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Abstract: In this study, a nonlinear system was developed for the modelling of the heart rate response to treadmill

1

walking exercise. The model is a feedback interconnected system which can represent the neural response
and peripheral local response to exercise. The parameters of the model were identified from an experimental
study which involved 6 healthy adult male subjects, each completed 3 sets of walking exercise at different
speeds. The proposed model will be useful in explaining the cardiovascular response to exercise. Based on
the model, a 2-degree-of-freedom controller was developed for the regulation of the heart rate response during
exercise. The controller consists of a piecewise LQ andaontrollers. Simulation results showed that the
proposed controller had the ability to regulate heart rate at a given target, indicating that the controller can play
an important role in the design of exercise protocols for individuals.

INTRODUCTION exercise have been carried out by a number of re-
searchers (e.g. (Brodan et al., 1971; Hajek et al.,
1980; Rowell, 1993; Coyle and Alonso, 2001; Su

During dynamic exercise, the cardiovascular system o o '5007)). Broden et al. (Brodan et al., 1971) and
increases the delivery of blood and oxygen to working Hajek et al. (Hajek et al., 1980) modelled the HR re-

muscles as the metabolic demand increases, resultin
in an increase in heart rate (HR) and stroke volume.
Obtaining a model that describes the HR response to
exercise will improve our understanding of exercise

physiology. Understanding the aetiology of HR re-

sponse during, and recovery after an exercise, may
also be beneficial to predicting cardiovascular disease

mo

%ponse from a regulation point of view. Their models
are reliable for short duration exercises, but are not
sufficient for explaining long duration exercises. As
shown in, e.g. (Coyle and Alonso, 2001), HR will
continue to increase during prolonged exercise. In
reference (Su et al., 2007), exercising HR response
was modelled by a Hammerstein systenBesides

rtality (Savonen et al., 2006) (Cole et al., 1999). 1, 4e|jing, they also studied the control of the HR re-

This may also lead to an improvement in develop- sponse during exercise

ing

weight loss protocols for the obese, and in facilitating

assessment of physical fithess and health of individ-
uals (Achten and Jeukendrup, 2003). Furthermore,
knowing the cardiovascular system responses to the
stress induced by physical exercise provides us an-

oth

instance, this may give us some measures for the pre-
vention of cardiac failure from dialysis.

498

training protocols for athletics and more efficient The ability to control the HR during exercise is

of importance in the design of exercise protocols for
patients with cardiovascular diseases and in develop-
ing rehabilitation exercises to aid patients recovering
from cardiothoracic surgery. The control of heart rate
. . ) response during exercise has been reported in the ref-
er perspective on how this system functions. For erences (Kawada et al., 1999; Cooper et al., 1998; Su

1A system consists of a static nonlinearly cascaded at
Studying and modelling of HR response during the input of a linear system.
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etal., 2007). Among them, a number of differentcon- Table 1: Physical characteristics of the subjects: age,
trol strategies or algorithms have been successfully height, weight, and BMI (Body Mass Index).

applied, e.g. classical PID contrdt,., control, and Age n | Height (cm) | Weight (kg) | BMI (kg/m 2)
model reference control. Each has its merits or disad- [mean | 203 174 68.5 225
vantages and therefore, it is interesting to investigate [ s 5.8 3.4 12.6 3.4
the usefulness of other control algorithms and tech- [ range | 23-38 169-178 53-85 18-27
nigues which have been developed by the control so-

ciety.

