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A Model-Based Fuzzy Logic Controller With Kalman
Filtering for Tracking Mean Arterial Pressure

Shing-Hong Liu and Chin-Teng LjrSenior Member, IEEE

Abstract—This paper proposes a new noninvasive measurement oscillations or vessel volume pulses show a specific pattern
method for tracking the tendency of mean arterial pressure (MAP) - [1]-[4]. It is now generally accepted that maximum vessel
in the radial artery. The designed system consists ofatonometer,avomme pulse or occlusive cuff pressure oscillation occurs

microsyringe device, and a model-based fuzzy logic controller. The hen th USi f h | to th terial
modified flexible diaphragm tonometer is to detect the continuous wWhen the OCCILSIVE CUIT BIesSUIe s equalio tne mean arteria

blood pressure waveform and vessel volume pulse. A precisePressure(MAP) [5]-[8]. This means that the artery can be
mathematical model describing the interaction between the considered to be in thgrossly unloading conditiofetween
tonometer and artery is derived. To reach accurate measurement the artery and the cuff pressure.

without distortion, a model-based fuzzy logic control system is A variety of techniques have been proposed to noninvasively

designed to compensate the change of MAP by applying a counter . t fi terial blood f Y
pressure on the tonometer chamber through the microsyringe f€gISier CONtnNUoUS “aneral-biood Pressure waveiorm. “ra-

device. The proposed control system consists of a linear predictor, Makoshi and others employed the vascular unloading technique
a Kalman filter, and a synthetic fuzzy logic controller (SFLC). to measure the continuous blood pressure from the arteries in
The linear predictor is to estimate the MAPs changing tendency fingers or heads [9]-[12]. In their instruments, there are two

based on the identified arterial pressure—volume model and then types of sensors, i.e., photocouple and pizeoresister transducer,

to beat-to-beat adjust the function of SFLC. The Kalman filter that d in th | trol and the cl dl
is to reduce the physiologic and measurement disturbance of al areé used In the open loop control an € closed loop

the vessel volume oscillation amplitude (VOA). The SFLC is control individually. In the open loop control, the photocouple
composed of three parallel subcontrollers, each of which is a detected the subject’'s MAP and to keep the cuff pressure equal

simple fuzzy logic controller, for processing the three changing to the MAP. A shaker changed the cuff pressure to follow the
states of the MAP: ascending, descending, and stabilizing states,iqya_arterial pressure in the closed loop control. Since Stein

respectively. The design of the fuzzy rules in each subcontroller is d Blick first d | d hanical f - terial
based on theoscillometric principlesaying that the arterial vessel an ICK Tirst developed a mechanical Torce-sensing arteria

has the maximum compliance when the detected vessel volumetonometer, various kinds of tonometer using piezoresistive
pulse reaches its maximum amplitude. Simulation results show or strain gage pressure transducers have been designed to
that, for the real physiologic MAP with changing rates up to 20 register the blood pressure waveform in the superficial artery
or —20 mm-Hg/minute, the model-based SFLC can beat-to-beat 1131 [17]. These tonometric sensors may consist of an array of
adjust the tonometer’s chamber pressure to follow the tendency of e
MAP accurately. these pressure transducers to detect the correct position in the
_ . arterial vessel. But, they did not consider the problem that these
Index Terms—Blood pressure, compliance, —oscillometry, f4rce_sensors would change vessel compliance. As a result, a
tonometer, vessel volume pulse. . .
moderate accuracy was achieved when applying one of those
tonometers. Another method is photoplethysmography which
I. INTRODUCTION is constructed from a photocell and a light source to determine
éhe blood flow in a limb by the measurement of volume

HE MODERN technologies of noninvasively automati h f the limb. Theref it d to detect the radial
blood pressure measurement primarily include the kgranges ot the imb. Therefore, it was used 1o detect the radia

rotkoff and oscillometric methods. Both methods utilize af™e"Y filling for a rapid noninvasive measurement of arterial

occlusive cuff, as an external pressure source, wrapping aro Pgning pressure [18]. D_rzeW|ect§t al. designed a er>_<|bIe
a subject's upper arm to disclose the systolic and diasto &aphragm tonometer to simultaneously measure arterial blood

pressures within 30-60 s. In the oscillometric method, as {REessure waveform and vessel volume pulse with piezoresistive

occluding cuff pressure is gradually reduced from above s —gsig;%rrt]g?idfnerofng I;Tl]p:dgnc(;% gtliﬁlysm?ﬁp;ﬁ t[;?].

tolic values to below diastolic values, occlusive cuff pressu J"S IC Sensorwas aiso p! superiicial artery.
ecause these studies usually did not consider the coupling

