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INTRODUCTION 
Hyperthermia therapy deals with the utilization of 
extremely high temperatures for treatment. 
Depending on the tumor location, there are several 
approaches to local hyperthermia. Ultrasound 
hyperthermia has been considered in this research 
work. 
When the ultrasound wave penetrates the human 
tissue, the wave energy is partially absorbed and 
transforms into heat energy. The main goal of the 
ultrasound transducer is to destroy the tumors by 
exposing them to high intensity, highly focused 
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ultrasound waves. The ultrasound signals 
generated by the sensor is focused on the tissue that 
results in the heating of the tissue as shown in Fig.1.  
The primary reason for using ultrasound 
technology is that it is non-invasive and also 
permits a high degree of spatial and dynamic 
control of heating as compared to the other 
methods. The limitations of the technique is that it 
takes longer time to treat large tumors because 
healthy tissues lying in between the tumor and the 

ABSTRACT 
The primary objective of the research work presented is to design a thermal dose 
controller for hyperthermia treatment using several soft computing techniques, 
perform simulation studies on the mathematical model of the carcinogenic tissue and 
compare the controller performance. The non-linear relationship between 
temperature and dosage, after effects of treatment and constraints on normal tissue 
protection makes design of thermal dose controller a challenging task. Intelligent 
control of thermal dose using soft computing techniques like Fuzzy Logic Controller 
(FLC) and Fuzzy Adaptive Learning Control Network (FALCON) has been simulated on 
the tissue model and the performance of the controllers are compared in terms of 
accuracy of output and patient comfort. In the proposed system, optimum thermal 
dose to which the carcinogenic tissue can be exposed is determined. State space 
representation of the thermal model of the tissue is used for simulation studies. The 
performance metrics are the transient response characteristics like rise time, settling 
time and mean square error. These characteristics are compared to assess the 
controller performance. The FLC and FALCON performance for both linear and 
exponential parametrization has been compared. It has been observed that 
implementation of Fuzzy Controller and FALCON for thermal dose is successful in 
minimizing the treatment time. Model validation has been done by observing the 
mean square error which is well within the permissible limits.  
The concept of Automatic thermal dose controller has been enhanced using hybrid 
Neuro-fuzzy Controller (FALCON). The developed controller is applicable for a wide 
range of thermal therapies like thermal ablation and thermal radiotherapy.   
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ultrasound transducer must be allowed to cool in 
order to avoid inadvertent and undesired thermal 
damage to the normal tissue. Hence, advanced 
optimization and control techniques are being 
proposed and adopted in order to decrease the 
treatment time for large tumors. This is 
accomplished by accurate control of the 
temperature in the cancerous tissue as well as 
normal tissue.  
 

 
Figure 1. Ultra Sound Hyperthermia Technique 

 
An Artificial Neural Network (ANN) mimics the 
learning and adaptation ability of the human brain 
whereas the Fuzzy Logic Technique is based on the 
human reasoning ability. These are powerful soft 
computing techniques that have been widely used 
for various classification, pattern recognition and 
control applications. A synergistic integration of 
these techniques results in an efficient hybrid 
algorithm with improved performance. In the 
proposed work, ANNs have been used to tune the 
fuzzy membership functions in order to effectively 
control the highly non-linear thermal dosage 
control system.  
Diagnostic and therapeutic techniques for 
carcinogenic tissues has remained a prominent 
topic of research for many years. Numerous 
researchers have contributed various techniques 
and methods for cancer diagnosis and treatment. 
The seven phase trials that demonstrate the 
positive effects of small intensity heat therapy 
techniques are used along with radiation therapy 
and chemotherapy.[1,2]. Similarly, the utility of high-
intensity thermal therapies to coagulate targets 
distributed in the patient’s body in a non-invasive 
manner has been discussed in various papers. The 
usage of MR guided ultrasound surgery to thicken 
the soft breast fibroadenomas in a non- invasive 
manner is discussed.[3] 

Recently, numerous multiple element 
hyperthermia applications have been developed to 
be used for larger surface areas. [4].The major 
drawback that has limited the widespread 
application of this approach is the need for stable, 
but homogeneous temperature profile across large 
treatment surfaces..[5]. Due to the disadvantages of 
manually powered control techniques, automatic 
control systems based on temperature feedback 
from tissue under each independently powered 
heat source has been attempted [6], using scanned – 
focused and phased array ultra sound techniques as 
well as high temperature hyperthermia[7, 8]. Wide 
range of control techniques like PID, Model 
Predictive Control have been discussed in literature 

