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ABSTRACT
A PRIORI PREDICTION OF AN INDIVIDUAL'S HEART RATE RESPONSE
TO A SERIES OF PHYSICAL TASKS OF VARYING

LEVELS OF WORK LOAD

By: Larry E. Long
Chairman: LaVerne L. Hoag

This dissertation presents the development of a pre-—
dictive model for depicting an individual's cardiac response
to a series of adjacent fixed intensity tasks. The emphasis
is on predicting cardiac response to exercises of no more
than four minutes duratior..

The most apparent deterrent to predicting heart rate
patterns, caused by work onset or stoppage, is the extreme
variation in absolute heart rate between individuals. How-
ever, this variation can be substantially reduced by trans-
lating heart rate in beats/minute to a percent of an individ-
ual's average resting heart rate (%RHR). The translation
provides a common denominator and thereby a common origin
for heart rate patterns produced by different individuals.

It was determined that cardiac responses in terms of
percent of resting heart rate were similar for selected sub-
joct categories. The subject categories of this study are
defined by two levels each of sex and physical fitness. A
highly correlated linear relationship between work load and
steady state %RIHR was developed for each of the four subject
categories. Cardiac responses in terms of %RHR were empir-
ically derived for set levels of %RHR. The linear relation-
ships and responses in %RHR constitute the foundation of the
predictive model. The predictive model functions by extrapo-
lating a heart rate response to exercise from empirically
derived data. The only required inputs are sex, physical
fitness, and resting heart rate. The output of the model
includes the predicted %RHR and the predicted heart rate.
The model will predict the cardiac response to a series of
step changes in work load within the limits of 100 to 160
%RIIR. Ninety percent of the time, the predictive model was
shown to be within 5 to 10% of the observed heart rate pat-
tern.

iii
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A PRIORI PREDICTTON O AN INDIVIDUAL'S HEART RATE RESPONSE
TO A SERIES OF PHYSICAL TASKS OF VARYING

LEVELS OF WORK LOAD

CHAPTER I

INTRODUCTION

The introductory chapter contains definitions of the
terminology unigque to this study, illustrations and examples
of the problem and the predictive model of this investiga-
tion, a discussion of the relevance and contribution of
this study, and a discussion of the uses of heart rate pat-

terns.

Statement of Problem

The purpose of this study was to develop a predic-
tive model of an individual's heart rate response over
time as he performs physical tasks of fixed intensity for
varying levels of work load. The emphasis is on short-
range patterns of no more than four minutes for tasks of
light to moderate intensity (less than 220 watts). The
tasks are of a constant mechanical power. As long as the
work load or power output requires less than approximately
50 percent of an individual's aerobic capacity, the heart

rate will reach a steady state (SS) (Vogt, 1973, p. 46).



2 .
The intensity of the work loads of all tasks are such that
the heart rate will reach a steady state in aerobic metab-
olism,

It is difficult to predict an individual's cardiac
response to physical stress in terms of heart rate (heart
rate pattern) because individuals have such disparate
heart rate patterns for any given work load. For example,
given a work load (task) of 50 watts, one individual's
heart rate may reach a steady state of 80 beats/minute in
10 seconds while another individual may take 30 seconds
and steady state at 100 beats/minute. These patterns can
be studied universally by introducing compensatory varia-
bles and by the reduction of heart rate to a common denom-
inator. This common denominator is percent of resting
heart rate (%RHR) and is a function of each individual's
resting heart rate (RHR) and his heart rate under physical
stress.,

For the purposes of this study, a person's resting
heart rate is determined after he has been seated for at
least 15 minutes. Resting heart rate is determined by
counting the number of beats/minute during a 5-minute per-
iod following 15 minutes of rest to determine the average
beats/minute at rest or the resting heart rate. When
determining a sub ject's resting heart rate the subject
should not eat nor exercise for at least one hour prior to

testing. An unofficial study was conducted for the purpose
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of establishing resting heart rate as a physiological
index with perennial stability. The medical records of
twenty Air National Guard flying personnel, selected at
random, were examined. The selected resting heart rate
was recorded for each individual on a yearly basis during
routine medical examinations performed by National Guard
physicians for five to fifteen vears depending upon the
history of their individual medical records. It was deter-
mined that the resting heart rate exhibited perennial sta-
bility. The average stanuard deviation for all persons
examined was approximately four beats/minute. This differ-
ence could very easily be attributed to variations in the
clinical procedures used to determine resting heart rate.

It is expected that there are several variables
which affect the increase or decrease, rate of increase or
decrease, and/or level of heart rate. The extent of the
effect of any given variable is unknown. Also, it is prob-
able that as the level of one variable is changed in combi-
nation with anoth:i variable, that wvariable may have an
altogether different effect on an individual's cardiac
response to exercise (i.,e., interaction effect). Environ-
mental variables which might be considered to have an
effect on cardiac response to exercise are:
1. temperature
2, numidity

3. noise level.
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Human variables which might be considered to have an effect
on cardiac response to exercise are:

l. somatotypes

2, extent of body movement

3. endurance capabilities

4, vpsychological stress

5. maximum heart rate level

6. maximum oXxygen uptake

7. muscle mass

8. heart rate variability

9. Dbody temperature
10. stroke-volume
11. age
12. resting heart rate
13. physical fitness
14, sex.

The latter three, resting heart rate, physical fitness, and
sex, were examined for this study. These were chosen
because persons can be classified by sex,and resting heart
rate can be measured easily. As discussed in a later sec-
tion under sub ject variables, an individual

classified into an appropriate level of physical fitness.
Also, it is known that all three variables have a consider-
able effect on heart rate patterns. During testing, con-
‘“irols were established to minimize variation within all

other variables listed above. The subjects were limited
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to the age group of 20 to 30 years of age. Studies have
shown that some of the above enviroconmental and human vari-
ables listed have an effect on heart rate, and it is hypo-
thesized that others may have an effect on heart rate.
However, the extent of this study is to develop a model
by which heart rate patterns can be predicted given only
levels of sex, physical fitness and resting heart rate.
There are two levels of sex and physical fitness. The
levels of sex are male (M) and female (F). The levels of
physical fitness are good physical fitness (G) and seden-
tary (S). Resting heart rate is not a factor in defining
sub ject categories. Consequently, there are four sub ject
categories., Those categories are male of good physical
fitness (MG), sedentary male (MS), female of good physical
fitness (FG), and sedentary female (FS). The levels of
the variables and the sub ject categories are discussed in
detail in Chapter TTII.

This study is limited in scope to examining only
aerobic tasks for all subjects. A8strand (1970, p. 283)
states that exercises requiring an anaerobic energy contri-
bution are those that demand more than 50 percent of an
individual's maximal aerobic power. He also presented the
steady state heart rate for different age groups for 50
percent of maximal aerobic power for both males and
females (Rstrand, 1971, p. 312). These maximum heart rate

values for aerobic exercise for the age group of this study
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were 134 and 138 beats/minute for males and females,
respectively. The limits of this study are from 100 to
160 %RHR; therefore, the maximum allowable resting heart
rate for subjects was 84 beats/minute for males and 86
beats/minute for females in order that no task would require
an anaerobic contribution and that a steady state heart rate
could be achieved for all tasks performed by all subjects.

It was shown (in this study) that individuals of
similar characteristics (e.g., males of good physical fit-
ness) have similar heart rate patterns when presented as
%RIR versus time. It was also apparent that although a
specific heart rate pattern can be produced by persons of
all subject categories, the actual mechanical work necessary
to produce this pattern varies for each subject category.
There is little value in predicting a heart rate pattern
if it is necessary to supply the expected steady state
heart rate as input to the model., If this were the case,
it would be necessary to empirically determine the steady
state heart rate for a given task for any given individual.
lipon considering this need, it becomes apparent that in
order to make hear! rate patterns a useful tool for indus-
trial use, any given heart rate pattern must be equated
with a work load. 1t was hypothesized at the onset and
later determined experimentally that the relationship
between work load and steady state %RHR.is linear and

unique fTor each subject category over the range of this



study (100 %RHR to 160 %RHR).

The immediate problem in predicting heart rate pat-
terns is the extreme variation in absolute heart rate (HR),
even for persons of similar characteristics (same subject
category). A relationship between work load and steady
state heart rate such as shown in Figure 1 can be developed.
However, the only way to develop this relationship is to
record steady state heart rate at different levels of work
loads for each individual separately. A similar relation-
ship could be developed by using averaged data supplied by
a group of subjects. Illowever, one standard deviation about
the regression line may be as much as 15 beats/minute.
Therefore, it is difficult to draw conclusions about indi-
viduals from relationships developed from averaged data
because of the individual variations attained in absolute
heart rate. There is also a need to eliminate the require-
ment to empirically determine the work load versus steady
state heart rate relationship for each individual. Per-
haps the key to examining this relationship is to reduce all
relationships to intercept at a common point. This can be
accomplished by using percent of resting heart rate (%RHR)
instead of heart rate. Regressions for work load versus
stecady state WRHR were computed for all subject categories
from empirical data. These relationships serve as input
to the model. Therefore, given a work load and category of

sub ject, the expected steady state %RHR can be determined.
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I'igure 1 also illustrates the relationship between work
load and steady state %RHR.

The heart rate pattern is defined, for the purposes
of this study, as an individual's heart rate over time irom
the instant he begins performing a physically demanding
task of fixed intensity (including the resting state) until
the termination of the task. The instant the individual
stops performing a task of fixed intensity and begins a
different level of fixed intensity (could be a resting
state), another heart rate pattern is realized. In this
case, a step change in work load or task intensity is
realized, Figure 2 illustrates graphically what is meant
by a heart rate pattern. Shown are the resultant heart
rate patterns of two subjects who each performed a light
work task. Subject A is of the sedentary male subject
category and Subject B is of the sedentary female subject
category. The task intensity was not the same. It can be
noted that there was a 10 beat/minute difference in the
initial heart rate values (in this case resting heart rate)
at time zero. BSubiect A realized a steady state heart
rate at 93 beats/minute after 48 seconds and Subject B
at 80 beats/minute after 53 secondé. It would be difficult
to predict these heart rate patterns since it is possible
and probable that another subject of Subject A's character-
istics (sedentary male--MS) could have produced Subject B's

(sedentary female--FS) heart rate pattern and vice versa.
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Figure 3 illustrates the graphic representation when JRHR
is used instead of heart rate to indicate heart rate pat-
terns. Note that although the heart rate patterns are
similar, the level of work load or task intensity at a
steady state of 133 %RHR is not necessarily the same. The
task intensities were 125 watts and 70 watts for Subjects
A and B, respectively. Figure 4 illustrates, again, the
disparity in heart rate patterns for tasks of moderate
intensity (versus light inteunsity for Figure 2). The heart
rates of both subjects reach a steady state at 160 %RHR
as shown in I'igure 5. However, again the task intensities
required for like levels of steady state %RHR were differ-
ent. The task intensities were 220 watts and 130 watts
for Sub jects A and B, respectively.

In order to illustrate the method by which the
predictive model of this study compensates for the dispar-
ity in work load for similar patterns (of %RHR), the fol-
lowing example is presented. An individual is selected
from one of the four subject categories. The individual
is a sedentary male (MS) and his seated resting heart rate
is 76 beats/minute. The intensities and durations of the
tasks must be supplied. PFor example, the model will pre-
dict the heart rate response for a series of tasks of 110
watis for 060 seconds, 175 watts for 70 seconds and zero
watts for 110 seconds. By using Figure 1 as the steady

o/

state JuRHR to work load relationship for sedentary males,
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it can be determined that there are steady state %RIIR's
of 130, 147, and 100 for work loads of 110, 175, and zero
watts, respectively. The model supplies all transient
responses hetween step changes in task intensity. This
procedure is explained in detail in Chapter IV. The model
predicts in terms of %RHIR and then %RHR is translated to
heart rate, since the individual's resting heart rate is
given. The results of the predictive model for the subject
and series of tasks previouzly defined are shown in Appen-

-

dix 7 under series 1=-MS.

Relevance and Contribution

llpon reviewing the papers presented at a symposium
on heart rate variability, Rolfe (1973, p. 2) stated:

It will be widely acknowledged for those who have mea-
sured heart rate variability that an anomaly frequently
presents itself; namely that while a recorded trace of
HR often shows clearly the suppression of variability

in the work condition, it is difficult to gquantify the
change in cardiac response and relate it to the task.
This theme is apparent throughout the papers which
follow. The study of HR variability is at the stage
where the problem is no longer one of getting effec-
tive electrodes and portable cardiac recording apparatus;
rather it is in the development of techniques to process
and analyze the data.

At present, no one has developed a predictive model which
reflects cardiac response to stimuli on an individual basis.
Aberg, Elgstrand, Magnus and Lindholm (1968, p. 189)
collaborated in an attempt to build a model to predict
energy expenditures. (HR has been shown to be an effective

predictor of energy expenditure (LeBlanc, 1957, p. 275).)
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Their rationale for building this model merits repeating.
The accuracy of physiological work studies depends
only in part on the measuring instrument itself. If
the measurement is performed on work which is insuf-
ficiently described, the total accuracy of the mea-
surement is decreased. A proper selection of descrip-
tion variables increases the accuracy of physiological
work measurement and makes a fairly general prediction
of the energy expenditure possible. A model for pre-
diction of energy expenditure from physical data is
proposed and has been tested in a number of industrial
cases, The accuracy of the result is of the same order
of magnitude as a good work study.
They indicate that a good predictive model can produce
results which are as accu - te, in many cases, as if actual
measurements were taken. The advantages of predictive mod-
els becomes readily apparent when it is recognized that it
is possible to produce a heart rate pattern of the same
order of accuracy as that of an empirical investigation.
The predictive model of this study has the potential to
produce the heart rate pattern for any individual which
fits a combination of the levels of the two variables
investigated (e.g., female of good physical fitness). An
individual's cardiac response to tasks requiring certain
steady state %RIIRs can be depicted without actual measure-
ment of heart rate while performing these tasks. This
could result in savings in time and resources to industrial
and government organizations.
lucien Brouha (1960, p. 15), who was an established
authority in physiological stress in industry, stated:
Iln man, research is limited by the methods that can be

used without impairing the subject's health or his
performance. This consideration reduces substantially
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the kind of measurements that can be made directly
during muscular activity. Fortunately, because of its
close relationship to cardiac output and oxygen con-
sumption, heart rate can be utilized to evaluate stress
imposed by muscular activity with a minimum amount of
interference with the subject's freedom of motion and
performance ability. As a single factor, it can quite
accurately depict the adjustment of the individual to
muscular work and can be used conveniently as an index
for evaluating the overall adaptation to muscular activ-
itye.
As Brouha indicated, heart rate is a viable tool for measur-
ing muscular activity. However, interpretation of individual
heart rate patterns is difficult with the present knowledge.
Heart rate and heart rate patterns may vary greatly between
sex, physical fitness, etc.; however, the predictive model-
ing technique developed within this study aids in trans-
forming disparate heart rate patterns into comparable terms.
Man has physical limitations such as endurance and
strength which are approached and sometimes surpassed in
his working environment. These limitations must be recog-
nized as critical when establishing criteria for work
standards. An individual's heart rate could be a valuable
tool when correlated with other limited physical capacities
(e.g., endurance capabilities, blood pressure, work
capacity, etc.). An investigation of heart rate patterns
could provide the necessary information required to depict
why and how an individual's heart rate varies. If so, then
standards could be established for undue stress to not

only the individual's cardiovascular system, but also other

limited physical capabilities.
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Uses of Heart Rate Patterns

The predictive model utilizes heart rate patterns
to depict the expected cardiac response of an individual
to physical work tasks of varying intensity. By accur-
ately predicting the cardiac response to work tasks the
need for actual measurement of an individual's heart rate
under physical stress would be eliminated.

At this time specific guidelines have not been estab-
lished to set critical limits of heart rate for individuals
of specific categories with respect to %RHR. At present,
heart rate and/or oxygen consumption are used for industrial
guideliines to measure physiological cost. However, only
unofficial guidelines exist, and then, only average values
are presented. For example, gross unofficial guidelines
are that a worker not be required to work on a continuous
basis at a rate of over 4.5«5 kcal/min for metabolic energy
expenditure and/or 120-125 beats/minute for heart rate.

It is difficult to apply such guidelines since energy
expenditure and heart rate vary so greatly between indivi-
duals. Murrell (1965, p. 375) compared two men of different
size to illustrate this difference. A 1lh4-pound male
expended 4.0 kcal/min of work where a 200-pound male
expended 5.3 kcal/min of work while walking at a rate of

3 mph, The former was within the unofficial guidelines and
the latter was above, yet both were accomplishing the same

task., This illustration points out the need for
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individualizing guidelines for energy expenditure and
heart rate.

Future guidelines might reflect critical limits
for %RHR for particular categories of individuals. [rom
this study, and under the restrictive conditions of this
study, a task requiring a particular physical work output
could be applied to each subject category (within this
study). Then the task could be related to a steady state
%RIIR for each subject category. For example, a steady
state of 150 %RHR might be the standard maximum allowed
for an 80 watt task of 5 minutes duration. (These criteria
will have to be determined in a subsequent study.) It
could also be true that only males of good physical fit-
ness between the ages of 20 and 30 can maintain a steady
state %RHR of less than 150 %RHR for that task. In this
case, only persons of that category would be allowed to
perform this task. All other tasks could be evaluated in
a similar manner; therefore, the proper worker would be
placed in the proper working environment.

In summary, this model allows for the collection
and evaluation of heart rate data in comparable forms
(%RHR). A national program to develop a historical data
bank of cardiac responses (in terms of %RHR) of individuals
of various personal characteristics for various task inten-~
sities could result in work standards. These standards
could be effectively used for personnel selection and task

evaluation.



CHAPTER II

RELATED INVESTIGATIONS AND RESEARCH

This investigation encompasses an attempt to develop
a predictive model for cardiac response to fixed intensity
tasks which can be related tu the individual. There are many
research efforts which have supplied direction and foundation
for this examination. Of particular importance are the past
attempts to develop predictive models. Research efforts
pertinent to the development and evaluation of this model

are presented in this chapter.

General Background

LeBlanc (1957, p. 275) indicates that heart rate can
be an effective tool in the measurement of work activities.
It had been determined tvyv scvaeral experimentors that there is
a definite correlation between heart rate and oxygen consump-
tion within a limited range. LeBlanc extended his studies to
investigate work and recovery heart rates of individuals while
exercising at different levels of activity. He was concerned
with curves which showed the heart rate pattern for one par-
ticular exercise. First, he illustrated graphically the pat-
tern from resting heart rate to termination of a one mile run

while varying the intensity (speed of runner). Second, he

18
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illustrated the pattern from resting heart rate to termina-
tion of a run which extended for varying lengths of time.
The heart rate pattern showed an upward trend as intensity
and/or duration was increased. It was apparent that the
body experienced fatigue, therefore the heart rate increased
to exhaustion at high levels of intensity and duration.

LeBlanc also viewed the associated recovery patterns.
Since the body seemed to fatigue, he suggested that heart
rate be used as an index of level of fatigue. Although it
is not within the scope of this study to investigate fatigue,
the results do indicate that the transient heart rate recsponse
to a step increase in work load as well as the recovery heart
rate patterns are good indicators of physical fitness.

Brouha (1960, pp. 15-17) depicted the types of heart
rate patterns (he used the term heart rate curves) for exer-
cise situations into three categories. The first is where an
individual is subjected to light exercise. The cardiac reac-
tion to this light exercise is exaggerated at first but then
gradually decreases to a steady state which is above the nor-
mal resting heart rate. The second curve involves a more
intense exercise during which the heart rate increases to a
steady state. The third curve is when the exercise intensity
is such that the heart rate does mnot reach a steady state
but continues to increase until the individual is exhausted.
Figure 6 illustrates Brouha's '"three typical curves."

Empirical results collected by this writer indicate
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a deviation from these typical curves. With respect to the
first curve, there was not so much increase above steady
state heart rate at the start of the task. There was,
instead, a gradual increase in heart rate to steady state.
The second curve can also be challenged as to its general
validity and application to any given individual. The graph
of Figure 6 indicates that an individual with a resting
heart rate of 75 beats/minute will maintain a heart rate of
130 beats/minute for an exercise of sufficient intensity to
cause the cardiac effect of Curve II, for 15 minutes or
longer. Fifteen minutes is a very long time to maintain a
steady state for such an intense exercise. The results of
experiments conducted by this writer indicated a very gradual
increase after approximately three to four minutes for heart
rates of 130 beats/minute as body fatigue became a factor.
The 130 beats/minute is the approximate maximum heart rate
of all subjects attained during experimentation (maximum
134 beats/minute). The third curve indicates an increase to
exhaustion. An individual may reach a steady state (maximum
attainable heart rate) prior to exhaustion and continue the
exercise. Exercise of this intensity could be harmful to
certain individuals' health and should be avoided.

Authorities such as Brouha (1960, pp. 17, 19, 89, 111)
and Murrell (1965, p. 376) have tended to study heart rate
patterns in a gross form utilizing heart rate averages of

many persons to display results and depict transient responses.
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It is common among researchers to display heart rate pat-
terns graphically by plotting average heart rate against
time; however, much information is lost when averaging the
heart rates of many persons. For example, it is possible
that the resting heart rates of a group may range from 56
to 90 beats/minute with an average of 78 beats/minute. The
individual with a resting heart rate of 56 beats/minute may
never exceed the average of 78 beats/minute for a light
work task. This information is lost in the average.

An alternative to displaying heart rate patterns was
shown by Schilpp (1951, p. 441). He utilizes beats/minute
above resting heart rate in order to represent a general heart
rate pattern. The assumption which is implied, but is not not-
ed by Schilpp, is that each individual engaged in muscular ac-
tivity will have the same increase in heart rate and the increase
is independent of an individual's resting heart rate. As Brouha
(1960, p. 22) notes, the resting heart rate is an indication
of physical fitness, and therefore the heart rate displacement
(beats/minute above resting heart rate) can be expected to be
less for an individual with a lower resting heart rate.

The results of this dissertation indicate that heart
rate patterns produced by dynamic muscular activity of fixed
intensity can be reproduced as the individual repeats the
exercise. However, the repetition of a pattern is dependent
on the intensity of work and the duration of the preceding

rest period. Approximately the same heart rate pattern can



be oblained from an individual performing successive trials

of the same task if the rest period is of sufficient duration.
Rest periods are, in practice, not long enough for any indi-
vidual to completely recover from an intense work task (20
minutes to over an hour). There is an accumulative effect
which causes dissimilar heart rate patterns to occur when an
individual is subjected to a task without sufficient rest.

For light and moderate work loads the heart rate pattern can
be repeated with accuracy. Fven though a subject may be a
little fatigued, an approximate replica of the heart rate pat-
tern will still be produced when the task is light to mod-
erate.

One objective of this study was to isolate and describe
the effects which certain variables (sex and physical fitness)
have on the heart rate of an individual under a controlled
environment. It has been established that humidity and temp-
erature do appreciably affect the heart rate during exercise
(Brouha, Smith, DeLanne, Maxfield, 1960, p. 137). These two
factors will not be examined. In the same study, the authors
did pinpoint sex as a definite variable to be examined. They
determined the reactions of females to be similar but at a
statistically significant higher level than men. Under exer-
cise conditions in a controlled environment the average female
subject's heart rate is 6 to 8 beats/minute higher than a
male's. This deviation in heart rate between the sexes is

considerable; therefore, sex i . included as a variable in the
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predictive model of this study.

Related, perhaps, to studying the heart rate pattern
is the study of hcart rate variability. Malmo and Shagass
(1949, pp. 181-184) conducted a study to observe the correla-
tion between age and heart rate variability. Heart rate
variability was determined, in this case, by measuring the
heart rate on three beat intervals taken before, during and
after pain stimulation (thermal stimulation) and before and
after standard questioning. For 12 pain stimulations there
were 60 measurements taken. Heart rate variability was then
calculated by determining the standard deviation of the 60
measurements. The findings indicate that the heart rate
variability decreases with age in a linear fashion. They
found no significant correlation between heart rate and heart
rate variability. The females' heart rate variability was
significantly higher than the males'. The explanation for
the decrease of heart rate variability with age offered by the
authors was the diminishing autonomic nervous system influences
with increasing age.

Heart rate variability was said to be "a superimposi-—
tion of different sources of variation which are systemized!
(Rohmert, Laurig, Philipp, Luczak, 1973, pp. 33, 38-40).
Theirs was an attempt to classify, in order of affect on
heart ratce variability, different categories of internal or
external causes of variation. They found high correlations

to heart rate variability for muscular work and weak
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correlations for that of non-muscular work. There are many
methods of measuring heart rate variability. Their data
were constructed by examining 50 beat intervals during 500
beats at a steady state heart rate.

The response of the cardiovascular system to non-
muscular activities is difficult to interpret and explain.
Kalsbeek (1973, p. 99) discussed sinus arrhythmia and likened
it to heart rate irregularity. In his study, he stated
that there are 30 different methods for scoring sinus arrhyth-
mia, and in some cases different scoring methods indicate
opposite results for the same data. Firth (1973, p. 7)
quoted Kalsbeek as suggesting that instantaneous heart rate
can be related to mental load., Within the same article Firth
(1973, pp. 13 and 14) indicated that both heart rate and heart
rate variability need further study in order to become useful
research tools, and indicated that the cardiovascular re-
sponse to any stimulus is unpredictable. It is recognized
that non-muscular activities can have an effect on the heart
rate. However, all non-muscular variations in heart rate
are ignored for the purposes of this investigation.

The gross changes in heart rate resulting from sta-
tic or dynamic muscular loading dominate other physiological
and/or psychological causes of variability in heart rate.
Rohmert and his colleagues (1973, p. 43) attest to this fact.
It is for these reasons that this study includes only that

variation in heart rate which is induced by muscular activity.
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Greene, Morris and Wiebers (1959, pp. 182 and 183)
described a relationship that may exist between the initial
response to exercise from a resting state and the recovery
to a resting state in terms of physiological cost of work.
They plotted metabolic cost over time during response to
exercise and recovery. The plot is similar in form to that
of %RHR over time for the same activity (see Figure 7).

There have been no studies which address %RHR as a
measure of metabolic cost. Although, this type of examination
is not within the scope of this study, the analogy of %RHR to

metabolic cost was helpful in explaining certain results.

Initial Value of Heart Rate Consideration

In an industrial environment, many times workers
are not allowed to complete a task of a certain intensity
and then rest or‘recover before the next task. As is more
often the case, workers move from one physically demanding
task to another without having an opportunity to allow their
heart rate to return to a resting steady state. For this
reason there can be any number of heart rate patterns for
a task of a certain intensity. A worker's heart rate at the
start of a task would be dependent upon the activity performed
immediately prior to the start of the task. To illustrate the
effect of Lthe initial value of the heart rate on the heart
rate pattern, Figure 8 shows five heart rate patterns which
might have all been produced by one individual performing the

same task five times but having five different initial values
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of heart rate at the start of the task. For example, heart
rate pattern 2 of Figure 8 increases from 115 %RHR to a
steady state 130 %RHR.
Wilder's (1950, p. 392) Law of Initial Value states
that:
. « « the response to agents stimulating the function
under investigation depends to a large extent on the
initial level of that function. If that level is low
there is a tendency to a marked increase; if that value
is average this tendency is less marked; if the initial
value is high we shall often find minimal or no increase
and quite often a paradoxical drop. . . . The exact
opposite is true for iiuibitory agents.
Wilder intended his law to apply to psychophysical responses
to stimuli. It can, however, be applied to cardiac response
to muscular activity as well. As the absolute difference be-
tween the initial and the steady state heart rate required to
accomplish the task becomes greater, the more rapid the rate of

change of cardiac response. The rate of cardiac response becomes

less as heart rate approaches the value required for the task.

Training and Its Effect

Under a controlled environment, the cardiovascular
response Lo a task of a given intensity can be altered con-
siderably through the effect of training (Brouha, 1960, p.
27). Brouha (1960, p. 29) stated his results that the rest-
ing heart rate decreases with training. The stroke volume
also increases with training, thereby allowing the heart to
function more effectively by circulating more blood per beat.

Since resting heart rate is effected by training, caution was
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taken during this investigation to insure that a subject's

resting heart rate was not affected by repeated trials during
experimentation. The controls are detailed in the procedures
section. By utilizing these controls, the effect of training

was of mno consequence.

Predictive Models for Heart Rate

Dahl and Spence (1971, pp. 369-376) undertook a
study to predict heart rate by task demand characteristics.
Nine questions were asked +"out the task. Then each task
was rated according to frequency and complexity with 1 (least
frequent and complex), 2, or 3 for each question. The tasks
which were expected to have the least effect on heart rate
increase would have a rating of 9 (sum of 9 ratings of 1)
and thosc tasks expected to have the greatest effect on heart
rate increase would have a rating of 27 (sum of 9 ratings of
3). Correlations between task demand scale figures and exper-
imental heart rate were .86 to .90. The above study was not
concerned with physical tasks of appreciable intensity. The
range of heart rate deviation was small compared to the gross
variations in hearl rate expected in even light physical
work tasks. The heart rates were averaged over all subjects.
Schilpp (1951, pp. 434-445) suggested a mathematical
description of the heart rate response to exercise. His
model was derived from 20 subjects who accomplished the same
exercise (36 step-ups on a one foot platform/minute for

2 minutes). The model reflects only an average response and
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then only for one exercise. He used beats/minute above
resting heart rate for ordinate values. lHowever, he ren-
dered no formal definition of resting heart rate. The
exercise performed would be considered heavy exercise at
an expected average heart rate of approximately 200 Y%RIHR
after two minutes. The exercises for this study required
no more than 160 %RHR for any exercise.