condition between the sensor and the arterial vessel in long term

. . . measurement, the accuracy of the measured blood pressure
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patients. However, it is difficult to identify a useful and simplduzzy logic controller, for processing the three changing states
mathematical model of patients due to the complexity of thef the MAP: ascending, descending and stabilizing states, re-
human body. Even with an available mathematical model, it $pectively. At the same time, a model-based linear predictor is
still not easy to design a controller to meet the practical requiretilized to estimate the MAPs changing tendency and trigger
ments. Recently, the fuzzy logic control (FLC) has been widely suitable subcontroller of the SFLC corresponding to the as-
applied in the anesthesia control and other biomedical conto@nding, descending or stabilizing state of the MAP.
[23]-[27]. One of the advantages in using the FLC is that it In order to construct a reliable predictor and testing environ-
can be constructed empirically without explicit mathematicahent, we derive a mathematical model to describe the interac-
models of nonlinear physiological systems. Also, since th®n between the tonometer and the artery. The continuous ar-
FLC is based on linguistic rules, it is not difficult to establish gerial blood pressure waveform and vessel volume pulse rela-
measurement system with the FLC. tive to different chamber pressures can be simultaneously sim-
In order to measure the continuous blood pressure wavgated based on this model. Using these simulated data, a non-
form accurately without distortion using a flexible diaphragninear model and an autoregressive exogenous (ARX) model are
tonometer, the goal of this paper is to keep the tonometebsilt to describe the static and dynamic arterial pressure—volume
mean chamber pressure close to the MAP, i.e., to keep tie¢ationship, respectively [34], [35]. Based on these models, a
grossly unloading conditignbecause the arterial vessel haMAP linear predictor is set up and tuned to beat-to-beat adjust
the maximum compliance in this condition [3], [4], [8]. Sincehe function of SFLC, and a Kalman filter is constituted to re-
the MAP cannot be measured directly, we shall apply thuce the physiologic and measurement disturbance of the VOA.
oscillometric principle which indicates that if the detectedFor the real physiologic MAP with changing rates up to 20 or
vessel volume pulse can be kept at its maximum amplitude, th@0 mm-Hg/min, the simulated results show the good estima-
grossly unloading condition can be guaranteed [8], [19]. Ation capability of the model-based linear predictor that can es-
cording to this principle, since the vessel volume pulse can timate the tendency of MAP and adapt the SFLC well. Such
measured by the tonometer through the impedance method,dheesstimation capability is rather robust to the real MAP with
control objective in our measuring system is to keep the vessied physiologic disturbance phenomenon due to the mechanism
volume pulse always at its maximum amplitude. Howeveof Kalman filter. Hence, the SFLC can successfully control the
the relationship between the amplitude of the detected vesselan chamber pressure of the tonometer to achieve the grossly
volume pulse and the difference of the mean chamber pressundoading coupling condition in the measuring process.
and the MAP (i.e., th&ransmuralpressure) is nonmonotonous This paper is organized as follows. In Section I, the sen-
guadratic-function-typed. Moreover, since the tendency sbry device and the chamber-artery model are presented. In Sec-
MAP always responses to human physiological conditions,tion I, the model-based synthetic fuzzy logic controller is de-
varies with time. Hence, when the detected vessel volume putsgned for the proposed measurement system. In Section |V, the
departs from the maximum amplitude, the controller has mwactically experimental measurement for verifying the derived
sense on the adjustment direction. What worse is that the resthematical model, and the simulation results of the chamber
MAP waveform itself contains a large amount of physiologipressure control based on the proposed measurement system
disturbance inherently. Therefore, maintaining the grossiising the model-based SFLC are presented. Conclusions are
unloading condition is &ime-varying noisy trajectory-tracking made in Section V.
control problem with unmeasureable desired traject{2g],
which is a challenging task. To solve this problem, a Kalman
filter is designed to reduce the physiologic and measurement!- SENSORY AND CHAMBER PRESSUREY OLUME MODELS
dis'Furbance of the \/OA, and a linear predictor is designed to,, this section, a mathematical model related to the os-
estimate the changing tendency of the MAP [29]-[33]. Wheg)jometry is derived to describe the interaction between the

the estimated MAP is increasing, the controller should increagg, o meter and the artery. This model includes the mechanics
the chamber pressure; otherwise, the controller should decregsg,o tonometer, the arterial pressure pulse waveform, and
the chamber pressure such that the vessel volume pulse §aN mechanics of the arterial wall. Based on this model, we
regain its maximum value. In this way, the grossly unloadingen, anply the oscillometric principle to derive a mathematical
condmon_can be maintained stably. ) model for describing the time-variant arterial pressure—volume
According to the apF’roaCh proposed in the above, th? prt%1ationship under the use of tonometer. With these models,
posed system for tracking the tendency of the MAP consists\gf, .4 then design a controller to control the mean chamber
a modified tonometer, a microsyringe device, a linear prEdiCt‘ﬂTressure to follow the tendency of MAP for the measurement

a Kalman filter, and a fuzzy controller. The tonometer can Skyctem of continuous arterial blood pressure waveform in
multaneously measure the arterial blood pressure waveform %tion IV

vessel volume pulse, and thus, through the microsyringe de-

vice, the changed vessel volume amplitude caused by the chang . . :

of the MAP can be compensated by applying a counter pr ._q\/lathematlcal Oscillometric Model of the Tonometer

sure on the tonometer chamber to maintain the maximum vesseAn arterial tonometer with a flexible diaphragm, modified
volume amplitude. A proposed synthetic fuzzy logic controlldrom the previous studies [19], [36], is constructed to concur-
(SFLC) is used to control the microsyringe. The SFLC is comently record the arterial blood pressure and the vessel volume
posed of three parallel subcontrollers, each of which is a simglalse. The designed tonometer is made mainly of plexiglass,
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. . . . » . ) ~ Fig.2. Relationship between the chamber pressure and volume of the designed
Fig. 1. (a) Dimensional view of the modified flexible diaphragm arteriajonometer; where the empty circles represent the first measured pressure values,

tonometer; (b) sectional view of flexible diaphragm tonometer. A, cover; Bynd the black circles represent the second measured pressure values.
main frame; C, four electrodes; D, water outlet, E, flexible diaphragm.

