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ABSTRACT

In this paper, a Self-Organizing Fuzzy Logic Controller (SOFLC) has been proposed for estimating the
depth of anesthesia. The SOFLC is a fuzzy system in which the inference rules are continuously updated by a
self-learning procedure. Common drugs such as Isoflurane and Atracurium that apply in modern surgery have
been used for controlling blood pressure and muscle relaxation, respectively. The MIMO system includes four
inputs and two outputs that consist of errors and change of errors of drugs for inputs plus electromyogram
(EMG) signal and blood pressure have been chosen as outputs. The set points of outputs were set at 0.8
normalized scale for muscle relaxation and 110 mmHg for blood pressure. A new method for reducing the
computing time and simplifying calculation has been used. The result of this Simulation study showed that
excellent regulation of blood pressure and muscle relaxation around set-point targets can be achieved.

Keywords: self-organizing fuzzy logic controller (SOFLC), anesthesia, atracurium, isoflurane, switching

1. INTRODUCTION

Anesthesia is a part of medicine that makes the patient’s body unconscious, unable to feel pain and other
stimuli during surgical operations. It contains muscle relaxation (paralysis), analgesia and hypnosis [1, 2].

Muscle relaxation index is measured by using electromyogram (EMG). To measure the level of
analgesia, no sensor is able to provide a unique index of the level of analgesia. However, changes in heart rate to
estimate the level of this index to be used. The hypnosis level measurement, sensor systems, including auditory
evoked potential (AEP), the entropy of the electroencephalography (EEG) and bispectral index of EEG (BIS)
and changes in blood pressure can be used [3].

Two approaches are commonly known for controlling depth of anesthesia that are known as "open loop"
and "closed loop control". When the anesthesiologist makes a decision to manually change a drug dose based on
monitoring clinical status, it is called "open loop control”. Closed loop controllers are able to make their own
decisions and to try to reach and maintain a targeted effect by adapting the administered amounts of drug [4, 5].
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For designing closed-loop control, PK-PD model must be used, that consists of two main parts known as
pharmacokinetics (PK) and pharmacodynamics (PD).

Pharmacokinetics is the study of the concentration of drugs, whereas pharmacodynamics is the study of
the relationship between drug concentration and effect [6, 7].

In the control of anesthesia, in 1990, the PID controller for anesthesia was introduced by Linkens [4] that
because of unexpected changes of the body, such as blocking neuromuscular, blood pressure (BP) and heart rate
variability (HRV) during anesthesia, it is difficult to use this controller [8] [9]. In order to improve system
performance, in the next study, intelligent control techniques were presented by Linkens. The main challenge
was to create fuzzy rules because of the diversity of patients and the lack of adequate notice of the model and
parameters of the patient, is difficult [10] [11]. Moreover, in the context, other controllers such as neural
networks, adaptive, predictive and robust is offered. Including the activities carried out, evaluation 35
anesthetized patients by atracurium under EMG criteria and neural network-based controller, which was
conducted in 1999 by Lendl [12]. After this, Sayafiie proposed nonlinear extended-prediction self-adaptive
control (NEPSAC) with using PK-PD model of propofol drug [3]. Later, Abdullah et al. presented robust
control based on PID control with Deadbeat technique. [13].

This paper has been organized as follows. The description of the mathematical model of the
multivariable anesthesia system is presented in Section 2. The Self-organizing fuzzy logic controller for
multivariable anesthesia system is given in Section 3. Section 4 presents the simulation results followed by the
conclusions and the related references.

2. MATHEMATICAL MODELING OF DRUGS

In this study, prevalent drugs that apply in modern surgery such as Isoflurane for blood pressure and
Atracurium for muscle relaxation have been used. For the purpose of simulation, at first the drugs must be
modeled with PK-PD model that it is a mathematical model commonly uses for explaining drug’s effect in
patient’s body [14]. PK-PD model of atracurium is shown in figure 1.
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The PK-PD model is different for each drug and if two drugs use together the interaction between them is
added. In this study, common drugs such as atracurium and isoflurane were used for general anesthesia and have
been chosen for controlling muscle relaxation and blood pressure. The interaction of atracurium to blood
pressure is so small that can be eliminated in dynamic model, but the interaction of isoflurane to muscle
relaxation is not small enough to be removed. Moreover, the interaction of isoflurane to muscle relaxation is
small but still needs to be considered [15, ]. The overall model is shown in equation (1).
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(The interactive component model)
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(The isoflurane unconsciousness model)

U; And U,are the two inputs of system that they are atracurium and isoflurane drugs. Paralysis and
AMAP are muscle relaxation and changing of blood pressure, respectively.