Essentially, Schilpp's model describes only the
transient response of the heart rate pattern. The expected
steady state heart rate is not included in the mathematical
model for any task intensity other than the one previously
described which was for the only exercise investigated. 1In
order to predict cardiac responses at different levels of
work load, it would be necessary to empirically develop a
new set of time constants since steady state is achieved
more quickly for tasks of lesser intensities. Also, it would
be necessary to determine how many beats/minute increase
should be attributed to the fast component (A1 below) and
how many beats/minute increase should be attributed to the

slow component (A, below).

2
Schilpp's model has two mathematical components.
The first is used to define the heart rate during the first

10 to 15 seconds of exercise, and the second during the

remainder of the exercise. The form is as follows:

-Klt
First component, Al(l-e )
-Kzt
Second component, A,(1l-e )
-K,t -K_t

resulting in, Y = Al(l-e . Ay(1-e 27y
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where, Y = heart rate at time t

t = time in seconds

Al = 19 beats/minute

A, = 01 beats/minute

Ao = A1+A2 = 80

Kl = .385

K2 = .0233,

Both components approach their respective limits of A, and

1

A2 over time. Since Kl is much larger than KB’ the first
component approaches its limit (Al) much more rapidly. The
effect of the first component is 90% complete within the
first 7 seconds. The effect of the second component is of
longer duration with half of its effect complete within 30
seconds and 90% complete within 90 seconds. Steady state is
reached at about /I minutes.

Schilpp indicated that the recovery is not begun
until about 10 seconds after the rest period has begun. It
is interesting to note that other studies (Brouha, Smith,
Delanne, Maxfield, 1960, p. 135) indicated an abrupt decel-
cration in heart ratec when exercise is stopped. However,
Schilpp admits that "the first 30 seconds of recovery have
not been studied carefully. . . ." The recovery formula

was as follows:

-K_ t!
Y:'A'03
(o]
| -
where AO = 76
t' = t_-10 (R for recovery)

R
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K3 = .0260.

Note that K3 and K2 are approximately equal indicating that
the rate of increase is equivalent to the rate of decrease.
Schilpp's colleague expected a continued steady state heart
rate after the start of recovery for about 15 seconds and

then rapid drop according to the '"fast" component. He then

suggested the recovery formula to be

Y = Ale—Klt + Aze_Kzt.

After referencing ~-hilpp's '"description" of the
heart rate response to exercise, Suggs (1967, pp. 195-205)
used a different approach to develop a model for heart rate
response to exercise., He relied heavily on the many studies
(including his own) that indicate oxygen consumption is
linearly related to heart rate during both steady state
and the transition period after exercise starts or stops.
His model is '"based on the more macroscopic physiological
responses and will require no explicit reference to specific
biochemical changes taking place at the cellular level." 1In
order to develop a model to predict heart rate which can be
applicable to industry, a researcher must subscribe to this
type of examination. An examination at the cellular level
would encompass many generalities and assumptions thereby
making it difficult to produce a viable model.

The derivation of Suggs! model will not be discussed

in detail here as it is tedious and involved and not directly

related to the model for this thesis. Essentially, Suggs
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used the equation that oxygen intake is equal to extermal
respiration of oxygen plus oxygen consumed to produce body
energy. Using previously developed relationships between
oxygen consumption and heart rate, he transformed the equa-
tion to include only heart rate as the variable. Then he
empirically established constants for the equation. He
developed two equations, one for exercise response and one

for recovery. His equations are as follows:

H = heart rate
Ho = Initial heart rate
H, = Final heart rate (steady state)
A =-=H - H
e o ,
Kl = .693, for light exercise
K2 = .499, for light exercise
—Klt
Exercise H = He -~ Ae
—K2t
Recovery H = He + Ae .

Suggs concerned himself with heart rate responses to a step
change in exercise level. The model was developed using
averaged data from similar trials. Suggs stated that "it
is not expected that the results will be useful for predict-
ing heart rate. . . ."

The mechanism thﬁt Suggs used to determine an expected
steady state heart rate was to convert steady state oxygen
consumption to steady state heart rate. He presented a

graphic display, complete with data peints, but did not
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supply the regression equation. The regression was deter-
mined from graphic display to be
H, = 60L + 78

where L = steady state O, consumption in liters/minute.

2

The relationship of O_, consumption to work load (Xstrand,

2
1971, p. 352) is

L = .0l4w

where W = work load in watts.

By incorporating the above relationships into Suggs' model,
steady state heart rate could then be determined and the
model could be used to predict heart rate. The above two
equations were not presented by Suggs, but are suggested by
the author of this thesis to complement the usefulmess of
Suggs' model.

Vogt, Meyer-Schwertz, Metz, and Foehr (1973, p. 45)
conducted experiments to extract indirect estimates of muscu-
lar work stress and environmental heat stress from heart
rate variations (heart rate patterns). A product of their
experiment was a two part model which could be used to predict
heart rate at any period of exercise. Vogt (et al.) stated
that as long as other influencing factors are removed, the
heart rate depends on mechanical work performed and environ-
mental heat stress imposed. The experimenters are optimistic
about the usefulness of heart rate. They stated:

Even though heart rate itself is not a straight forward

measure of cardiac cost, the finding of some precise
laws of action and interaction of the factors involved in
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its combined responses to muscular work and environ-

mental heat should enhance their value for practical

purposes.
They also agree that there is a need to quantify heart rate
patterns.

A1l (researchers in physiology) agree on the clear cut

differences between the respective patterns of initial

acceleration and final deceleration of the heart rate.

There is, however, no agreement on the quantitative form

of the transfer function relating the heart rate '"output"

to the mechanical power "input!" for even the simplest

cases of positive (work onset) or negative (work stoppage)

transient inputs.

In order to predic* heart rate Vogt also detailed
the circumstances required. The heart rate must realize a
steady state and to do so the mechanical work (work load)
must be submaximal and the work must be performed in the
thermal comfort zone. Specifically, the lack of steady
state occurs when the mechanical power exceeds the endurance
limit, which is defined as "the maximal energy expenditure
covered exclusively by aerobic metabolic processes, amount-—
ing to approximately 4 kcal/min (279 watts)." The greatest
power requirement for the experiment of this dissertation
was 220 watts, which is in the aerobic range. Also, all
experiments were conducted in the thermal comfort zone
(72°F).
Vogt found two different stages of heart rate vari-

ation which appeared in sequence for both increases and
decreases in mechanical power. The first stage is called

the fast variation stage and is of two to five minutes

duration. The second stage is the slow variation stage.
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The former is the concern of this dissertation. Vogt's
model is not an attempt to predict heart rate response to
exercise during the slow variation stage, but is intended to
relate heart rate, heat stress, and work load over time and
during fixed intensity tasks. Essentially, work load and
standard heart rate at rest are given inputs. Rectal temp-
erature and mean skin temperature (taken at four locations)
must be measured dynamically as the task is being performed;
therefore, the model cannot be considered a predictive model
for the slow variation stage. The work load is considered
by translating mechanical rower to beats/minute increase
above resting heart rate to a steady state level. The con-
version is:

C = bW

where C beats/minute above RHR at steady state

b .4 beats/minute/watt

W = mechanical power in watts.
The heart rate at period j (during the slow variation stage)
is then determined by the following equation:

N.=N_+C+ 21(Tr ;- 37.0) - 3(AJ. - 4.00)

J '
where Nj = heart rate at period j

standard heart rate at rest

2
I

T . = rectal temperature at period j
l&j = difference (Tr-Ts) between rectal and mean
skin temperature at period j.

The change in heart rate at period j, during the fast
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variation stage (concern of this dissertation) is detcrminced
by the following equation:

- (Kt-p)
D = A(L - e )

where D beats per minute change in heart rate

1

A - steady state value
K = reciprocal of time constant = 1/T
t = time measured from instant of step change
of mechanical power
P = pure tire delay.
The constant K is a function of the initial value of the
heart rate and C for heart rate acceleration.
K = -1.35 - .0078 (I + C)
where I = heart rate at the time of the step change
of mechanical power.
For heart rate deceleration
K = ~-.712 - .0069C.
The heart rate is determined for the fast variation stage
by two formulas. For step changes of increasing task inten-
sity the following equation is applicable:
Nj =D + No'
For step changes of decreasing task intensity the following
equation is applicable:
Nj = I ~ D.
In comparison, Schilpp, Suggs and Vogt utilized
mathematical equations to predict heart rate patterns.

Schilpp used two exponential components versus omne for Suggs
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and Vogt. The time constants were set for Schilpp's model,
making prediction of light tasks erroneous. Suggs and Vogt
allowed for changes in the time constants dependent upon the
intensity of the task. Suggs suggested three constants for
three general levels of task intensity. The time constants
of Vogt's model were a function of resting heart rate and
work load. Unlike Vogt, neither Schilpp nor Suggs presented
a definitive method for deriving the steady state heart rate
to be achieved for any given work load. The models of Suggs
and Vogt allowed for step increases and decreases in task
intensity where Schilpp comnsidered only increase and recovery
to a resting state. The models of Schilpp and Vogt required
a knowledge of resting heart rate but did not define the
mechanism for determining resting heart rate. The models,
as presented for all three, made no allowance for variations
in sex, physical fitness or any other human variable. The
predicted heart rate patterns are assumed to apply to all
persons, and, therefore, only one pattern is predicted for
each work load and duration for each model. In the results
sections a comparison is made of selected heart rate patterns
predicted by the three aforementioned mathematical models,
the model of this study and the actual socbserved heart rate

patterns.



CHAPTER IIX

THE EXPERIMENT

This chapter is a discussion of the experimental
equipment, subjects, and the experimental procedures. It is
prefaced by a general description of the experiment and an
analysis of the industrial applicability of this technique

for heart rate measurement.

General Description of Experiments

There were three experimental testing sessions. The
first two, referred to as phase one and two of testing, were
conducted for the purpose of quantifying the relationships
between work load and steady state %RHR for each subject
category and, also, to supply the required empirical data
for the predictive model. Phases one and two related to each
subject; therefore, it was not necessary to complete phase
one for all subjects before beginning phase two. The third
testing session, referred to as validation testing, was con-
ducted for the purpose of evaluating the accuracy and valid-
ity of the predictive model. During all three experimental
testing sessions, subjects were asked to exercise at a con-
stant rate on a bicycle ergometer for varying task intensi-

ties while their heart rate response was recorded. Resting

»
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heart rate was determined at the onset of each testing ses-
sion.

During phase one, all subjects were screened
according to physical fitness. This was accomplished by
interviewing each subject. Next, those subjects selected
were asked to perform fixed intensity tasks, and the steady
state heart rate pattern was recorded. TFinally, the sub-
jects performed tasks which ultimately required a fixed
steady state %RHR. In this case, a trial and error tech-
nique was employed by varying the intensity of the task in
order to find the proper work load for each subject.

In order to continue with phase two for a given
subject, it was necessary to have completed phase one,
since the method of testing in phase two depends on the
results of phase one. The subjects performed tasks at the
levels of intensity determined in phase one. All tasks
resulted in a steady state heart rate but required varying
initial values of heart rate.

The validation testing consisted of one sub ject
from each of the four subjebt categories performing a ser-
ies of step changes in task intensity (2 or 3 step changes).
The heart rate patterns produced were then compared with
the predicted heart rate patterns in order to evaluate the

validity of the predictive model.
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Industrial Applicability of Experiment

Corlett (1973) states that any technique for the
mceasusre ol heart rate for industrial use should meet cer-
tain criteria. These criteria are:

1. acceptable Lo subject population

2. standardized (give results which may be judged against
defined standards)

3. repeatable

h. readily teachable

5. readily interpretable

Any study concerned with measuring, analyzing, or predicting
heart rate should be conducted in a manner such that the
above guidelines will be accomplished completely, or if that
is not possible, in part.

By discussing each of the above criteria separately,
the measurement and consequently the analysis of heart rate
data in an industrial environment can be placed into its
proper perspective. Fortunately, the state—of-the-art will
allow experimenters to monitor and record heart rate via
telemetry units with little, if any, inconvenience to the
subjects. This was shown during a previous study (Purswell,
Krenek, Long, 1972), in which subjects were required to
exert themselves beyond that required of fhe normal indus-—
trinl.onvironment. Also, they were required to accomplish
movements as quickly as possible. These movements consisted
of considerable body movement in almost every possible |

body attitude. Without exception, the subjects indicated
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that the monitoring apparatus in no way hindered their
efforts to perform the assigned tasks. It can be assumed,
then, that the heart rate measurements will be acceptable
to the subjects in an industrial as well as an experimental
environment.

The predictive model of this study depicts cardiac
response in terms of %RHR as well as heart rate. The %RHR
index serves as a common denominator which substantially
reduces the interpersonal vaeriations in cardiac responses
to exercise. Therefore, oy using %RHR as an index, the
results obtained from experimentation and prediction can be
judged against defined standards.

The results of this study have indicated that heart
rate patterns are repeated for individuals accomplishing
tasks of similar intensity as long as fatigue does not
become a factor. lowever, fatigue does become a factor
under many industrial working conditions. This study was
designed to eliminate fatigue as a variable, but it is
recognized that a future study should include fatigue as
a variable,

The instructions to experimenters for readying a
sub ject in an industrial environment for heart rate mea-
surements are minimal and should require no more than one
to two hours of instruction. 1In order to obtain predicted
heart rate values, the use of a computer is required; how-

ever, the only knowledge required to run the program is a



bl
knowledge of how to complete the input data cards. The
analysis of results can again be easily taught to trained
personnel working in the area of human factors engineering
since each output will be compared to predefined standards.
Moreover, there should be no interpretation problems since
all data and norms will be standardized.

By the preceding logic, the predictive model of
this study should be a technique with potential for indus-
trial use. However, further and broader studies are
required to encompass the spectrum of the industrial pop-
ulation in order to formalize standards and to set work

task criteria.

Experimental Apparatus

Description and Use

The only physiological variable measured in this
study is that of heart rate. The subject's heart rate was
measured over time under varying intensities of physical
stress. The range of heart rate investigated was limited
to those rates between the lowest steady state heart rate
(RHR) to 160 %RHR (32 to 50 beats/minute above RHR). Most
persons can maintain a steady state heart rate of 160 %RHR
for short periods of time (1 to 5 minutes). For heart rates
much above 160 %RHR, the heart rate increases steadily to
exhaustion or maximum attainable heart rate, whichever comes

first. It is expected that most industrial tasks will
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require mich less than 160 %RHR on a continuous basis.

In order to collect physiological data which exhi-
bited clearly defined trends, the equipment selected for the
subjects to use was the bicycle ergometer (see Figure 10).
The intensity of the physiological tasks can be increased
or decreased on a continuous scale on the bicycle ergometer.
Similar cranking tasks using the upper limbs result in
noticeable body fatigue after 30 to 60 seconds at heart
rates of approximately 120 %RHR., Since tasks requiring a
much greater heart rate can be sustained for longer periods
of' time with less fatigue using the lower limbs, the bicycle
ergoneter was selected for this study. As Rstrand (1970,

p. 283) indicates, the use of large muscle groups for exer-
cise 1s necessary for tasks which exceed three minutes in

order to minimize fatigue.

Recording Instruments

The actual measurement of heart rate was accom-
plished by equipment manufactured by Narco Bié-Systems, Inc.
The Desk Model Physiograph, DMP-4A, is a strip chart recorder
with four recording channels and an event marker. Two chan-
nels and the event marker were used for monitoring subjects
during experiments, The CA~200 and the Type 7070 channel
ampliifiers were used in conjunction with the pen motor on
the physiograph. The Type 7171 High Gain Coupler was used
to receive the heart rate signals from the subjects. The

BT-12C00 Biotachometer was utilized to transpose elapsed time



46

for inter-beat intervals to heart rate.

To summarize, the Narco Bio-System components used
were as listed below:
1. DMP-4A Desk Model Physiograph
2, CA-200 Channel Amplifier
3. Type 7070 Channel Amplifier
4, Type 7171 High Gain Coupler
5. BT-1200 Biotachometer

Figure 9 illustrates the recording equipment configuration.

Exercise Equipment

The Monark Bicycle Ergometer (Rstrand, 1973) shown
in Figure 10 was the exercise equipment used for this exper-
iment. 1In order for the subject to exercise in a consistent
manner, a speedometer was used so that the subject could
accelerate to a reference point (50 rpm). The subject was
asked to maintain a certain power output which could be set
on the ergometer on a scale graduated in kiloponds (one Kp
is the force acting on the mass of one kilogram at normal
acceleration of gravity). By maintaining exercise at a set
level of energy (kp) over time, power expended can be deter-
mined. For example, at 50 rpm a reading of 1 kp =
300 kp~meters/minute, and at a two kp setting the power
produced is 600 kp meters/minute, and so on. The unit of
power used in this study is watts, where 100 kpm/min =

16.35 watts.
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Figure 9. Recording Equipment.

Figure 10. Subject exercising on bicycle ergometer.
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Sub jects

The subjects varied in physical fitness and sex.
There were a total of eight subjects (two in each of four
subject categories) tested to collect data for development
of the predictive model. There were a total of four subjects
(one in each of four subject categories) tested to collect
data to evaluate the model. The total ﬁumber of subjects
was lwelve. The subjects were initially selected by somato-
type and weight. The somatctyping system used to classify
subjects utilizes a combination of endormorphic, mesomorphic
and ectomorphic (order of ratings) components to categorize
humans. In this system, an individual is assigned a value
on a seven-point scale (7 being most characteristic) for the
relationship to each of the three forms. This somatotyping
system is discussed in detail in Croney's (1971) text on
anthropometry. Subjects selected were predominantly meso-
morphic and had at least a rating of 4 in this category and
no more than 3 in the endomorphic and ectomorphic forms.
The weight tolerance was 105 to 120 pounds for females and
145 to 160 pounds for males. The height tolerance was 5'2"

to 5'5" for females and 5'9" to 5'11" for males.

Physical Fitness
As an individual improves his physical fitness, he
also lowers his resting heart rate (Brouha, 1960, p. 27).
Also, there are fewer beats/minute displacement from resting

heart rate under physical stress and the speed of heart rate
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recovery Lo a resting state is increased (Brouha, 1960, p. 27).
Brouha also indicates physical conditioning allows persons to
attain '"higher levels of performance.'" Certain physiologi-
cal changes take place in persons who are committed to train-
ing and thereby causing the cardiac responses to be different
from untrained individuals. There is greater strength in the
muscles, improved coordination, and a more developed cardio-
vascular and respiratory system. All of these changes com—
bine to aid individuals in accomplishing physical tasks.

General physical training, which results in improved
physical fitness, provides an individual with an increased
capacity to perform physically demanding tasks of moderate
intensity (Brouha, 1960, p. 32). However, for heavier tasks,
the person trained specifically for accomplishing a given
task will perform it more efficiently than the person with a
commensurate amount of general physical training. This study
examined individuals of varying states of physical fitness
performing tasks of light to moderate intensity. It was
expected that those of good physical fitness could accomplish
tasks with less expenditure of effort than those whose level
of physical fitness was low.

Selecting subjects by physical fitness is a difficult
task. Tests of physical fitness are awkward to administer
and even more difficult to interpret. The Harvard Step Test
which requires a maximal effort on the part of the subject

is unreliable as are all tests which require maximal efforts.
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The experimenter can never fully determine whether the sub-
ject was exhausted at termination or just unwilling to exert
himself further (Rstrand, 1970, p. 350). Any test for physi-
cal fitness requiring a maximal effort is susceptible to
erroneous results.

A maximal effort was not used for this experiment.
According to data gathered on subjects who exercised to at-
tain a maximum heart rate, the recovery period to resting
heart rate is at least 30 minutes and could be more than
one hour (Brouha, 1960, p. 17). An exercise of this inten-
sity could cause a considerable oxygen debt and therefore
increase the time to full recovery and/or bias results.

Any exercise performed subsequent to execution of a maximal
effort would be effected. A maximal effort for sedentary
persons could delay testing for days and could possibly be
harmful to their health. It should also be noted that tasks
requiring a maximal effort are seldom found in industry.

As for sub-ma#imal work test to measure physical
fitness, Rstrand (1970, pp. 358-359) states that there are
two situations in which they can be used. First, they can
be used in clinical examinations in order to examine the
cardiovascular system under functional stress. And second,
they can be used to evaluate the effectiveness of a training
program. In the first situation the test is for reliability
of the cardiovascular system, and in the second situation
the test is used to examine relative changes in an individual's

heart rate. In neither situation can an experimenter draw
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conclusions about an individual's level of ph;sical fitness.

For the above reasons subjects were selected and
placed in one of two levels of physical fitness according
to a five point classification scheme for state of training
or physical fitness suggested by fstrand (1973, p. 32).
Rstrand's five level classification system is as follows:
1. Completely untrained
2. Sporadic muscular activity--a few times per month
3. Regular but light exercise--once to twice per month
4, Rather intensive training one or more times per week
5. Hard training for competition several times per week.
There are only two levels of physical fitness for this study.
In order to assure a definite distinction between these two
levels, persons of level three above were not accepted as
subjects. An extensive interview was conducted with each
subject in order to determine if they could be classified
in levels one, two, four or five above (see Appendix 2 for
a brief description of each subject's state of physical fit-
ness and exercise frequency). If a subject was of level
one or two then he was classified as being sedentary (S).
If a subject was of level four or five he was classified as

being of good physical fitness (G).

Sex
The other subject variable was sex, male (M) and
female (F). The subject categories are as shown in Table
1. Appendix 2 contains a descriptive summary of subjects

tested for this study.
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TABLE 1

SUBJECT CATEGORIES

Male Female

Good Physical Fitness MG FG

Sedentary MS FS
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Experimental Procedures

Controls

Environmental

All testing was accomplished in a controlled environ-
ment with a temperature of 720F * 2% and a relative humidity
of 45% * 5%. These conditions were held constant so that
temperature and humidity would not be factors. The time of
testing was from 10:00 hours to 16:00 hours. The considera-~
ble time span was necessary because of the length of each
experimental session per subject. The time of day had little
noticeable effect on the heart rate patterns or the resting
heart rate since this experiment wa$ focused on gross changes
not often realized in time-—of-day changes in physiological

processes.

Sub ject

Subjects were asked in advance to adhere strictly to
good eating (thrce well-balanced meals/day) and sleeping
practices (approximately eight hours/day) for three days
prior to testing. The nutritional problem of one's diet
is of importance and must be considered. A quantity defi-
ciency could result in a caloric consumption that is less
than adequate for the work to be accomplished and thereby
result in a reduced efficiency of the worker (Brouha, 1960,
P. 25). Qualitatively, Vitamin A and Vitamin D are not

essential for producing physical work, but Vitamin C has
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been shown helpful to those working under heat stress.
Another study proved that Vitamin B is imperative for good
physical efficiency. Brouha (1960, p. 25) cites Wald, John-
son, and Weaver to state these reactions to Vitamin A, B, C,
and D. Consequently, certain nutritional imbalances could
cause a physical inefficiency. Insufficient rest could also
result in physical inefficiencies.

Caution was taken -to insure that the subjeci's per-
formance was not affected by training. Subjects were tested
on two days only. The testing sessions were one week apart
and no exercise was in excess of 240 seconds. The subjects
exercised no more than 10% of the time thereby allowing 90%
of the testing time for rest and recovery. No exercise was
so intense as to require a maximal effort, or even close to

it.

Testing Procedures

The actual testing sessions for phases one and two
were scheduled on two separate days and one week apart for
each individual. It was necessary to schedule rest periods
between trials so as t6 eliminate an overall fatigue
effect. Although the tasks were of varying intensities,
the subjects were required to maintain a resting heart rate
for five minutes prior to each trial, thereby making the
minimum rest period between each exercise at least five
minutes.

As the subjects arrived at the testing center, each
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was prepared by the experimenter for recording of heart

beats. There are several methods for placing surface elec~
trodes on subjects, but the only acceptable method for subjects
engaged in exercise is a chest cluster. In any other arrange-~
ments, to include limbs, noise is generated in the signal by

the muscles in the limbs.

Phase One of Testing

The subject, although interviewed briefly prior to
the testing session, was esain interviewed to assure proper
placement in the appropriate subject category. 1f the sub-
ject did not fit into the subject categories of this study,
then experimentation was discontinued and another subject
was engaged. In order to acclimatize the subject to the
experimental environment and to the bicycle ergometer, the
bicycle ergometer was adjusted to adhere to the subject's
arthropometric dimensions, and then the subject was allowed
to exercise at will. Once the subject felt familiar with
the bicycle ergometer, he was then asked to practice main-
taining 50 rpm. The subject was then seated for fifteen
minutes. His resting heart rate was then recorded for five
minutes. The average resting heart rate was determined by
counting the number of heart beats in this five minute period
to determine the average beats per minute at rest (RHR).

In order to determine the work load to steady state
%RHR relationship, each subject performed three tasks of which

one was of light intensity, one of moderately heavy intensity,
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and the intensity of the third task was approximately midway
between that of the former and the latter tasks. All tasks
were performed on the bicycle ergometer until a steady state
heart rate was attained. This first task was of sufficient
intensity to raise the heart rate of the subject from 8 to
15 beats/minute above resting heart rate. The second task
required an increase in heart rate of 15 to 25 beats/minute.
The third task required an increase in heart rate from 25 to
40 beats/minute. In each case steady state was maintained
for 30 seconds. The experimenter was then able to proceed
to part two of phase one with an idea of the steady state
heart rate to work load relationship for each subject.

The purpose of the second part of phase one of test-
ing was to determine the work loads required for a particu-
lar subject's heart rate to steady state at %RHR levels of
120 %RHR, 140 %RHR and 160 %RHR. Conversion tables for
translating heart rate to %RHR and %RHR to heart rate aided
the experimenter in dealing with the two measures of cardiac
response. (Conversion tables shown, in part, in Appendix 14).
The testing included a trial and error technique. The experi-
menter could estimate the required work load from the results
of part one. The experimenter set the bicycle ergometer at
the work load level that he thought might require a steady
state of 120 %RHR and asked the subject to exercise. If the
steady state heart rate was not within f 2% of 120 %RHR,
fine adjustments in work load were made by the experimenter,

and the above procedure was repeated until the subject's
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heart rate pattern was repeatable to a predetermined 120 %RHR .
This was accomplished for the three levels of %RHR and phase
one was then completed and the subject was scheduled to
return one week later for phase two.
Phase one instructions to subjects are presented in

Appendix 1.

Phase Two of Testing

The second phase was conducted one week after the
completion of the first pbh..se¢. The objective was to examine
each subject's response to all combinations of step changes
in task intensities of exercise for 100 %RHR, 120 %RHR,

140 %RHR and 160 %RHR. That is, the initial value could be
any of the four levels of %RHR and the task could require

a steady state %RHR at any of the four levels of %RHR. The
step task matrix is shown in Table 2.

After the subject had been prepared by the experi-
menter for recording of heart rate, he was asked to accom-
plish a few light tasks which required an increase of fifteen
to thirty beats/minute in heart rate. This exercise was
intended to acclimatize the subject to the experimental
environment. The subject's resting heart rate was recorded
in the manner described in phase one. If the subject's
resting heart rate was not within ¥ 2 beats/minute of that
resting heart rate recorded for phase one, testing was post-
poned until a later date. The experiment proceeded to include

all tasks moted in Table 2 for each subject. The intensity
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TABLE 2

MATRIX OF EXPERIMENTAL STEP CHANGES IN TASK INTENSITY

Initial S+ oady State Value of %RHR

Value of
%RHR 160 140 120 100
160 - D! C! At
140 D - B! E'
120 C B - F
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of each task was preset according to data gathered in phase
one of testing.

The tasks represented by the cells in Table 2 were
combined in pairs in order to expedite test procedures. The
tasks were completed for each continuous exercise on the
bicycle ergometer. For example, Task B and B' were completed
during one continuous exercise on the bicycle ergometer. The
task intensity was set at the onset of the exercise such that
the subject would realize a steady state of 120 %RHR. This
was the initial value (IV) for task B. The intensity was
then adjusted such that the subject would realize a steady
state of 140 %RHR. After a 30 second steady state period
the task intensity was adjusted such that the subject would
realize a steady state of 120 %RHR. Thus, 140 %RHR was the
initial value for task B'. All tasks denoted by a prime
(e.g., A') are recovery states. That is, the task is of
lesser intensity than the preceding task. There were six
trials (a trial being one continuous exercise) which each
subject performed. The exercises were AA', BB', CC', DD',
EE' and FF'., Once these experiments had been performed and
the data recorded for all eight subjects twice, the testing
required to furnish hard data (empirically derived data)
for the predictive model was complete.

Phase two instructions to subjects are presented in

Appendix 1.
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Validation Testing

In order to validate the experiment, four subjects
were selected such that each of the four subject categories
were represented. Subjects used in phases one and two for
for data development were not included. Each subject per-
formed six series of tasks. A series is defined as a combi-
nation of adjacent step changes in task intensity. The dur-
ation of each series was 240 seconds and each series con-
sisted of either 2 or 3 step changes in task intensity.

The subject was at rest at the start of each series.