o ) i whereA is the lumen area?.(¢) is the transmural pressure, and
and is miniaturized so that it could be directly placed over a SY-b. ¢, andd are the constants. Thus, the lumen’s radius is
perficial artery, as shown in Fig. 1. The change in the chamber
pressure is continuously monitored using a pressure transducer A(t) 05
(NPI-12, Lucas, USA) connected to the chamber. The variation r(t) = <_> . ®3)
of the vessel volume is assessed using the impedance plethys-
mography [19]. The relationship between the voltage differencd radial arterial pressure pulsé,(t), is synthesized with the
V,, across the electrodes of the compartment and the voluméretirier series:

the compartmenty,,,, can be expressed by

v

P,(t) = MAP + Apsin(wot) + Ay sin(2wot) 4)
pIL?
Vo= v 1) wherewy is the heart rate, and,, A; are the Fourier coeffi-
" cients. These constants are shown in the Table I.

wherel is the current passing through the compartmerig Tonometer Model:To derive the tonometer model, we practi-
the resistivity of the fluid in the compartment, addis the cally perform an experiment to obtain the pressure—volume rela-
length. It can be found that the more the volume, the smallgnship of the tonometer. In the beginning, the chamber is filled
the voltage differences between the two electrodes. From Figwith saline from one outlet, and another outlet is used for the re-
we also find that the tonometer can be considered as an @isval of the air. Then, one outlet is closed, and the chamber
cuff bladder. Therefore, we adopted the oscillometric modgtessure is calibrated with the atmosphere pressure. We add
of the cuff bladder to construct the oscillometric model of theore saline into the chamber, and record the relative chamber
tonometer. pressure until above 130 mm-Hg. Fig. 2 describes the relation-

Mechanics of Artery:In the blood pressure measuremenship between the chamber pressure and volume. According to
the cuff bladder and the tonometer are placed in differethese results, the tonometer’s flexible diaphragm deformation
locations. Usually, the cuff bladder is utilized to detect thand stretch can be modeled by a linear function:
deep artery, like the brachial artery. Therefore, the cuff bladder
fully makes the deformation of the vessel wall. Relatively, the Pe(t) = yo +y1Ve(?) (5)
tonometer is utilized to detect the superficial artery, like the ra- o ) o
dial artery. The flexible diaphragm only deforms the part of thé¥hereyo andy, are the coefficients of the linear regression in
vessel wall. However, since the radial bone is below the artefj9- 2, P(?) is the chamber pressure, a¥id) is the chamber
the artery can also be considered to be in the fully compresséume. Then, the transmural pressure can be obtained as fol-
condition. Therefore, the vessel lumen is typically circular fdPWS:
positive transmural pressure. Oppositely, when the transmural
pressure is negative, the lumen that will be compressed by the Pi(t) = Fa(t) — Pe(t). ©6)

bone and the flexible diaphragm will deviate from a circular Radial Dynamic Model:Because the saline is uncompress-

cross-section into an elliptical shape. This condition is like tl] le, we only need to consider the vessel lumen affecting the

\_/r?]natl]?n of.artirlal cross-secu%n n t?}e oscnlolmetr:jc :netr(;o hange of the chamber volume. Since the vessel length for mea-
erefore, In this paper, we adopt the vessel model an ement with the tonometer is constant, the vessel volume can

arterial pressure pulse wavgform fungtlon of Drzewiecki [7]' IBe represented by a cross section. In order to calculate the lumen
the vessel model, the arterial distention follows a Ioganthm!aﬁ,ea easily, the lumen is considered to be in the circular shape.

function Fig. 3 shows three representative cases of relationship between
aPy(t) +b the lumen and chamber in different transmural pressures, where
A(t) = dln 1+ e cli(®) @ the distanced, from the lumen center to flexible diaphragm
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Case 1
r>D

Case 2
r=D

Case 3
r<D

Fig. 3. Mechanical properties of the chamber and lumen volumes un
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TABLE |
CONTROL VALUES OF MODEL CONSTANTS
Parameters Value Units Role
V., 210 ul Tonometer constants
w 4 mm
L 6 mm
Wy -183.9 mm-Hg
¥, 0.881 mm-Hg/ul
D 0.4 mm
a 0.03 mm-Hg"! Artery constants
b 33 non
¢ 0.1 mm-Hg!
d 0.08 cm
MAP 100 mm-Hg Arterial pressure
A, 15 mm-Hg waveform constants
4, 9 mm-Hg
ﬁleaﬂ rate 80 beats/min
"|Electrode method to calculate the lumen area inside the chamber. An in-
Water outlet cluded angle { AOB) is 26, and the chord of the arc I§t),
(@
(D
26(t) =2 cos <7(t)) @)
I(t) =2rsin(6(t)). (8)
Hence, the changed amount of chamber voluét), due to
the stretching vessel lumen is
Vo(t) = L (r*6(t) — 0.5DI(t)) 9)
whereL is the measured lumen length. In Case 2, the transmural
| Electrode pressure is zero, so the lumen radituds equal to the distance,

Chamber ﬁ )
1

one

Flexible diaphragm

| |Electrode

©

one

different transmural pressures.

