady-state IR image, however, for dynamic IR image sequences, in which
the time-dependent temperature variation are critical for our analysis, this assumption will
be violated. Therefore, the robust template tracking algorithm proposed in [14, 15] is
adopted to tackle the temperature changes in dynamic IR image data. The robust algorithm
incorporates a weighting mask, which selectively suppresses the region with brightness
variation in the template image. In our application, according to the highest and lowest
temperature value, the template image intensity is normalized to (0, 1) and serves as the
weighting mask. The two weighting masks for both steady-state and recovery IR sequence
are shown in Figure 2. In this situation, the skin surface will be highly weighted in the
tracking computation, while the region receiving cooling, which is also the region with
highest variation rate in the recovery IR sequence, will be suppressed in the tracking
computation.

2.6 Determining the location of simulated lesion for comparison purposes

For the purpose of evaluating the tracking performance of the proposed method, we need to
know the actual position of the simulated lesion as the reference point. After the optimized
tracking parameters are determined in the following IR frames respectively, the centroid
coordinate of in the first IR frame will be predicted at each subsequent IR frame, and this
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predicted location and the actual centroid location will be compared to analyze the tracking
errors. To determine the actual location of simulated lesion, a contour segmentation
algorithm, random walker [16], is adopted in steady-stage IR sequence. For the recovery IR
sequence, in which the temperature changes dynamically, an IR-IR registration technique is
applied.

The random walker algorithm [16] is first implemented on the steady-stage IR image
sequence, in which the skin temperature is in equilibrium with the room temperature around
27 °C, and the simulated lesion contour is then identifiable over the entire sequence.
Therefore, the location of the simulated lesion can be segmented in each IR image frame as
shown in Figure 3. After the lesion region is delineated, its centroid is chosen as the
reference point to calculate the Euclidean distance with respect to the predicted lesion
position from the tracking algorithm.

In our previous clinical application [17], the recovery IR images after cooling reveal critical
information to detect the malignancy of melanoma, thus it is of interest to test the proposed
tracking method on the recovery IR sequence after cooling. Since the simulated lesion will
be covered by the cooling spot and become invisible in IR image during recovery phase, we
have to register the simulated lesion outlines via the location of four corners of the square
marker, which is visible in both steady-state and recovery IR image sequences.

As shown in Figure 4 (a), the four corners of square marker and the segmented lesion
contour are first identified in the steady-state IR image; subsequently, the corresponding
points are then manually selected in the recovery IR image (Figure 4 (b)). Based on the four
pairs of coordinate correspondences, a 2D projective transformation matrix is solved [18] for
the registration between the steady-state and recovery IR image frame, and therefore the
simulated lesion contour segmented in steady-state IR image can be mapped to recovery IR
image. By applying the registration process from the steady-state IR image to each frame of
recovery sequence consecutively, the actual location of simulated lesion location can be
determined for the tracking error analysis.

3. RESULTS

3.1 Tracking performance in the steady-state IR sequence

We tested 23 frames of steady-state IR images with random in-plane motion incorporated,
and four representative frames are shown in Figure 5. As we compare the location of
predicted (circle) with actual (cross) centroids of the simulated lesion, it can be seen that
despite the random in-plane motion, the two locations of circle and cross coincide with only
slight differences.

The tracking error is evaluated quantitatively: the Euclidean distance between the predicted
and actual location of target centroids in units of pixel number is calculated at each frame,
and the results are recorded in Figure 6. As evident in Figure 6, the distance between the
predicted and actual centroid locations is within 3 pixels. From the actual size of marker, the
30 mm length is approximately equivalent to 86 pixels in in the IR image, which means the
distance of 1 pixel in the image approximately quals to 0.35 mm on skin surface.