[9]. Control approaches based on recursive 
algorithms have been developed. These controllers 
are found to have high accuracy as well as a high 
speed of response.[10]  
Development of a Fuzzy Controller that is capable of 
learning and adjusting its characteristics based on 
neural network learning rules is discussed by 
Berenji[11] . The use of Genetic Algorithms to tune 
the Fuzzy parameters in discusses [12]. Farag et al [13] 
proposed a neuro fuzzy technique in which three 
different algorithms have been used to tune the 
network parameters. The usage of gas to tune an 
RBF network based fuzzy model without 
membership functions is discussed.[14,15] 
 

MATERIALS AND METHODS  
Based on the fact that an accurate control of thermal 
dosage is essential for effective hyperthermia 
treatment, the proposed research work aims to 
design an efficient controller that is hybrid in nature 
and provides accurate results. Computer 
Simulation Studies of the same has been carried out 
by deriving the mathematical model of the human 
tissue. 
The modeling of the tissue poses the following 
control problems: It is required to attain the 
optimum value of thermal dose, Df, applied on the 
tumor using non-invasive ultrasound power 
deposition technique. In order to reduce side 
effects, the maximum allowable temperature limits 
are imposed on the temperature to which normal 
tissues surrounding the tumor are exposed. It is 
further essential to reduce the time for treatment tf 
within the temperature constraints imposed. The 
methodology to derive the thermal model of the 
human tissue is shown in Fig.2.  
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Fig.2. Procedure to derive Mathematical Model of a Tissue 

Thermal Model of Tissue 
The transport of heat energy in a human tissue is represented mathematically as given in Eq (1) which is a 
semi empirical model, 
𝜌𝐶𝜕𝑇

𝜕𝑡
=∇(𝑘∇𝑇)− 𝑊𝑏   𝐶𝑏   (𝑇−𝑇𝑎  )+𝑄

(1) 

C, Cb - Specific Heat Capacity of tissue and blood (J/Kg0C) 
Wb     - Perfusion of Blood [Kg/(m3 s]  
      Ta     -  Arterial Temperature (assumed to be 370C) 
      Q    - Deposition of Power in the tissue in W/m3) 

 

 
Fig 3. One-dimensional tissue model. 

The controller performance for the heat treatment is verified using a 1D model of the tissue shown in Fig. 
3 and the model is reduced to Eq. 2 
𝜌𝐶𝜕𝑇

𝜕𝑡
=𝑘

𝜕2𝑇

𝜕𝑥2− 𝑊𝑏   𝐶𝑏   (𝑇−𝑇𝑎  )+𝑄
(2) 

 

Constant Conductivity has been assumed and  is the penetration depth in the tissue. At both skin 
surfaces, it is assumed that T=Tb.  The acoustic and thermal properties of each region is given in Table 1.  
 

Table 1. Properties of Human Tissue 

Thermal Dose 
The thermal dose, D, can be used to characterize the effect of temperature and the time of treatment on the 
thermal therapy as given in Eq.  

 13,0x

Component 

Tissue Property 

Thermal Conductivity 
K (W/(M°C) 

Density  
 (Kg/m3) 

Heat Capacity 
C=Cb (J/(Kg°C)  

Surface Tension 
 (N/M) 

Muscle 0.64 1000 3500 18.5 

Tumor  0.57 1000 4000 20.5 
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where tf  - Final value of time when the thermal dose is integrated. 
The thermal dose is represented in units of equivalent minutes at 43°C. 
 
State Space Formulation 
After finite dimensional approximation, the bio-heat transfer model (5,6) is expressed in the state-space 
form as given below. 
 

 
 
Where A- System Matrix including perfusion and conduction 
           B – Input matrix determined by Eq.(4) 
 
Feedforward Controller  
The control problem can be formulated as finding a controller KD that maps the desired final thermal dose 
Df as shown in Fig.4.  

 

 
Fig.4. Feed forward controller of thermal dose. 

 
    KT         -     Temperature controller 
    Df          -     Desired Final thermal dose  
    KD       -       Feed forward Control 

 
KD:Df →T(t,u(t))=Tref(t),t є[0,tf]   (7) 

 
Intelligent Thermal Dose Controller 
In order to develop a database and decision support system for the patient, it is necessary to design an 
intelligent, adaptive controller  
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Fig.5. Block Diagram of Fuzzy Logic Based Thermal Dose Controller 

 
 

 
Fig.6. Performance of Thermal Dose Controller using FLC with Linear Parametrization 
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The thermal dose controller response for Fuzzy Controller with exponential parametrization is shown in 
Fig. 7a to Fig. 7c. 
 