D, and the volumeV,(t), is zero. In Case 3, the transmural
pressure is negative, amds smaller tharD. Thus, the flexible
diaphragm forms a protrudent shape, like a cambered surface
with center point at)’(¢) and the radius being/(¢), which is
changed by the increased chamber volume and the change of
the lumen cross-section. In this condition, the width of the mea-
surement hole of the tonomete, is constant. Therefore, the
protrudent volume of the flexible diaphragi,..(¢), can be
calculated by the geometric method

2

(1) =0.5(D — (1)) + m (10)
20/ () =cos™* <T/ ®) _7‘(’5)_ 7(t))> 11

Viro(t) =L (7' (£)26'(t) — 0.5w (r'(t) + r(t) — D)) (12)

where the included angle EO’'F) is2¢'(¢). The artery and the
tonometer are interfaced via the protrudent volume of the flex-
ible diaphragm},,..(t), whose change can be regarded as the
ghange of the vessel lumen. Hence, the voluig) is

Va(t) = ‘/pro(t) - ‘/pro(t - 1) (13)

is constant. In Case 1, the transmural pressure is positive, sdo simulate an actual arterial blood pressure and vessel
the lumen radius;, is greater than the distanc®, Therefore, volume change measurement procedure, the chamber volume
the flexible diaphragm is a concave. We can use the geometsdncreased by slowly syringing saline into the chamber. Thus,
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40 60 80 100 120 140 is 99.4, ands is 21.9. The dot curve shows the distribution of the vessel
(b) Ch volume amplitude, which is part of the curve in Fig. 4(b) around its maximum
amber pressure [mm-Hg] amplitude

Fig. 4. Derivation of the static arterial pressure—volume relationship from the
proposed tonometer’s model. (a) Curve of the chamber volume in the pumping . .
water process; (b) distribution of the vessel volume amplitude with respect@@amber pressure and amplitude of vessel volume pulse is a

the chamber pressure. nonlinear function. If the blood pressure pulse is constant, the
_ . MAP is the only time-variant variable in this function. Hence,

the chamber volumel.(¢), is computed with both,(¢) and by the curve fitting techniques, the envelope of the vessel

Vi(t), volume oscillation amplitude, VOA, can be approximated by a

nonlinear time-variant function which depends on the chamber

Ve(t) = Veo + Va(t) + Vi(D) (14) pressure. Although, in Fig. 4(b), the envelop of VOA behaves

whereV,, is the initial volume of the chamber, arid(¢) is asan asymmetric function, we only adopt a symmetric function
the syringe volume whose increased rate is 3 ul/s. In Tablel9, fit the envelope of VOA around its maximum amplitude to
we list all the constant values of the model. By relating th@duce the complexity of the model. This simplified model is
tonometer chamber pressure and volume to the arterial pr@@0d enough for our control propose since when the detected
sure and volume with (6), (9), and (13), (2), (5), and (14) cafessel volume pulse departs from the maximum amplitude, the
be solved simultaneously for the tonometer chamber pressii@ntroller must immediately change the chamber pressure to
P.(t), and volumeY,(t), at every instant of time. Because thes&egain the new maximum amplitude to follow the MAP. Thus, a
equations are nonlinear, a computer solution is obtained usfagussian curve which is represented by the solid line in Fig. 5
a numerical root-solving algorithm. Fig. 4 shows the simulatiof@n be governed by the following equation:

results of the tonometer model. The arterial blood pressure is
preset at the MAP equal to 100 mm-Hg, systolic pressure at 121
mm-Hg_, and d_iastolic pressure at 79 mm-Hg. Fig. 4(a) Sho‘(x%erea is a constant an8¥OA .., is the maximum of VOA.
the_oscnlometrlc process of chamber volume. Because the alte_r-z) Dynamic Model: The relationship between the vessel
nating current amount of chamber volume is smaller than the %Iume and transmural pressure was formulated as a static

rect current amount of chamber volume, we useasecond—orﬂgh"near mapping in Section IV-B. In this section, we shall

hlgh—pass.fllter whose cuff-off frequency locates at 0.5 Hz .tgonsider the dynamic model of the vessel volume oscillation
filter the direct current amount of chamber volume. All ampli

wd tth 1vol | ding t hh amplitude that describes the pumping process in the coupling
udes orthe Vessel volume puises corresponaing to eac ef%ﬁdition between the chamber pressure and the arterial pres-
beat are extracted and plotted with respect to the chamber P&i¥e. This nonlinear black-box model can be represented by a
sure, as shown in Fig. 4(b).

single-input/single-output time-variant ARX model

VOA(t) = \/VO*Amauxe_0.6(1—)C (H)=MAP(t)/7)* (15)

B. Model of Chamber Pressure—Volume Relationship

In this section, we shall apply the oscillometric principle 10/ OA(t) = — Z a;(t)VOA(t — i)
derive a nonlinear-function-type model for modeling the time- =1 -
variant arterial pressure—volume relationship under the use of , o
the tonometer. Since the nonlinear model cannot completely +z_:lbj(t)P“(t j)+et) (16)
describe the dynamic relationship between the chamber pres- =
sure and the vessel volume pulse, an autoregressive exogendusret denotes the discrete time stefy) is the residual error,
(ARX) model is further derived to model the dynamics of the, andn, represent the number of the model order, arahdb;
tonometer [35]. are the time-variant coefficients of the model. From Fig. 4(a), we
1) Nonlinear Model: Because the tendency of MAP al-find that the procedure of pumping saline into the chamber only
ways responses to human physiological conditions, it variaeeds a short time, about 50 s. Hence, we assume that the evo-
with time. Fig. 4(b) shows that, the relationship between thetion of the MAP tendency is so slow, such that in the cycle of
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creating dynamical model, the MAP is considered as a consta 8
value. In this case, the time-variant ARX model will be reducec 6 -
to the time-invariant ARX model as the following equation: ~ 4
<
Mg ng g 0
VOA(t) = = > aiVOA(t—i)+) Pt — ) +elt). 17) & X
=1 j=1 -~ iy
. ) -4
We use a linear regression method to create the ARX mod: e

[35]. The regression vectoy(¢), and the parameter vectdt, -6 0 5 1'0 1'5 2*0 ’s 30
are introduced in (18) and (19), shown at the bottom of the pag
Therefore, we can rewrite (17) as a linear regression model Order number

Fig. 6. Determining the optimal order of the ARX model, where solid line
T represents the base 10 logarithm of tNe— [ points of loss function values
VOA(t) =¢ (t)9 + E(t) (20) in (21) without disturbance; dot line represents the corresponding loss function
values with disturbance.