The objective of this paper is twofold. First,
a nonlinear model is proposed to describe the HR
response to treadmill walking exercise during both

s drives the system nonlinearly, describing the non-

linear increase of the HR in response to the increase
o in walking speed. It has been observed that there is a
the exercising and the recovery phases. We modely,jjinear relationship between aerobic demand and

the HR response.from the neural and thg local re- walking speed (see, e.g. (McArdle et al., 2007)).
sponses perspective. The advantage of this approach

is that the model may describe the HR response over .
a longer exercise duration. Secondly, using the pro- 21 Experimental Setup

posed model, we develop a controller-using the tread- . 4 A
mill's speed as a control variable-that regulates the | € Parametersin system (1) were identified from ex-

HR during exercise. The controller consists of feed- per_|men_tal d_ata. 'I_'he setup of the experiment is de-
forward and feedback components which provide bet- SCriPed in this section.
ter performance without trading off robustness.
Subject. Six healthy male subjects were studied.
The physical characteristics of the subjects are given

2 THE MODEL in Table 1.

Procedure. Each subject completed three exercise
sessions in separate occasions. In each session, a sub-
?ect was requested to walk on a treadmill at a given
speed (5km/h, 6km/h, and 7km/h) for 15 minutes with

a recovery period of 15 minutes. After three sessions,

In this paper, we propose the following nonlinear
state-space control systems to model the HR respons
to treadmill walking exercise:

X1 (t) = —aaxy (t) + apxa(t) + au?(t) each subject completed the treadmill walking exercise
Xo(t) = —agXa(t) + @(x1(t)) (1) at the three different speeds.
y(t) =xa(t)

AL Data Acquisition. In this study, the Powerjog fully
where @(x1(t)) := o (istx 0-) and x(0) = motorised medical grade treadmill was used. The HR
%1(0) 300 =0 (t)pdescrlibessthe P oS MR of the subjects was monitored by the wireless Polar

1 2 =uYy 9 system and recorded by LabVIEW. The Polar sys-

I“’l”f' restt, atndal,...,aE, zir(ihposmve dsc?!;rs:[ Thg C(.)"n' tem generated pulses which were used to determine
rol inputu(t) represents the speed of the treadmill. the HR. To remove noises, the HR measurements

?y;;temt(l) can pe t\::ev]:/ed a3 da fiﬁdback |r][thercon—were then filtered using the moving average with a
nected system, i.eq in the forward path ang in the 5-second window.

feedback path. The componea(t) can be viewed as

the change of HR due to the neural response to exer-

cise, including both the parasympathetic and the sym- Parameter Estimation. Using the measured HR
pathetic neural inputs (see e.g. (Rowell, 1993)). The data and the Levenberg-Marquardt method, the pa-
componentx; is utilised in describing the complex rameters in system (1) were estimated for each sub-
slow-acting peripheral effects from, e.g. the hormonal ject and for the average response of all subjects .
systems, the peripheral local metabolism, and/or the Since there were three sets of input-output measure-
increase in body temperature, etc.. Generally, thesements for each subject (where the input is the speed
effects cause vasodilatation and hence HR needs tof the treadmill and the output is the HR), we esti-
be increased in order to maintain the arterial pressuremated the parameters as if the following multi-input
(see (McArdle et al., 2007))). So, the feedback signal Mmulti-output system:

X2, which can be thought of as a dynamic disturbance

input to thex; subsystem, is a reaction to the periph- x(t) = f(x(t),a,u(t)), yt)=Cx(t), x(0)=0