The step changes in task intensities and associated
durations were selected at random for each series for one
sub ject category. Then the step changes for the series of
the other three subject categories were chosen such that
all like series would require approximately the same steady
state %RHRs for all subject categories. That is, the pre-
dicted heart rate patterns for series one would be approxi-
mately the same in terms of %RHR, and those for series two
would be approximately the same, and so on. This procedure
was followed so that there would be a similarity in the
cardiac response for each series between subject categories;
therefore, the subject category responses could be compared
in terms of %RHR.

All series (step changes and durations) for all
subject categories are presented in Chapter V.

The subject was introduced to the bicycle ergometer
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and his resting heart rate was determined according to the
procedures detailed in phase one. Each subject was given
a twenty minute rest period prior to each of the six series
of step changes. The subject's heart rate was recorded
throughout each series. The step changes in task intensity
and durations, subject category, and resting heart rate
were input into the predictive model. Utilizing the pre-
dictive model, the heart rate responses were predicted and
then compared to the observed heart rate responses in order
to evaluate the validity of the model.

Instructions to subjects for the validation testing

are presented in Appendix 1.

Collection of Heart Rate Data from Recorded Output

The individual heart beats and the heart rate based
on the inter-beat interval were recorded continuously on
the strip chart recorder during rest and exercise.

The heart beat data were necessary for determining
the resting heart rate as described in phase one of testing.
The heart rate data were used to determine the empirically
derived hard data patterns of 20 %RHR step changes used in
the predictive model and to evaluate the predictive model.

I'igure 11 presents an actual recorded response of
a sedentary female while performing tasks AA' (100 to 160
to 100 %RHR). From the calibrated output of the strip
chart recorder, the data were transferred to Form 3 (see

Appendix 6) at 10 second intervals in discrete heart
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rate values. In some cases, equipment artifacts caused
discontinuities in the recorded heart rate patterns. In
these cases the closest, most representative point was
selected as the data point transferred to Form 3. After
the data had been collected in discrete heart rate values,
the conversion tables (shown, in part, in Appendix 14)
were used to transform all heart rate data to %RHR., These
data were recorded on Form 2 of Appendix 6.

The heart rate data for validation testing were
taken directly from the calibrated strip chart recorder
output at 10 second intervals. It was not necessary to
convert the heart rate data to %RHR since the predictive

model was evaluated in terms of heart rate.



CHAPTER IV

THE EXPERIMENTAIL DESIGN AND PREDICTIVE MODEL

The contents of this chapter include a discussion of
the experimental design which was used for the collection and
evaluation of the heart rate data necessary for the develop-
ment of the predictive model. Also, the methodology of the
predictive model is presented in detail. A numeric example
is used to illustrate the logic and computational procedures

of the predictive model.

The Experimental Design for Data Collection

The experimental design of this study was not estab-
lished to evaluate the results of the model but rather to
form a basis by which to collect and evaluate the data (hard
data patterns) which constitute the foundation of the pre-
dictive model.

The main effects of sex and physical fitness were
discussed in detail in the preceding chapter. There are two
levels of sex, male and female. There are two levels of
physical fitness, good and sedentary. Consequently, there

are four subject categories.

6k
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The other main effects are time and subjects. The
data (heart rate) for each heart rate pattern were collected
at ten second intervals at time O, 10, 20, etc. (nine levels
of time). The ten second interval provides a reasonable
balance between the sensitivity of the data and elapsed time.
There were a total of eight subjects tested to supply empiri-
cal data for the predictive model (two subjects from each of the
four subject categories)h There was one replication for each
trial; consequently, there are four data points for each
time period for each hard data pattern for each subject cate-
gory.

The experimental design is for a nested-factorial
experiment with the main effects of sex, physical fitness,
time periods and subjects. The subject factor is nested
under sex and physical fitness. This analysis of variance
model is applicable for investigating one heart rate pattern
(e.g., 100 to 140 %RHR). There are twelve step changes in
all and therefore twelve ANOVAs., The ANOVAs serve a two fold
purpose in that the results indicate the significance of the
main effects and as a by-product, the cell means by time
period and by subject category provide the hard data patterms
for the predictive model.

In the analysis of variance model, sex is denoted by
"S," physical fitness by "P," subjects by "V," and time
periods by "T." Levels 1 and 2 of sex are male and female,

respectively. Levels 1 and 2 of physical fitness are good
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physical fitness and sedentary, respectively. Each level
for subjects represents one subject. Levels 1 through 9
of the time periods are O, 10, 20, through 80 seconds,

respectively. The mathematical model is a mixed model.

Xijklm = |l + Sj + Pk + Tl + Sij + Sle + PTkl + Vi(jk)
AP T YT Ge) T Cmld k)
where,
4 = grand mean
Vi = subjects i=1,2, .., 8
Sj - sex J =1,2
Pk = physical fitness k = 1,2
Tl = time period 1 =1,2, ..., 9
e, = experimental error m = 1,2,

Table 3 shows the sources of variation and associated
degrees of freedom as well as the appropriate denominator
for the F-Ratio for testing the significance of the associ-
ated main effect or interaction. Table 4 shows the experi-

mental design.

The Predictive Model

Introduction
The predictive model of this study, referred to as
the predictive model, was conceived and developed to make
allowances for variations in an individual's state of physi-
cal fitness, sex and resting heart rate. This prediction
process is accomplished by extrapolating cardiac responses to
exercise from empirically derived heart rate patterns, referred

to as hard data patterns, for various subject categories.
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TABLE 3

SOURCES OF VARIATION, ASSOCIATED DEGREES OFF FREEDOM,

AND DENOMINATOR OF F-RATIO FOR ANOVA

Source of Degrees of Denominator
Variation Freedom of F-Ratioc
u 1

5 - sex 1 A

P - physical fitness 1 \'

T - time 8 VT

SP 1 \)

ST 8 VT

PT 8 VT

V - subjects 4

SPT 8 vT

VT 32

Error _72
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TABLE 4

FORMAT OF DATA COLLECTION SCHEME

Time
Periods
(sec)

Sex
Male Female
“Pb-rsical Fitness Physical Fitness
Sedentary Good Sedentary Good
Subject - 1 2 3 b 5 6 7 8

10
20
30
40
50
60
70
80
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This approach differs from that of previous models in that
previously, allowances were made only for resting heart
rate and all previous models were stated in terms of mathe-
matical equations. By categorizing subjects into two lev-
els of physical fitness and sex, between subject variations
in heart rate response to exercise can be reduced consid-
erably by using percent of resting heart rate (%RHR) as a
base. The rationale for this approach was predicated on
four basic assumptions. First, individuals of a particu-
lar category adhere to a linear relationship between work
load and steady state %RHR. Second, the heart rate pat-
terns produced for any given work load by individuals of
the same subject category are similar in form when presented
as a function of %RHR. Third, heart rate patterns for any
step change in work load can be extrapolated from hard
data patterns, and these patterns can be shifted along the
"time" axis. Fourth, it is reasonable that the individu-
al's resting heart rate is relatively stable from year to
vear, except for instances when the individual changes his

exercise habits.

Hard Data Patterns
Empirical data were collected for each subject cate-
gory according to the experimental procedures set forth in
the preceding chapter. The empirical data which are values
of %RHR at 10 second intervals, are the basis for the hard

data patterns of 180 seconds duration to include all possible



70
combinations of step changes of task intensity for 100 %RHR,
120 %RHR, 140 %RHR, and 160 %RHR. There are sixteen
in all for each subject category. Twelve were derived
through experimentation, and the other four are steady state
with no change in task intensity (e.g., 120 %RHR to 120 %RHR,
140 %RHR to 140 %RHR).

The hard data patterns were coded for future refer-
ence. The coded symbols are two character designators where
the first character is alphabetic and the second numeric.
The alphabetic character refers to the initial value of
the pattern, where:
is 100 %RHR.
is 120 %RHR.

is 140 %RHR.
is 160 %RHR.

el @vsi s

The numeric character refers to the steady state value of the

pattern, where:

is 100 %RHR.
is 120 %RHR.
is 140 %RHR.
is 160 %RHR.

RojUVE Ol

Table 5 presents a list of hard data patterns and the asso-
ciated symbols.

The hard data patterns are presented by subject cate-
gory in Appendix 3. Each data point is the result of an
average of four instantaneous heart rate values at time t.

The average was a result of two trials each for two subjects.

Other experimenters (Vogt, 1973; Schilpp, 1951; Suggs,

1967) have presented heart rate patterns as either monotically
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TABLE 5

NOMENCLATURE FOR HARD DATA PATTERNS

Initial Steady
Symbol Value State
o (%RHR) (%RHR)
Al 100 100
A2 100 120
A3 100 140
Al 100 160
Bl 120 100
B2 120 120
B3 120 140
Bl 120 160
Cl 140 100
c2 140 120
C3 140 140
Ch 140 160
D1 160 100
D2 160 120
D3 160 140

D4 160 160
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increasing or decreasing depending on the direction of the
step change of task intensity. The predicted results of
previous models were not consistent with the hard data pat-
terns of this study. Patterns produced by these models do
not exhibit points of inflection or linear trends for any
step change in task intensity., However, both points of
inflection and linear trends were found during the data
collection phase of this experiment. The points of inflec-
tion during the transient responses were expected since
there is a lag in cardiac response to any step change
in task intensity. Well defined linear trends were found in
patterns produced by the sedentary groups. Only one point
of inflection was allowed in a hard data pattern. For the
time period after the point of inflection, it was expected
that the patterns increased and decreased at a zero or
decreasing rate. To obtain this feature, it was necessary
to smooth several data points to assure only one point of
inflection. Only 30 of 1152 (less than 3%) hard data points
were adjusted and then by no more than 2 %RHR. No one heart
rate pattern required an adjustment for more than two data
points. The method used to adjust data points was straight
forward. Any point of inflection for either increasing or
decreasing heart rate patterns was adjusted up or down such
that the slope relative to the two adjacent data points was
either zero or decreasing. t was not necessary to adjust
any data points in the time period just prior to the point
of inflection.

Figures 24 through 35 on pages 115 through 120 dis-

play the hard data patterns for all subject categories and
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the overall average.

The relationship between power and steady state
%RHR for each subject group was determined to be linear for
each subject category. These relationships served as the
basis for determining at what level of work a particular
subject's heart rate could be expected to reach a specified
steady state level. Figure 15 on page 96 of Chapter V
illustrates the relative slopes and intercepts of each of
the regression equations. These are discussed further in

the results section.

General Discussion of Methodology
This section is a general discussion of the methodo-
logy that is used by the predictive model. The following
section presents a numeric illustration with an example of

inputs, calculations, and outputs.

Required Input

The input required in order to predict an individu-
al's cardiac response to a series of fixed intensity tasks
can be obtained easily by an interview and by measuring one
physiological variable. An interview is necessary to deter-
mine the subject's state of physical fitness (good or seden-
tary) and the resting heart rate can be obtained by using
the procedures set forth in the experimental procedures
section. Other inputs include the duration and intensity
of each of the tasks and the number of tasks. There can be
either two or three adjacent tasks with an accumulative

duration of no more than 240 seconds. If the initial wvalue
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of the heart rate at work onset is other than resting heart
rate, the initial value, in %RHR, is an input. This enables
the prediction of heart rate responses for an ongoing exer-
cise. To summarize the input required for predicting the
cardiac response to a series of tasks, the following 1is
required:
1. Subject category (MG, MS, FG, FS),
2. Resting heart rate (beats/minute),
3. Number of tasks (2 or 3),
4, 1Initial value of heart rate as %RHR (100 if resting at

work onset),
5. Work load (in watts) and duration (in seconds) of each

task.

Derivation of Step Change in %RHR

In order to predict a heart rate pattern, it is
necessary to determine the expected step change in %RHR,
The initial value is either given at work onset or is the
value at the time of the step change. The expected steady
state %RHR is then derived from the linear relationship of
work load to steady state %RHR for the appropriate subject
category. (See Figure 15 on page 96.) The initial value
and the expected steady state %RHR depict the direction and
magnitude of the step change in %RHR. For example, given
an initial value of 100 %RHR and an expected steady state
%RIIR of 140 %RHR, the expected cardiac response is an

increasing step change of 40 %RHR.

Selection of Appropriate Hard Data Patterns

It is apparent that a heart rate pattern for a
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step change of 100 to 130 %RHR is not available in the
hard data patterns. However, this pattern can be accurately
extrapolated from the hard data patterns which form the
core of the predictive model. Given any step change in task
intensity for any subject category, the step change in %RHR
can be derived, thereby yielding the initial value and the
steady state %RHR, 100 and 130 %RHR, respectively, in the
above example. For each heart rate pattern to be predicted
(P) the predictive model requires two hard data patterns
which encompass P. The initial value of P is numerically
within or equal to the initial value of the two hard data
patterns (e.g., 100 %RHR s IV < 120 %RHR). The steady
state %RHR of P is within or equal to the steady state
%RHR (SS) values of the hard data patterns (e.g., 120 %RHR
< SS <140 %RHR). These hard data patterns which encompass
P will hereafter be referred to as high and low patterns.

The high (H) and low (L) patterns are selected
such that the absolute difference, Ht - Lt is no greater
than 20 %RHR at time t equal zero and at times when both
patterns are at steady state. This means that there can be
a difference of no more than 10 %RHR between P and H, or
between P and L at IV and SS. The initial value (IV) of
P will be within one of the three following limits:

100 %RHR < IV < 120 %RHR,
or 120 %RHR < IV < 140 %RHR,
or 140 %RHR < IV < 160 %RHR.

The steady state (SS) of P will be within one of the three

following limits:
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100 %RHR < SS < 120 %RHR,
or 120 %RHR <€ SS < 140 %RHR,
or 140 %RHR £ SS s 160 %RHR.

Therefore, P can be within any combination shown in Table 6 .
As noted in the table, a decreasing step change from an IV

of more than 140 %RHR for the sedentary subject categories

is not included in the predictive model. (This omission is
explained in detail in the results section of Chapter V.)
Thwerefore, the decreasing step changes for combination

(9) and combination (8) are permitted for subject categories
of good physical fitness only.

The low and high patterns are unique for combina-
tions (2), (3), and (6) of Table 6 , (increasing) and for
combination (8) (decreasing). However, for combinations
(1), (5), and (9), P can either be increasing or decreasing
since the initial value and steady state %RHR intervals are
the same. Therefore, each of these combinations has a pair
of low and high pattermns. The selection of the appropriate
low and high patterns are dependent upon the IV to SS rela-
tionship. There is also a pair of low and high patterns
for combinations (4) and (7) of Table 6 . For combinations 4)
and 7), if the decrease is to a resting state (to 100 %RHR),
both the high and the low patterns decrease to a resting state.
Otherwise, only the low decreases to a resting state.

There are sixteen hard data patterns of 180 seconds
duration which contain 19 data points each at 10 second

intervals for each of the four subject categories. Appendix
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TABLE 6

COMBINATIONS OF POSSIBLE STEP CHANGES IN %RHR FOR P

Initial Value

Steady State

%RHR 16J to 120 120 to 140 140 to 160
%RHR %RHR %RHR
100 to 120 %RHR (1) (4) (7t
120 to 140 %RHR (2) (5) (8)°
140 to 160 %RHR (3) (6) (9)°
1

To RHR only, for S
2
For G only

3Increase only, for S
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3 contains all hard data patterns. Figure 12 presents a
flowchart of the decision process for selection of the high

and low patterns.

The Predicted Heart Rate Pattern Not Adjusted for Time

After the appropriate high and low patterns are
selected, a heart rate pattern with the same steady state
%RHR (SS) of the pattern to be predicted can be extrapolated
from the high and the low. This is accomplished by linear
interpolation. The ratio -111) is derived from the following

equation:

RL - pesTss
where:
LSS = steady state of the low pattern
HSS = steady state of the high pattern

This ratio is multiplied times the difference of the high and
the low patterns at time t (for 10 second intervals). The
results are then added at the appropriate time period to the
low heart rate pattern. The predicted heart rate pattern

not adjusted for time (Z) is derived by the following equa-

tion:
z, = (H - L)RL + L,
where:
Zt = point on P not adjusted for time at time t
Ht = point on H at time t
I, = point on L at time t
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t = 0, 10, 20, ..., 180.

Since the initial value of Z may or may not be equivalent to
that of P, Z is said to be not adjusted for time. Z can be
shifted along the time axis such that the intercept will be
equivalent to the IV of P.

There are two circumstances in which P can be calcu-
lated directly without having to adjust for time. This
occurs for combinations (4) and (7) of Table 6, when the
step change is to a resting state. In these cases, both the
high and the low patterns decrease to a resting state or to
100 %RHR; therefore, the ratio used to calculate P directly

is derived from IV as follows:

v - LO
R3 = T
o o
where:
LO = value of low pattern at time 2zero
HO = value of high pattern at time zero.

Pattern P is then derived as follows:

All other combinations must be adjusted for time as discussed

in the following section.

The Predicted Heart Rate Pattern Adjusted for Time

The steady state of pattern Z is the same as that of
Pattern P; however, the initial value of Z (ZO) is dependent

upon R1 and may or may not be equivalent to IV, In order to
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derive a heart rate pattern with the required IV and SS,
it is then necessary to adjust Z by shifting Z along the
time axis to a point where the intercept with the y axis
(time = 0) is equal to IV. This heart rate pattern is
ad justed for time and is equivalent to P.

The direction of the shift of Z along the time
axis to derive P is dependent on the relation of IV to Zo.
If Zo is greater than IV then Z is shifted to the right.
If Zo is less than IV then 2 is shifted to the left. If
Zo is equal to IV then Z is equal to P. To summarize,

If Z0 > IV, te—t + T

Z <IV, tet =T

(0]
Z =1V, Z =P
(o]
where:
T = shift in time (seconds).

In order to determine T, the amount of shift in
time, the 10 second interval of Z in which IV is contained

. . < . .
must be determined (Zt s IV Zt+10) Since the data

points of Z are at 10 second intervals, it is likely that
the IV will not be equal to some Zt’ Having selected the

appropriate 10 second interval in Z (Za to Za+10)’ it is

then necessary to determine the ratio of the difference

between IV and Za and the difference between Za and Za'

+10

The resultant ratio, R2, is shown below.
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v - z_ |
a

R A

2

Za+107%a
The ratio R2 is then multiplied times each interval differ-

ence, |2 and the result is either added to or sub-

t™%¢410]
tracted from Zt’ depending on whether the heart rate is
increasing or decreasing during the interval. The resultant

heart rate pattern is P. The calculation is performed accord-

ing to the following equation:

- + -
P, =2 1 (|Zt+lo Z,|) x R2
Add, if Z_ .0~ Z,
Subtract, if Zt+10 < Zt'

The net effect of the above transformation is to shift Z to

the right (1-R2)10 seconds or to the left R2(10+a) seconds;

thercfore,
Pt = Zt—(l—Rz)lO for shifts to right,
or P for shifts to left.

¢ © %¢iR2(10+a)
It can be noted that when Z is shifted to the right,
that a time interval of '"megative time'" is involved. It is
therefore necessary to project the high and the low patterns
through the time interval of -10 to O seconds. This is
accomplished by including a point on L and H at time -10.
These extra points are not extrapolated from the hard data
patterns. This would induce considerable error and is not
necessary since the only reason for the negative time
requirement is to determine the ratio R2 when Z is shifted

to the left. In order that only one data point be included,
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it is assumed that if the low and high patterns were extra-
polated to mnegative time, they would be approximately 20
%RHR apart at time -10 or be parallel projections. The
data indicate that this assumption is well founded. Since
they are parallel, the included data points can be fixed
such that the range of %RHR for the interval (20 %RHR) is
included in the 10 second interval from —-10 to O seconds.
For increasing L and H, the data points at time -10 are 20
%RHR lower than LO and HO. For decreasing L and H, the pro-
jected points become 20 %RHR higher than L and H . For steady
state L and H, the projected points become the steady state
value.

The predicted heart rate pattern P is in terms of
%RHR. It is a simple procedure to translate P to a heart
rate pattern which predicts the absolute heart rate (H).
This is accomplished by the following equation:

Ay

(Pt x RHR) /100
where:

RHR = resting heart rate.

Predicting Heart Rate Patterns for a Series of Fixed Intensity
Tasks

The predictive model will accommodate a series of up
to three tasks with a combined duration of no more than four
minutes. The predicted heart rate pattermn for each task is
derived according to the procedures presented in the preced-

ing sections. FEach heart rate pattern predicted for each



task is of 3 minutes duration; however,
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only that portion of

pattern which is called for in the input specifications is

utilized (e.g., 50 watts for 100 seconds).

The model pre-—

dicts the pattern for task number one first, task number two

second and so on.

The final %RHR predicted for task number

one becomes the initial value for task number two, and so

on. In the example above, P
of task number two.

heart rate patterns can be linked together.

100

of task number one becomes P
o

It is in this manner that a series of

A Numeric Example of the Predictive Model

The following discussion is a numeric example of the

method by which the predictive model predicts the cardiac

response to a series of tasks.

given:

Sex

Physical fitness

Restin g heart rate

Initial value

Number of tasks

Task number 1 work load
duration

task number 2 work load
duration

task number 3 work load
duration

The following information is

Female
Sedentary

80 beats/minute
100 %RHR

3

60 watts

70 seconds

100 watts

70 seconds

0 watts (rest)
100 seconds

It is not necessary to perform all calculations for

all tasks in order to illustrate the basic procedures fol-

lowed by the model in predicting heart rate patterns. The

patterns for task two and three are presented in the follow-

ing example.

The prediction of pattern two illustrates the

basic predictive technique for all step changes in task
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intensity and, also, most clearly illustrates the linking of
the three patterns. The prediction of pattern three illus-
trates the specific predictive technique used for predicting
patterns for recovery to a resting state. Assume that the
heart rate pattern for task number one has already been
predicted and is known. The steady state %RHR (SS) is 129
%RHR at an elapsed time of 50 seconds and, therefore, time
equal to 70 seconds, the time at which the task intensity
is changed to 100 watts. The initial wvalue (IV) for the 100
watt task (task number two, then becomes 129 %RHR.

The steady state %RHR is determined from the appro-
priate empirically derived work load to steady state %RHR
relationship. For sedentary females:

SS = 431w + 103
where:

SS expected steady state %RHR

W work load in watts.

At 100 watts, SS becomes 146 %RHR. The step change in %RHR
is then expected to be 129 %RHR to 146 %RHR.

After having determined the step change in cardiac
response, the high and low hard data patterns are selected
from the sixteen hard data patterns of the sedentary female
subject category. The details of the selection procedure
were presented in the preceding section in Figure 12. 1In
this example, the initial value is between 120 and 140 %RHR

and the steady state value is between 140 and 160 %RHR.
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These limits for IV and SS require the hard data patterns
of B3 (120 to 140 %RHR) for the low pattern and C4 (140 to
160 %RHR) for the high pattern. The data for these patterns
arc presented in Appendix 3. Figure 13 is a plot of the high
and low pattermns.

The pattern not adjusted for time, Z, is then
derived from the high and the low patterns. It is known
that the SS is expected to be 146 %RHR. The high and low
steady states are 160 and 140 respectively. The ratio R1

can be computed.

Ry = iqg - 148 = -3
Z can then be computed.
Z, = (140-120).3 + 120 = 126
Z,5 = (152-132).3 + 132 = 138
Z,4 = (157-137).3 + 137 = 143
Zyo = (160-140).3 + 140 = 146

ZQO’ZSO""’ZI8O = steady state 146

7 is shown in Figure 13. It can be observed that the initial
value of pattern Z is 126 %RHR. The desired initial value
is 129 %RHR. The pattern Z must be shifted to the left and
adjusted for time such that the intercept is 129 %RHR.

Since ZO is less than IV, Z is shifted to the left to
intercept at 129 %RHR. The interval of Z(Z_ to Z ) in

a a+10

which IV is contained is then determined in order to deter-

mine the magnitude of the shift. In the example,

ZO < IV < ZlO’
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126 s 129 <138,
Based on the above interval R2 is computed.

129 - 126 _
R2 = 938~ 126 ~ -

P is then computed as follows:

P = 126 + (138-126).25 = 129
Piog = 137 + (143~138).25 = 138
Pop = 143 + (146-143).25 = 144
Pap = 146 + (146-146).25 = 146

P4O’P50""’P180 = steady state 146

The arrows on Figure 13 indicate the direction and magnitude
of the shift of Z. The magnitude for a shift to the left is
.25(10+0) seconds (2.5 seconds).

Since the series of tasks is ongoing, the predicted
heart rate pattern must be placed in the appropriate time
period. Task number one is of 70 seconds duration with task
number two beginmning at time 70. Therefore, P0 is at time
70, Py, at 80 and so on, until the duration of task two has
clapsed at time 150. After 150 seconds the work load becomes
zero (task number three) and the cardiac response to recovery
is then predicted. The initial value is 146 %RHR and the
expected steady state is 100 %RHR.

Since the step change indicates combination (7) of
Table 6 and, also, the step change is to a resting state,
both the high and low patterns are patterns which decrease to

100 “RHR. It can be observed from Figure 1% that the low and

high patterns are hard data patterns C1(140 to 100 %RHR)
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and D1 (160 to 100 %RHR), respectively, for the sedentary
female subject category. The data for these patterns are
shown in Appendix 3. Figure 14 is a plot of the high and low
patterns.
P can be derived directly from the hard data patterns.

R3 is calculated as follows:

R - Teg 1m0 - -3
then, Py = (160-140).3 + 140 = 146
P.g = (152-138) .7 + 138 = 142
P,y < (140-133).3 + 133 = 135
PBO = (132-127).3 + 127 = 128
P,y = (123-121).3 + 121 = 122
P, P (100-100).3 + 100 = 100.

90'F1007°*-P180 =

Since the series of tasks is ongoing, the predicted pattern
must be placed in the appropriate time period. Therefore,

P_ is at time 150, P at 160, and so on, for total elapsed

10
time of 240 seconds. A plot of H, L and P is shown in
Figure 14.

Table 7 presents the predicted cardiac response for
the subject and the series of tasks of this example, as pro-
duced by the predictive model. The computer program and

associated documentation for the predictive model are shown

in Appendix 8.
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OUTPUT OF PREDICTIVE MODEL FOR THE SERIES OF FIXED INTENSITY TASKS OF THE NUMERIC EXAMPLE
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CHAPTER V

ANALYSIS OF RESULTS

This chapter, containing the analysis of the results,
is divided into four discussion areas. First, the results
and analysis of the work load to steady state %RHR relation-—
ships are presented. Second, the hard data, collected for
the purpose of supplying hard data patterns for the predic-—
tive model, are interpreted and analyzed. Third, the pre-
dictive model is compared with previous models. Finally,
the vaiidity of the predictive model is investigated by com-
paring predicted results with observed results of the vali-
dation testing.

Regression Analysis of Work Load to
Steady State %RHR

In order to determine the level of %RHR at which an
individual's heart rate could be expected to reach a steady
state for a given work load, it was necessary to examine
the relationship between work load and steady state %RHR.

The independent variable was work load in watts and the depen-
dent variable was steady state %RHR.

Simple linear regression was the technique used to

examine the relationship, and a regression was run for each

94
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subject category. The data points of Table 8 were plotted
and the regression lines are shown in Figure 15. The regres-

sion equations are as follows:

[

for MG: SS = .h74hW + 106.3 r = .95 r> = .90
for MS: SS = .259W + 100.4 r= .99 r> = .98
for FG: SS = .484W + 108.3 r = .97 r2 = .94
for FS: SS = .431W + 103.0 r= .98 rZ = .96

where:

SS = steady state %RHR

W = work load (watts)

r = correclation coefficient.

The high correlation coefficients indicate that there
is a strong linear relationship between work load and steady
state %RHR for work loads requiring steady states of 100 to
160 %RHR. Although all correlations are relatively high, it
can be observed that those of the sedentary subject categories
are slightly greater than those of the subjects of good physi-
cal fitness. From the square of the correlation coefficient,
the percent of the variance of steady state %RHR (SS) accounted
for by the regression of SS on work load (W) can be determined.
From 90 to 98% of the variance of SS is explained by the
regression equations.

The range of the regression coefficients, .225(.484-.259),
is considerable. The slope of the FG equation is almost twice
that of the MS equation. However, it can be observed from

Figure 15 that the range of the regression coefficients,
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TABLE 8

DATA FOR WORK LOAD TO STEADY STATE %RHR RELATIONSHIPS BY SUBJECT CATEGORY

MG MS FG Fs
Watts SS %RHR Watts SS %RHR Watts SS %RHR Watts SS %RHR
0 100 0 100 0 100 0 100
0 100 0 100 0 100 0 100
30 120 50 114 20 120 30 120
30 120 50 118 25 125 37 115
50 133 60 120 37 132 10 120
50 138 100 120 37 132 75 140
60 140 150 133 60 140 75 140
80 148 150 137 65 140 110 150
100 160 155 140 75 145 112 150
140 160 200 150 75 151 112 157
200 155 112 158 150 160
210 160 112 160

225 160 115 160

L6
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.053(.484-,431), for MG, FG and FS is small. Because of the
range of the coefficients and the cluster of the three high
coefficients, each pair was examined to determine if signif-
icant difference exists. Only the confidence interval about
the regression for MS was shown in Figure 15 in order to
emphasize the difference between MS and the other three
regressions,

A "t" test (Crow, 1961, p. 161) was used to determine
the significance of the regression coefficients of each pair
(six in all) of equations. This procedure required the as-
sumption that the standard errors of the estimate for the
two regressions be equal. An "F" test was used to show the
equivalence of the standard errors. Table 9 shows the criti-
cal and computed values of F. As indicated in Table 9, the
assumption that the standard errors are equal was shown to be
true for all pairs. The programs written to calculate the
necessary sums of squares for determining the "t'" statistics
are shown in Appendix 12.