For each data segment, the parameter vector of the model is de-

termined using a least-squares method Adgnote an arbitrary I1l. M ODEL-BASED SYNTHETIC Fuzzy LOGIC
estimate of the parameter vectbiThen the loss function is de- CONTROL (SFLC)
fined as In normal control systems, the difference between the mea-
;N sured output and the desired output is used as the feedback
V(f) =< Z e(t)? (21) to the controller, controlling the plant to achieve the level of
t=1+1 the desired output [21], [23], [24], the so-called “set-point con-

trol”. According to the optimal coupling condition and the os-
whereN is the beat number in the increasing pressure procegfiometric principle mentioned in Section I, since the vessel
and! = max{n, ny}. An optimal estimatef of the pa- volume pulse can be measured by the tonometer, the goal of
rameter vectod can be found from the measurement datgur controller is to keep the vessel volume pulse at its max-
{VOA(H) L4, and {¢(t)},,,, by minimizing the loss imum amplitude. An obvious dilemma to this control goal is
function V(6): that the maximum amplitude to be reachedfignging from
time to time and is unknown in advand¢¢ence, what we meet
N -1 N is the time-varying trajectory tracking control problem with un-
h_ T known desired trajectory. From Fig. 5, if the chamber pressure is
b= <t§1¢(t)¢(t) ) t;l;rl(/)(t)VOA(t). (22) greater or lower than the present MAP, the amplitude of vessel
volume pulse will become smaller than the maximum. More-
The order of model], determines the complexity and accuover, since how the subject’'s MAP varies in each heartbeat and
racy of the model. While a too low-order model might not rep¥hether the tendency of MAP is in the ascending or descending
resent the actual dynamic system accurately, a too high-orgéate are unknown, the controller cannot utilize the difference
model might easily incorporate noise i.e., overfitting and resuigformation to regulate the chamber pressure. What worse is
in poor prediction capability. Therefore, the model validation ihat the real MAP waveform itself contains a large amount of
required to verify that the identified model fulfills the modelingohysiologic disturbance inherently. Therefore, in this section,
requirements according to subjective and objective criteria @fKalman filter is used to reduce the physiologic disturbance
good model approximation. In this paper, (21) is used to det@f MAP, and a model-based synthetic fuzzy logic controller
mine the model order. Fig. 6 shows the base 10 logarithm of t{f&FLC) is designed to control the chamber pressure. The model-
N — 1 points of the loss function valuelsg, , (V (§) /N — 1), based SFLC consists of the SFLC and a model-based linear pre-
in (21) with respect to the model order number, where the soliiictor. The SFLC can control the measurement system under
line corresponds to the clean VOA, and the dot line to the noidlyree different changing states of the MAP, and the model-based
VOA. The figure shows that these two curves overlap closelijpear predictor can estimate the MAPs changing tendency to
when the order number is below 10, and deviate gradually whadjust the SFLC properly.
the orderis increasing. This means that the model reaches a good )
approximation capability at order 10, but is becoming overfif:: Kalman Filter
ting at order larger than 10. From the above analysis, the modeln designing a controller to beat-to-beat adjust the chamber
order chosen in our system in (17)is = n, = 10. pressure following the MAP, two disturbance factors should be

(1) =[-VOA(t —1)... = VOA(t —ng) Pt —1)...P(t —np)], (18)
607 =[ay...an, b1...bn,]. (19)
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considered. First, the MAP is not a constant in each beat, ¢ E Disturbance

though it still maintains in a physiologically stabilized state l

The other is the quiver of the measured hand in the measu———=" A oo

ment process. To overcome these disturbances, we consider——"%" coulier = Syring Dovice T vour

measurement of VOA as a state-estimation problem and perfol ot

the recursive estimation of the state with the aid of the Kalma o —

filter [29], [37]. For this, we need to prepare our model in the

state-space form consisting of two jointed linear equations: tt L) Linear o0

state equation and the observation equation. More precisely, ) Predicwor [+

rewrite the ARX model in (17) as follows: !
z(t +1) =Az(t) + Bu(t) + We(t + 1) (23) Normalization

y(t) =Cu(t) +e(t) (24) ok
where the state ig(t) = [VOA(t — n,) ... VOA(t — 1)]T, the Fig. 7. Block diagram of the closed-loop chamber pressure control of the
input vector isu(t) = [P.(t—1) ... P.(t —ny)]”, the mea- Proposed measurement system.

surement errors akgt), e(t — 1), and the system matrices are o
and the realVOA,,.x is minimum. In other words, the least

[0 1 0 ... 0 square criterion for tuning the linear predictor based on the time
0 0 1 ... 0 t sample is
A= KPR (25) 2
A 1 A
o 0 0 1 E <MAP(t)) = [VOAmaX _ VOA(t)}
L—Qn, —Qp,—1 ... —a1
ro ... O 1 ) A
=—e(t) <MAP(t)) (32)
B=|1i . (26) 2
Lbr Z’Tm where VOA(t) is the estimated amplitude by the Kalman
— — A
w=[0 .. 1], c=[0 .. 1] 27) filter when the model's parameter iSMAP(¢), and
We will make the assumption that the covariances of the staf¢) = (VOAmaX - VOA(t)) is the prediction error.
and observation processes are diagonal and time invariant, iTaking the gradient of the optimization criterion in (32) can do
Qc(t) = E [e(t)e(t)T] = o21. the least criterion