eral local effects. By observing system (1), the input (2)
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10000 Table 2: Estimated parameter values for 6 different subject
where C = (0 0 1 0 O , X = and the average response of all subjects.
0 00 01 5 .
arameter estimates
[Xl X2 X3]T c RG, a = [al az...a5]T € RS, (Confidence intervalya)
u=[u u u"eR3andy=[y1 y2 ys|" €R3 Subject | & & & a %
Fori = :|_7 273, the vectok; ;= [Xi,l Xi,Z]T andyi are 1 2.374 2.319 0.024 0.018 0.000
the state vector and the output from the inputThe (0180) | (0.161) | (0.014) | (0.003) | (0.308)
unit of time't is in minute. To make the estimation 2 3.351 | 3.501 8'126 0'8(7)1 8'683
process more robust, the speeds of the treadmill 3 (2'223) (2':32) (O'ggz) (8'052) (o'gg?
were normalised by 8 km/h, assuming the maximum 0.180) | (0.138) | (0.007) | (0.004) | (0.010)
walking speed was 8 km/h. In other words, the 2 1041 | 0787 | 0072 | 0.069 | 0491
input vectoru in (2) is in factu = [5/8 6/8 7/8|'. (0.078) | (0.052) | (0.011) | (0.007) | (0.015)
Similarly, the outputy;(t) from the inputu;(t) was 5 3.665 | 2.394 | 0.169 | 0.107 | 0.476
defined ag/i(t) = (HRi(t) — 73.4) /60, whereHR (t) (0.489) | (0.304) | (0.023) | (0.013) | (0.029)
is the absolute HR at timig 73.4 bpm is the average 6 1782 | 1442 | 0.110 gF0105 #F0.562
resting HR for all the subjects and 60 bpm is a (0.166) | (0.123) | (0.009) | (0.007) | (0.013)
L average 1.858 1.655 0.057 0.046 0.550
normalising factor. response| (0.119) | (0.099) | (0.007) | (0.003) | (0.009)

The objective function was chosen as
N

Sa) = Z(Y(ti) —9(t.2)TQy(t) — Y(ti, @)  (3)

Treadmill speed 5km/h

where, fori =1,2,...,N, y() is the measurement
of the output vector at timé&, y(ti,a) is the output 0 s 10 Timel‘?min) 2 2 B
of system (2) with the parameter vectay and Q Treadmil speed 6kmih
is a given diagonal weighting matrix. In this study, 5
Q:=diag([2.5 15 1]) was used. With the objec-
tive function (3), the Levenberg-Marquardt method | ‘ ‘ Cee i |
was used to determine an estimateaofvhich was 3 3 10 i 2 % %
denoted ag = [4; &,...45]' (see, e.g. (Stortelder, : | Treadmil speed Tl
1996)). Based on a linear approximate method (see '
e.g. (Stortelder, 1996)), an approximate (D0 a)%
independent confidence interval for each estimate was ‘ ‘ ‘ ‘ -
given by (§ — %a;,4 + da), fori =1,2,...,5. Ana ° ° P et ® *
level of 0.05 was used for obtaining the confidence _ )
intervals of parameter estimates. Table 2 summariesfigure 1: HR responses: actual responses from all subjects
the estimated parameters for each subject and it alsogggltisd)’m?g)e rage response (circles) and simulated response
shows the estimated parameters for the average re- '
sponse from all the subjects. The simulated HR re-
sponses with the proposed model based on the aver

age response are shown in Figure 1.

HR (BMP)

HR (BMP)

response was utilised (see Table 2). Substituting the
parameters estimated from the average response, sys-
tem (1) is written in the state-space form as follows:

3 CONTROLLER DESIGN X= At Bupta) +Bag(u). y=Cx - (4)
where

In the second part of this paper, a controller design —1.858 1655 0 1.655

is proposed for the regulation of HR. The controller ™~ [ 0 0,057] » Br1= M » Ba= { 0 ] ’

essentially controls the speed of the treadmill and in -

turns controls the HR. It is desirable to design acon- X = X1 %] , C=[1 0], g(u) := %, ¢(x1) :=

troller that is suitable for all the subjects, rather than 0.046¢ .

designing a controller for each individual subject. To 1+exP(~1504-055))

design such a controller, the model for the average . System (4) is a nonlinear system with nonlinear-
ity @(x1) and nonlinear control inpuj(u). To over-

2Resting HR was estimated from the 3-minute resting come the control input nonlinearity, a transformed in-
period before exercise. putv = g(u) is defined. The functiop(x1) can be
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approximated by a piecewise linear function the minimising control law was(t) = Lix,x € X;,

) i=1,2, wherel; = [-1.457 —0.989 4471 (,

vixa) = ° ifx <0418 L,=[-148 —1001 4471 Q009. In turn, the
0.090x; —0.038 ifx; >0.418 LQ feedforward controller is in the form:

In fact, y(x1) is obtained by linearising the function = No R P~ 7

@(x1) atx; = 0 and 05. As a result, system (4) can X=AXFBVEBI, Y =Cx V) =Lx ()

be approximated by a piecewise affine system (seefor x c X; wherex(0) =[0001",B,=[0010" and

e.g. (Rantzer and Johansson, 2000)). r is the reference input. In other words, the input to
In this paper, we propose a two-degree-of- thjs feedforward controller is the referencand the

freedom (2-DOF) controller consisting of a piecewise output are the feedforward controind the “filtered”
linear quadratic (LQ) feedforward and-, feedback  referencey;.

controllers, as shown in Figure 2, for the control and
regulation of HR response. 3.2 H., Controller Design

v
feedforward

r Piecewise
— + 1
ta Oy collfSer | £ 0]
Yr K. v
feedback

Figure 2: Control configuration.

To cope with the uncertainty in the model, we design a
i’ feedback controller based on tHg control technique

(see e.g. (Petersen et al., 2000)). We first linearise the
system (4) and then formulate the control problem as
a mixed sensitivity problem (see e.g. (Skogestad and
Postlethwaite, 1996) for details). In a mixed sensi-
tivity problem, the idea is to choose some weighing

3.1 LQ Feedforward Controller Design functions, namelyV;(s), Wa(s) andWs(s) to reflect
the control objectives. GeneralW(s) is chosen to

First, we design the piecewise LQ feedforward con- Meet a performance specification a(s) is cho-
troller using the piecewise LQ optimal control tech- S€N to characterise the modelling errors. Whereas the

nique (Rantzer and Johansson, 2000). We also incor-€ighing functionis(s) may be used to reflect some

porate an integral action in the controller. restrictions on the actuator signal. _
Define two partitions of the state space: In order to apply the mixed sensitivity technique,
T 5 the system (4) was linearisedat=[0.5 0.13]", vo =
X1:={[x1 x]' € R| x1 <0.418} 0.43, and the transfer function of the linearised model
Xo 1= {[x1 %" € R?| x> 0.418} is given by
, 1.655+0.094
Next, define = 7
C9 =g 10130043 Q)
A 0 & B2 X N .
A=|-C 0 o|.B=|0]|.x=|e The weighting functions were then chosen as:
’ Y 0.02(s+5 700(s+0.3
Ot O O 0 1 WAi(S) = oot We(S) = Toiont, Wa(9)
for x € X andi = 1,2, where oo By using MATLAB Robust Control Tool-
box, we obtained a controllé(s) that is fifth order,
A |—1858 1655] , _ |-1858 1655 resulting in a complicated control strategy. In fact, by
=1 0 -0.057" "2~ | 0.090 —0.057|" observing the Hankel singular values of the controller
K(s), a second order controllé€equceqgwas in fact
ap=[0 O}T, az=[0 —0.038]T, e(t) = [§(r— adequate to approximalg(s) and it is in the form
Cx(t))dt andr is the constant reference input. There-
0.927s+0.009
fore, we have KreducedS) = >F (8)

\\ —_ 4 — ~ $?+40.060s+6.008x 10-©
X=Ax+Bv, y=Cx, forxeX. (5)

whereC = [C 0 0. Then, the control problem is

to find a control lawv that minimises the follow- 4 SIMULATION RESULTS

ing cost function:J = [5°(XT Qx+ V' Rv)dt, for any

givenQ > 0 andR > 0. In the control design, the As shown in Figure 2, a 2-DOF controller were
matrix Q and the value ofR were chosen as fol- constructed by combining the LQ feedforward con-
lows: Q =diag([0 0 10 Q), R=05. By us- trollers (6) and théd. feedback controller (8). Since
ing the technique in (Rantzer and Johansson, 2000),both the feedforward and feedback controllers were