The hypothesis used for testing the regression coef-

ficient is the following:

HA: b1 # b2
where bl and b2 are pairs of regression coefficients. The
results are shown in Table 10 and indicate that there is sig-
nificant evidence to reject the null hypothesis that the

regression coefficient of the MG equation is the same as any

one of the other three (MS, FG, FS), in favor of the alter-

native hypothesis, that they are not equal. The null
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TABLE 9

CRITICAL AND COMPUTED VALUES OF "F'" FOR TESTING THE NULL
HYPOTHESIS THAT THE STANDARD ERRORS OF PAIRS ARE

EQUAL
Lo . .05 Level of

Pairs F 025 D.F. F Significance
MG-MS 344 9,12 3.28 Accept HO
MG-FG 3. 44 9,12 1.68 Accept H_
MG-FS 3.78 9,10 2.34 Accept H_
MS~FG 3.25 12,12 1.95 Accept HO
MS~FS 3.37 10.12 1.42 Accept H_
FG-FS 3.62 10,12 1.38 Accept H_

TABLE 10

CRITICAL AND COMPUTED VALUES OF "t" FOR TESTING THE NULL
HYPOTHESIS THAT THE REGRESSION COEFFICIENTS OF PAIRS
ARE EQUAL VERSUS THEY ARE NOT

s Regression .05 Level of
Pairs  coefficients  ©.025 D.F. t Significance
MG-MS a7k .259 2.09 19 k,76 Reject H_
MG-FG A7k 484 -2.09 19 -.16 Accept H_
MG~FS A7k 431 2.11 17 .12 Accept H_
MS-FG .259 484 -2.07 22 ~5.99 Reject H_
MS-FS .259 L431 -2.09 20 -5.68 Reject H_
FG-TS 48L4 431 2.09 20 1.10 Accept H_
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hypothesis was accepted for all pairs of regression coeffi-
cients not involving the MG coefficient.

It can be concluded that the slope of the MS regres-
sion equation is one apart from the slope of the MG, FG and
FS equations. This conclusion can best be explained by ref-
erence to the classical method of presenting cardiac
respoenses to work load relationships. The classical method
utilizes heart rate instead of %RHR. The regression lines
for MG and MS for both the classical method and the method
of this study are shown in Figure 16. The regression equa-

tions are as follows:

for MG: SS = .49W + 106.3
HR = .28W + 57.5
for MS: SS = .259W + 100.4
HR = .21W + 87.5
Where:
SS = steady state %RHR
HR = steady state heart rate.

The MG regression coefficients are greater than the
MS coefficients for both methods. It can be observed from
Figure 16 that although sedentary males can maintain greater
work loads for heart rates within the range of this study
(230 watts at 160 %RHR for MS versus 115 watts for MG at
160 %RHR), the males of good physical fitness can be
expected to maintain a greater work load at any given heart
rate above the range of this study. The difference in the
intercepts (87.5-57.5) is the reason that it appears the MS
category is working more efficiently than the MG category.

When, in fact, those persons of good physical fitness have a
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greater power output per beat increase (.28 vs. .21). The
transformation from beats/minute to percent of resting heart
rate (%RHR), although graphically confusing, does not alter
this fact. Also, the power output per beat increase 1is
greater for FG than FS (.30 versus .21).

There is no statistical difference between regression
coefficients for any pair of MG, FG, or FS, However, the cor-
relations for each of these regressions were very high, and
it is expected that if it were in the scope of this study to
examine enough subjects, a statistical difference would
evolve. It is expected that by using a regression equation
for each of the subject categories in the predictive model,

a greater precision would result in determining the expected

steady state %RHR,

Analysis of Hard Data Patterns

Introduction

Analysis of variance was used to examine the transi-
ent responses of the twelve hard data patterns which were
results of a step change in task intensity (four were steady
state). The main effects and interactions are shown in the
mathematical model of Chapter IV.

The data for the twelve hard data patterns is pre-
sented in Appendix 3. Each data point in Appendix 3 (except
for the steady state patterns Al, B2, C3 and D4) is the cell
mean for one subject category by time period. These patterns
serve as the base patterns for the predictive model. All
predicted heart rate patterns are extrapolated from these

hard data patterns. The purpose for the analysis of variance
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was to examine each pattern with respect to the two levels
each of sex and physical fitness and the interactions of
these factors. Since each pattern was a step change in
heart rate over time, the time period factor was expected
to be significant. The time period factor was included
specifically for the purpose of obtaining a computerized
output of cell means by time period; therefore, an analysis
of the time period factor and interactions with the time
period factor is not required. A complete summary of each
of the twelve ANOVAs (ANOVA and EMS tables shown in Appendix
4) is presented in Table 11. It can be observed that the
time period factor is significant for all tasks.

The power of the F test in the ANOVAs was the same
for both sex and physical fitness. 1In each ANOVA there were
four subjects supplying two data points for each of nine
time periods for a total of 72 data points for each treat-
ment level. Special charts (Pearson and Hartley, 1951,
pp. 112-130) were used for calculating the power function for
the analysis of variance test., The assumption was made
that the experimenter was interested in detecting differ-
ences among means such that the largest difference is equal
to one standard deviation of the error. It was determined

that the power was .99 with a Type 1 error of .0l.

Analysis of ANOVA Results
It is apparent from the ANOVA summary in Table 11 that,

for the most part, the sex and physical fitness effect, and
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TABLE 11

ANOVA SUMMARY (LEVEL OF SIGNIFICANCE TNDICATED)

Main Effects and Interactions

Task S P T SP ST PT SPT
A2 .01
A3 .05 .05 L0 .05 .01
AL .01 .01 .05 .10 .10 .01
131 .01
B3 .01
Bh4 .01 .01 .01
C1 .01 .01 .01 .05
c2 .01
Ch .10 .01
D1 .01
D2 .01 .10
D3 .01

Sex P = Physical Fitness

T

Time Period
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the sex—physical fitness (SP) interactions were not signif-
icant. Most of the significant effects were for patterns
which had initial values of 100 %RHR (A3 and A4). Only one

SP interaction was significant for patterns which had ini-
tial values of 120 %RHR (B4). There were two significant main
effeccts for patterns which had initial values of 140 Y%RIIR

(C1 and C4) and no significant effects for patterns which

had initial values of 160 %RHR. There does not appear Lo be
any special trend of significant effects or interactions.

Figure 17 displays a plot of pattern A3 by sex. The
significance is due mainly to the response of the male of good
physical fitness (MG)., TFigure 25 (p.,115) shows the heart rate
responsec by subject category. It can be observed that MG
steady states at 20 seconds where MS and FG steady state at
50 seconds and FS at 70 seconds. It can also be observed
that the MS and FG patterns are very similar. Figure 18
displays a plot of physical fitness patterns for task A3.
Again, the significance can be attributed to the fast response
to steady state of subject category MG.

Figure 19 displays a plot of heart rate pattern A4 by
physical fitness. Figure 26 (p.116) displays the heart rate
responsce by subject category. It should be noted that, for
both task A3 and A4, the responses to steady state are more
rapid for the subjects of good physical fitness than for the
sedentary subjects. The MS response of task A4 was the cause

of the significance of the physical fitness effect. There
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is a lincar trend for the MS response where the responses
of the other three subject categories were very similar.

Figure 20 displays a plot of the sex-physical fitness
interaction for task Ak. It can be observed that a definite
interaction exists for each time period up to steady state.
The degree of interaction is greatest at 40 and 50 seconds.

At 50 scconds the FS response is at steady state and the VG
response is still approaching a steady state. It 1is expected,
and is true Tor most of the nard data patterns, that the MG
and FG patterns accelerate to steady state more rapidly ithan
the MS and IS patterns. The overlap in FG and FS patterns
can also be observed in Figure 26 (p.116).

The sex~physical fitness interactions are much more
pronounced for task B4 than for A4. Figure 21 is a plot of
the interactions by time period. Again, as in pattern Ak,
the FS response to steady state is more rapid than the FG
response. There is no apparent explanation as to why the
I'G response accelerates to steady state more slowly than the
FS responsce for tasks A4k and B4, since in most step changes
the opposite is Lrue,

Ficgure 22 displays a plot of patterns Cl by physical
Titness. Pigure 30 (p. 118) displays the heart rate responses
by subject category. Again, the heart rates of the MG and FG
subject categories decelerate more rapidly to steady state
than do the hecart rates of the MS and FS categories. The

plot for sedentary subjects exhibits a strong linear trend.
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This trend is also apparent for MS and FS separately (sece
Figure 30). The significance of physical fitness for task
Cl can be attributed to the differences in cardiac responses
for the female subjects since the responses of the male sub-
jects were very similar.

Figure 23 displays a plot of heart rate pattern Ch
by sex. Figure 32 displays the heart rate responses by sub-
ject category. The significance was only at the .10 level;
however, the patterns for bothh FG and FS are numerically
¢reater then those of both MG and MS for all data points from
the initial value to steady state.

The step changes in task intensity required a net
change of either 20, 40, or 60 %RHR. It can be observed that
those highly significant effects and interactions (.01 and
.05 levels) are for tasks which have step changes of 40 or
60 %RHR. Certainly there is a greater potential for devia-
tion in responses for step changes of 40 and 60 %RHR than
for step changes of 20 %RHR. All tasks which required step
changes of 40 or 60 %RHR, except D1 and D2, resulted in at
least one significant effect or interaction.

Step Decreases in Task Intensity for
Sedentary Subjects

The predictive model does not include the prediction
of cardiac responses to step decreases in task intensity for
sedentary subjeccts when the initial value is greater than

140 WRIR and the expected steady state value is other than
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100 %RHR. Although the predictive model includes the mecha-
nism for handling this circumstance, the necessary hard data
patterns could not be obtained through experimentation with
consistency for sedentary subjects. Only one subject in
each of the sedentary categories produced patterns D2 (160
to 120 %RHR) and D3 (160 to 140 %RHR). The cardiac response
of the other subject in each category was such that steady
state values of 120 and 140 %RHR were not realized within
the time limit for each task (180 seconds). Since only one
of the two subjects in each of the sedentary categories
reached a steady state within the time limit, step changes
for sedentary subjects which required hard data patterns for
tasks D2 and D3 cannot be accommodated by the predictive model.
The hard data patterns D2 and D3 for MS and FS of Appendix 3
represent only those responses of the subjects who did
realize respective steady states of 120 and 140 %RHR. How-
ever, those patterns were not included in the predictive model.

The most probable cause of the lag in decrease to
steady state for the two subjects was that they were exer-
cising above their respective aerobic capabilities. The tasks
were designed such that, according to the literature, no task
required an anaerobic contribution at steady state. However,
although the heart rates for these subjects were below the
maximum aerobic heart rate (&strand, 1971, p. 132) of 134
beats/minute for males and 138 beats/minute for females,
their heart rates at 160 %RHR were within five beats/minute
of these heart rates. The maximum heart rates presented by

Rstrand are averaged figures and intended to represent the
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whole population for the age group of this study. These
two subjects were probably exceptions and were exercising
at the limits of or aboﬁe their aerobic capacities. In
order to investigate this possibility, two sedentary male
subjects were tested to determine if they were exercising
above aerobic capacity at 160 %RHR. The necessary work
load of 230 watts was derived irom the steady state %RHR to
work load relationship for sedentary males. Each subject
performed the task and the oxygen uptake was measured for
both exercise and recovery to a resting state. By making
the ordinate oxygen consumption instead of %RHR in Figure 7
(p. 27), the reader can more easily understand the compari-
son. The ratio of oxygen debt (Area A) to oxygen payback
(Area B) for one subject was approximately 1.0 and approx-
imately 2.1 for the other. This observation indicates that
one MS subject required an anaerobic contribution where
another did not. Both the hard data patterns and the oxy-
gen consumption test indicate that sedentary sub jects are on
the border line of aerobic capacity at 160 %RHR, Since the
cardiac responses to tasks D2 and D3 are not produceable by
all sedentary subjects within the time span of this study,
the hard data patterns were not included in the predictive
model.

Comparative Analysis of Hard Data Patterns

The statistical analysis of the hard data patterns
indicated that the proper use of the hard data patterns
would be to use only the averaged patterns for the predictive

model, thereby eliminating the need for hard data patterns
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by sex and physical fitness. However, a statistical anal-
ysis in itself is not sufficient to describe the hard data
patterns. Certain observations led this writer to believe
that further testing and larger sample sizes would result
in hard data patterns by subject category which are signif-
icantly different., These observations are presented in the

following discussion.

Subject Category versus Averaged Hard Data Patterns

Table 12 shows a rc¢raparison of predicted results by
averaged hard data patterns and by hard data patterns for
subject categories. The observed and predicted results are
shown for the first step change of series four. This par-
ticular step change was selected for comparison since only
a portion of the transient response was predicted for all
subject categories, and the work load was great enough to
effect a considerable cardiac response (100 to 146 %RHR).
It can be observed by examining the errors (eS and eA) of
Table 12 that the predictions using hard data patterns by
subject category (PS) were more accurate than the predictions
using averaged hard data patterns. 1In only two of the

twelve time periods presented (MS-20, FG-20) was P

more
A

accurate than PS when compared to the observed heart rate
value., These results indicate that the exclusive use of
averaged hard data patterns for the predictive model would

reduce the accuracy potential of the predictive model.
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TABLE 12
COMPARISON OF PREDICTED HEART RATES USING HARD DATA
PATTERNS BY SUBJECT CATEGORY (PS) AND BY USING
AVERAGED HARD DATA PATTERNS (PA). THE OBSERVED

(0) AND PREDICTED HEART RATES ARE FOR THE FIRST
STLP CHANGE OF SERIES FOUR.

e e e e e e e e ]

Sub ject Time o) P eg P ep
Category (sec) (beats/min) S (PS—O) A (PA—O)

MG 0 58 58 0 58 0

10 665 69 0 67 -2

20 80 79 -1 74 -6

MS 0 76 76 0 76 0

10 88 86 -2 88 0

20 95 94 -1 98 3

FG 0 72 72 0 72 0

10 85 85 0 83 -2

20 93 92 -1 92 0

FS 0 80 80 0 80 0

10 90 92 2 94 L4

20 95 99 L 103 8
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Analvsis by Inspection of Plotted Hard Data Patterns

An analysis by inspection of the plotted hard data
patterns of Figures 24 through 35 on pages 115 through 120
is required to fully develop an argument for using hard data
patterns by subject category. The following discussion
addresses trends within and between hard data patterns by
sub ject categorv.

It is interesting to note that for step changes of
20 %RHR in hard data patterns A2, Bl, and B3, those of MS
accelerate or decelerate 10 steady state more rapidly than
those of MG. This is graphically displayed in I'igures 24,
27, and 28. However, for step changes of 20 %RHR with greater
initial values (140 %RHR), the acceleration to steady state
is more rapid for the MG category (see Figures 31 and 32).
This leads to the conclusion that for ongoing exercises of
light (approximately 120 %RHR) work loads, the heart rate
patterns, realized for a small step change of approximately
20 %RHR, accelerate to steady state more rapidly for seden-
tary males. For ongoing exercises of moderate (approximately
140 %RHR) work loads, the opposite is true. For all step
changes of 40 to 60 %RHR, the response to steady state is
more rapid for males of good physical fitness than for seden-
tary males.

In comparing responses for FG and FS categories,
there appears to be only one consistent trend. For all hard
data patterns for recovery to a resting state (Bl, Cl and D1),
the elapsed time to steady state is at least 20 seconds less

tor I'G than for FS. These responses are displayed in Figure
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27, 30, and 33. This is not true for the male subject cate-
gories, 1In this case, the elapsed time to steady state is
30 seconds less for MS than MG for recovery from light exer-
cise (see Figure 27) and 30 seconds more for MS than MG for
recovery from moderate exercise (Figure 33). The responses
are similar for light to moderate exercise (Figure 30).

Most of the heart rate patterns for step changes in
work load were nonlinear. However, the heart rate response
for the sedentary males exhibited definite linear trends for
almost all of the step changes., These trends are visually
apparent in Figures 25, 26, 27, 29, 30, 31, and 32 of pat-
terns A3, A4, Bl1, B4, Cl1, C2, and Chk.

It is apparent from these observations that there
exist certain consistent trends within and between the hard
data patterns which are not portrayed in a statistical anal-
ysis. Since these trends do exist, and since the predictive
model has a greater accuracy potential (see preceding sec-
tion) by using hard data patterns by subject category, the
hard data patterns utilized in the predictive model are by

subject category.

Comparison of the Accuracy of Various Predictive Models

Differences between Previous Models and the Predictive Model
There were three predictive models presented in
detail in Chapter II which were developed by Schilpp, Suggs

and Vogt. There are several apparent differences between
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these previous models and the model of this study which need
to be address=d before comparing the predicted heart rate
patterns of each.

The first, and perhaps most significant difference,
is that for any given work load and resting heart rate, the
predicted heart rate pattern will be the same for all persons,
regardless of sex or physical fitness. It becomes readily
apparent that this approach is questionable when it is consid-
ered that many sedentary femzles or females of good physical
fitness are incapable of steady state heart rates at a work
load of 200 watts. Whereas, even sedentary males are capa-
ble of maintaining steady state heart rates at a work load of
200 watts.

None of these models has the capability of linking
heart rate patterns for an exercise with a series of step
changes in task intensity. Each model can predict only one
step change at a time. The results in Table 13 were compiled
by predicting the increasing step change, and then predict-
ing the recovery to a resting state. The two patterns were
then linked together manually.

Another difference is that only Vogt described a
definitive mechanism for determining the expected steady
state heart rate for a given task. Neither Suggs' nor Schilpp's
model can make a priori prediction of heart rate patterns
since the exercise must be completed and the steady state

heart rate recorded before a "prediction'" can be accomplished.
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llowever, the author of this paper augmented and refined
each of these studies such that a priori prediction would
be possible.

Since each of these models is mathematical in form,
each is dependent on time constants. The time constants
depict the elapsed time for heart rate to reach a steady
state. There is onlyv one time constant for Schilpp's model;
therefore, the time to steady state is the same for all
work loads. There are only three levels of time constants
for Suggs' model; therefore, only three times to steady
state. Vogt's model is the only model where the time con-
stant is dependent on the task intensity and resting heart
rate, and therefore, varies accordingly.

It might also be noted that none of the authors
submitted a formal definition of resting heart rate. Yet,
each model required resting heart rate as an input variable.

The computational aspects of the predictive model of
this study are more complex than those of the previous models
and require the use of a computer to store and select the
appropriate hard data patterns and to compute a predicted
cardiac response to exercise. It is possible to compute a
predicted cardiac response by hand (see Chapter IV), but
the procedure is long and tedious and requires a computer
for all practical purposes.

There is a detailed comparison of the approach and

methodology of the previous models presented in Chapter III.
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Comparison of Predicted Cardiac Response

ITntroduction

The predictive models of Schilpp, Suggs, and Vogt
were incomplete as presented in their respective papers. In
order to obtain actual predicted results, it was necessary
for the author of this study to augment and, in some cases,
make corrections to these previous predictive models. This
was done so that a comparison could be made between the out-
puts of the previous mode™: and the output of the predictive
model of this study, referred to as the predictive model.

Interactive computer programs were written to accom-
modate each of the models such that the input variables for
all models would be comparable. Since the cardiac response
to only one step change in task intensity can be predicted
for each of the previous models, the input variables are
resiing heart rate, duration of the task and work load.

The interactive computer programs, output of predicted pat-
terns, and associated documentation are presented in Appen-
dices 9, 10 and 11 for models of Schilpp, Suggs and Vogt,
respectively.

The observed results of series three of the valida-
tion testing were compared to the predicted results of all
predictive models. Series three was selected for several
reasons. ['irst, series three consists of only two tasks,
the second of which is recovery to a resting state. It is

required that the second task be to resting since Schilpp's
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model does not accept decreasing step changes to other than
a zero work load. Also, the three previous predictive models
are very limited in their respective capabilities to predict
cardiac response at low work loads because of the limitations
of the time constants, therefore, series three was sclected
because of the relatively high work load. When the observed
results of all series of validation testing were compared to
the results of the predictive model of this study (detailed
analysis in following section) it was determined that for
every subject category the predicted results of serics three
comparcd less favorably to the observed results than any
of the other five series (based on mean error and standard
deviation of the error). Therefore, so as not to bias the
comparison of the predictive models, the least favorable
results of the predictive model of this study were used.

The predicted results and the observed results are
presented by subject category in Tables 13, 14, 15, and 16,
The error (predicted minus observed) is shown for the previ-
ous model which exhibited the best estimates of the observed
heart rate values. Also, the error is shown for the predictive
model of this study. Mean, standard deviation, and range

are presented for each column of errors.

Analysis
The following discussion is an analysis of the results

of the various predictive models. The results are discussed

by subject category.



TABLE 13

PREDICTED AND OBSERVED CARDIAC RESPONSES FOR SERIES 3-MG. THE ERROR
(PREDICTED MINUS OBSERVED) IS SHOWN FOR THE BEST PREDICTION
(SCHILPP, SUGGS, VOGT) AND FOR THE PREDICTIVE MODEL.

. Work Schilpp's error Suggs' Vogt's Predictive error -
Time Load Mod£§ (P-0)  Model Model Model (P-0) Observed
0 105 58 e} 58 60 58 0 58
10 105 7h -2 64 66 69 -7 76
20 105 80 -7 80 70 78 -9 87
30 105 84 -3 89 74 85 -2 7
40 105 87 0 98 78 90 3 87
50 105 90 3 105 31 91 4 87
60 105 92 5 112 83 91 4 87
70 105 93 6 117 84 91 4 7
80 105 95 8 123 86 91 L 87
90 105 96 9 128 89 91 4 87
100 105 97 10 132 91 91 4 87
110 0 97 21 132 92 78 8 76
120 ¢} 88 23 128 91 77 12 65
130 o} 81 21 123 85 71 1T 60
140 0 76 18 118 80 66 8 58
150 0 72 14 113 76 64 6 58
160 0 69 11 108 72 61 3 58
170 0 66 8 104 69 59 I 58
180 0 64 6 101 66 58 0 58
190 0 63 5 97 64 58 0 58
200 0 62 4 94 62 58 0 58
210 0 61 3 91 60 58 0 58
220 0 60 2 88 59 58 o 58
230 0 60 2 86 58 58 0 58
240 0 59 1 84 57 58 0 58
Mean 7.0 2.3
S.D, 7.9 4.8
Range 30.0 21.0

TET



TABLE 14

PREDICTED AND OBSERVED CARDIAC RESPONSES FOR SERIES 3-MS. THE ERROR
(PREDICTED MINUS OBSERVED) IS SHOWN FOR THE BEST PREDICTION
(SCHILPP, SUGGS, VOGT) AND FOR THE PREDICTIVE MODEL.

. Work Schilpp's error Suggs' Vogt's Predictive error
Time Load Modgl (P-0) Model Model Model (p-o) Observed
0 220 76 0 76 80 76 0 76
10 220 111 23 96 110 90 2 88
20 220 123 28 114 129 95 0 95
30 220 131 28 131 142 102 -1 103
4o 220 138 27 145 150 106 -5 112
50 220 1413 25 158 155 111 -7 118
60 220 147 27 169 158 115 -5 120
70 220 151 29 180 160 119 -3 122
80 220 153 31 188 161 120 -2 122
90 220 155 33 197 162 120 -2 122
100 220 157 35 203 163 120 -2 122
110 o) 154 37 210 163 120 -2 122
120 o 148 37 190 143 111 0 111
130 o} 140 29 181 130 104 -5 109
140 o} 125 17 172 120 96 -12 108
150 0 114 9 165 110 90 -15 105
160 o 106 Y 158 104 87 -15 102
170 0 99 . o 151 98 84 -15 99
180 0 94 -1 145 94 82 -13 95
190 o} 90 o 140 90 81 -9 90
200 o 86 -2 135 88 79 -9 88
210 0 84 -1 130 85 78 -7 85
220 0 82 2 126 83 76 -4 80
230 0 80 1 122 81 76 -3 79
240 0 79 1 118 80 76 -2 78
Mean 16.6 -5.4
S.D. 14,7 5.2

Range 39.0 17.0

A



TABLE 15

PREDICTED AND OBSERVED CARDIAC RESPONSES FOR SERIES 3-FS, THE ERROR
( PREDICTED MINUS OBSERVED) TS SIHOWN TFOR TIHE BEST PREDICTION
(SCHILPP, SUGGS, VOGT) AND FFOR THE PREDICTIVE MODEL.

T4 Work Schilpp's error Suggs' Vogt's Predictive error Observed
tme Load Model (P-0) \Model Model Model (P-0) =
0 125 80 0 50 82 80 0 80
10 125 100 12 91 98 95 7 88
20 125 106 12 101 108 106 12 94
30 125 111 11 110 115 113 13 100
40 125 115 10 118 120 118 13 105
50 125 118 7 125 123 123 12 111
60 125 120 0 131 125 125 5 120
70 125 122 -3 137 126 125 0 125
80 125 124 -1 142 128 125 0 125
90 125 125 0 146 129 125 0 125
100 125 126 1 150 129 125 0 125
110 0 127 2 154 129 125 0 125
120 o} 127 2 152 119 120 0 120
130 0 116 2 147 113 111 -3 114
140 o} 108 0 140 108 105 -3 108
150 0 101 9 135 103 98 6 92
160 0 97 12 130 99 91 -6 85
170 0 93 13 125 97 87 -9 80
180 0 90 10 121 94 84 -4 80
190 0 88 8 117 92 82 2 80
200 0 86 6 113 90 80 0 80
210 0 85 5 110 88 80 0 80
220 0 84 4 107 87 8a 0 80
230 0 83 3 104 86 80 0 80
240 0 82 2 103 84 80 0 80
Mean 5.1 2.9
S.D. 4.9 5.1
Range 16.0 17.0

€eT



TABLE 16

PREDICTED AND OBSERVED CARDTIAC RESPONSES FOR SERIES 3-FG. THE ERROR
(PREDICTED MINUS OBSERVED) IS SHOWN FOR THE BEST PREDICTION
(SCHILPP, SUGGS, VOGT) AND FOR THE PREDICTIVE MODEL.

e ~~ =

o Work Schilpp's Suggs! Vogt's error Predictive error .
Bime 1 aa Modzg Model Model (P-0) Model (P-0) Observed
0 100 72 72 73 1 72 0 -2
10 100 88 81 86 -2 85 -3 88
20 100 93 96 94 -4 93 -5 98
30 100 97 98 99 -8 99 -8 107
4o 100 100 105 103 -1 104 -6 110
50 100 103 111 106 -4 108 -2 110
60 100 105 117 107 -3 110 0 110
70 100 106 122 109 -1 110 0 110
80 100 107 126 110 -1 110 -1 111
90 100 108 130 111 0 110 -1 111
100 100 109 133 111 0 110 -1 111
110 0 110 137 111 0 110 -1 111
120 0 101 132 104 -2 104 -2 106
130 0 95 128 99 0 91 -8 99
140 0 89 123 95 7 88 0 88
150 0 85 119 88 9 83 4 79
160 0 82 116 86 i3 78 5 73
170 0 79 112 84 12 73 1 72
180 0 78 109 82 10 72 0 72
190 0 77 106 80 8 72 0 72
200 0 75 103 79 7 72 0 72
210 0 74 100 78 6 7 0 72
220 0 73 97 77 5 72 0 72
230 0 72 94 76 4 72 0 72
240 0 72 91 75 3 72 0 72
Mean 2.3 -1.1
S.D. 5.5 3.0
Range 21.0 13.0

HEeT
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The predicted and observed results for series three,
male of good physical fitness, are presented in Table 13.
1t can be observed that of all the previous predictive models,
none exhibited a steady state for either exercise or recovery
within the time span of each task. Whereas, the observed
clapsed times to steady state for exercise and recovery are
20 seconds and 40 seconds, respectively. Since there were
no steady state values exhibited for any of the previous pre-
dictive models, the inaccuracies would be greater if the dur-
ation ot the exercise task was longer. Both Schilpp's and
Vogt's ocutput appeared to be leveling at about 100 seconds.

The accuracies of Schilpp's and Vogt's models were
approximately equivalent. However, the standard deviation
of Schilpp's output, 11.1 (not shown in Table 13), was suf-
ficiently greater than that of Vogt's, 7.9, to conclude that
Schilpp's output is the best of the three previous models.
The output of Suggs' model exhibited as much as 63 beats/
minute error, The overprediction of Schilpp's model is sub=-
stantially greater than that of the predictive model (7.0
versus 2.3 beats/minute). There is also a broader dispersion
of error for Schilpp's model than for the predictive model
(standard deviations of 7.9 versus 4.8). Based on the preced-
ing comparisons, the predictive model was more accurate than
the three previous models.

The predicted results of the previous models for

series three, sedentary male, are the most inaccurate of the
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results of the four subject categories (see Table 14). It
can be observed by inspection that none of the three were
even close, as all were overpredictions. Schilpp's model
was slightly more effective than Vogt's but still exhibited
a mean error of 16.6 beats/minute and a standard deviation
of 14.7 beats/minute. At one standard deviation the error
could be from 20 to 50 percent of the observed value. T[or
the predictive model, the error at one standard deviation
could be from 7 to 12 percerii of the observed value. It
should be noted that the mean error and standard deviation
of the error of the predictive model results for Series 3-MS
were greater than all other series investigated (24 in all).