Based on the model output and the previous signal mea- N
surement, the optimal mean square error estimat®A(¢) oF <MAP(t))
of VOA(t) [38]. According to the Kalman filter theory, the ——~ 7

R A
~ = ls(t)VOA(t) <Pc(t) - MAP(t)) .
system state can be recursively estimated by O MAP(t)

ag

X X X (33)
2(t+1)=A{2@)+ K@) [y(t) — C2(®)]} + Bu(t) (28) Therefore, the recursive linear predictor using the gradient is
described by

where the gairi((¢) is obtained by Kalman recursion:
R(t) =AP#) AT + WQ, (t + D)W 7 (29) MAP(f +1) = MAP()
K() =RA)CT [CROCT +Q.(8)]",  (30) +2e(t)VOA(H) <Pc(t) - MKP(t)) (34)
P(t+1) =[I — K(t)C]R(t) (31) o

, ) . where g is the constant gain. Here, we use the gradient of
where(e) denotes the pseudo-inverse. Using the above equa~

tions, an estimate¥OA(t) = C#(t + 1) can be obtained after MAP(¢) as the decision value. If a decision value falls within
each observation 6fOA(#), and the respective chamber pres@ threshold region, it means that the present MAP is in a stable

sure,P,(t), can be calculated via (28)—(31). state. Thus, the decision maker will trigger the Stabilizing
' ' FLC in the SFLC to keep the chamber pressure. However, if a
B. Model-Based Linear Predictor decision value is beyond the threshold region, it implies that the

. : MAP is ascending or descending now, so the decision maker
In Section IlI-A, we have derived the chamber-artery non-. : . . : .
. . . . . Wwill activate either the Ascending FLC or Descending FLC in
linear time-variant model of tonometer in (15). This model i e SELC

used here to identify the varying situations of the MAP [35]. '

Th.e gogl is to predict the chapgmg tenpiency of_ Fhe _MAP; .60, Synthetic Fuzzy Logic Controller (SFLC)

to identify whether the MAP is in ascending, stabilization, or de-

scending state. To achieve this goal, we shall design a linear pref19- 7 shows the block diagram of the close-loop chamber

. , ) A pressure control of the proposed measurement system. The
dictor to predict the value of MAP at the time SteMAP (%), \yhole system consists of a SFLC, a Kalman filter used to

such that the difference between the correspondifigA(¢) reduce the disturbances that are produced by the MAP’s
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2 S estimated normalized oscillation amplitude of vessel volume,
VOA(t) or VOA(t — 1), determines the degree of the coupling
i _ — Asieﬁlgiﬂg between the vessel's side and the tonometer’s side with five
| $2 membership functions, defined in the [0.954 1] subset of real
e numbers: BEST, BETTER, GOOD, WORSE, and WORST. In
VOA(r) . | Stabilizing CP(1+]) the Stabilizing FLC, the fuzzy terms &I P.(¢) are defined in
FLC i [—1.86 1.86], and those oW OA(¢) andVOA(t— 1) are defined
@([—1) S3 in [0972 1]
- ) The representative fuzzy rules for the Ascending, De-
— —> Des;:‘i‘g‘“g scending, and Stabilizing FLCs are as follows, respectively:
D&f;ﬁ’e‘i“ THE ASCENDING FLC:
WHENCPF.(t) is Z,

fo s s - § enthetic fuszy o R VOA(t) is BETTER and VOA(n—1) is BEST,
ig. 8. Structure of the proposed synthetic fuzzy logic controller .
that includes the ascending, descending, and stabilizing subcontrollers, ang—tl'EN CP(t+1) is VLP.

decision maker. THE DESCENDING FLC:
WHENCP.(t) is Z,

physical phenomenon and the environmental effect, a IineéF VOA(®) is BETTER and VOA(t-1) is BEST,
’ EN CP.(t+1) is VLD.

predictor used to adjust the SFLC, a microsyringe device u )
to change the chamber pressure of the tonometer, and pr?@gEEﬁgﬁB&‘;Z:g%L’gc'
disturbance added to the simulation model to create a more —— °\" ' — )

realistic control environment. The tendency of the MAP idF VOA(#) is GOOD and VOA(f—1) is BETTER,

quite stable in normal situations, but it is likely that a greaf“"EN CFP.(t+1) is VLP.

change in MAP occurs due to blood pressure-related diseases

or other intervention. In accordance with these reasons, therhe meaning of the above rules is explained as follows. If
designed SFLC is composed of three parallel subcontrollegsemajiery O A(#) is yielded, the Ascending FLC will trigger
i.e., the Ascending FLC, Stabilizing FLC, and Descendinge microsyringe device to elevate the chamber pressure since
FLC, as shown in Fig. 8. A decision maker enables one of thg, ascending FLC is activated by the decision maker when

three subcontrollers based on the estimation result of the Iin% MAP is in the ascending state, i.e., in the direction of ap-

predictor that is used to beat-to-beat estimate the Chang'ﬁlr%aching its maximum. On the contrary, ifasmaW@A(t) is
tendency of MAP.

o . abserved, the Descending FLC will decrease the chamber pres-
In the beginning, we create the nonlinear model and dyna

del of the chamb | h q he ch lre, since the Descending FLC is activated when the MAP is
model ofthe chamber pressure—volume, then adapt the champey, o descending state, i.e., in the direction of departing from

pressure untllvtgerscnl_?Eon amphtu%ag;vessel dvorllumelreag & maximum. Therefore, the functions of the rules in the As-
Its maximum max- | € MEAsure () and the relate cending FLC are opposite to those in the Descending FLC. In

chamber pressure?.(t), pf\ss the Kalman filter to obtain they, opoye fuzzy rule of the Stabilizing FLC, if the chamber pres-

more truthful eStlmateWOA(t) It will be used to estimate sure is increased at tintieand an attenuated amount“f)A(t)

the rough tendency of the MAP by the linear prediction. At thg fond to be larger than that 8fOA(# — 1), then this control

same time, it is also normalized and used as the SFLCs inBiion, is incorrect. Thus, it is required to trigger the microsy-