3.2 Tracking performance for the dynamic IR sequence after cooling

The tracking performance for the dynamic IR sequence recovered from cooling application
is illustrated in Figure 7. The frame rate is 1 frame/second in this trial. In the first trial, only
the first 23 frames are tested. It can be observed that despite the temperature variation over
the sequence, the centorid location of the simulated lesion can still be tracked with
reasonable accuracy up to 23 seconds into recovery phase. As shown in Figure 8, the
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quantitative analysis was also applied to the 23 frames of the IR sequence, and it is evident
that the highest tracking errors are less than 4 pixels. The results suggest that by adopting the
first frame after cooling as the template image, along with its normalized image as weighting
mask, the template-based tracking algorithm is capable of tackling the transient temperature
change in the first 23 seconds in recovery phase. However, as we extended the duration of
the testing over 30 frames in the trial, as shown in Figure 9, it appears that the tracking
errors begin to grow significantly. It can be seen from the error analysis in Figure 10, a
remarkable growth of tracking errors is detected after 30 frames. The error growth can be
explained by the fact that after 30 seconds in recovery phase, the thermal contour of the
target becomes substantially different from the template image taken at the first frame. As
indicated from the Figure 10, the tracking errors will exceed 10 pixels after 40 frames.
Therefore, adjustments of the tracking method are needed when significant changes occur in
the image sequence.

4. CONCLUSION

In this study, we demonstrated the feasibility of template-based algortihm applied to
involuntary motion compensation in dynamic infrared imaging. Our aim was to test if the
algorithm can track the target region in the IR image in the presence of involuntary
movements. From the experimental trials using steady-state with random in-plane motion,
satisfying results were obtained by selecting the target region at the first frame as template
image. In the recovery IR image trials, it can be inferred that the weighting mask converted
from its normalized image can effectively ensure the robustness for 30 frames; however, its
robustness would collapse if the recovery time lasts longer than 40 seoncds, when the
temperature contour is significantly different from the template image taken at the initial
frame right after cooling.

5. DISCUSSION

From the error analysis for the three trials, we can conclude that the weighing mask
converted from normalized initial frame can stabilize the motion tracking in steady-state IR
sequence. For the recovery sequence with transient temperature change, although the
intensity changes dramatically, the algorithm can still function effectively for the first 30
seconds. During this period the temperature change is at highest rate. It is not surprising to
see the fast error growth after 40 seconds, since then the skin temperature is substantially
recovered, and the thermal contour appears to be more similar to the steady state than the
template image. Therefore, it is speculated that if the template image can be updated using
the image frame at 30 seconds, which has the thermal contour closer to the following
frames, the tracking algorithm is expected to function with reasonable improvement. On the
other hand, for verification purposes, the lesion location is made to be visible using
simulated marker in this study; in the clinical environment, however, since the real lesion is
not necessarily visible in IR image, a pin-point technique is desired to identify lesion
location before implementing the method.
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(b) (d)

Figure 1.

(a) Merlin midwave infrared camera used for IR image acquisition with (b) monitor; (c) the
two paper adhesive markers; the square one serves as the tracking template, and the round
one represents the simulated lesion for error analysis purposes; (d) the template image used
for motion-tracking computations
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(@) (b)

Figure 2.
(a) Weighting mask of template image for steady-state IR image sequence (b) weighting
mask of template image for the recovery IR image sequence (after cooling is applied)
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(a) (b)

Figure3.
(a) Adhesive markers and the segmented outline of the simulated lesion (red circle); (b) red
point: the centroid location of the simulated lesion

Proc SPIE. Author manuscript; available in PMC 2014 March 13.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Cheng and Herman

Page 11

(a) (b)

Figure4.
The registration of the simulated lesion from the steady-state IR image (a) to the recovery IR

image (b)

Proc SPIE. Author manuscript; available in PMC 2014 March 13.



Cheng and Herman Page 12

Frame 1 Frame 2

Frame 7 Frame 9

32
30
28

26

24

Figureb5.
The tracking performance in steady-state IR image sequence (circle: the centroid location

predicted by the tracking algorithm; cross: the actual centroid location of the simulated
lesion)
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Frame 1 Frame 3

Frame 10 Frame 16

Figure7.

The tracking performance in the first 23 frames in the recovery IR image sequence (circle:
the centroid location predicted by the tracking algorithm; cross: the actual centroid location
of the simulated lesion)
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Frame 1 Frame 12

Frame 61

Figure9.

The tracking performance from Frame 1 to Frame 61 in the recovery IR image sequence
(circle: the centroid location predicted by the tracking algorithm; cross: the actual centroid
location of the simulated lesion)
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