The most accurate predictions of the previous mod-
els were made for series three, female of good physical
fitness., These results are shown in Table 15. Again,
however, the output of Suggs' model was not comparable
to that of Schilpp's and Vogt's in terms of accuracy.
Vogt's model exhibited a steady state heart rate for exer-
cise equal to that of the observed, and was therefore con-
sidered more accurate than Schilpp's output. Again, the
error means indicate a slight overprediction for Vogt's
model (2.3 beats/minute) and a slight underprediction for
the predictive model (-1.1 beats/minute); therefore, the
mean error does not provide the necessary information for a
conclusion as to which is the best prediction. However, the

standard deviation of the error (5.5 vs. 3.0), indicates
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that there is a greater dispersion of error for Vogt's model.
At one standard deviation, the error for Vogt's prediction
could be from 7 to 13 percent of the observed; whereas, the
error for the predictive model would be only 3 to 7 percent.
Also the range of errors is considerably greater for Vogt's
model (21 vs. 13 beats/minute).

Table 16 presents the predictions for series three,
scdentary female. Schilpp's and Vogt's model again prove
to be the hbest of the three previous models. Both are over-
predictions, with mean errors of 5.1 for Schilpp's model and
7.6 (not shown in table) for Vogt's model. Schilpp's model
was usced for comparison to the predictive model since the
mean cerror was less than that of Vogt's model. The observed
results indicate a steady state heart rate of 125 beats/minute
at 70 seconds, and the predictive model results indicate a
steady state heart rate of 125 beats/minute at 60 seconds.
The results of Schilpp's model do not indicate a steady
statce heart rate. This would imply that the error would
increase with an increased duration for the exercise. Since
the standard deviations (4.9 vs. 5.1) and ranges (16.0 vs.
17.0) are approximately the same, the error means can be com-
pared directly. The overprediction for the predictive model
(2.9) is less than that of Schilpp's model (5.1). This
fact, coupled with the fact that Schilpp's results do not
reach a steady state value, indicates that the predictive

model presents a more accurate prediction.
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Conclusions

Certain conclusions can be drawn from the predicted
results ol the three previous models. It was apparent for
all sub ject categories that the predicted results of Suggs'
model were far less accurate than those of Schilpp's and
Vogt's model. It can also be noted that of the three,
Schilpp's model was most appropriate for predicting cardiac
responses, since Schilpp's model was shown to be more
accurate for three of the four subject categories.

The results of the predictive model were shown to
be more accurate than the best effort of the three previous
models for each subject category when compared to observed
heart rate responses. Again, it should be noted that the
predicted results of the previous models, shown in Tables 13,
14,15, and 16 apply to any individual regardless of physi-
cal fitness or sex. For example, in an actual test a seden-
tary male performed the exercise of Table 15 for a work load
of 125 watts and realized a steady state of 108 beats/minute.
It is apparent that the results of the previous models (126,
154 and 124 beats/minute) are erroneous for a sedentary male.

The results of this comparison render sufficient evi-
dence to conclude that the predictive model can more accur-
ately predict cardiac response to exercise than can previous
models. The predictive model also exhibits a greater
flexibility in that there are allowances made for sex and
physical fitness and it can predict the cardiac response to

a series of step changes in task intensity.
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Evaluation of Predictive Model

Introduction
This section is a discussion of the validity of the
predictive model. The observed data of validation testing
are compared with the predicted values from the model. The
results are discussed by time periods, by subject category
and series. The results of the predictive model were com-
parcd to the observed data by examining the error (predicted

value minus observed valu.).

Exercise Series of Validation Testing

A subject from each of the four subject categories
performed six exercise series. Each series consisted of two
or three tasks. The tasks and their respective duratiomns
are shown in Table 17. It can be observed that although the
durations are the same, the work loads vary between subjects
for each series. The series were selected such that the
expected cardiac responses would be similar in terms of %RHR .
The steady state %RHR to work load relationship varies between
subject category, consequently, the work loads vary within
a series. The predicted and observed values by subject
category and series are presented in Appendix 7. Figures
37 through 60 show plots of the predicted and observed val-

es.
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TABLE 17

EXERCISE SERIES FOR VALIDATION TESTING WITH
DURATION AND INTENSITY OF RESPECTIVE TASKS

Subject Categories

Serics Seconds

MG MS FG FS
Watts Watts Watts Watts

1 70 50 110 4s 60
70 35 175 80 100

100 0 0 0 0

2 30 30 75 25 40
100 60 135 55 75

110 Lo 90 35 50

3 110 105 220 100 125
130 0 0 0 0

4 30 85 175 80 100
110 o 0 0 0

100 20 60 15 30

5 100 0 0 0 0
130 4o 90 35 50

10 60 135 55 75

6 20 65 145 60 80
140 Lo 90 35 50

80 o 0] 0 0
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Distribution of the Error

The two sample problem of evaluating the predicted
values against the observed values was condensed to a one
sample problem by considering the error (predicted minus
observed). The sign of the error relates whether the model
is overpredicting (positive error) or underpredicting
{negative error). The standard deviation and range of the
error were used in conjunction with the mean error in order
to determine accuracy in predicting and to estimate the
maximum error.

The distribution of the error data for all vali-
dation testing is displayed graphically in the histogram
in Figure 36. The error data is presented in Appendix
5 by series for each subject category. A Chi-sgquare
goodness-of-fit test was used to determine if the error
distribution was distributed normally with mean equal
zero. The calculated Chi-square value with 27 degrees of
freedom was equal to 170. This value was much greater
than the critical value of 44 at the .05 level. Conse-

quently, it was concluded that the error distribution was
not normal. However, there is a definite central tendency
to zero, and there are certain characteristics exhibited

which are associated with a standard normal distribution.
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Although the mean is -.7795, the mode is zero (160 of 576
observations). The standard deviation of the error is
3.6681. Using a mean of zero, the error distribution
compares favorably the normal distribution with 79%, 97%,
and 99% of the observations within one, two and three
standard deviations, respectively. This compares to 68%,
98% and 99.8% for the normal distribution. The "t" sta-
tistic used in the following analysis is appropriate if
the sample comes from a normal population which is "within
a reasonable degree of approximation'" (Miller, Freund, 1965,
p. 164). Since the error distribution exhibits certain
properties of normally distributed data, the error distri-
bution can be considered a 'reasonable approximation' to
the normal distribution.

It can be observed from Figure 36 that there were
28 underpredictions of more than 6 beats/minute and 28 over-
predictions of more than 6 beats/minute. These 56 observa-
tions comprise approximately 10% of the total. Based on the
total error data, it can then be surmised that the error at
any point in time will be 6 beats/minute or less, 90% of the
time. The heart rate responses investigated in this study
ranged from approximately 60 to 130 beats/minute. Therefore,
the error as a percentage of heart rate could be as much as

10% for 60 beats/minute to less than 5% for 130 beats/minute.
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Conscquently, 90% of the time a user of the predictive model
could expect errors in predicted output to be no more than

5% to 10% of the observed heart rate value.

Time Period Analysis

The predictive model produces estimates of expected
heart rate responses over time using only resting heart rate
as a point of reference. This section discusses the possi-
bility of increasing error over time. The approach selected
Tor this analysis was to uivide the series into four one
minute time periods. By this approach, the relative accuracy
for predictions in each time period can be determined.

All validation data was included in the analysis of
time periods. The error data is presented in Appendix 5 and
analyzed by time period in Table 18. Time period one is the
first minute, time period two, the second minute, etc. It can
be observed from Table 18 that the mean error for each time
period is negative indicating an underprediction. Upon
testing the hypothesis that the mean error is equal to zero,
it was determined that only the mean error of time period
one could be considered equal to zero. The null hypothesis
was rejected in favor of the hypothesis that the mean was
not equal to zero for all other time periods. It can benoted
that the standard deviations of both time periods two and
four were less than the standard deviation of time period
one. This would indicate that the potential error at one

standard deviation would be greater in time period one
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than in two and four (-4.34 compared to -3.94 and =3.66
beats/minute). It would appear that the greatest poten-
tial error would occur in time period three, since the
differences from zero, as well as the standard deviations,
are the greatest.

The F ratio of Table 18 tests the hypothesis that
the time period means are equal. Since the value of the
' ratio is less than F (.05, 3,592) (1.759 < 2.60), there
is no statistical evidence to indicate that the means are
different. There is very little difference in the stan-
dard deviations of the four time periods (2.94 to 4.38 for
a range of error of =-15 to +15). Considering only the
means and standard deviations of the time periods, cer-
tainly there is no evidence to indicate that there is a
significant difference in the error produced for each of
the time periods. It might also be noted from the histo-
grams of Table 18 that for every time period, the distri-
bution of the error is such that 84 to 91 percent of the
errors are within the interval of -6 to 2 beats/minute.
This observation also indicates a uniformity in the dis-
tributions.

It can be concluded that there is no reason to sus-
pect that the predictive model will compound in error over
the four minute time period of this study, nor is there
reason to suspect that the distribution of the error for any

time period is different than that of another.
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Statistical Analysis by Subject Category

A subject in each subject category performed six
series of exercises comnsisting of step changes in work loads.
Tables 19 and 20 present a histogram showing the distribu-
tion of the error for each series, and the mean and standard
deviation for each series. Descriptive statistics for the
combined series for each subject category are also presented.
For analysis of data of this kind, straight forward ap-
proaches do not exist which result in statistically
conclusive evidence that the predicted output for one series
or subject category was superior to that of another series
or subject category. However, certain conclusions become
apparent by inspection of the meéns and standard deviations,
and by inspection of the plots of observed and predicted
heart rate responses of Figures 37 through 60 (pages 153-166).

Observe from the F ratios displayed in
Tables 19 and 20 that for each subject category the hypo-
thesis that the means are equal is rejected in favor of the
hypothesis that they are not (F(.05,5,138) = 2.21). This
finding was expected because of the diversity in configura-
tions (task intensities and durations) of the six series.
The magnitude of the I’ ratio renders insight as to the range
of mean errors. The range of series means is greatest for
the sedentary subject categories. The ranges are 3.7 and
1.8 for MG and FG, and, 5.1 and 4.4 for MS and FS, respectively.

The range of means is a direct indication of the stability
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of the underprediction or overprediction for each series.
The range of means is considerable for MG, MS and FS. How-
ever, since the range of means for FG is only 1.8, there
appears to be a constant underprediction error of approxi-
mately 1 to 3 beats/minute.

By testing the hypothesis that the means are equal
to zero versus they are not, it can be determined whether
the underprediction or overprediction is significant for
each series. The underlined means of Tables 19 and 20 indi-
cate a rejection of the above hypothesis. Fourteen of the
24 means must be considered not equal to zero with 12 indi-
cating an underprediction and 2 indicating an overpredic-
tion. Only the mean error for series 5 was significantly
different than zero, for all subject categories. Otherwise,
there was no apparent underprediction or overprediction for
any given series. Since the first task of Series 5 was at
zero work load and the third task was of only 20 seconds
duration, most of the error for Series 5 can be attributed
to the difference in the predicted and observed steady
state values for the second task. As can be observed from
Figures 41, &7, 53, and 59 the error at steady state for
Task 2 (-1 for MG, -2 for MS -3 for FG and FS) is on the order
of 1 to 3 percent. - Since the validation sample is small and
the prediction error minimal, this consistent and significant
underprediction for series 5 is not sufficient evidence to

recommend that the work load to steady state %RHR relationships
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be examined for work loads in the range of task two (35 to

90 watts). There is no consistent trend of means for the other
serics which indicate an underprediction or overprediction.
Also, it can be noticed that overall error means for MG and

FS are positive and oveirpredictions and the overall error

means for MS and FG are negative and underpredictions.

There is no apparent trend to indicate a mean error
of other than zero for predictions for MG and FS, since the
hypothesis that the mean equal zero is accepted. However,
the underprediction is consistent for MS and FG. The over-
all subject category means and the means of 9 of the 12
series arc significantly different than zero. The valida-
tion results produced by the MS and FG subjects are definite
indications that the work load to steady state %RHR relation-
ship of MS and IFG used exhibit a slight underprediction, for
the two subjects tested.

Conclusions as to the relative validity of predictions
for ecach subject category can be drawn by examining the over-
all means and standard deviations of each subject category
(see Tables 19 and 20). At one standard deviation the poten-
tial error of MG, FG, and FS is approximately 4 beats/minute
(h.3, 4.0, and 4.0, respectively). However, the potential
error at one standard deviation for MS is 6.1 beats/minute.
The crror for MS is 50% greater than that of MG, FG and FS.
Tt can then be concluded that the predicted results for MS

are less accurate than those of the other three categories.
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This is due to the underprediction and not necessarily the
dispersion of the error since the range and standard devia-

tion for MS is less than both MG and FS.
Analysis by Inspection of Plotted Results

Male of (Good Physical Fitness

The predicted and observed results are plotted in
Figures 37 through 42 for the MG subject category. The most
apparent source of error is that the observed time to steady
state is less than the predicted for all step changes of all
series., Therefore, there is an underprediction for step
increases and an overprediction for step decreases. Since
only two levels of physical fitness were used for this study,
varying degrees of physical fitness exist within each level
(good or sedentary). The subject for validation testing had
a highly developed cardiovascular system (see Appendix 2 for
exercise history). Of the total population of persons with-
in the classification of good physical fitness, subject MG-3
would surely be in the top 5% in physical fitness. Therefore
his cardiac response to a step change in exercise was in all
cases much faster. For step changes from an increasing or
decreasing heart rate the error becomes more pronounced as
shown in Figure 42 at time 20. In this case, the subject's
heart rate approached the steady state level of task one
more quickly than the model output. Therefore, the observed
response was a decrease and the predicted response was an

increase. These results certainly indicate the need for more
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levels of physical fitness. (See recommendations of Chapter

VI.)

Sedentary Male

The predicted and observed results are plotted in
Figures 43 through 48 for the MS category. The observed
results for decreasing step changes to a resting state in
Figures 45, 46, and 48 are not consistent with the predicted
results. Since the predicted and observed heart rate
responses coincide for th: uecreasing step change of Figure
43, the observed deviation from the predicted must be attrib-
uted to individual variations in cardiac responses. The
predicted and observed results were exceedingly close for

all other step changes.

Female of Good Physical Fitness

The predicted and observed results are plotted in
Figures 49 through 54 for the FG subject category. By inspec-—
tion of all series for FG, it is readily apparent that an
overall addition of 2 beats/minute to the predicted results
would greatly improve the accuracy of the prediction. Only
7% of the results were overpredictions. The standard devi-
ation for the FG category is considerably less than that of
ithe other subject categories. Although there was a slight
underprediction, it was consistent for all series, and
since the dispersion of error was slight, the predictions could

be considered good.
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Sedentary Female

The predicted and observed results are plotted in
Figures 55 through 60 for the FS subject category. The most
apparent source of error for the FS series is that the heart
rate responses to step changes in task intensity exhibit
linear trends. There is an example of at least one linear
response in cecach of the six series. For an observed linear
response the predictive model will overpredict for increas-~
ing step changes and underpiredict for decreasing step changes.
The predictive model was more accurate for FS than MG, MS
or FG in predicting steady state values. The observed and
predicted steady state values differed by no more than 3

beats/minute.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

This chapter contains conclusions which can be drawn
from this study, recommendations for continued research,

and a brief summary of this investigatiomn.

Conclusions

The most apparent conclusion that can be drawn from
this study is that by translating heart rate to percent of
resting heart rate (%RHR), the heart rate patterns which
represent the cardiac responses to a given work load will be
approximately equivalent for all individuals of a given sub-
ject category. Based on this finding, it was then possible to
develop work load versus steady state %RHR relationships for
each of the four subject categories. A data bank of hard
data patterns in terms of %RHR were accumulated through
experimentation. By using the work load to steady state %RHR
relationships and by drawing on the data bank of hard data
patterns, a predictive model was developed which can depict
an individual's cardiac response in %RHR to a series of
varying work loads. The predicted responses in terms of
%RHR are the same for any given subject category. However,

the output in terms of heart rate is unique for each level
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of resting heart rate. 1In order for the predictive model
to be useful, the only individual input variables required
are sex, physical fitness and resting heart rate. It
should be noted that the predictive model is computer
dependent and requires a minimum of 8K memory; however,
most industrial organizations have access to a computer of
this size,

There are definite advantages in using %RHR as a
physiological index. The only individual testing required
is to determine an individual's resting heart rate. This
is easily accomplished and requires no exercise. The use
of %RHR provides a mechanism by which standards can be set
for personnel selection and job evaluation by using actual
and/or predicted heart rate response to exercise as criteria.
Prior to the use of %RHR, the variation in heart rate between
individuals made the use of heart rate as a comparative
physiological variable difficult. By using %RHR as an index,
the cardiac responses of persons of the same subject cate-
gory can be compared directly and compared to preset stan-
dards (to be determined in subsequent studies).

In the analysis of variance of the empirically
derived hard data patterns, the variability in heart rate
responses caused by sex and/or by physical fitness had 1lit-
tle statistical significance. However, plots of the hard
data patterns by subject category indicated that certain

trends were evident and that there may very well be a
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difference in the responses by sex and physical fitness.
Statistical verification (reject null hypothesis that means
are equal) of these trends would be expected by further data.

The previous predictive models of Schilpp, Suggs and
Vogt were compared to the predictive model of this study.
However, this writer had to refine the previous models
before a comparison could be made. The range, magnitude,
and direction of step change in work load which could be
accommodated by the previoucs models were vastly limited.
Also, none of the previous models made provisions for pre-
dicting the cardiac response to any series of step changes
in work load. 1In a direct comparison of predicted results
for series which could be predicted by the previous models,
the results of the predictive model of this study were more
accurate, for every series, than the predicted results of
any of the previous models.

The responses obtained from the predictive model
were compared to observed results for all subject categor-
ies, The findings indicated that the predictive model is
accurate in predicting an individual's cardiac response
to a series of fixed intensity tasks. The analysis also
indicated that there was no accumulative error over time,.
When using the predictive model to predict heart rate
response, 90 percent of the time the error (predicted
minus observed) was no greater than 5 percent (for high
heart rates) to 10 percent (for low heart rates) of the

observed heart rate value,.
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Recommendations for Continued Studies

The concepts of using the steady state %RHR to
work load relationships, predicting heart rate patterns
directly from empirical data, and using %RHR as a transfor-
mation are in the infant stages of research at the conclu-
sion of this study. There are a myriad of possibilities
for extended research. The following discussion is what
this author feels would be the logical approach to continued
studies,

It is recommended that immediate research expand
the scope of this study to include the whole of the adult
working population., This could be accomplished in stages,
with each stage addressing a different human variable. It
is suggested that these variables be examined in the follow-
ing order:

1. physical fitness

2. age

3. somatotype

4., weight

5. sex

There are, of course, other human variables which may
affect heart rate response to exercise, but it is hypothe-
sized by this writer that the above listed variables will
be the dominant variables and override the effects of
others.

There were two levels of physical fitness examined
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ffor this study. The author of this study interviewed more
than 50 potential subjects in order to determine the level
of physical fitness. During the interviews, it appeared
that it would be possible to categorize subjects into five
levels of physical fitness by simply relating their responses
to standard questions to previously defined standards. It
is suggested that research be conducted to determine the
steady state %RHR to work load relationship for each of
five categories of physical fitness, The results could then
be used to expand the scope of the predictive model to
include five levels of physicel fitness. The inclusion
of three more levels of physical fitness would serve to
encompass the whole of the working population with regard
to physical fitness and to refine the predicted results of
the model. The results could also be used as a submaximal
test for physical fitness.

It is believed by this author that the age variable
has little effect on the cardiac response in %RHR to light
exercise. If there is an effect, it is probably a gradual
effect, and therefore could be examined for age groups
within 10 year spans (e.g., 20-30, 30-40, etc., years of
age). It may be possible to reduce the number of groups to
two with each having a 20 year span, or, perhaps the age
factor could be completely eliminated as being insignificant.

Only subjects which were predominantly mesophoric

were examined for this study, and, consequently the results
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reflect cardiac responses for this somatotype. Technically,
there could be as many as 343 (7x7x7) different somato-
types using the system presented in this study, but real-
istically there would probably be no more than 30. However,
an examination including only the categories of endomorphic,
mesomorphic and ectomorphic physiques would probably be
sufficient. However, if it is found in subsequent studies
that the somatotype variable is highly significant, then
it is recommended that two mnre categories be included
which represent a mixture of (1) endormorphic and meso-
morphic, and (2) mesomorphic and ectomorphic.

The subjects of this study were restricted such
that there was only a 15 pound deviation in weight for each
category of sex. Further studies should include a greater
range of weight classes. Fifteen pound intervals from 90
to 225 pounds would probably suffice, It is recommended
that the weight factor be examined independent of sex in
order to determine if sex can be eliminated as a variable.
It is possible that the variation in heart rate caused by
sex could be incorporated in the weight factor.

It is the contention of this author that predic-
tion of cardiac response to exercise can be done with rea-
sonable accuracy and that the results can be used in the
industrial environment for personnel selection, job evalu-
ation and classification and for many other uses. However,

the practicability of such efforts would be severely limited
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if the classification schemes for each of the variables
required extensive individual testing and observation.
Therefore, it is recommended that future researchers who
wish to conduct followup research be keenly aware of the
necessity of simplification of the classification schemes.

Future testing which is intended to include a repre-
sentative cross-section of the adult working population
should be set up as a computer based operation. The real
time feedback capabilities afforded by the use of computers
would be immensely helpful in experiments of this kind.
Also, and perhaps more importantly, data could be smoothed
and collected in a machine readable format during the test-
ing sessions. Although the initial set-up time may be con-
siderable, the marginal cost per subject tested would
decrease appreciably as the number of subjects tested
increased; however, the cost of manual collection and reduc-
tion of data would remain the same per subject tested.

After studies have been completed to investigate
human variables which encompass the entire population, it
is then necessary to expand the research to include exer-
cises for the upper limbs only and whole body. It is hypo-
thesized by this author that there will be a well-defined
relationship between the responses to the exercises of
this study and the aforementioned exercises. By developing
the relationship between these different types of exercises,

the predictive model could be expanded to include jobs



174
frequently found in an industrial environment.

The work loads examined during this study were
light to moderate and within aerobic capacity. Further
research could include work loads which require an anaero-
bic contribution. A study of this emphasis could incor-
porate an investigation of whole body fatigue as a variabie
in an attempt to quantify whole body fatigue using heart
rate patterns.

Since heart rate is perﬁaps the physiological
variable most easily measured dynamically, it is suggested
that an empirical relationship be developed between heart
rate and physiological cost of work. This relationship
would be established for each subject category. Since the
human variables which most affect the physiological cost of
work will be incorporated directly or indirectly in a future
predictive model, the cost of work patterns as well as heart
rate patterns could be produced as output of the predictive

model.

Summarx

The purpose of this study was to investigate the
feasibility of using hard data patterns, in terms of per-
cent of resting heart rate, to predict an individual's
cardiac response to series of fixed intensity tasks. A
predictive model was developed and, allowing for a reason-
able tolerance in the prediction of heart rate values,

verified to be accurate. However, the predictive model
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accommodates only a segment of the adult working popula-
tion. Since the logic and methodology of this investiga~
tion have been shown to be not only feasible, but effec-
tive, it is recommended that research be continued such
that eventually the whole of the working population can be

accommodated by the predictive model.
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APPENDIX 1

INSTRUCTIONS TO SUBJECTS

Phase I of Testing

You have been selected as a subject to participate in
an experiment which is designed to supply data which will
serve as the basis for a predictive model. Specifically, the
data will be heart rate. Your heart rate will be recorded
continuously on this strip chart recorder as you perform phys-
ical tasks of varying intensity on this bicycle ergometer.

Once the experimenter has placed the electrodes on you,
pleasec be seated in an upright position with both feet on the
floor. There is reading material available if you wish to
read. You will be seated for approximately twenty minutes.

Please mount the bicycle ergometer and place your
hands on the grips. Assume this position each time the exper-
imenter asks you to mount the bicycle ergometer. For prac-
tice and familiarization, pedal as if you would a regular
bicycle until the speedometer needle is on the second green
mark, which indicates a rate of fifty rpm. Maintain this
rate for all exercises. Pedal until asked to stop. On the
stop signal, be seated. There will be a five minute rest

period between each exercise. You can cease exercising now.
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Do you feel comfortable with the bicycle ergometer? (If the
response is negative, the subject is allowed to exercise until
he or she feels comfortable.) Please be seated (if the

response is affirmative). Are there any questions?

Phase ITI of Testing

Welcome back to Phase II of testing. This experi-
mental session will complete your involvement in this exper-
iment. The procedures will be the same as Phase I of testing.
There will be a twenty minn! > rest period prior to exercise,

a familiarization with the bicycle ergometer, and then exer-
cises, separated by a five minute rest period. Are there any

questions?

Evaluation Phase

You have been selected.as a subject to participate in
an experiment which is designed to supply data which will
serve to evaluate the validity of a predictive model. Spe-
cifically the data will be heart rate. Your heart rate will
be recorded continuously on this strip chart recorder as you
perform a series of physical tasks of varying intensity on
this bicycle ergometer.

Once the experimenter has placed the electrodes on
you, please be seated in an upright position with both feet
on the floor. There is reading material available if you
wish to read. You will be seated for approximately twenty

minutes.
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Please mount the bicycle ergometer and place your
hands on the grips. Assume this position each time the
cxperimenter asks you to mount the bicycle ergometer. TFor
practice and familiarization, pedal as you would a regular
bicycle until the speedometer needle is on the second green
mark, which indicates a rate of fifty cycles/minute. Main-
tain this rate for all exercises. Pedal until asked to stop,
at which time, simply stop pedaling and remain in position
on the bicycle ergometer. Begin pedaling when the experi-
menter signals begin. Be seated when the experimenter signals
to stop and be seated. You can cease exercising now. Do
you feel comfortable with the bicycle ergometer? (If the
response is negative, the subject is allowed to exercise
until he or she feels comfortable.) Please be seated (if
the response is affirmative). There will be a fifteen minute
rest period between each of six series of exercises. Are

there any questions?
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SUBJECT SUMMARY
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Subject Exercise History Two Months Prior to Testing

MGl --was an all-around gymnast who actively participated in
international competition. He trained seven days/week.

MG2-~was an all-around gymnast who actively participated in
intercollegiate competition. He trained seven days/week.

MSl--rode a bicycle short distances a few times each month.

MS2--engaged in no muscular activity other than walking short
distances.

FGl--ran at least one mile/day and exercised while teaching
tennis classes.

FG2--ran at least two miles/day and exercised while teaching
body mechanics classes.

FSl--engaged in very light sporadic muscular exercise several
times/month.

FS2—--rode a bicycle short distances a few times each month.

MG3--was a sub-four minute miler who actively participated in
international competition. He trained seven days/week.

MS3--engaged in no muscular activity other than walking short
distances.

FG3~-exercised intensively four days/week and engaged in light
exercise three days/week.

FS3--engaged in no muscular exercise other than walking short

distances.



APPENDIX 3

HARD DATA

This section contains the data points for all hard
data patterns used in the predictive model. The patterns

are presented by task and then by subject category.
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APPENDIX &4

ANALYSIS OF VARIANCE TABLES FFOR ANALYSIS OF HARD

DATA PATTERNS

The following twelve analysis of variance tables
are for analysis of the data collected for the twelve hard
data patterns. They are presented by the two character
codes where the first character is alpha and refers to
the initial value, and the second character is numeric and
refers to the steady state value. A, B, C, and D are ini-
tial values of 100, 120, 14Q,and 160 %RHR, respectively.
Digits 1, 2, 3, and 4 are steady state values of 100, 120,
140, and 160 %RHR, respectively. The sources of variation
are numbered and refer to the following main effects or
interactions:

1 mean
2 sex (S)

2 physical fitness (P)

time (T)

5 SP

G ST

7 PT

8 subjects (V)
9 SPT
10 VT
11 error.