3. FUZZY LOGIC CONTROLLER

Self-organizing controller was proposed by Mamdani and Procyk for the first time in 1979. Simple fuzzy
controller has been used for regulating outputs around set point [16]. The fuzzy logic controller based on the
fuzzy set theory provides a useful tool for converting the linguistic control strategy from the expert knowledge
into automatic control rules. However, proper control rules cannot always be established easily for a complex
plant [17]. The self-organizing fuzzy logic controller is a heuristic controller that it is able to generate control
rules and improved and modified them for achieving best performance automatically [16, 4]. For the first time,
Linkens and Hasnain used a self-organizing fuzzy controller for biomedical system in 1991 [18]. Traditional
fuzzy controllers still depend on experts for creating fuzzy rules, whereas this knowledge almost always is
difficult to obtain [19].

Self-Organizing Fuzzy Logic Control (SOFLC) systems have advantages when the mathematical of the
systems are not clear, systems have uncertainty, due to their on-line features (learning algorithm) and clear
model-free architecture. However, some models of SOFLC require high computation time when they are
applied to multivariable systems with a high dimension [17]. Chou and el proposed a new method that m-
input/n-output SOFLC systems decomposed to some two-input/one-output SOFLC sub-systems [19]. According
to this method the number of sub-systems will be n x CJ* [20] so for this anesthesia system the number of sub-
systems was twelve, hence the computing time takes too much time [21].

3.1 Controller Design

The closed loop model of self-organizing fuzzy logic controller is shown in Figure 2. Components of the
proposed model is marked with numbered blocks. Block (1) shows patient model, block (2) is the proposed self-
organizing fuzzy logic controller and self-organizing fuzzy logic controller parameters determination or (SPD)

is block (3).
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Fig. 2. The self-organizing fuzzy logic control block diagram of this MIMO anesthesia

3.1.1 Patient

Inputs of patient model are atracurium and isoflurane. Muscle relaxation and blood pressure changes are
outputs, which is regulating the model outputs in 0.8 normalized value for muscle relaxation and 110 mmHg for
blood pressure. Full description of the model and its relations were discussed In section 2.
3.1.2  Self-organizing Fuzzy Logic Control(SOFLC)
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The proposed controller inputs are error and derivative error of atracurium and isoflurane. The shapes of
membership functions were designed as triangular that is shown in figure 3.

In this study, for each drug, seven membership functions for the error (e) and seven membership function
for derivative error (de) is considered. So the number of rules reach to 49, but in order to reduce computing time
and simplifying, maximum 16 rules fired instead of entire rule table, also other rules that don’t fired at all can be
eliminated. Then the fired rules modified and improved for desired output. Moreover time of computing reduced
and controller design is facilitated. The membership functions by using genetic algorithms in order to minimize
the cost, according to (5) have been developed.

J = 23%(ere (D)2 + (enp (D)) (5)
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Fig. 3. The membership function of error and derivative error of inputs

The rules of this controller is changed according to (6) [22]. In this regard, £and M parameters are
effective.

Rule(nT + T) = Rule(nT) + We;Wce; % [(A =& e(nT) + &ce(nT)] (6)

Including y/M in (6) can be considered as a factor in learning design. In this regard, ¢ is effective weight
of the output signal that the effect of input errors and derivative determines in the control signal. In this article,
y constant and ¢ and M parameters are presented as impressive parameters. We; and Wce; are the amount of
belonged to error and derivative error in fuzzy functions the i-th rule.

3.1.3 SPD
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In this controller SOFLC Parameters Determination which calls SPD define to estimate designing
parameters (M and &). The SPD have two cases for providing M and ¢ for the best performance.1) constant 2)
Switching.