 
Fig.7 Performance of Thermal Dose Controller using FLC with Exponential Parametrization 

 
Table 2:  Performance of Thermal Dose Controller with Fuzzy Logic Controller 

Set 
Point 

Rise Time  
(Minutes) 

Settling Time 
 (Minutes) 

Mean Square Error 
( Model Validation) 

120-C 
FLC 
(Linear) 

FLC 
(Exponential) 

FLC 
(Linear) 

FLC 
(Exponential) 

FLC 
(Linear) 

FLC 
(Exponential) 

11.756 11.956 10 10 7.2914 8.0094 
 
FALCON Based Thermal Dose Controller 
The simulation of FALCON based thermal dose controller was done for both linear and exponential 
parametrization and the results obtained are shown from Fig. 8a to Fig.8c. 
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Fig.8. Performance of Thermal Dose Controller using FALCON with Linear Parametrization 

 
Thermal Dose Controller performance based on 
FALCON with exponential parametrization is 
shown in Fig.9a. to Fig. 9c 
The synergistic integration of fuzzy logic and neural 
networks helps improve controller performance. 
Fuzzy logic is fault tolerant and is effectively used 
for imprecisely defined non-linear systems. The 
most important issue in designing an FLC is the 
derivation of optimum fuzzy rules and parameter 
adaptation. The Neural Networks on the other hand 
exhibit powerful learning, adaptation and 
optimization   capabilities. The computational 
capabilities of FLC and neural networks can be 
combined to form an Adaptive Fuzzy Controller, 
viz.,   Fuzzy Adaptive Learning Control Network 
(FALCON) that modifies the rule characteristics, 
topology and structure of fuzzy control systems. 
The intelligent control strategy is depicted in Fig. 5.  
The thermal dosage control in the proposed work is 
implemented using the basic feedforward 

mechanism that uses a simple fuzzy logic controller 
as well as a neuro fuzzy controller and the 
performance is compared using the performance 
metrics like rise time, settling time of the system 
response. 
 

RESULTS AND DISCUSSION  
The thermal model of the tissue was simulated 
using simulation software tools to implement a 
fuzzy logic controller for two different 
parametrization, viz., linear and exponential. The 
results of simulation is shown from Fig. 6a to Fig.6c. 
Temperature deviation from thermal equilibrium of 
Ta = 3700 C is assumed for all simulations. The most 
simple case of a “single-point” target has been 
considered in this research work. 
The thermal dose controller response, the 
controlled ultrasound power and the thermal dose  
for a fuzzy controller with linear parametrization is 
shown in Fig. 6a to Fig. 6c. The solid lines in the 
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figures indicate the set point trajectory for 
temperature and thermal dose whereas the dashed 
lines indicate the response of proposed controller.  

 

 
Fig.9. Performance of Thermal Dose Controller using FALCON with Exponential Parametrization 

 
Table 3: Performance of Thermal Dose Controller with FALCON 

Set 
Point(0-C) 

Rise Time  
(Minutes) 

Settling Time 
 (Minutes) 

Mean Square Error 
( Model Validation) 

12 
FALCON 
(Linear) 

FALCON 
 (Exponential) 

FALCON 
 (Linear) 

FALCON 
(Exponential) 

FALCON 
(Linear) 

FALCON 
(Exponential) 

11.877 11.928 10 10 7.2851  8.0093 
 
Comparison of performance of FLC and FALCON 
Based controllers for thermal dosage. 
The performance of thermal dose controller using 
FLC as well as FALCON has been analyzed and the 
controller parameters have been evaluated for both 

the cases. The results indicate that there is 
significant improvement in controller performance 
characteristics between the two control strategies 
adopted.   
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Table 4: Comparison of performance of FLC and FALCON Based Thermal Dose Controller 

Set 
Point 
(0-C) 

Rise Time (Minutes) Settling Time  (Minutes) Mean Square Error ( Model Validation) 

Linear Exponential Linear Exponential Linear Exponential 

12 
FLC  FALCON  FLC  FALCON  FLC  FALCON  FLC  FALCON  FLC  FALCON  FLC  FALCON  

11.756 11.877 11.956 11.928 10 10 10 10 7.2914 7.2851 8.0094 8.0093 

 

CONCLUSION  
The significance of designing an optimum thermal 
dosage controller for appropriately administering 
the thermal dose to the affected carcinogenic 
tissues without damaging the neighboring normal 
tissues is discussed. In order to evaluate the 
controller performance, the thermal model of the 
tissue has been derived based on conventional 
concepts and simulated in software tool. The 
performance of intelligent feed forward control 
mechanism like FLC, FALCON have been simulated 
and the results have been analyzed. From the 
results obtained, it can be inferred that the 
proposed hybrid approach is effective in delivering 
the required thermal dose in a minimum time 
confining to the restrictions on the maximum 
allowable temperature in order to prevent damages 
to healthy tissue. The controller that is developed is 
applicable to wide range of intensities and is found 
to be suitable for heat treatment therapy in 
association with radiation therapies.  
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