The indices i, j, k, 1, and m are the same as those pre-

sented in the mathematical model in Chapter IV. A symbol
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the level of significance,

Llef't of

follows:

O
O
A

il

.10 level
.05 level

.01 level

190

if any.

the numbered source of variation indicates

The symbols are as



SrURCE ER27R TER™ F SUM CF SQUARES GEG. OF FEAN SCUARE EXPECTED MEAN SQUARE
FREEDUM
1 MEAN TTLLIK) wereebes 1931173, 1 1931173, 144.00G( 1) 18.030( 3)
2 J LY 0.25u8 160+ CHGC00 1 16.00000 72.000( 2) 18.0CC0( 8)
3 K 1(JK) Gellla TllllLid L 7111111 72.000( 3) 18.000( B8)
De L (L 0IK) 5%.3134 $55¢25.285 8 T41.1606 16.CC0( 4) 2.000(1C)
5 JK Lie; le7032 115.7778 1 113.7713 360301 5)  13.000t 3)
6 Ju TL(JK) C.?756 29.51563 8 3.6839453 28.0200( 6) 2.CCG(10}
7 KL Treedky T T 0.2836 3u.40236 8 3.800293 8.000( 7) 2.000(10)
8 1tJr) 25542220 4 63.8G550 18.000( 8)
9 JKL fL{Jxk) 13475 144.4332 8 18.05414 4.030( 9) 2.000(10)
16 IL(IK) 428.736% 32 13.3493808 2.030110)
11 MilJdrL) 233.3125 72 3.247396 1.00C(11)
SO.2Ct ER2_n TERM r SUM OF SCUARES 3EG. CF MEAN SQUARE EXPECTED MEAN SGUARE
¥REEDCM
1 MEAN [uK) AKX 24263254 1 2426325, 144.000¢( 1) 18.030( €)
Oz J Ltind 19.0657 22043278 1 22C.0278 72.000( 2) 18.03C( 8)
3 K [CIK) 44,5149 S13.7776 1 S13.701i5 72.006{ 3} 13.00G{ 8)
f§~ L iLLJIK) 223.°733 264651,.23 8 3C8L.%.0 16.00C1( 4} 2.530110)
5 JK 10JK) Ve3419 6.250000 1 6.255C00 36.%8200( 5) 13.80C( 8)
0Oe¢ s o nutaky 2.94¢2 223.93715 8 27.99219 8.000( 6) 2.0001(10)
AT KL LUK} 7.1630 545.1953 8 68.14941 8.000{ 7} 2.000(10}
8 1iJdn) 46.16675 4 11.54169 18.000( 8)
9 JKL [L{JK]) 0.9383 71.61406 8 8.926758 4.000¢{ 9) 2.000(10)
16 1Ltk 334.4504 32 9.514076 2.000(10}
11 MUIJRL) 971.5703 72 13.49403 1.000(11}
ZiEiK;Z¥§> ERCLR TERM t SUM OF SQUA2XES DEG. OF MEAN SQUARE EXPECTED MEAN SCUARE
FREZOOM
1 MEAN Ituny WA AR 2926949 1 2926949, 144.000( 1) 18.030( 8}
2 J Ptan) 3.9178 173436141 1 173.3611 72.009{( 2) 18.000( B)
A3 K 1(JK) 23.3R29 16344594 1 1034.694 72.002( 3) 13.000( 8)
Ao L i (JK) 7le. 5535 56142.41 8 6852.501 16.C00( &) 2.0:0010)
Os Jx ST 15.4733 6t4.0903 1 68466943 36.030( 5) 1d.000( 8}
Q¢ JL I U 1.0 B Sy SO 1 374,937 g 46.36719 8.200( 6) 2.050110)
O7 kL IL (JK) 8.59202 655.8255 8 81.98193 2.000( 7} 2.000(10)
& 11JK) 177.00Cy 4 44.25330 18.G00( 8)
D9 IKL IL{Jr) 2.7247 G4 u.E6RT 3 55.083562 4.000( 9) 2.000(1C
10 ILfJx) 3UT.9063 32 9.622970C 2.C30(1G}
11 MiideL} 10wv.238 72 15.26720 1.0001011)
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SC.2Cxz ERQTR TERM F SUN OF SCQUARES DEG. OF MEAN SQUARE EXPECTED MEAN SQuAzE

FREECGM
L mEA™ 1LIR) soaenssns  ]6GI612. 1 1607612, 146,006 1) 15.005( €)
z J 1IN L.U0U9  «0250CCCE-O1 1 .6250000E-01 72.000( 2} 1B.CJ3{ 8)
3 K NN 1.4321 95.0625J 1 95.06250 72.000( 31 18.000( 8)
Ao L LK) 17.1514  71049.125 £ BBl.1406 16.000t 4)  2.033116G)
5 UK Tton) c.0203  41.173060C 1 41.17359 26.000( 51 18.033( &)
6 JL TL(IK) r.29%1 27.25781 g 3.407227 8.023( 6) 2.093¢10)
7 KL IL(Jx) 1.7035 1u9.7578 8 13.71973 8.030( 7}  2.0030(10C)
& I(Jn) 265.5273 4 66.38134 18.0G0( 8)
9 JKL NERLS 1.v623  97.11937 3 12.13392 © 4.000( 93 2.006(10)
1C ILEJK) 365.7C68 32 11.4283%4 2.030(10)
Li MiTJrod 359.2188 72 4.989149 1.000(11)
SC R"E SrA_d TERM F SUM CF SQUARES DEG. UF MEAY SCUARE  EXPECTED MEASN SCUARE
FREECOM
1 MEAN 11Jx) FRe¥REER 2559344, 1 2659344, 14%.000( 1) 1B8.C03( o)
2 J 1tan) cePBI2  92.0625G 1 95.062:0 72.0G60( 2) 18.005( 8)
3 A k) L.1044  4.340278 1 4.3402°3 72.0C0( 3) 18.000( 8)
A ILtun) 5C.2343  6172.4%4 8 T71.56CS 16.0C0¢( 4)  2.033{18)
5 Jk [{JK) C.2C4T  8.5CHY36 1 8.506936 36.0000 5) 14.235( 9)
6 JU TL(IR) 1.5463  1P9.7573 g 23.71973 8.000( &)  2.003(1C)
7 aL ILLIR) Ue307D  31.726%6 8 4.T715820 8.000( 7)  2.000(1d)
€ I{un) 166.2459 4 41.56248 18.000( 8)
9 JKL 1L (JK) €.2302  29.28604 8 3.535755 4.000( 93  2.006(10)
10 IL(sK) ©91.4959% 32 15.35925 2.000(10)
Bl MUIO L) 115.2344 72 1.600477 1.COC(11)
[TASK B\
SC.°fc P kAol TERM F SUM OF SQUARES DEG. GOF MEAN SGQUARE  EXPECTED MEL S2UA2%
+FREECOM
1 MEAN [{Jdx) kweutute  316335€. 1 3163358, 144.000( 1) 1€.020( &)
] 1dn) C.4675  31.17360 1 31.17360 72.000( 2) 18.0GC( 8)
3 K L LK) 3.6019 237.6736 1 237.6736 72.060¢ 3) 18.C0G( 8)
As L it lun) 263 ..0dh  257726.25 3 3240.762 15.0060( 4)  2.23C(10)
05 JK [(JK; . 6TUD  6©34.3343 1 6C4.3338 36.002( 53 13.C20( ¢)
€ Ju LK) D.H58T7  {9.69531 3  3.83b67l4 8.CC5( 6)  2.0620(1%)
7 n NURLY! 3853 245,203 8  30.65039 300001 7)  2.G00(10)
& 1{Jn) 278.6387 4 69.65367 18.00C( 8)
A9 KL {LIJN) 5.77+1  533.5731 8  T4.19727 4.000( 9)  2.000(i0)
16 IL(yn) 4111973 32 12.84991 2.000(10)
Ll M(IJrL) 1029.578 72 14.29275 1.000(11)
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ERRUR TERM F SuM OF SGUARES DEG. GF MEAN SQUARE EXPECTED MEAN SQUARE
FREEDOM
1 MEAN 1(3x) RAY AR 1953704 1 1953706, 14%.000( 1) 18.03C{ 8)
2 I(JK) 0e3945 73.673690 1 73.67360 72.000( 2) 13.0C5( g3
O3 K NI 7.5392 15605.840 t 1566.840 72.000( 3) 12.0C9¢( 8}
JAGHY IL{IR) 220.5565 24530.73 g8 3067.216 16.000( 4) 2.50C010)
5 JK [(Jn) 2.3521 495.06213 1 495.0623 36.200{ 51 1&.C20. 8}
o JL [LJK) l.7145 P01.86T2 - B 25.23340 B.0031 6} 2.GC01(10)
AT KL ey S 5.7701 64l.94l4 8  80.242686 8.000{ 7) 2.660(10)
& 1(JK) 831.3057 4 207.8264 18.0C2( 8}
09 JKL PLOJK) 3.6573 4U6.9517 8 50.86771 4.000( 9) 2.000(10)
1C ILtar) 445.0146 32 13.90671 2.020(10)
11 MUIdre) 2979.0G39 72 41.375%3 1.060(11;
SCURCE FRRLP TERM £ SLM OF SCUARES N:5. CF MEAN SQUARE EXPECTED MEAN STUARE
FRRECCOM
1 MEAN I EBEEURL " 2321C%0. 1 2321C50. 144.0000 1} 18.,000( &
2 J LUIR) 0.9769 V3. 44kbh4 1 93.4444- 72.000( 2} 18.0C0( 8)
3 K Tlun) C.2¢le 25.03000 1 25.00000C 72.0001 3) 18.0G0( 38)
A« L ILton) lu.c869 £071.230 3 861.4063 16.000( 4) 2.C00(10)
5 JK Itdn) C.0003 «2717710GH-01 1 S21T710028-01 36.003( 5) 18.00ut 8)
6 JL 1L {dK) G.8927 85.481290 8 19.72656 8.000( 6) 2.0C5(13)
7 L IL(JK) Ge3R27 37.0G6781 8 4.6259117 8.000( 7} 2.205(10)
8 IL(JK) 3s2.6108 4 95.65271 18.000( 8)
9 JKL IL(JK) €.2953 28.70270 8 3.587837 4.000( 9} 2.000(10)
10 1Ltux) 388.8517 32 12.15180 2.000(10)
11 MUTorL) 51641656 72 7.177299 1.0001(11)
[TASK _C &) . . ; VIARE
ﬁ ERIAR TEPM 3 SUM UF SQUARES CEG. OF MEAN SQUARE EXPECTED MEAN SCUARE
FREELUV
1 MEAN 1(JK) ' SR BREEL 3484488, 1 3498488, 144.000( 1) 18.000( 3)
Q24 1{Jx) 6.6719 GALOFL2S0 1 68.96250 72.0001 2) 18.0¢9( 3)
3 K Itar) G.9319 9.506944 1 9.506944 72.500( 3) xs.oguf 8)
As L ILiJK) 154417 3¢ 6337.352 9 792.1589 16.000( &) 2.9:9‘102
5 JK 1eJn} 3.2410 33,06248 1 33.C6248 35.0000 5)  1R.0301 8!
6 JL LK) 2.6857 110.3945 8 13.792932 8.0901 &) 2.02C1100
7 KL ILteKk) 77 0.B137 33,44922 8 44121152 £.000¢ 1) 2.000(1C)
& 113K 40, 80556 4 10.20139 18..00( 8)
3 JKL HEBEY! 1.1272 646.332CS 8 5.791506 4.000( 9) 2.060(10)
16 IL1IK) 164,421 32 5.138156 2.000{10)
11 MOIJKL) 533.2590 72 7.406514 1.000(11)
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TASK D1

SCLRC ERRGR TERM F SuLk JF SCUAZES LEG. OF MEAN SQUARE  EYPECTED MEAN SCULRE
FREECGHN
1 MEAN 1(JK) wexurese 2198053, 1 2194053, 144.000( 1) 18.000¢( 8)
2 10JK) C.0345 19.76259 1 18.06250 72.050C 2) 18.0C0( &)
3 K 1in) 1.8856  987.0068 1 987.0068 72.000( 3) 18.G00( 38)
FACIE ILion) 195.7422  96741.45 € T117.680 16.020( 4) 2.00C(10)
5 JK [ C.1302  6£.356253 1 £8.006250 36.0501 53 18.03C( 3)
6 JL (LK) N.o?91  241.1%36 8 30414795 8.0001 6) 2.0521010)
7 nL TS 1.0430 3L3.9561 Y 37.99351 840001 7) 2.050010)
& Ltdr) 2093.8GCs 4 523.4514 18.000( 8)
9 JKL TLiJR) €C.5206  131.457C 8 18.93213 4.930( 9) 2.0001012)
16 Iecix) L163.601 32 36.36252 2.0230(10)
IL YiloL) 23822442 72 33.09016 1.002¢(11)
[TASK_D2\
STRCE LRRC? TERY F SUM GF SUUARES [EG. CF MEAN SQUARE  EXPECTED MEA' SCUARE
FREECUM
1 MEAN 1 (IR BRBAEEXE 2R064L62. 1 2806462, 144.000( 1} 18.000( 3)
2 J [tur) C.uUd69  5.840278 1 5.84C278 72.930( 2) 18.C00( 8)
3 K 1(JK) 2.1986 1656.174 1 1856.1 "4 72.000C 3) 1£.020( 8)
ACHE IL (JK) 2.l 19163.48 8  2395%.475 16.000( 4) 2.9230(10)
5 JK [tun) CeuS13  43,34579 1 43.34059 36.000( 5) 18.035( 8)
e JL ooy C.7131 221.257) 8 27.65088 6.C33( 6) 2.005110)
7 KL IL{JK) L.0279 31646172 &  39.57715 8.060L 7) 2.C001(10)
€ T1JK) 3376.6%6 4 B44.1714 18.000( 8)
9 JKL ILtun) 0.8032 247.4138 8  30.92673 4.000( 9) 2.000(10)
10 iL(uK) 1232.109 32 38.50311 2.0C0(10)
1L MOLJKL) 16814125 72 23.34895 1.0001(11)
TA%EJSEE ER<CR TERM F SUM OF SQUARES JEG. OF MEAN SCQUARE  EXPECTED MEAN STULRE
FREEDUM
1 MEAN [(JK) seswtxks 3152103, 1 3152103, 144.000( 1) 18.000( 38}
2 113K) U.9665  264.0625 1 265.0625% 72.000( 2) 18,000t b3
3K [(JK) 2.6525 779.3401 1 7739.3401 72.000( 3) 13.G682( &)
Aa L IL (oK) 57.114>  3145.465 3  643.1931 1£.9000 &} 2.060017)
5 JK 1(JK) C.9468  258.673¢ 1 254.6736 36.0001 5} 12.G0G( &)
6 JL [L(JK) 0.6:522  S5E.15391 8 7.344238 8.093( 6) 2.000(10)
"O7 KL I (N S T 2.0081 234.95R% 8 29.37109 8.002( 7) 2.000(10)
8 1(JK) 1092.961 4 273.2153 18.0001( 8)
9 JKL LK) 0.3354  35.¢1938 €  4.452423 4.0C0¢ 9) 2,000(10)
16 TL(JK) 36043613 32 11.26129 2.00G51(10)
11 MUIJRL) 2202422 72 3.0%8919 1.00C(11)

61T



APPENDIX 5
ERROR DATA
This section presents the validation data in terms of

beats/minute error (predicted minus observed) at 10, 20, 30,
. « . 240 seconds for each of the six series of exercises
performed by a subject in each of the four subject categories.
The data are presented by subject category. The large script
numbers (1-6) arc series. The small script numbers are time

in seconds.
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_Zf—a.choo ES -7.C27035 ES v.0
-4.35535 </ —y.cciee P .0
-4,202C2 -2.700CL 0.0
AN A 3.020CC 0.0
—2.00200 . 00000 G0
~1.000C0 Lauulll Ved
-i.07720 4.0iunt 0.C
-1.02052 B 4.00003 .%o
-3,550C0 «.22205 2.0
-3.130CGC 4,5C360 2.9
-1.079Gn 7.0C009 -4.0C000
5t 6.6200C -6.00070
Ceu 12.293000 =3.20u0v
39 1i.550C5 | —<¢.J0u00 |
G e 5.030C0 -1.€0C00
Col 6.0.C0CC —~1.60000
Gaeu 3.320CC -1.00COG
16.25000 14220090 ~1.20000
12.22000 2.C -1.30C00
5.00G00 5.0 _. —l.uCGo0 ]
3.00008 2.0 - -1.00C00V
1.35000 J.0 -1.0C%00
1.9 C.0 -1.00C00
PR [ -1.0C32C0
1.03500 J.C =Z.Joctu ]
_Z—a.;zcco 4 1.03290 6'6'3303’7 .
-4,300C0 T 4.CC000 -4,.,LC0uC0C
~6.30Cu0 5.0C5000 —-2.0G0C0
-5.,07003 10.0C500 -1.00C00
-3.62%03 10.230r0 L. 9.9 ]
~c.03%00 8.u0500 V.0
-2.03.00 _ 5.07000 0.0
-2.300C. 2.5%30n 3.0
=2 euduli 1.22900 Jed
PPV lals U0 2.0
-2.0.lCu 0.l Oev
—c . 02000 3.9 2.0
3,00000 2.0 2.) ]
5.25CN) -6.CuC0L0 J.0
4,CC30D -3.600006 J.0
3.530C0 -2.53390 1.50000
3..CCC0U ~-1.,20209 <.3J007N
3.90330 -1.CC0C0 4euCCC0
3.00U006  -1.£.C00 4000000 __ _ |
3.05000 -i.ccco0 2.0GuCv
3.50CC0 -1.27009 1.36090
3.05500 -1.¢C009 0.0
3.0uLiC -1,£00020 2.

Male of Good Physical Fitness.

Time
(seconds)

10

60

i20

180

240

{10

40

{20

180

240

] 3.0300¢C 3 2.000C0 5-0.0
4Loc.o ~7 v.0 7 ~-0.0 _
1.00000 -1.02000 -0.0 ]
-2.509C0 -5.20000 -0.0
-1.02909 -7.L00C0 0y
-1.60600 -5.500C. “Uaw
-1.2€0090 -3.00000 -0.0
| -1.3uu02 _ =2.00000 . =L.0 ]
-2.09000 -2 .00000 =042
-2.0LC00 -2.00uCu -0.0
~-3.,2900u -2.00G660 ~1.90000
=2.00000 —"1_,_"'000 } 5 =30 B
~2.)0u00 -5.02002 1.792200
 =2.u0l0C ~12.400L0 | -0 L
-2 +J3J0U0V -15.00000 -2.900C0
-5.50009 -15.,0C000 -2.70600
-3.00C00 -15.00002 | ~2.00C0u
vl =-13.00000 -2.0C0C0 7
1.CN00 -11.00000 -2.92u00
| s ~4.0UL00 -2 00500
T2.0600007 -7.02000 -2.0CC00
3.00000 -4.00000 <2.20L00
2.600CH -3.00G00 -2.00.00
1.20000 -£.23000 -5.2550)
-3.5GCC00 =2e0diCu Z2.uC0LU
_szq.uocco f?uq.gaooo”mﬂ__,és 2.00000 |
-3.20G600 3.0 L 2.0
-1.J0900 -3.00000 -2.20000
-2.0900U -6.0ul00 -4.0C000
-1.00000 -7.0v2300 _ —4.22000
0.0 -9.0CL0C -4.3L000 |
—Uew __ -«.,0000C | -4,JC000
6. A -3,209Cu -4,,0C00
=2.0 -2.0000¢C -4.C0000
-u .0 ~1.C0C00 —44272GCU
-J .0 ~7.0 -4..0Cc30
-2.50000 —ve0 -4 o0 CUCU
-2 .,uC000 _.m0.0 C =4.00000
-3.30000 ~J.0 -4.00200
-2.0000L ~5.00000 -4 ,0C000
-2.050C0 -3.0J0000 -9.,0C00
~3.90uC0 -3.C0C00 -15.37C0¢
-3.39000 =-3.0000C -11.JC200
-3,00C00 .. -3.,003500 =3.00000
~3.,300GC0 -3.32000 2.02000
-3 .0uU0CY -3.00000 1.20L00
-5.00000 -3.00000 1.30000
-3.0000u 1.0C00C

-3.03C00

Sedentary Male.
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t 4.GCGC0u :3 -5.20000 55 -0
-C0 o -5.20000  __ |+ -2,z A
—ceduCN T ~8.00900 -J.0
-3.50000¢ -6.,00000 -2.0
-3.360069 -¢.00000 ~3.40
-3.3C6L0G - .0 ~L.oJ
-3.2270C -1 .0 -0.C
| =2.00u00 -3.0 ] -2.9 o
-7.9 -9.0 -7.0
~2.02.00 -ue0 -2.2
-1.0J000 -7.0 -3.006000
-4.0L,0C0 -2.0000C ] -1.3C0C0
-4.20C09 T -8 .00000 -3.00000
_=4,00000 ~0.0 -3.36000
-4.97000 4.00000 -3.0LLCG
-4.00C00 5.000L00 -3.0CC00
-¢.0CC00 1.00000 -3.L0u00u
-4 .,90.00 -0 W0 -3.90000
-3.097G0 -3.0 -3.6L000
__~l.0CC00__ ~3.0 o] -3.0C000
-ued -7.0 " ~3.00000
~4423300 ~u 0 -3.7000¢C
=20 L -0 .0 -3.00C00
=00 -U.ou -4,4,C000
=Z.0J000 -J.0 ff; — e
22 l.JuLOO‘>~__‘?'—l.OOOOO 10 -¢..
=)0 ~1.0000C T -2.0L0000
-2.9 8.u0000 -4.00000
-3.,00000 -1.00600 -4 .,0GUCU
T =3.09002 ~-3.u0000 ~44J0000
-3.02)N00 -3.00600 [T -4.00000
 -3.4300C 1.CCL00 -4.,00000
-3.00000 “VeJ -4 4200200
-3.27.00 Voo -4.,20000
-3.20020 . -G .0 B -4,000C0
~3.,0CL0¢ =00 -4 ,.0C00
-3.JC000C -7.0 —4.00C0C0
[ -6.00u00 | -n.0 4490000
-5.29002 -4 .06G00 -4.,00000
-5.6C000 -3.00G00 -4.,006000
-4.,00000 ~-2.02000 —2UCuC0
-3.4Lu00 -2 25300 -3.)
-3.0070u -2.0CL0 1.00C00
=3.0C00C¢ 1 -2.cu000 -u.0 o
-3.00000 -2.0J900 -0.0
-3.00000 -2 .07000 Doy
-3.J0700 - -2.00000 i -0.0
-3.0CC00 -2 .u0000 -0.0

Female of Good Physical Fitness.

Time
(seconds)

¢

60

120

/160

240
‘0

40

120

/ 80

240

5.009C) 55 7.0L000 ES«ﬁ»o
4.0000U 12,0000 S -0lC
5.000CY 13ewoCin =2l
2.306C0 i3evyCO -2
1.0 lg.0oeud e
.0 95...00J -0
2.9 T -2.5
3.300C0 Tvel T3
5.62C0D ’{'E '3-:
f;g;ggj 1.02000 ~4.30000
, -0.0 ) L e
3;33233 ~3.02CCO —2.00 lte
1.00CG0 =3.50ulC -3.53C00
1.30000 6.C2009 —4.0.l0.
-2.00sCu 6.0CL00 -5.2300¢C
-7.2930¢C 7.00000 -3.00C0¢
-7.06CCCO SRR IVIGe] =3.20000
~1.57C0U tewJ90 -i-f»;gz
_Leu0voo -5 —3.0nCC
S0 -J.0 -3.0C00C
- “Uav -3.0CuCL
- —v .y -7.Ju290

-5.00002
=3.0000C

—ceJJUCU

205000
4}-QUJLVC;7"
: 253,99

6

T.GLace
7.052500
I

“leveull

500 —¢«0237N -Z.J.0nn
2133333 —4elLLCU -2..00CG
7.0C500 -6.00L0C -2.39008
7.00000 =1.02400 =2.90uCu
6.00000 -8.22230 -2.ir0n"
5.0030) Tu et old -2..008C

-3.6 -f.ulicl - 32060
-7.0 -7 .CCuCO ~2¢07GC
-0 -7 ec NG —cauLnrn
-3.0 -£t.Culu? -2 .0_.C.
-2.0CuC0 _"3-CbuCC . -2.3.C7 0
-¢ 0360V -1.330C0 —2.uniule
-2.0lJd0wu 1.52000 ol hale
-2.0 Sl -5.0LLCy
.5LL00 -3.00000 3.023C,
1.020C0 =1.05000 “asiol
1.00L00 TLlevsI0 3.3770.

" 1.00000 -1.C3L00 3.0L00C
1.0C0O0 -1.05000 2euuGCo
1.00000 -1.04C0C | 1.3Co0u
1.C0L00C -1.00020 1.4L2C7

Sedentary lPemale,
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APPENDIX 6

DATA

COLLECTION FORMS

49

SUBJECT_

WETUNT
NAME
ADuriss
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RETGHT

[
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SCAT HEIGHT

TRHR PR
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120
140
160
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100
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IRHR

50 ls 10 Ino

WATTS 8PN

= [T
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10 1106[110}1200130 1401501601170 180 "..hi.‘.s 219 220)230! 240 tire to SS

Loy it
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APPENDIX 7

OUTPUT OF PREDICTIVE MODEL FOR VALIDATION

This section presents the actual predicted output

of the predictive model for the series used in the validation
testing. The results are presented for each series of tasks.
The computer output shows the subject category, resting heart
rate, power output, elapsr i time, mean heart ratc, and per-
cent of resting heart rate. The observed heart rate values
(in beats/minute) were typed in separately. The series num-
ber (1-6) and subject category are presented at the bottom

of each series presentation. Male of good physical fitness

is MG. Sedentary male is MS. Female of good physical fitness

is FG. Sedentary female is FS.

199



BoevRsssanurahaRanhectsasaCAKD AL

POWEn LUTPUT

LA A AR S T

PCWER LUTPUT
(WATTS)

30

30

30

60U

&6J

MALE

200

GOUD PHYSICAL FITNESS

RHR IS S8

FLAPSEL TNk

RESPANSE FURSSSITHERACALAMAGERANIEE S

"7 MEAN MEART RATE ~ PERCENT OF RESTING HEART RATE

Series 2-MG

LSECONDS) {BEATS/MINUTE)
o 58 100 observed
. 10 66 113 - o 69
20 69 120 73
30 e o _L2s _ 76 ___
40 14 128 76
50 15 130 76
60 75 130 76
70 15 - 130 - 76
80 19 1356 82
9 82 lal e _85 .. ..
100 R&4 145 85
110 86 1417 85
120 85 147 85
130 85 - 147 - 85
140 85 147 85
= 1 o 85 147 8s
16u 80 138 64
170 T4 1z R 58
180 70 120 o 58
190 66 - 1i4 - 58
200 63 109 58
. 21w 61 e l0- . 58 .. _ .
220 59 102 58
Z3n 58 100 58
740 8 _ . loo L ... 58
“Series 1=-MG~ - - -
e FercLARULIAC KESPONSE FURFEXREAGEIREAIARRKKEBEXKERRE
MALE
GOOOD ¢YHYSILAL FITNESS - -
RHR [S 58
FLAPSEL TIME MeAw HFART RATE PERCENT OF RESTING HEART RATE
{SECUNNS) {BEATS/MINUTE)
o 58 100 obggrved
10 63 108 64
20 67 115 70
. 30 68 ) } 118 Y £
40 T2 124 78
Su 15 129 80
60 77 133 80
70 78 135 80
gn 78 135 80
90 78 135 ) n 80
100 8 135 80
110 78 135 80
12¢ 78 135 80
13n 18 135 80
140 l6 132 73
150 14 129 - 70
160 Ta 121 70
179 T3 126 70
150 73 125 70
190 73 12% 70
20u 73 12% 70
21N 73 125 N ~ _ 70 R
22V 13 129 70
230U 73 129 70
240 13 125 70



BEFDIORRURSRBXLERERNBERRCARDIAC RESPONSE FORS$SFESEEEASERRRREEDRERNEEE

Sertes—3=Mg — -

- MALE
GOND PHYSICAL FITNESS
RHR IS 54
PCWER QUT PUT ELAPSEL [IME MEAN HEART .RATE  PERCENT OF RESTING HEART RATE A
(WATTS) (-SECONDS) (BEATS/MINUTE) observed
105 0 58 100 58
105 10 69 119 76
105 20 18 135 87
_los 30 . 8s 147 _ 87
105 40 90 155 87
105 50 91 156 87
105 60 91 156 87
105 70 91 156 - Y
105 80 S1 156 87
105 90 91 156 87 o
T 108 100 3y - 156 gy T T T 7
0 110 90 156 83
0 120 u4 145 76
0 130 R & ¢ - 133 T o 65
0 140 71 122 60
0 L15¢ 66 115 58
T o B 160 66 T o 58
0 170 Y3 ' 105 58
0 180 59 102 58
0 190 1 100 - 58
0 200 58 100 58
0 21 58 100 58
) o T T T 220 58 ~100 58
0 23¢C sy 100 58
0 240G 58 1600 58
0 250 -1 o 100 . " 58

CREBBOAABKEERAAERRRRAKAKECARDIAC RESPINSE FNROCKKERKEI AR ARAKEKRRRRE K

PUWFR QuuTPUT

(WATIS)

MALE
GOOD PHYSICAL FITNESS
QHR [S 58
FLAPSED TIME ~~~  MEAN HFART .RATE
{SECONUS) (BEATS/MINUTE)
o 58
10 T 69
26 79
3o o 8s
4y 79 -
50 T4
60 10
70 66
an 63
90 60
100 59 77 T
110 58
120 Sy
130 58
140 54
150 ) 62
LeU " &%
17v - 66
180 67
190 67
200 67
210 . 61
220 67 T
230 67
26D 67

_Series 4-MG

PERCENT OF RESTING HEART RATE '

100
1t9
137
145
136
127
120
114
109
104
102
100
100
100
100
106
112
114
116
116
116
116
116
116
116

observed
58
69
80
.80
74
64
. 60
58
58
e 58
58
58
58
58
58
i -ee_ . .. ©B
68
68
68
68
68
- .- 68
68
68
68
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FEGBBRGORPEXRUNBO AN EHRIRTARD[AC RESPONSE FORGCHAESEEEBEEAEAEAERESTRERY

MALE
B GOOD PHYSICAL FITNESS ) — - :
RHR IS 58
POWER CUTPUT 7~ "EUAPSEr TIML ™ "MEAN HEART 'RATE '~ PERCENT OF RESTING HEART RATE ’ -
{WATTS) (SECPNDS) {BEATS/MINUTE) __observed
0 ) ¢ 58 100 58
0 10 58 ) 100 ) T T 58 N
0 20 $8 100 58
... .6 .3 58 _ 100 58
0 40 28 oo L 58
0 50 : 58 100 58
0 i 4G ) 54 100 58
o] Tu 58 i i T 100 - T T g8
0 80 58 100 58
o 9 58 100 L 58
40 100 sy 100 58
40 110 64 111 68
40 ) 120 _ 68 ) 117 ) 74
40 130 71 122 o - I 7'}
40 L4 72 125 74
80 aso 13 125 I 7 D
4G 100 73 129 74
40 170 73 125 74
40 179 73 125 74
40 190 73 i - 125 . 74
40 200 73 125 74
.4 el 73 2 74
40 2¢0 73 125 74
60 230 73 125 o 74
60 . il e .78
T Serieg 5-MG .
HEUGU SRR an e nxnhEgxa iR e UCARUIAC RESPNNSE FOR® S KRGSk B ph b h ok axx X
MALFE
GOON PRYSICAL FITNESS
°HR IS Su
PCWER LUTPUT ELAPSFD TIME T MEAN HEART RATE PERCENT OF RESTING HEART RATE
(hATIS) (SECUNDS) (BEATS/MINUTE) observed
65 0 58 100 58
65 10 68 118 70
40 20 Tt 123 77
40 .30 . 12 e 124 R 1 -
40 40 73 125 75
40 5u 73 125 74
40 60 13 125 73
40 70 73 125 73
40 8u 73 125 73
40 950 73 . _ 125 e e 73
40 100 73 125 73
40 110 73 125 73
40 12e 73 125 73
40 130 13 125 73
40 140 73 125 73
40 150 73 125 - . 73
0 140 73 125 73
0 17v 69 119 68
0 160 66 114 64
0 190 64 111 66
0 20N 62 107 58
0 210 60 104 _ 58
0 2206 59 102 58
0 230 58 101 58
[V} 40 8y 100 58

Series 6-MG
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BORECERRRAOUR LA IRV AAAANGCARND AL RESPONSE FORSEASUASRGRERSRERSBEEERRRS

MALE
SEDEMTARY B T i
RHR IS 76
T PUWER UUTPUT ~ 7 UFLAPSER TIMe 77T TTMEAN HEART 'RATE™  PERCENT OF RESTING HEART RATE — ~~—~ —— ==~
{WATTS) {SECONL S {BEATS/MINUTE) S obseryed
11¢ 0 76 100 ) e 76 -
110 ' 10 88 115 T T T 85 ‘
110 20 94 123 94
... uo ___““m_,___"n-éopm_“_._w.“"._____91 lZIM..,." 96 .._.
110 40 . 9 . X 3. o . 100
110 50 99 , 130 100
110 ] 60 - '>99 o 130 o o 100
178 70 99 130 100
175 80 10« 136 . 105
_____ 175 e 90_»_"“___’_“_________107__ 1’0[»_ R 109 . . .
175 100 1i0 _ 145 _ T2
175 110 b - 146 114
17% 120 112 147 T 114
175 130 112 ’ 147 ’ oo T 114
175 140 112 147 114
DR 5 w2 oo ler 114 . .
0 loy 105 . -~ 138 L e 110
0 17v 99 131 e 102
0 120 95 125 95
0 .90 89 118 o Lo T 88
0 20C 86 113 86
0 e 210 e .___82’___ L ___._._____."______108 e _.82 ~
0 240 81 . 106 L o - 81
0 230 79 104 , I 79
e 240 77 102 ) ' 77 .

e L T T eu kU — - — e e e [ — e et Tarmait

i
i
|
]
{
3
!
i

|
l
l
|
!
i
|
i
|
!

