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Abstract

Blood pressure parameters; Systolic, Diastolic and
Mean Blood Pressure, have high correlation
relationship with heart rate, but this relationship is
nonlinear, multimode, and ambiguity. Type-2 Fuzzy is
an intelligent technique and it has high capability to
deal with the problem with high uncertainty that blood
pressure parameters with heart rate relationship can
be classify under them.

This paper presents an Interval Type-2 Fuzzy
System to estimate Systolic, Diastolic and Mean blood
pressure; based on the relationship between systolic,
diastolic and mean blood pressures and heart rate.

The Interval Type-2 Fuzzy System is used to
estimate systolic, diastolic and mean blood pressures
values of thirty cases. The results are compared with
real reading of systolic, diastolic and mean blood
pressure and very encouraging results are achieved;
the absolute value of mean of difference between real
systolic, diastolic and mean blood pressures and
estimated systolic, diastolic and mean blood pressures
are less than 5 mmHg.

1. Introduction

Blood pressure parameters (BPPs); Systolic Blood
Pressure (SBP), Diastolic Blood Pressure (DBP) and
Mean Arterial blood Pressure (MAP), are very
important to diagnose subjects’ health situations and
help Physicians to prevent subjects from many
cardiovascular diseases; such as, hypertension, asthma
and heart attack.

BPPs are measured by Cannulation and
Auscultatory methods; Cannulation method measures
blood pressure directly, continuously and accurately,
but it is invasive, while Auscultatory method measures
BPPs by applying external and uncomfortable pressure

953

Adel A. Al-Jumaily

Faculty of Engineering, University of
Technology, Sydney, Australia

adel@eng.uts.edu.au

by cuff, cuff inflation and deflation is time consuming
and non-continuous [1]. Hence, current researchers try
to establish and invent a method to measure blood
pressure parameters by continuous, comfortable, non-
invasive, reliable, and user friendly sensor by using
photo-plethysmography (PPG) sensor.

Recently, in 2005, Yan and Zhang used PPG sensor
with electrocardiograph (ECG) to estimate BPPs and
they stated that the normalized harmonic area of a
discrete period transform of PPG signal has high
correlation with BP [2].

Moreover, Ma and Zhang stated that the time
interval between peak of electro-cardiograph (ECG)
and the front foot of PPG signal, known as the PTTy;
has high correlation with BP variability [3].
Furthermore, Poon and Zhang has found a model to
estimate BP by using a weighed PTT (PTT,); this
feature is dependent on individual subject health
situation. PTT,, depends on calibrating measurements
of SBP and DBP [4].

These methods depend on two sensors to estimate

BPPs; which increase the probability of errors’
occurring and need improvements and modifications to
estimate reliable BPPs.
In this paper, BPPs are estimated depend on PPG
sensor only and Interval Type-2 Fuzzy system
(IT2FS). PPG sensor is used to estimate Heart rate
(HR), then the HR value is processed by IT2FS to
produce the values of BPPs; SBP, DBP and MAP.

This paper is organized as follows; section two
introduces and highlights Interval Type-2 Fuzzy
system, section three presents the methodology of
designing IT2FS to estimate BPPs, database and
results of IT2FS are illustrated in tables and figures in
section four, finally the paper is concluded in section
five.
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2. Interval Type-2 Fuzzy system

Fuzzy set theory was inspired by Professor L. A.
Zadeh [5], in 1965, to effectively and quantitatively
deal with nature problems. Fuzzy sets theory has set
the principle for computing by words; Collecting
people words about any problem produce different
levels of uncertainty according to their perspectives,
outlooks and experiences.

Fuzzy sets include some of uncertainty levels by
generalizing 0 and 1 membership values of a crisp set
to a membership function (MF) of a fuzzy set; as
shown in Fig.1, the relationship between age and
"young" is represented by a crisp value that either 0 or
1; 0 means no association at all and 1 indicates
complete association, while, in Fuzzy set theory, the
"young" association membership set is generalized to
MF where age 0-10 is "young" with membership value
1, age 30 with membership value 0.75 and age 50 with
membership value 0.1 as shown in Fig.2 [6].

Age (year) Age[year)
%

0 3 [ 0 L] L] :

Fig. 1 crisp set MF Fig. 2 Type-1 MF

In 1975, the motivation of type-2 fuzzy set was
extended by Zadeh [7] of type-1 fuzzy set. Then,
Mizumoto and Tanaka presented some properties of
fuzzy sets of type-2 [8]. Later In 1998, Karnik and
Mendel introduced T2 FS comprehensively [9].