By using SOFLC controllers with learning ability to create the fuzzy rule tables, the time of trial-and-
error process get reduced and makes the design of controller easier [21]. Error and the change of error of
isoflurane and atracurium are chosen as input variables of controller. This method fired four fuzzy rules in the
fuzzy rule table and is also modified in each sampling time. The fuzzy rules were regulated by means of a
simple modification equation (according to (6)) for each rule instead of a performance decision table [21]. SPD
uses error of isoflurane and atracurium to estimate the designing parameters with two different methods that are
described as follows:

e SPD-1: In this method, constant values of M and ¢ with trial and error have been given. To improve

the response of the system, these two parameters are initialized by using genetic algorithms.

e SPD-2: In the latter case, design parameters (M and &) change in two modes. According to this

method, in a transient state (the range where the error is high) and in the steady-state, two different
values for M and ¢ are considered. The values was obtained by the genetic algorithm.

f — {p(z) if €rel > P(l)
atr — {p(3) o.w
(7
E‘ _ {p(s) lf ebp > p(4’)
5o p(6) o.w
)]
_(p(8) if e >p(7)
Marr = {p(9) l o.w
O]
o {p(ll) if epy >p(10)
o p(12) o.w
(10)

4, SIMULATION RESULT

Here, one SOFLC controller with different type of SPD is designed to regulate the blood pressure and
muscle relaxation to desired value, respectively.

Self-organizing fuzzy controller outputs with SPD-1 and SPD-2 is shown in Figure 4. According to
Figure 4 (), isoflurane output that change blood pressure has been satisfied with SPD-1, but output of
atracurium it means muscle relaxation has not been properly convinced. Hence, for improving system response,
SPD-2 was chosen. According to Figure 4 (b) self-organizing fuzzy controller output for blood pressure with
SPD-2 is similar to SPD-1. Fortunately, self-organizing fuzzy controller output of muscle relaxation with SPD-2
dramatically outperformed the first case, the overshoot in second case is lesser than first case that shows in table
1.

Atracurium and isoflurane output, in this two cases were set to 0.8 normalized value and 110 mmHg that
is ideal for system, respectively.

Comparing Figs. 4(a) and (b), it is also clear that the performance of controller with SPD2 is much better,
where the settling time is approximately 103 minutes and overshoot 7%. SOFLC controller in Fig.9 of reference
number 19 had a good performance, but designing a SOFLC controller with 12 sub system was so difficult, in
addition it has swung above and below the set point while the proposed SOFLC with SPD2 set rapidly to set
point without any swinging around it. Thus, proposed controller was easy to design and the performance was
convincing.

www.ComConf.ir 5



P S S

Saalspalon iy wiigr

The ]nternationa[ Con{:erence in New Research of Electrica! Engineering and Computer Science

9356

g 130
£ €
2 o5H . £ 120 .
f=4 =
% Output §
g o — Refrence | | g 110
& +5% e
o 5% 8
2 @
2 05 r r r r T 100 r r r r r
S o 50 100 150 200 250 300 0 50 100 150 200 250 300
Time(min) Time(min)
(©) (d)
4 : : : : . 0.72 . : : : :
3 -
S g o7 -
3 2 - 5
g 5
= | 2 0.68 :
\ M w‘v‘V‘
0 : : : - : 0.66
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time(min) Time(min)
(@)
= X: 96
8 1 viosso_ (at) . . 130 . . (kf) . :
3 u 5
: z
£ osf - £ 120} .
g o
-% Output é
Eé 0 Refrence | | g 110
] +5%
o B
@ -5% k]
g 05 : : : : : @ 100 : : : : :
3 50 100 150 200 250 300 0 50 100 150 200 250 300
Time(min) Time(min)
(©) (d)
3 : : : : : 0.72 . v v v v
§ 2 - % 0.7 -
=1
g £
<1 : 2 0.68 ,
[
0 : : : : : 0.66 . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time(min) Time(min)
(b)
Fig. 4. Inputs and Outputs of MIMO anesthesia system with SPD1 (a) and SPD2 (b)
Table 1. System Characteristics
Settling time Overshoot
SPD-1 103 16%
SPD-2 103 7%
5. CONCLUSION

This study investigates a SOFLC control technique in multivariable anesthesia control. It was originally
designed to reduce the time of computing and facilitates design system parameters. This technique was applied
to accommodate the differences among the patients for anesthesia control. The proposed method was evaluated
in simulation by admissible performance. The results are compared with those obtained using another method
that is used in reference [19]. The comparisons show that the proposed SOFLC control scheme performs well in
settling time and overshoots.
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