Series 1-MS

SRRERBEEBAXKKXURELE AR RECARDIAC RESPNANSE FORCBEGCHKEERREXEREROERERERAE

MALF
- SEPLNTARY T oo
MR IS 76

PUWER GUTPUT =~ LLAPSED Tlt. MEAN HEART 'RATE PERCENT OF RESTING HEART RATE

(WATIS) (SECDYNS) (BEATS/MINUTE)
75 0 76 100 | ~ obsgrved
75 10 87 114 ' ' T 90
75 2c 89 118 93

SBs 30 L9 A T3 . 85 -
135 50 100 132 L _ 102
135 6N 103 135 104
135 80 104 136 104
135 o 90 o _.. 104 136 o o 104
135 100 104 136 104
13 110 104 136 104
13y 120 104 136 104
90 130 103 136 104
90 tat 102 134 104
9y 3 » 150 . 100 ) 131 L ] ) 103
99 1#0 Y8 129 100
30 170 96 126 98
9 _ 1LG 95 125 98
90 190 95 125 ' 98
90U 200 9 125 98
99 o «10 9 ) 125 o 98
99 22t 9 12% i 98
9u 230 95 125 98
9% nn 95 12% 93

Series 2-MS
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FEOKEEIBABARANABRREAKU S ARD [ AL RESPONSE FNROXUEESBAUCEKARSERAIAKAE S

MAL E
SENENTARY
RHR [S T6
PLWEP LUTPUT ELAPSED TImME MEAN HFART RATE ™ PERCENT OF RESTING HEART RATE =
{WATTS) ' SeCuNnS) (BEATS/MINUTE) observed
0 0 76 100 76
0 10 16 100 76
0 20 76 100 76
o 30 R 16 R 5 - 76
0 40 TTTTTT 76 T 100 76
0 5N 16 100 76
0 &0 76 100 76
0 70 16 100 B o 76
0 fJ 76 100 76
0 % 6100 L i 76
90U ior 76 100 76
90 110 817 114 86
90 120 91 120 91
3u 130 94 124 53
9 L4y 95 125 g5
90 L 150 o 9 125 57
90 lou 95 125 Q7
9u 17 95 125 97
90 1R 95 125 57
92 190 95 125 g7
90 200 95 125 97
U w95 R ¥+ . 97
30 220 95 125 97
135 23, 95 125 97
135 ) 240 L %% 130 B o 104
Series 5-MS
ChESREEEaARU A Ga e xkruxtCARND] AC RESPONSE FORGH:AGRAGX QLD ERhbRo kX
MALF
SECENTARY ” o
RER IS 76
POWEP ULT PUT FLAPSED TIME MEAN HFART RATE PCRCENT OF RESTING HEART RATE
(WATTS) (SeCONDS) (BEATS/MINUTE) observed
la> 0 76 100 76
145 10 91 119 89
90 ;0 97 128 95
90 30 96 ) i 126 . .96
90 4y 95 125 99
9y 50 95 125 99
90 6u 95 125 99
99 70 95 125 99
90 a0 95 125 qq
9y 90 9 _ 125 _ 99
90 100 95 125 39
9. 110 95 125 99
9V Lze 95 125 99
99 130 95 125 99
90 140 95 125 99
9L 159 95 N 125 . .99
0 o 95 125 99
0 17y 90 119 99
0 190 ;1% 111 99
0 190 81 106 92
0 200 79 104 88
0 21c 18 . 103 . ) 76
0 2.3 77 102 76
0 23 17 101 76
r pan 101 76

1
Series 6-MS

A )



ookt Ravnat et eakhvs et CARDIAC RESPNNSE FORFEEFEREBEUAXSAASERRERERE

FEMALE
GOCD PHYSICAL FITNESS -
RHR 1S 72
POWER MUT PUT TELAPSEL TIME™ 77 T MEAN HEART RATE
{WATTS) (SECINDS) {BEATS/MINUTE)
44 0 72 100
45 10 82 113
45 ) 88 122
45 30 90 126
48 T T T T e T - 91 7126
45 50 91 126
45 60 91 126
8u 0 91 ) 126
80 an 98 136
By o 90 _ 103 143
0 TTTionT 7T 03 143
80 110 103 143
80 120 103 143
80 130 103 143
au 140 103 143
0 150 103 143
o - leu T T T g T T T T 136
¢ 17 84 tL6
0 1RO 79 109
0 190 76 105
0 200 74 103
0 210 T2 100
0 220 27T T 100
0 230 72 100
0 240 72 100
- S 1 - ) s =1 K o] © bt

"PERCENT OF RESTING HEART RATE =~~~

observed
72
78
88

94
C e 94
e — 94
94
100

e 103

..105
... 107
107
107
107

100
ww. .. . .B8
e .- B2

77

74

i t Lyl

-

92 @

I 107 -

R, 73

72
72

T T ;'T—"Z’_I?Z P

yURRARR R RA G AR A etk GEARD]AC RESPUNSE FURC®OKKEAAXGAIIRTRRLERIAKG R
FEMALE
GOON PHYSICAL FITNESS

PCrER CUT PUT
(waAliS)
29
25
25
55
56
55
55
55
58
55
55
58
9s
35
35
35
39
35
39
Eb)
35
35
35
35
35

RHK [S

ELArOEU TIME
(SECUNLS)
0
10
20
30
40U
50
bu
70
RU
30
100
110
120
130
140
150
160
170
L
190
20N
210
240
230
24N

72

MEAN HEART RATE
(REATS/MINUTE)
72
8
83
84
90
94
94
94
94
94
94
94
94
Y4
92
89
87
Al
87
87
87
87
87
81
87

Series 2-FG

PEcRCENT OF RESTING HEART RATE

100
108
115
116
126
130
131
131
131
131
131
131
131
131
127
123
121
121
121
121
121
121
121
121
121

observed
72

80

82
S -1
90

97

97

97

97
e o 97
97

97

97

97

96

e e 94 -

92
91
90
90
90
e e 090
90
90
390



CUBLEL a e Ry xR AR aE s s R 00 CARDIAC RESPUNSE FNRESEMESEAREARKEEEENERRAGEE

FEMAL E : . . .
- GOOD PHYSICAL FITNESS g
RHR 1y 72 f
PCwer UUTPUT 7 ELAPSED TIME ' MEAN MEART .RATE  PERCENT OF RESTING HEART RATE _
(WATTS) (SeCINDS) (REATS/MINUTE) observed
1uo 0 72 100 72 -
100 10 ’ 85 ' 118 88 2
100 20 93 129 98 =
10G 30 99 ) 13 107 oo A
100 —_ N0 T ST ST 104 145 _ 110 S e
100 5u 108 150 110 .
100 ‘ 60 ' 10 » - 153 . i 110 Ly
100 70 110 ' , 153 110 -
100 80 110 153 110 ,
100 90 110 153 110 e
100 T TTTTTTIon T CTTtTTTTT = ile T 153 110 .
0 ’ 110 110 _ 153 ‘ 110
0 120 104 144 o 106 -
0 130 91 ’ 127 99 :
0 140 83 123 88
0 150 83 s 79 _ . e
TT o TTT T T 160 TTTTTTT T g T 108 . 73
0 170 13 101 72 -
0 19y 72 " 100 v .72 .
0 190 12 100 79 ?
0 200 72 100 . 72
0 210 2 100 e 12 L
o T Tigen T TTITUTTT T _ 100 72
0 230 T 72 100 , .72
0 240 72 - loo o .72 ~
A 250 12 100 72 X
Series 3-FG
t#t##t####v#*ﬂk#**#ttvnvtc,’\RD[AC RESPONSE FOREGSO KRS hUE bk b oot A bRt e s
FEMALE
GOOD PHYS.CAL FITNESS T
KHK IS 72
PCWER LUT PUT ELAPSLED TIME MEAN HEART RATE PERCENT OF RESTING HEART RATE
(WATIS) (SECNNDS) (BEATS/MINUTE) observed
gu 0 72 100 72
gy 1¢ 85 ’ 117 ) . 85
RO 20 92 127 93
Q . A e R & 1 ) e e 98 -
0 40 93 129 85
0 5N 81 113 82
0 60 75 ‘ 105" 78
0 0 73 102 ' 76
v 80 73 101 72
o 90 N £ - o0 ) o . 72
0 100 12 o 100 T 72
0 110 72 100 72
0 12u 72 100 72
0 13¢ 72 100 72
1% 140 72 100 72
15 150 ) 76 , 106 80
15 1eu 79 110 82
1y 170 80 112 82
1 1u0 80 112 82
Ls 190 ac 112 82
15 200 80 12 82
15 210 y 80 L 112 82
1Y 220 80 112 g2
16 2 an 80 112 82
15 240 80 112 g2

Series 4-FG
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vErerrrrusuaeReudnanws o2 CARDIAC RLESPUNSE FURSSSSEECECEUSCHEbAs skt s
rFMALE
GOON PnYSICAL FITNESS

PLwER LUTPUT
(WATIS)
0

[eoReloNaNoNoN ool

RHR S 72
EL APSel TI™E -
{ScCUNDS) (BEATS/MINUTE}
0 72
10 72
20 12
30 12
“ a0 —— 15 —_—
Su ) 12
60 12
70 72 - )
Av 72
90 72
100 T T2 T
110 80
120 86
L3n 87
140 87
150 87
16u o T8t
170 87
180 81
190 87 )
200 87
210 87
220 o - 87 -
230 87
240 91

Series 5-FG

T TMEAN HEART RATE ~ PERCENT OF RESTING HEART RATE —

P2t vy v xRRe AR RRCARUIAC RUSPUNSE FORS*EsES ek pb ekt bd il
FEMALE
GOOD PHYSICAL FITNESS

PCWE LUT PUT
{WATTS)
60
&0
3%

35
35
39
35
35
35
35
39
3
39
35
35
35

cCccocCcococCc

KRHR 1S

FLAPSFL TImL
{LECONDS)
0
10
20
30
40
50
by
70
an
90
100
110
120
13C
140
150
160
17v
180
170
200
<10
22u
2an
240

12

MEAN HEART RATE
{BEATS/MINUTE)
(4
84
91
89
87
87
87
87
87
87
87
87
87
a7
87
87
b7
85
8G
5
12
T2
12
12

observed
100 72
100 2 :
100 72 .
100
100 — 12
100 2
100 72
100 T T, -
100 72
100
100 ""“""‘“_""‘]75 -T T
1Ll . 8
119 87
121 90 °
121 90
12 90
121 90
121 90
12t 90
121 90 -
121 90
e 80
121 30
121 " 90
127 95
PERCENT OF RESTING HEART RATE
obsgerved
100 72
117 84
127 91
123 e 31 ]
121 91
121 91
121 91
121 91
121 91
121 91
121 91
121 91
121 91
121 91
121 91
121 3 ) 91
121 91
119 87
1 80
104 74
100 72
100 72
100 72
100 72
100 72

72
Series 6-FG



BRARERL LR U e U Un AR EnebeauCARD[AC RESPONSE FOROHEEASATRGRAI AR SRk R ER
FFMAL E
SECENTARY o i
RHR IS ARG - ;
TPUWER WUTHUT T 77 FLAPSFL TIME ~ ~ MEAN HEART RATE  ~ PERCENT OF RESTING HEART RATE ™~ — —— ~— -
(WAT1S) (SECONDS) (REATS/MINUTE) observed
60 0 80 ‘ 100 . 80
6u ' 10 ©o9] T 114 o T 86 T
60 20 96 121 91 :
60 30 100 125 95 o
6V 40 T2 T T T T T T2 T T100 7
60 50 : 103 ' oo 128 o 103
60 60 103 " Cr 129 ' " 103
100 70 ’ 103 ’ N 129 T T 403
1o 8N 111 139 103
160 90 115 144 110 )
V7T B U [+ & 2 Y S ’ Ty T
100 11¢ 117 146 113
100 120 117 146 114
100 ‘ 130 117 o 146 ' T 1% N
1C0 140 IS 146 16
0 150 17 146 116 L
T T T ey T T T 116 TTTTTTTTTT T 42 T T Ty T
0 170 108 ' 135 oo 115
) 180 103 128 o 110
0 190 97 . 122 T - 98
0 200 31 114 90
0 210 87 109 o 87 L
) 0 T 220 TTTOOTTTT 84 T TTTTMes T T T 84
0 230 T 82 103 ’ 32
0

240 B U L . U

Py

Series 1-FS

BAXB AR YRR HREBEERE ARG R ZEE*CARD]AC RESPONSE FURKGHREGCEABBEGREERRRREEGEK

FEMALE
SECENTARY
RHR IS 80
PCwFR LUT PUT CLAPSEDP TliMc ’ AEAN HEART RATE PERCENT OF RESTING HEART RATE
(WAT I S) (SFCONDS) (BEATS/MINUTE) observed
40 0 80 100 o 80
40 10 85 106 90
40 20 90 112 93
75 30 922 oo Ms %
75 T 4L T T ol 126 97
15 50 105 131 o 99
75 60 107 134 100
75 70 108 135 ) 101
75 80 lue 135 102
75 90 108 ) ) 135 ) L 103
75 ’ 100 108 135 108
75 110 108 13% 108
15 120 108 135 108
50 130 108 135 108
50 140 106 132 108
50 150 - 103 129 _ S X 105
50 160 1ol 126 103
50 170 1€0 125 101
50 190 10v 125 100
50 192 100 1295 g9
50 200 100 129 95
50 1 C 100 125 5G
50 2720 100 125 99
50 23N Lo 125 99
50 240 LQu 125 99

Series 2=IFS
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BEBORRERLUOa RN ukaxBECARNIAC RESPUNSE FNR¥*SESE 2GRN SERESEE R SR
- FcMALE .
SEDENTARY ) - k)
RHR 1S AC )
o . R — o
rCWER LUTPUT ELAPScD TIME MEAN HEARF ATE  PERCENT OF RESTING HEART RATE -
{WATPS) {SECuUnDS) {BEATS/MINUTE) observed i
125 0 80 100 80
125 10 95 1i9 T 88 3
125 20 106 133 94 g
125 30 113 141 _ 100
126 7T T T I8 148 7 105
125 50 L, 123 ) ’ 154 T 111 .
125 60 125 156 ) o 120
125 70 T 12y T 157 coom o T 125 E
125 CIY) 125 157 125 .
125 90 . 125 o 157 o 12
129 R 1+ Y« V.1 S T / CoTmmeTT 125
0 110 126 157 o 125
0 120 120 150 120
0 130 S ¥ B! T 139 oo 114 3
0 140 105 131 108 '
0 150 98 123 92 S
) TITTTTTTTTT 6L T 91 T1le gs T
0 170 - 87 I 109 ' o 80
o 180 84 105 80
0 190 82 B ) 102 ' T T 80 7
0 200 80 100 . 80
0 2,0 80 100 80 B
0 TTToTTTT 220 - j:00] “100 7 - - 80
0 230 T 80 ' 100 o 80 ~
0 240 80 ' ' 100 . 80
Series 3-FS .
oo swanekannanaeserteCARDIAC RESPUNSE FORGkeskRasssbhtbbhasrditss
FEMALE
SECENTARY - T T -
KhR IS 60 .
PCWER UUT PUT ELAPSEN TINMF MEAN HEART RATE PERCENT OF RESTING HEART RATE T
(WATTS) (SECONDS) {BEATS/MINUTE) observed
100 0 80 100 80
100 10 92 115 o ' 90 7
1o 20 99 124 95
0 30 105 L v’ 103 _
0 40 101 Coi27 B 103 i
0 50 97 ' 122 101
0 6U 93 117 99
0 m 90 112 ' 98
0 8n 87 108 95
0 90 _ 84 . 105 92
0 100 82 ’ 103 T TTTTTT T T g0
0 110 al 102 88
0 120 80 100 87
0 130 80 100 . 86
30 149 80 100 83
30 150 B 105 _ o 85 .
30 160 88 110 Thmrm T R Y A )
30 17u 90 112 90
30 180 91 1La YA
30 199 93 16 ' 94
30 200 93 116 94
30 210 93 116 .
30 220 93 116 94
30 230 93 116 ' 94
30 240 93 116 o 94

Series W4-FS
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supsppenspsunupaxaenasexasCARD [ AL RESPNNSE FORFEEAEESEREREEKEUESIRERDEKE
FeMat &
ScOENTARY
RHR IS 80
PCwElk LUTPUT ELAPSFR TIME 7 EAN HEART RATE" PERCENT OF RESTING HEART RATE
(WATTS) {SCCINDS) (BEATS/MINUTE) observed
o) 0 a0 100 80
0 10 80 100 ) 80
0 20 80 100 80
0 30 80 100 80
0 T T e T T T T T80T 100 77 80"
0 50 80 100 80
0 60 80 100 80
0 70 &0 100 80
0 Ry 80 100 80
0 B 90 o 80 100 80
50 1C0 T80 - ‘100 ~ ) - 80
50 110 88 110 92
50 120 93 1L6 95
50 130 96 120 98
50 140 98 122 101
SO 130 99 124 103
50 Tlee 0T 109 12 ~ 77 103
50 170 100 125 103
50 160 100 125 103
50 190 100 125 103
50 210 100 125 103
50 210 100 125 103
50 T T 2200 TTTTTTTTTTTT 00 7T T T2 T T OUTTTITTTTTTTTL03
75 230 100 125 103
75 240 105 131 112
Series 5-FS
sxexxp ke nukhpanxnuuxwei O ARN[AC RESPUNSE FORSEEk ek kg bk ek rkkki sy
FEMALE
SECLNTARY -
KHR IS 80
PCwEn LUTPUT FLAPSEN TIME MEAN HEART RATE  PERCENT OF RESTING HEART RATE
(WATTS) (SECONDS) [{BEATS/MINUTE) observed
8u 0 60 100 80
80 10 95 119 88
50 20 103 129 96
50 30 ~ Lo . Y1 102
S0 40 10G 125 102
50 un 160 125 102
50 6u 100 125 102
50 70 1un 125 102
50 80 100 125 102
50 90 100 ) 125 i 102
50 100 100 129 102
50 110 100 129 102
50 120 100 125 102
50 130 100 125 102
50 140 100 125 102
50 157 too 128 i L 102
0 160 100 125 102
0 170 95 119 100
0 1P0 91 114 88
0 190 8a 110 84
0 200 85 107 82
0 21u 83 104 - 80
0 220 R2 102 80
U 230 8l 101 80
0 240 101 80

61
Series 6-FS



APPENDIX 8

DOCUMENTATION OF PROGRAM FOR THE PREDICTIVE MODEL

Input Card Specifications

category, MG, MS, FG, FS or XX (for

heart rate (beats/min)

7 ——-number of tusis (2 or 3)

value (%RHR)

13-15--1st task work load (watts)
17-19--1st task duration (seconds)

cards can be included with XX as end-

cc. 1- 2—-—subject

last cerd)
cc. h4—- S5—--resting
ccC.
cc. 9-1ll--initial
ccC.
cc.
cc. 21-23--2nd task work load
cc. 25-27--2nd task duration
cc. 29-31--3rd task work load
cc. 33-35-=3rd task duration
Any number of input
of-file.

List of Variables (in order of appearance within program)

E1,
F1,
G1,
H1,

Al,
B1,
c1,
D1,

WA,

T

ZM

E2, E3, E4
F2, F3, Fi4
G2, G3, G4
H2, H3, H4
A2, A3, A4
B2, B3, B4
c2, C3, Ch4
D2, D3, D4
DU

4x19 arrays which contain all hard
data heart rate patterns—— row 1, is MG,
2 is MS, 3 is FG, and 4 is FS.

Appropriate hard data arrays are
selected and transferred to these 19
element 1list for computation. (See
Chapter IV for definitions)

3 element lists for work load and dur-~
ation

19 element HR pattern not adjusted
for time (%RHR)

18 element HR pattern adjusted for
time (%RHR)

18 element HR pattern (heart rate)

212
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L, H 19 element low and high patterns

sC, SUB, PF Character for subject category, sex,
and physical fitness

Iv Initial value

IRHR Resting heart rate

I Number of tasks

SSS Expected SS %RHR

Ic Test constant for L & H selection

R3 Ratio (see Chapter IV)

R1 Ratio (see Chapter IV)

R2 Ratio (see Chapter IV)

ICh Test constant for SC

IT Tiine

Iwa, 1IzZM, 12T Integer for WA, ZM, ZT

X0, YO Dummy lists of 19 elements



214

Start 1-15

,
Read
Hard 16-52
Data

g

309

55-84
Load
Correct _—
Hard Data ) .
Patterns The following loop is

completed for cach
task in input card

————e

103
1100 = SSS
Compute
SSS
l 105-197
See Figure 12
Load . Chapter IV for
L&H Y — ——— Detailed Flow-
chart

)

Flowchart of Program for Predictive Model.
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198-203
Compute
- 0O

204-209

Compute
Z

, 210-216

Determine
Shift
Magnitude

217-251

Compute
ZzT




Sow e

l4
15
le
17
IR
19
20
21
2?
23
24
5
26
27
2R
29
30
31
EV

33
S24
35
36
37
38
39
40

C OO0

aNel

216

PROGRAM FOR PREDICTIVE MODEL (WATFIV)

THLS PRUGRAM CanN AE USER T PREDICY AN INDIVIDUAL®'S CARDIAC
KESEDHLF T a4 SERLIES OF FIXED (NTENSTY TASKS

ARRAYS Lok 3Gy AND H ARE THE ARRAYS WHICH HOLD MARD DATA IN RHR
POW L 1S MALF=GUUD :

Riow o 19 MALE-5TCENTARY

KUV, 3 IS FEMALM-uuul

KUk & 1€ FEMALE-SENENTARY

DIALNSILY Chla, 190, 2(4419)eF304,191,E4(4,19)

CIMISTEON Fllay 19) o c0ay 19,8 304, 109) 4F404,19)

OV S TUN GLlU4y 1Y 20204, 19) 903044191 ,64{4,19)

PDIMENSLION FLUG, L) 92 (4, 19) 0113049 19) gHe {4 419)

ARRAYS A,6,C AND D ARE ARKAYS WHICH HOLD THC APPROPRIATE

baill CATA FOR CouMPUTATIUN

Aly a2y A3 AND A4 ARE 102 O 100, 120, 140, AND 160 RESPECTIVELY
GIMENSTUN AL (L9),A2019),A3(19),A4(19)

Lly 02y B3, ANL 84 AKE 120 M 100, 120, 140, AND 160 RESPECTIVELY
DIMOISTON L1CL9) P {19 ,63(19),B84(19) '

"ly C2y 3, AMC C4 ARF 140 TO 'GCD, 120, 140, AND 160 RESPECTVIVELY
LImENSION CLIL19),£2(19).C3("'9),C4(19)

Ciy €2, [3, ANP L4 AKE 160 N 100, 120, 140, AND 160 RESPECTIVELY
DINENSION P119),02(19),03819),04(19)

ARAYS wA ANL NU ACCEPT wATTS AND DURATICN OF TASKS
CINENSLUN wA(3),PU(3) ) o ,
AKRAYS 7 ~-bR PATTRM [N RHR ZT ~ADJUSTED FOR TIME "~ZM -ZT MEAN HR
LIFEMSION Z2019) 3 ZMU1C), 2T(L8)

ARRAYS L ANM h ARE wWNRK AREAS THAT HOLD THE LOW AND HIGH HARD
DATA FNR FACH PREPICTED HR PATTERN

KEAL L )
0500 {19, 19)
CHARACTE®R sC#%2,UR%6,PF%21 7
QEAC TN 1ARD DATA '

J=1

IF (J.EN.5) GO TU 95
FURMAT (19F%.0) o
REAT (S, 1C)HCALIK) yK =1y 19)
REAT(I5, LG A2UK ) ,K=1,19)
RCAD(Sy‘O)(Aﬁ(k)'K=1119)
REAP (5, 10) {AGIK) yK=1e19)
REACI, 1NV LRLIK)Y yK=1y19)
KEACISy IO ECURNI9K=1,19) e
REAGI10MIP3IK ) gh21,19) N o
AEAP(SvIO)(BQ(K)vV=L019)_

REATIS, LCIICLIK ) K=1,4 1910

REAP (L, 1CIIC2(KY,K=1,19)

REALIS, VUM C3{¥ )yKk=1,419)

REALUS, 10V Calr) K=Le19)

RLAP(S, 1O IDiIn) ¢K=1,19)

RFAI (S, 1CHI DK boK=1y19)

REAUIS,LOMINILK ), K=1,19) 77

REAL(5,10}(D4IK) 4K=1,19)

LOAD DATA TN APPPOPRIATE HARL DATA ARRAYS

Cr 5u %=1,19
E1(J,K)=A1(K)
E2(J ¥ )I=A2{K)
E31J4K)I2A3(K)
Eald MI=AG(K) -
F1Id R =PY1{K)
Feldyk1=B2(K)
F3{JeK)=EI{K)




41
40
43
44
Hn
«
47
48
49
50 50
91
S¢

D

53 a8
54 100
C
55
C
REXTCWSTON® A
5{)
CEXTENLION® A
a7 i
CEATELSTON® A
So
e XTENSION® A
59
CEXTEUSTUN® A
ol Lul
61
62 10¢
63
64 103
65
ot 104
C
61 106
6t
69
v
71
712
73
T4
75
76
77
78
79
80
81
82
813
84 107
C
85
¢

) o .
o
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FaldyK)=R4(K)
ol dyn)=CLHIK)
Getdyri=C2(x)
G3(dyn)=C31{K)
Hl{d,n)="1EK)
H2{JyK)=L2{K)
H3(,v)=sC3IN)
R4 {JyK)=Na6(K)

Cuwl INuUF

J=J+t.

Gty TP 8

tNPIr DATA 5C=SUbJoCT CATEGURY, [RHR=RESTING HEART RATE, I=NUM'
TASKRLy IVv=INITIAl VALUE, WA=WATTS, DU=DURATION.