501



BIOSIGNALS 2008 - International Conference on Bio-inspired Systems and Signal Processing

70 Piecewise LQ + H inf| |
— = —Hinf

>

-

Speed (kmih)

~

R N T‘mel‘?m) L w1 1w N I, B 1 1 2
Figure 3: Subject 1-Simulation of HR regulation at 100 Figure 4: Subject 2—Simulation of HR regulation at 100
bpm and 120 bpm witlii., controller (dashed) and Piece- bpm and 120 bpm withl. controller (dashed) and Piece-

wise LQ +H controller (solid). wise LQ +H. controller (solid).

obtained by considering the model of the average re- :

sponse from the six subjects, it would be realistic to

validate the 2-DOF controller by applying it to each P A

of the subject without re-tuning the control parame- =g

ters for each subject. From the previous section, we i)’

have a model for each of the subject and the estimated O

parameters of the model are shown in Table 2.

We also assumed the treadmill speed was only al-
lowed to be operated between 0 and 8 km/h, since
speeds greater than 8 km/h may exceed the maximum
walking speed of some subjects. For each subject, we
tested the proposed controller by regulating the HRs
at 2 levels, namely 100 and 120 bpm. In the simu-
lations, the resting HR of each subject was assumedrigyre 5. Subject 3-Simulation of HR regulation at 100
to be the average of the three resting HRs, since eachbpm and 120 bpm witl., controller (dashed) and Piece-
subject performed 3 sets of walking exercise. wise LQ +Ho controller (solid).

Figures 3-8 show the simulation results. Each fig-

ure shows the controlled HR responses and the speedgeedback subsystem can be utilised to describe the pe-
of the treadmill. It also shows the responses from ripheral local response. Utilising this model, a 2-DOF
the proposed 2-DOF controller and 1-DOF controller controller was developed for the regulation of HR
which consists oH., feedback controller only. For  for treadmill walking exercise. The controller con-
each of the subject, the controlled HR was able to sists of a piecewise LQ feedforward andHa feed-
track the reference HR signals. By comparing the re- pack controller. One of the benefits of introducing the
sponses from the 2-DOF controller and tig con-  feedforward control is to improve the performance,
trO”er, the proposed 2-DOF controller prOVideS faster since robust control such &%, controller is some-
responses. It indicates that the proposed 2-DOF con-times overly conservative that impedes performance.
troller should give better performance than that of The controller was derived from the model of average
only He controller. response of the six participated subjects. Simulation

results showed that the proposed controller had the

ability to regulate HR for all the six subjects, without
5 CONCLUSIONS the need to re-tune the controller’'s parameters.

Speed (kmih)

In this study, a nonlinear model describing the HR re-

sponse to the treadmill walking exercise is proposed. ACKNOWLEDGEMENTS

The proposed model is a feedback interconnected sys-

tem, consisting of a subsystem in the forward path This work was supported by the Australian Research
that can be used to describe the neural response, and &ouncil.
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Piecewise LQ + H inf
110- ’ — — —Hinf ul

0 2 4 6 8 10 12 14 16 18 20

Speed (km/h)

0 é J‘ é é T‘mel‘(()nw‘) 1‘2 14 16 18 20
Figure 6: Subject 4-Simulation of HR regulation at 100
bpm and 120 bpm withl,, controller (dashed) and Piece-
wise LQ +H. controller (solid).

L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20

Speed (kmih)

Piecewise LQ + H nf| |
— — —Hint
o , . . , . .

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 7: Subject 5-Simulation of HR regulation at 100
bpm and 120 bpm withl,, controller (dashed) and Piece-
wise LQ +H. controller (solid).

L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20

Speed (kmih)

Piecewise LQ + H inf| |
— — —Hint
0 . . . , . .

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 8: Subject 6-Simulation of HR regulation at 100
bpm and 120 bpm withd. controller (dashed) and Piece-
wise LQ +He controller (solid).
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