T2 FS model consists of four parts; firstly, Fuzzifier
that maps the input and the output into T2 fuzzy sets
by PMFs and initializes input and output PMFs’
parameters. Secondly, “IF ..., THEN ...” rules to
connect fuzzified sets of input with fuzzified sets of
output. Thirdly, inference engine which combines the
rules and forms a mapping between the input sets and
the output sets. Finally, a Deffuzification process to
produce crisp values of output by two stages; type
reduction to descend type-2 set to type-1 set then
defuzzifys type-1 set to crisp value. The block diagram
of T2 FS is illustrated in Fig. 3 [10].
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Fig. 3. Block diagram of Type-2 Fuzzy

System

T2 FS is expanded of type-1 FS to include the
effects of more different levels of uncertainties in rule-
base of FS. T2 FS is characterized by a pi(x) as
Primary Membership Function (PMF) for set A and the
membership value for each element of A is fuzzy set;
which is called secondary membership function or
membership grade.

Gaussian distribution is most common distribution
used in FS to include the uncertainty levels and
express the collection of people words about any
problem according to their perspectives and
experiences.

By moving Gaussian type-1 MF to left and right in a
non-uniform manner Gaussian type-2 PMF is formed
as shown in Fig. 4.
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Gaussian Type-1 MF Gaussian Type-2 PMF

Fig. 4. Extension Type-1 MF to Type-2 PMF

Gaussian Interval T2 FS is proposed as practical
case of general Gaussian T2 FS to avoid terrible and
horrendous, as well as, sides of T2 MF are bounded
by Upper MF and Lower MF to form Interval T2 PMF
and the Footprint of Uncertainty (FOU) as shown in
Fig. 5.
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Fig. 5. Gaussian Interval Type-2 PMF
As illustrated in Fig. 5, Gaussian Interval T2 PMF
parameters are:

1- Lower mean m,.
2-  Upper mean my,.
3- Lower standard deviation o,.
4-  Upper standard deviation o,

These parameters control the shape of primary
membership functions of IT2 FS.

IT2FS is trained by database of input variables and
output variables to minimize the error between the
estimated output of FS and the real output by adjusting
the input and output PMFs’ parameters.

Afterwards the designed FS is used to estimate and
predict output variables depend on input variables.

3. Methodology:

In this paper, Blood Pressure Parameters (BPPs);
systolic, diastolic and mean pressures are estimated
depend on photo-plethysmography (PPG) sensor and
intelligent Interval Type-2 Fuzzy system (IT2FS).

PPG sensor is attached with subject’s pointer finger,
as shown in Fig. (6), to compute subject’s Heart Rate
(HR) from the frequency of PPG signal by using this
equation (1) [11]:

HR =60 x f

Where f is frequency of PPG signal.

A

Ground

Fig. 6 Circuit Model of PPG sensor
On other hand, Systolic Blood Pressure (SBP) and
Diastolic Blood Pressure (DBP) are estimated by
different IT2FS; where the computed HR of equation
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(1) is the input for both IT2FSs, then the output of two
IT2FSs; SBP and DBP are combined to calculate Mean
Acrterial blood Pressure (MAP) by equation (2) [1]:

MAP = DBP + ; x (SBP - DBP) --- (2)

IT2FS is designed by following these steps:

1. The computed HR of equation (1); input of both
IT2FSs, is fuzzified to five singleton Gaussian
Interval Type-2 (Type-1) PMFs that take
linguistic expressions; very Low, Low, Normal,
High and very High as shown in Fig. 7. And the
PMFs’ parameters for HR are initialized
according to American Health Association
(AHA) standards [12].

VeryLow Low MNormal High Very High

Heart. Rate (heatémin) llt
Fig. 7. Fuzzification of Heart Rate to five
singleton Interval Type-2 fuzzy sets
2. Systolic and Diastolic blood pressures are
represented by five Gaussian Interval type-2
PMFs that take linguistic expressions; very
Low, Low, Normal, High and very High as
shown in Fig. 8. And the PMF parameters for
SBP and DBP are initialized according to AHA
standards [12].
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Fig. 8: Type-2 fuzzy sets to represent output
values of each SBP and DBP



3. Fuzzy rules are located as one rule for each

fuzzy set, where each of the five rules is:
IFHR is A, THEN BBP is G

4. Inference engine combines the rules, forms a
mapping between HR fuzzy sets and BBPs’
fuzzy sets and finds where HR has non-zero
membership function values.

5. Defuzzification process is
following two steps:
a- Descend the Type-2 membership values by

computing upper MF y, by equation (3):

255
‘}?r B if:
G ..(3)
Yy, upper MF of output
i is variable value changed from 1 to N
N is number of non-zero membership function
values created by firing the rules
flis fuzzy value of input of i
y' is mean value of output upper MF
and computing lower MF y, by equation (4):

implemented by

yiis lower MF of output
y'|is mean value of output lower MF

b- compute the output of IT2FS by using
Centre of Sums as defuzzifiction method as
in equation (5):

Yty
Y 3

ro.. )

y is output of Fuzzy system [13].

Designed IT2FSs are trained by database of 30
subjects, database criteria and results of IT2FSs are
illustrated in next section.

4. Results

Three readings of blood pressure parameters heart
rates of Adult healthy 30 subjects were taken by digital
automatic blood pressure monitor, “OMRON IAIB
Model HEM-7000-C1L”, made by OMRON
Healthcare Japan [14].