RECAL A CATA CaRM FOR UNE [NMOGIVIDUAL

REALISy 10U} SCGIRHR s Ly [VeWALL)DULL) s WAL(2),DUL2)44WA(3),DU(3)
FURFAT (A2y 13,12y 14906F4,0)

XX ufy ThHE ST O FIELD INPICATES LAST CARD = TERMINATE PROGRAM ~ 7
IF {(SCEQatAXt) STNP
DeTehmiiil APPROPRIATE
CHARACTER VARTABLF 5
TF ST WL 'MGYY WO Tu
CHAKACTER VARIABLLE IS
IF (S5Cacba*M5%) GU TGO
CHARKACTFR VARIAWBLLE IS
I (SCL.FG.'FGY) WD T
CHARACTER VARIaclLEL IS
[F (SC.TL.'FS?Y) GNP TO
CHAAACTEK‘VQZIALLEmiS

HARD DPATA ARRAY

USeD +ITH A RELATIONAL
iJl

USEC WITH
102 ’
USED WITH A
103

HUSED WITH A
104

USE0 WITH A RELATIONAL OPERATOR.

OPERATOR
A RELATIONAL OPERATOR
RELATIONAL GPERATOR

RELATIONAL OPERATOR

J=1

GC TO 100 .

J=¢

GL TO 106 B } -
J=3

6N T 106

Jea B U Y P U

LOAnR APPRNPRIATE HARD DATA INTU COMPUTATIONAL ARRAYS

CC 107 K=1,19
ALIK)=FLUd,K)
A2 (K)=EcldyX)
A3IKI=E3E <)

AG¥ Y =E4(JoN)
BY(K)=F1(J,yK)
R2(K)=F2(J,K)
B3(n)=F3(J,K)
b4 (K)I=F&(J4K)
ClL{K)=G11JK)

C2(KI=Gel(IWX)
C3(K)=63(JyK)
Catv)=Gal.)yK)
C1(¥)=HI{JyK)
D2(K)=HZLJ+X)
C3(K)=H3{I,4¢)

Latk)ztal(J oK)
COMI INUF

THE FCLLUWING LUOP IS COMPLETED ONCE FOR EACH
DN 990 M=z, |

IF TASK REWUIRES LTSS THAN 10 WATTS SET SSS = O
IF (wAIM)=10) 150,1u9,179

TASK- 2 oR3

CHECK SUBJLCT CATEGORY M=MALE,F=FEMALE,G=6G00D PF,S=SEDENTARY



"7
SEXTENSTON®
(&N
rLAUASTUNT
o
PLATLNG TUNS
N
C
C
VEXTONS [TuN*
21
32
93

94
9
96

97
48
39

1vl
1C1
10«
103
104
10>

16
Lu/
108
1u9
110
111
112
113
114
119
116
117
11g
119
120
121
12?2
123
124
125
126
127
128
129
130
131
132
133
134
135
136

1uv9
A

A

A

A
11¢

12n

130

l4y

15¢

L6u

17

L75
L8N

T 1Ry

199

195

20C
210

215
220V

2¢5

230

235

250

265

266

267

270

218

[F (SC.bGa*™GY) GO T 110

CRASACTER VARTABLFE 1S UScC WITH A RELATIONAL
17 (SCLFL. 'S ) o0 Tu 120

CHAPACTEDR VARTAKBLE I USCU WITH A RELATIONAL
Tr (SCetua't,') GO T 130

CHAKACT R VARTARLEL TS USED Wil A RELATIONAL
[F (ST HCa ) o TU L0

CUORPUTE FXPFLTLL STLADY STATE RHR (S5S)

FOR MG

CHALACTER VARLLELE IS UScD WITH A RELATIONAL
oSy = L fLERA (M) YL D033
[Cn=1

o T léy

fFUR MS

SSS=. 209 WAIMY+1NL 443
1Ca=2 .

GO TC LAy

FUR FG
SSS=,4R4%nA{M)+104.306
[Ca=3

Gr 17 1AC

FOR FS

SSS =431 5nAlNM)+1lU2.069
[Ca=4 T
GO Tr LeAO

$54 =109

CONTINUF

IC=0

PEIS SEGMERT brirndIneEs WHILH HAKD DATA ARRAYS TU USE-HIGH ANU Luw

TR (IV=-120) 172,170,175
1C=10+1 )
G" Tr 200

tF (IV-140) 180,180,185
IC=1C+?

L TU 200

OPERATOR
OPERATOR

OPERATOR

OPERATOR

[F (1V-160) 190,190,195
IC=1C+3 N
Gu TO 200
PRINT,'1V 15 GREATER THAN 160 RHR?
G0 160 95
[F ($55-120) 210s2104215

1C=10+1v
uu TU 250 » ‘
IF (55S=140) 220y22ue22S 7
[C=1C+20 o T
GL TU 250

1F (S535-16N) 230,2304235

(C=IC+30
GF TP 250
PRINI, "SS5S 1S GRLATER THAN 160 RHR®
o0 10 95 ) o
TF {iC-11) 270,265,270

[F (1v=SSS) 267,20714266

CALL CUPY(Lobtdyl9

CALL CIbY (honse 1)~ """ A
So i aun e e e e
CALL CuPY(L,Al,19)
CALL IPY{H,A2,19)
LN 10 &Vu B o
LF{IC=-12)28B0,272,280




137 AT2 THAWA(MY=0.0) 2754213,215
14 ST CAVL 7LpPY{L,PlyLY)
1) CALL C‘:I’Y“\,{,LI]())
Lad (VIANE I A Y TV
l"l (7') r.ul.l_ C\ "Y(l"l 111‘;’
Lo CALL CHLEY(1i,a02y,19)
L4 3 G T «0U
Levee cHO Wt (1C=13) o 7)ednly D
149 SR IS Ca Cuti ) oL T, 282
SERTENG TeN o Lhian T o) VAaLaacl P 1S BseD LT A RELATIONAL OPERATOR
14¢ LE (G TeESY) LI U 292
wp XTLAN N A CHARACILR VARLABLE IS USel WITH A RECATIONAL QPERATOR
1ol Go T 7CH
gy ¢tbe 1l LuwAlMY=Cau) 2’)1&“0'1_’55
L4 9 ¢B3 WRITC(AH,31Y)
150 ol T 9%
thl 2a CALL CoPY(L,CLya9)
152 CALL CH0Y(h,DLl,19)
153 LGN TO 159
154 B8 P (aAlR)=0.0) 28T 284,287
15% 287 CALL £ PY(L,Cl,19)
1»e Cabl TeY(F,M2,19)
157 6r T0 ~Cu
156 ¢Iu LF LIC=21% LUuLy 295, 500
159 295 CALL C1PY{lL,A?,19)
1o CALL 7P Y{t,03,19)
161 o TO 4yu
L N3 F T =22) 310, 3050310
los Jus TP (iVv=55S5) 301y 30T, 300
lo4 306 TALL CulY(lLyC2ylY)
165 CALL CiiPY{(ry4(3,19)
166 GO T 400
le.7 307 CALL COPY(LsE2+19)
1ot CALL T PY(ity b3 419)
109 ol TC ~Cyg
L7v 31, TE IC-c3) 320p3124320
i7l 312 IF(LO.r0.erSY) ou TL 318
AEXTENOTGNS A LFARACTER VA<TARLE IS USEN WITH A RELATICNAL QPERATOR
172 LE{CLECLYFS Y)Y GY TN 3113
TLXTEMSLUN® A CHEALACTER VARTABLE 1S USED WITH A RELATICNAL OPERATOR
17> CALL CLPY(LyC2,1%)
174 Caull CubY(Hs"3+4191)
175 G TC 400
L7& 316 WRITE(F,4319)
171 319 FURMAT(1 X, 'STEP DELREASES IN TASK INTENSITY -EXCEPT TO RECOYECRY -
1 ARF MNuT ACCFPIEED FNAR IV OF KMPRE THAN 14C RHR —SEDENTARY ONLY?')
176 GN Ir 9n
17y scu LETLIC=-51) 530y 3254330
18C 325 LALL F.PY{(LyA3,19)
131 Call FOPY({1sbLéyly)
1542 gt P LQu
1s3 330 LHUIL=32) 360, 335,340
1ive 33, CaAlL o #Y{b,t3,19)
11y TALL Carv{t,fayla)
186 G T 4Ce
b7 30, 1T (IV-45577346T7,347, 342
| RN 262 1FLSCTR RS Y wu TU 346
sl TGN o CA 0 VAR A SLE [ Ut wiTIt A RULATICNAL DPERATOR
1 nn PP (Gt b)) Y Ty 340

CLXTENGION®E A CHARACTLER VAR LA E S USel AlTH A RELATIONAL OPLRATOUR
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190 CALL C10oY(L,N3,19)
11 LALL Ci?Y(tieufy 1))
19 (VLN BT R
11 Jau GRITLIA,319)
144 Gu TL 9Y
1% 360 CALL CTOYLLLC3y 19}
Lot CALL CPY{ by Cuayty)
197 Or T 00
C RoUTINS Tu De TEINE 2T FUR RECOVERY PATTERAS
(. Of [V UREATFR T.04" 120
1an 350 WA= (Iv=t () )/ (y=ti2h)
19 LT(1)=1V
2L L 39 KB=2,12
ol LT UKy =HIR= e 1) ~L (K341 DI *RIeL (Kuel)
Sue 360 LONTIMNIE
REVE Gr TS Ll> »
NG 400 FFASSS=Ll10)) 1 194U5,41C
Z)h 439 Lall CLPY(Z,L,19)
20¢ CM Tr 421
C K1 [€ ThHE PATIL AeTWEFRN SSS ANM THE LOW SS AND THE HARD DATA H-L
207 410 RYI=(SS5S-L(1R))/2..0
C CuMbul® THL EXPeCICD MR PATTERN AND STURE IT IN 2
cut CC 4¢n K=slyld
204 420 Z(K)=(lh(K)=LIK)}))*R1+#L{K))
C APJUST Wb X FuR TiME IN 10 SECUND INCREMENTS
<10 421 IF(IV=SSS) 439,4394423
il 473 CC <429 K=,410
cle PP CLveuToZK)Y)Y G, TU 427
21 [CTUR I A A
Zla 427 Jzr-1i
< LS GO TC 229
ceth 42t CunwTINUE
217 429 TFLIV=Z(J¢l)) 432,430,432
2lf 430 Re=.."
el oh I 430
220 432 IFLLCN)=20J41)) 435,433,435
271 433 R2=1.J
2 GN TC 436
) 435 R2=(IV-2(J+1) /(L3 )=-21JeL))
224 436 Zi(1)=1V
ced rC 437 K=2, 1P
ZCk LTV )= (7(o+1)=LtJec))RR24L(I2)
247 [FLZ2(J+]1) sEwallJd#2)) GO TN S00
P J=Jd+}
/7Y 437 CONJINIF
cin Gl TC SCu
281 439 [C <50 h=y 1R
<32 [FIIVeLTZIKY) GO Tu 44y
233 vu 1L 450
204 440 J=K-1
PR Gf TP e
240 450 cLl INUE
v My TRWIME R2 THE LALIN UF THE DIFFCRENCE BFTWEEN IV AND ZA
" ANL BLTwEEN ZA ANL ZA PLUS 10O
237 af s JFLIV=L0d))108Ty0F 5y 261
<38 465 R2=U .0
PR uli TO «0C
Dt GAT L2006 0)=70100)) aTn,abkr,b6T)
ol wlt Re=1."

chl vu U ach



J63

I

aub
Jht
Jal
PR
9
VAR
ehHl

257
153
256

cHh
296
en7
256
259
260
261
6
L3
204
209
200

2ot
Ly

£69
270
271
Pays
273
¢ T4
27
AL

217
21

279
28¢

261
282

283
R
285
286

2l
PR
289
24973
2l
249

293

4Tu
48y

410
BIVIV}
910

v1>
e

26y

S« 2

544

246

260

579

S5&

S99

000

eln

Ry

630

695

6906

700

708

e
0o
=

W22 CV=LUINY /(2L l)=210)3)

Ti(ty=1v

CLIWL T THL EXPLUTED HK PATTERM ADJUSTED FOR TIME AND STORE IN 2T
DL YU szy le

LV K=l dt ) =7 (Jel)1eR2V0{(J41)

LEQZ04 0 000 Z80823000 10 500

J=Jd+1]

CONT ITNUF

NC S1u KA=sK, LR

LT {KB)=S8S

COFPLTE bR PATTEAN [N MEAN HR FOR A GIVEN RESTING HR

PhoS20 kK=1,1¢ T )
MU= LCZT R % [ik) /100)

TF ("0 1) 60O Tr 695
DITFEMING FEADING VARIABLES
ol TU (Sauy, 062,964 7546), 1C4
JUbk=® ALE !

PE=000NL PHYSICAL FITMESS®
G0 TP %60 '
SUtps=? MALE !

PE=? SLDENTARY .
GN M 560

UGzt FEMALE !

PE='GI0U PHYSIGAL FLINESS® T T
ol TC 56U ’

SLo=tcMALE?

pr=¢ TDENTARY .

PPINT HEANING INFURMATION

WRIITELGySTL)

IO AT{LHL , 250 ), Y CAPCIAC RESPCNSE FOR'H25(7%®0) )’
WinlTE{byHv60) SUE
FURKAT{LIXy31(" 1),AT)
WRITEL6,590) PF

FORMAT (1X,24(% ¥),A2]1)
WRiTE({wy€uL ) IRFR
FLRMAT (1Y e9(t ), "KHR IS 513y
WRIlt(ty0l0)

FOPNAT(1X,t ')

PRINT CLLUMN FEACINGS

YRITE(Gy 02C)

FORMAT(1Xe' POWbLR QUTPUT 'L *ELAPSED TIME ', "MEAN HEART R
LRATE V1P eRCENT OF RESTING HEART RATE) 7~ 7777777 7~ S T T )
WRITF(OsH3U) B
FLRMATI 3Xy *{WATTS) *, " (SECONDS)
13 ) ’ B ‘

1T=0

K= 1

KOUN™ ALL HR AND Rhx OFF TO NEAREST INTEGER ™~ ™
LO 699 Ix=1,18 T
IMUIX)22M(1X ) 445
T (IX)I=2T(IX)+.5
CUNTINUE

PRINT PUntER OUTPUT, TIME, HHR, AND MEAN HR
IWA=wA(M) ‘ T oT o T o
LZh=71(K)

127=/T(K)

WRITF{6y7TNS)IWA,IT, 1ZM, 12T ' o
FOPMAT (IXe IRy 1aXel3014X,159s15%Xe15)

IT=1T+10

nzKey T T

»* (BEATS/MINUTE




2an G TO (710,720,130 ),M
¢ CEFCN TURAT LN PE O LASK
95 710 IF (1T TaLUEL)) SU TO 700
296 Lu LU P00
Jatl T2u I+ (iT.LTL (D20 Y+0UL2Y)) GO 10 700
L\}() U( T{" OOJ
29 (30 1F (ITLLTA L)y vl 2YeDUL3))) GO TO 700
r ST OINGTIat vALUE FOR NEXT FASK
Juw ouv VLT (K}
Sul 920 Cr i IMJSE
SO°? Gu TU 95
393 LNP
304 SULRUUTINFE COPY (XN, YOaN)
C SUPBRMUTINME LOPY LOALS ARRAY X0 INTO YO BGCTH OF DIMENSION NO
30U OIMENTTIUN CHINUY , YU NDY
306 NC LNy KC=1,NU
ANy Lo0U AN (AU} =Y O{K0) i B
308 RETURN
3uY ENC




APPENDIX 9
PROGRAM TO PREDICT HEART RATE PATTERNS USING SCHLIPP'S MODEL (BASIC).

INPUT WORK LOAD IN WATTS, DURATION IN SECONDS, AND RER
? 220,120,76

00010 PRINT ' INPUT WORK LOAD IN WATTS, DURATION IN SECONDS, AND RHR' TIME HEART RATE
06020 INPUT W,D,R 0 76
00030 B=,4+W 10 111.2497
0COLO Al=Re+,25 20 122.5745
000L0 A2=R-A1l : 30 131.1923
GCOGEO PRINT 'TIME HEART RATE! Lo 138.011¢%
00C70 FOR T=0TODSTEP 10 ‘ 50 43,4131
0GOE0 Y=Al*(1-(1/&E«*(,385+T)))+A2¢(1-(1/&E*++(,02332T))) 60 147.6920
000690 H=Y+R 70 151.0815
60110 PRINT T;H 80 153.7666
00120 MEXT T 90 155.8936
N0130 PRINT 'INMPUT DURATION OF RECOVERY' 100 157.5785
0C1L0 I1HPUT D 110 158.9131
0G150 PRINT 'TIME HEART RATE' 120 159.9704
00160 AZ=, 358 INPUT DURATION OF "RECOVERY
G0170 FGR T=0TODSTEP 10 ? 120
GT1EN Y1=A32QE#*(~,0262T) TIME HEART RATE
101¢D H=Y1+R 10 159.6000
0021y PRINT T+10;H 20 140.4599
00220 NEXT T _ 30 1°7.7019
00239 END 40 11..3227
EDIT : 50 105.5488 e
60 98.72366 !
70 $3.56737 W
80 8§9.54535
90 86.441417
100  84.05289
110 82.20627
120 80.75766
130  79.69153
EDIT run
W = watts
D = duration in seconds
R = RHR
B = expected bpm above RHR at SS
Al,A2 = fast and slow components

Y = bpm above RHR for increasing HR
H = HR at time T
A3 = fraction of B used for recovery
Y1l = bpm above resting foir recovery



00050
00055
00060
02068
00070
00072
¢o1co0
00110
00112
00114
00120
00120
00140
00150
00160
00164
00170
60172
00400
oou1o0
00420
oou30
oouLo
0o0u590
00460
00uLbL
0oL70
00u8o
oou9o
00495
00500
EDIT

1]

1 1l

o

HONIHNOW O S i
|
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APPENDIX 10

PROGRAM TO PREDICT HEART RATE PATTERNS USING SUGGS! MODEL (BASIC).
IEPUTII FOR EXERCISE, 2 FOR RECOVERY, AND 3 FQR STO?

PRINT ' INPUT 1 FOR EXERCISE, 2 FOR RECOVERY, AND 3 FOR STop' GNTER WATTS, DURATION IN MINUTES, AND RHR

T1=0 ? 100,2,72
INPUT X TIME HEART RATE
0 72
IF X=1 THEN 100 .
IF X=2 THEN 400 A %0 81.8}325
IF X=3 THEN 500 g . 90.556385
PRINT 'ENTER WATTS, DURATION IN MINUTES, AND .RHR' z 98.34688
INPUT W,D,R 0 105.2875
0=.01lU=y 50 111,4713
S=60+0+78 60 116.9808
A=S-R ’ 70 121.8847
PRINT 'TIME HEART RATE' gg 126.2632
FOR T=0TODSTEP.1666 130.1569
H=S~A* (&E*2(~_693T)) : 100 133.6316
PRINT T1;H 110 136.7249
Ti=T1+10 ‘ 120  139.4808
NEXT T DO YO? Nl?H ANOTHER
GO TO 480 ? yes
PRINT INPUT 1 FOR EXERCISE, 2 FOR RECOVERY, AKD 3 FOR STC?
PRIMT 'INPUT SS FOR EXERC:iSE, DURATION, 1V® ? 2
IHPUT S,0,1 INP
A=1-$ UT SS FNR EXERCISE, DURATION, IV
FOR T=0TODSTEP.1666 0? 7%%%'150
H=S+As (&E»e (- ,4992T)) . 1
PRINT T1;H 0 163.7778 )
T1=T1+10 20 138.0520 [
NEXT T 30 132.7829 -
PRINT ' DO YOU WISH ANOTHER' 40 127.9342
INPUT AS$ 50 123.4722
IF A$='YES®' THEN 50 60 119.3662
END 70 115.5877
80 112.1107
80 108.9110
100 105.9665
110 103,2570
time periods in seconds II)CZJOYOUISI?E:ZiszSoTHER
indicator ? ‘yes
watts
duration in minutes
RHR
oxygen consumption
SS HR '
time periods in minutes
= HR at time T1
expect SS for exercise
duration in minutes
IV



APPENDIX 11

PROGRAM TO PREDICT HEART RATE PATTERNS USING VOGT'S MODEL (BASIC).
ENTER 1 IF I1LCREASE AND 2 IF DECREASE

1
ENTER WATTS, DURATION IN MINUTES, 1V AKND RHR
00010 PRINT '"ENTER 1 IF INCREASE AND 2 IF DECREASE' ? 220,2,76,76
00020 1NPUT C1 TINE  HEART RATE
00030 PRINT 'ENTER WATTS, DURATION IN MINUTES, IV AND RHR!' 0 80.29182
00040 I1MNPUT W,D,I,R ‘ 10 109.9916
00050 C=.L=V - . 20 129.1539
00065 T1=0 30 11,5173
00070 IF Cl=1 THEN 200 40 149,4942
00080 K==-,712-.0069=*C . 50 184.64509
00050 GO TO 220 ' 60 157.9615
060200 K=-1.35-.0078«(1+C) 70 160.1040
00220 PRINT 'TINE HEART RATE' 80 161.L863 -
00230 FOR T=0TOD STEP 166866 gQ 162.37381
C0235 Pl=-K+T+,05 100 162.953¢6°
00236 P2=1/&E++Pl 110 163.3248
00237 H=C*(1-P2) 120 163.5644
00240 IF Cl=1 THEN 248 : EDIT rin
00242 H1=1-H
00244 GO TO 250 .
00248 H1=H+R
€0250 PRINT T1;H1 EHNTER 1 IF IHCREASE AilD 2 IF DECREASE
00252 T1=T1+10 ? 2
€0260 HEXT T ENTER WATTS, OURATION 1IN MINUTES, 1V ANLD RHR
00270 EHD ? 220,2,1G4,76
EDIT TIME HEART RATE
‘ 0 159.7082
Cl = indicator 10 143.1864
W = watts _ 20 129.9256
D = duration in wminutes 30 119.2¢21
I = IV 40 110.7394
50 103.8823
R = RHR 60  98.379%7
C = expected bpm above RHR at S5 70 93.96239
Tl = time periods in seconds 20 90.41711
K = time comnstant 90 87.57158
T - time periods in minutes 100 85.287¢C¢
P1,P2 = dummy variables 110 83.L5454
3 . 120 §1.9332
H = bpm above RHR EDIT  run

Hl1 = predicted HR

Y24



APPENDIX 12

PROGRAMS TO DETERMINE SIGNIFICANCE OF THE DIFFERENCE BETWEEN REGRESSION
COEFFICIENTS OF TWO SEPARATE EQUATIONS (BASIC).

00010 Al=0

00020 A2=0

00030 PRINT' INPUT N'! 00010 PRINT' INPUT SY1IX SX1 M1 SY2X SX2 n2?
00040 INPUT N 00020 INPUT S1,X1,N1,S82,X2,52

00050 FOR 1=1TON 00030 S3=((N1-2)*S1+(N2-2)%S2)/(N1+H2-5)
00055 INPUT X,Y 00040 Sh=S3*(1/((N1-1)*X1)+1/ ((N2=-1)*X2))
00060 Al=A1l+Y , 00050 S5=SLix*,5

00070 A2=A2+Y%x=2 00060 PRINT 'INPUT B1 AND B2!

00080 B;=Bl+x 00070 INPUT B1, B2

00090 B2=B2+X*#*2 ‘ 00080 T=(Bl-B2)/SS

00100 NEXT 1 : 00090 PRINT 'T FOR Bl AND B2 0f',B1;B2
00110 PRINT 'INPUT SLOPE' 00100 PRINT 'T=':T

00120 IHPUT S ' 00110 END ’

00130 S1=(N*B2-Blxx2)/(N*(N=1)) EDIT

00140 S2=(N*A2-Alx+2)/(N*(N-1))

00150 S3=((N-1)/(N-2))%(S2-(S**2)=%S1)
00160 PRINT 'SX','sy','syx!

00170 PRINT S1,S82,S3

9¢¢

NG180 END
EDIT
Program to compute sums of squares Program to calculate t statistic
N = number of observation S1,S2 = S y S
y/x1 v/x2
X,Y = values of independent and X1,X2 =S _, S
. x]1 x2
dependent variables
Al,A2,B1,B2 = accumulators N1,N2 = number of observation (1 and 2)
S = regression coefficient B1,B2 = regression coefficients (1 and 2)
s1,s2,S3 = S_,S_,S T = computed t
x'Ty'x/y

(Crow, 1961, p. 160)



APPENDIX 13

PROGRAM TO LIST ALL HARD DATA BY TASK (WATiiV).

R IENE. SV RN NV Ny

ThIS PROGRAM L15TS ALL HARD DATA BY TASK
CUIMENSIUON M(&,16,18)

O 100 I=l.4
DO 110 J=1y16

RCAMES, 100 Uil Ly JaK)oK=1418)

105 FURFAT(4X,1314)

110 CPNT IMUE
100 LT INUE )
no 215 J=1,16
135 IT=C
WRITE(F, 14C)

TG0 EORMAT UL, T IME

wWRITF(o,150)
15¢ FORMAT(LX,!?

WRITE(G, 155)
155 FORMAT(1AL,' ")
Nu 200 K=1,1%°

et PALE
600D

Tl

LF’) FPR“‘I\T‘ ZX' I3vf?Xv 1»5(0‘1 [310‘1 [31: QX' 1 3‘)

IT=1T+i0
200 COUTINUE

210 COMTINLE

«yeo
eivis

B H R

= subject categories
= tasks

= time periods

227

CARITE(50 1670 TTyF L dak) el (203K oMU 3K) M1, Jokd



%RHR

BPV

RHP eda
ZRHR

BPI

%RHR

RHR ###

BPM

RHR ##=
SRER

BPM

RHR

4
K]

1=50T090 STEP 10
DL2O PRINT USING 50,1,1+2,1+4, 1+€, 145

rHR #rd

G370 PRINT USING 70

00470

CCT1C FCOR
wlUou @
:BPL

APPENDIX 14

PROGRAM TO COMPUTE HEART RATE—%RHR CONVERSION TABLE FOR .
RESTING HEARTS OF 50 TO 90 BEATS/MINUTE (BASIC). TABLE SHOWN
IN PART.

RHR 70 RHUR 72 RHR 74 RHR 70 RHR 76
BPM  CRHR BPM  ZRUR BP4 GRHR BP9 RHR BeY SRHR
50 71 50 69 50 (] 5u GG 50 54
52 74 52 12 52 ¢ 52 Gs 51 u7
5 77 54 75 bl 13 S4 71 Sh 69
2 56 80 506 78 56 76 506 74 50 72
4 L8 33 56 81 58 78 56 76 58 74
X GO 86 60 63 GO 51 60 79 60 77
3 62 89 62 b6 62 8h 62 ce G2 79
¥ GY 91 Ch 89 6h 26 Ch oh Gh 32
Z GG 94 66 92 GG 29 116 87 66 35
3 LY y7 68 94 66 92 6o 89 68 87
< 70 100 70 a7 70 95 10 n2 70 90
- 72 103 72 100 72 §7 72 95 72 " 92
o 74 106 74 103 74 160 7L 97 74 35
2 76 109 76 106 76 102 7C 100 76 97
* 78 111 78 106 75 105 78 103 78 100
= e ily $0 111 30 1038 2o 1us 60 103
w 32 117 82 11y 02 111 -~ 82 108 62 1085
ht 5 120 84 117 b 114 oy 111 84 108
Z 3 123 86 11¢ 8GC 116 86 113 a6 110
) 38 126 88 122 83 119 32 110 83 113
e 90 129 30 125 30 122 90 115 90 115
S 92 131 92 128 92 124 92 121 92 113
= 9y 134 9y 131 L 127 94 124 94 121
- 96 137 96 133 96 130 96 126 96 123
Pl 93 140 93 136 95 152 3 129 93 126
o™ 100 143 160 159 100 1356 100 e 100 128
v 192 me 102 1452 102 132 102 154 102 131
= 104 149 104 144 104 151 104 13 104 133
i 106 151 106 147 106 143 106 139 106 136
N 108 154 103 150 108 146 103 142 103 1338
- 110 157 110 153 110 149 110 145 110 141
Sa 112 160 112 156 112 151 112 147 112 14y
D 114 163 114 158 114 154 114 150 114 146
w116 166 116 161 116 157 116 153 116 149
- 118 169 118 164 115 159 118 155 11¢ 151
~ 120 171 120 167 12 162 120 156 120 154
% 122 174 122 169 122 165 122 ~1¢1 122 156
™ 124 177 124 172 124 165 124 1G3 124 159
=) 126 180 126 175 126 170 126 166G 126 162
. 28 83 1238 178 128 173 128 163 128 164
B 130 186 130 181 130 176~ 130 171 130 167
) 132 189 132 183 132 178 132 17 132 109
3 174 191 134 186 154 181 134 176 134 172
s 136 194 136 189 136 184 136 179 136 174
~=- 138 197 1338 192 133 186 138 2 13¢ 177
™ 140 200 140 194 140 159 140 154 1490 1,9
e
Vo
.~y
sg® I=RHR - - - - - - -
- J = beats/minute
cow -
= ‘
. . . ) } .
S - . t . . )
wn D ' ! B .
S bbb b b e b b b b b e e e : | i i
T ZapEmEsooSEizazsazIac. | | |
R I T T T T R : '
o -zac oo aaiailonanraa:ad i
DU NOUOOOOD OOO M OINM 1N ONOOIOmNCEYO :
O TN O NN TINW W W WU DU WW WES NP0 ) i
OO Crdert rmird edrtrd el r = rd ey rm et e 04 e e e ] ]
OWVCOOOOOODULLODOOCOLOLOODOLODODODDODOCDOOO
DO UOULOVOLIODODOO VDO LOUODULUIDOLOLOO W
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