The SFLC designed here requires three input variables. They e gevice to reduce the chamber pressure at the next time

are the current and precedlnAg estlmatedAnormallzed oscnlatg)[@p't + 1. Basically, the rule structure of the Stabilizing FLC

amplitude of vessel volum&/OA(¢) andVOA(¢ — 1), and the s jtself symmetric.

amount of change in the chamber pressarg,(¢). The output  The individual-rule-based inference process is supervised

of the SFLC,C'P.(t + 1), is used to trigger the microsyringepy computing the degree of match between the fuzzified

device, modulating the chamber pressure. Herel andt + 1 input values and the fuzzy sets describing the meaning of the

indicate the preceding and the next sampling time, oéspec- ryle-antecedent, as described in the rule set. The Mamdani's

tively. max-min operator [39] is used to find the possibility distribution
The three parallel subcontrollers in the SFLC possess the siiginction. The technique of 'center of area’ is used to process

ilar fuzzifiers and defuzzifiers, but have different rule basege defuzzification and to calculate the outpdt?, (¢ + 1), of

In either of the Ascending and Descending FLCs, the fuzzie controllers.

term set forC'P.(t) is composed of nine membership func-

tions: much push (MP), moderately push (DP), little push (LP), IV. EXPERIMENT AND SIMULATION RESULTS

very little push (VLP), zero (Z), very little draw (VLD), little .

draw (LD), moderately draw (DD), and much draw (MD). Thes8- EXperiment Process

fuzzy terms are defined by means of triangular functions in theln this section, we practically use the designed tonometer to

[—2.04 2.04] subset of real numbers. The current or precedingeasure one subject (male, 22 years, systolic/diastolic/mean
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5 3 = SFLC with Linear Predictor and Kalman Filter
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record the vessel volume amplitudes corresponding to differe
chamber pressures. From this experiment, we can check 1
validity of the mathematical oscillometric model of tonometei
derived in Section 1I-A. The modified tonometer was placed @

over the radial artery of the subject and fixed with elastigg. 10. Simulation results of the SFLC with a model-based linear predictor

Kalman filter for tracking the tendency of MAP with a changing rate of
bandage. The chamber pressure of the tonometer was gradu% m-Hg/min. (a) The desired MAP values with disturbance (solid line) and

increased up to ]_-60 mm-Hg, at a rate of 3 mm-Hg/S by meansQf chamber pressu(e. (t)) under control (dot line); (b) the tracking error
the controlled microsyringe device. A period of 30-s measureetween the desired MAP anf.(¢); (c) the SFLCs output signals; (d) the

signal of the chamber pressure and vessel volume pulse was\ (¢) values (circle) andf(A)A(t) values (empty circle).
digitized with a sampling frequency of 100 Hz and recorded
using the A/D card (ADVANTEC PCL 818 LG) based ompest performance of the SFLC. In our simulations, the rate of
Pentium 133 personal computer. Fig. 9 shows the static artetigé added disturbance to the variation of MAP in each heartbeat
pressure-volume relationship. Fig. 9(a) shows the curve @ks set at about 1 mm-Hg.
the vessel volume pulses yielded by high-pass filtering theFig. 10 shows the control performance of the SFLC with
original measured signal of vessel volume. All amplitudes ef Kalman filter and a linear predictor, where the MAP is as-
the vessel volume pulses corresponding to each heartbeataigding and the changing rate is about 20 mm-Hg per minute.
extracted and plotted with respect to the chamber pressureTags chamber pressure under the SFLC control as well as the de-
shown in Fig. 9(b). It can be seen that a peak occurs when #ifed tendency of the MAP is shown in Fig. 10(a). It is observed
chamber pressure is close to the MAP. It is observed that #peit the chamber pressure follows the desired tendency of the
oscillometric phenomenon showing Fig. 9(b) is very close ¥AP closely. To see the control performance more precisely,
that in Fig. 4(b), meaning that the mathematical oscillometritig. 10(b) shows the difference between the actual chamber
model of tonometer describes the practical system very wellpressure and the desired MAP. It is found that the tracking error
is kept within a fixed amount that is about 3 mm-Hg when the
B. Simulation Results MAP is ascending. When the tendency of the MAP becomes in-

Based on the data obtained in the above. we modeled the§gasing, the controller has a transient duration with large error.

terial pressure—volume relationship by (15), in which the valdg'® SFLC output signals are shown in Fig. 10(c). The SFLC

VOA 4% 1S 8.85,0is 21.9 mm-Hg, and the MAP is 100 mm—Hg_output signals usually keep the pressure values positive in the

In order to test the generalization capability of the SFLC, ttfscending process. The SFLC produces only small positive or

chamber pressure was controlled to follow the desired MAR9ative output signals to keep the vessel volume at its max-

with a changing rate 0f20 mm-Hg/min. In the linear pre- imum in the stabilizing state. Fig. 10(d) shows the peArformance

dictor of our control system, the threshold region was chosehthe Kalman filter. We can find that the variation A (¢)
to be+0.1 mm-Hg through trial-and-error testing to obtain thes smaller than that 6¥OA(¢), showing that, the Kalman filter