The thirty subjects are including twenty four
females and six males, aged between 17-68 years old,
weighted (W.) between 45-162 kg, are students at
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Adult Migrant English Programme,

Macquarie Community College, Australia.

The average of heart rate readings and systolic and
diastolic blood pressures readings of each subject are
given in table 1.

organised by

Table 1: Average of HR and BP readings of 30

subjects
No | Age Sex | W. SBP DBP HR
Years | M/F | kg mmHg | mmHg b/m
1| 68.00 F | 92.00 | 121.33 | 84.67 76.00
2| 42.00 F | 64.00 | 125.33 | 80.33 70.67
3| 24.00 F | 60.00 | 79.33 | 50.00 86.00
4] 38.00 F | 77.00 | 122.67 | 74.00 84.00
5| 27.00 F | 55.00 | 105.33 | 73.67 90.67
6 | 24.00 F | 45.00 | 97.33 | 64.33 68.67
7 | 25.00 F | 50.00 | 110.00 | 68.67 74.33
8 | 24.00 F | 52.00 | 119.67 | 77.33 82.33
9| 22.00 F | 45.00 | 125.67 | 78.33 79.67
10 | 34.00 F | 65.00 | 108.00 | 71.33 66.33
11 | 61.00 F | 74.00 | 112.00 | 72.00 63.33
12 | 59.00 F | 75.00 | 156.33 | 89.33 88.00
13 | 57.00 F | 64.00 | 141.67 | 77.33 74.00
14 |1 28.00 | M | 68.00 | 114.00 | 71.33 86.00
15| 48.00 | M | 80.00 | 124.00 | 85.67 83.67
16 | 25.00 F | 72.00 | 122.67 | 85.67 77.33
17 | 27.00 F | 53.00 | 122.67 | 92.00 88.67
18 | 35.00 F | 50.00 | 110.00 | 82.00 70.33
19 | 23.00 F | 55.00 | 120.33 | 78.67 88.00
20 | 22.00 F | 63.00 | 99.33 | 60.67 85.67
21 | 20.00 F 162.0 | 96.33 | 63.00 79.33
22 | 25.00 F | 66.00 | 100.67 | 58.67 87.67
2312600 | M | 92.00 | 112.67 | 75.33 76.00
24 | 51.00 F | 70.00 | 110.00 | 78.67 71.00
25 | 26.00 F | 58.00 | 107.33 | 78.00 83.67
26 | 32.00 F | 73.00 | 104.00 | 76.67 100.3
27 | 49.00 F | 63.00 | 144.00 | 83.33 88.67
28 | 19.00 F | 55.00 | 105.00 | 72.33 72.00
29| 1700 | M | 72.00 | 118.67 | 70.33 67.00
30| 23.00 | M | 65.00 | 129.00 | 85.00 79.00

Twenty subjects’ readings are used to train designed
IT2FS, the PMFs’ parameters, as shown in Fig. 5, are
adjusted within AHA standards, to achieve smallest
errors between real and estimated SBP and DBP.

The trained IT2FSs are used to estimate SBP and
DBP for remaining ten subjects and MAP are
computed by equation (2).



To show the good performance of IT2FSs; our
estimated values of BPPs are compared with real
values of BPPs and the Mean and Standard Deviation
(SD) of the difference between the real and estimated
SBP, DBP and MAP for remain ten subjects are given
in table 2:

Table 2: Mean and SD of the difference
between the real and estimated values

SBP DBP MAP

(mmHg) | (mmHg) | (mmHg)
mean 3.8 -5.0 4.6
sD 13.8 8.6 10.3

In addition, the Bland and Altman [15] plot method
is used to show graphically; how estimated values of
BPPs are close to real values of BPPs, the Bland and
Altman plot of SBP, DBP and MAP are shown in Fig.
9, Fig. 10 and Fig. 11, respectively.
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Fig. 9. Bland Altman plot of SBP
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Fig. 11. Bland Altman plot of MAP

In Bland Altman plots of SBP, DBP and MAP, all
estimated values are located close to mean of
difference and within the border of (mean = 1.96 SD),
hence, IT2FSs achieve good and near accurate results.

5. Conclusions

This paper proposed an Interval Type-2 Fuzzy
System to estimate Blood pressure parameters; SBP,
DBP and MAP; based on Heart rate, which is
measured by as photo-plethysmography (PPG) sensor.

The estimated values of SBP, DBP and MAP are
compared with real SBP, DBP and MAP and very
encouraging results are achieved; the absolute value of
mean of difference between Real SBP, DBP and MAP
and Estimated SBP, DBP and MAP are less than 5
mmHg.

Moreover, all estimated values of SBP, DBP and
MAP are located close to mean of difference and
within the border of Bland & Altman plot; (mean £
1.96 SD).

In Future work, designed IT2FSs for BPPs can be
programmed into a microcontroller and a PPG sensor
can be integrated to acquire direct HR from the
subjects and to facilitate the measurements of blood
pressure parameters.
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