0 100 200 300 400 500 600 700

Time [sec]
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105 SFLC with Linear Precdictor and Kalman Filter tinuous blood pressure measurement, is designed to measure
blood pressure by detecting arterial volume pulsation and
making a grossly unloading condition between the artery and
the tonometer. Yamakostat al. did consider the unloading
o 100 200 300 400 500 o  Problem[9]-[12], but they didn’t determine this condition when
@ the MAP had a large amount of change on a danger illness. The
conventional tonometers used only one transducer in the mea-
Tracking Error surement [13]-[17], so they could not process the unloading
problem. Drzewiecki designed a flexible diaphragm tonometer
that used two sensors, including impedance plethysmography
;8 ' ' . . . | and pizeoresister transducer [19]. Because their goal was to
0 100 200 300 400 500 o Measure the arterial vessel compliance, their system didn’t
®) have a controller to maintain the grossly unloading condition.
According above comparisons, this paper proposes the use
of fuzzy logic control, called model-based synthetic fuzzy logic
controller (SFLC), for achieving the grossly unloading condi-
tion in the noninvasive blood pressure measurement. The char-
1 acteristics of the tonometer’'s mechanism have been analyzed
0 100 200 300 400 500 s0  to successfully simulate the changing situation of the chamber
© pressure and volume. The simulated data describing the contin-
uous chamber pressure and changing volume waveforms were
used to derive a nonlinear model and a dynamic model. In the
nonlinear model, by applying the curve-fitting technique on the
experiment data, a Gaussian function was adopted to model
. . . the relationship of the oscillation amplitude of vessel volume
0 100 200 300 400 500 s00  to the transmural pressure. Based on this model, a linear pre-
Time [sec] dictor was set up to estimate the MAP trajectory in each heart-
) beat, and the estimated results were feedback to the SFLC for
Fig. 11. Simulation results of the SFLC with a model-based linear predic choo_sing aproper -SchontrO”er' In th-e dynamic model, we used
angci a kalman filter for tracking the tendency of MAP with achangingrate E)ql'e I_mear regresspn methOd K_) build an ARX model repre-
—20 mm-Hg/min. (a) The desired MAP values with disturbance (solid lin§€Nting the dynamic relationship between the vessel volume
and the chamber pressuf®.(t)) under control (dot line); (b) the tracking oscillation amplitude and chamber pressure. A Kalman filter

error between the desired MAP aii(t); (c) the SFLCs output signals; (d) . A .
the VOA(¢) values (circle) and/’(%A(t) values (empty circle). was useq to_estlmat’éOA(t) with the mgasuredfOA(t) and

P.(¢). This filter greatly reduced the disturbance M®A(¢).

The simulation results showed that the SFLC with three parallel
is an efficient method to reduce the interference caused by técontrollers and a model-based linear predictor was capable
internal or external disturbance. Fig. 11 shows the control petprecisely controlling the chamber pressure to closely follow
formance of the SFLC when the MAP is descending and tiige time-varying tendency of the MAP. Since the whole control
changing rate is about 20 mm-Hg per minute. From Fig. 11(krocess is rather time efficient, the proposed control system can
we find that the tracking error is about 5 mm-Hg in the dedeat-to-beat control the chamber pressure in real time. Further
scending segment, but in the stabilizing state, the tracking erfdipical testing is needed to verify these conclusions practically.
is only about 2 mm-Hg. There are two reasons for this larger
tracking error. First, the fuzzy inference in SFLC is designed to
firstly guess the ascending state, so if the guess is wrong, it will
then try the againstdirection Second. the parametm(lS) is [1] M. Ursino and C. Cristalli, “Mathematical modeling of noninvasive

o ’ . blood pressure estimation technigues—Part I: Pressure transmission
large, put the error of the normalized amplitude of vgssel volqme across the arm tissueASME J. Biomech. Engvol. 117, pp. 107116,
pulse is only about0~—2. Therefore, when the tracking error is 1995.
decreased to about 2 mm Hg the controller will not adjust the[Z] ——, “Mathematical modeling of noninvasive blood pressure estimation

. . . techniques—Part II: Brachial hemodynamic&SME J. Biomech. Eng.
chamber pressure. Hence, if we can increase the resolution of g 117, pp. 117-126, 1995.

the fuzzy term sets ¥ OA(n) andVOA(n — 1), the tracking  [3] — “A_“mathte_mztlica(Ij study of some biomecrféaéllizc?I factogs affegting
: e oscillometric blood pressure measuremel rans. Biomed.
error is expected to be further reduced. Eng. vol. 43, pp. 761778, 1996.
[4] F. K. Forster and D. Turney, “Oscillometric determination of diastolic,
mean and systolic blood pressure—A numerical modaSME J.
V. CONCLUSIONS Biomech. Eng.vol. 108, pp. 359-364, 1986.
. . . L [5] L. A. Geddes, M. Voelz, C. Combs, D. Reiner, and C. F. Babbs, “Char-
The results obtained in this study clearly indicate that the ~ acterization of the oscillometric method for measuring indirect blood
tonometric oscillometry with the impedance plethysmography  pressure,’Ann. Biomed. Engvol. 10, pp. 271-280, 1982.
permits the accurate identification of the MAP when it makes (6] G- W- Mauck, C. R. Smith, L. A. Geddes, and J. D. Bourland, "The
large change due to blood pressure-related diseases or other meaning of the point of maximum oscillations in cuff pressure in the
a larg g p indirect measurement of blood pressure—Part ASME J. Biomech.
intervention. This method, unlike another conventional con-  Eng, vol. 102, pp. 28-33, 1980.
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