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Modeling has long been important in the life sciences, but detailed,
physically based models have only begun to be used. The range of applica-
tion and the variety of mathematical methods used is already great. New
computer hardware advances should make life sciences modeling more
practical in the near future.

I. INTRODUCTION

The great importance of modeling in all science has been well-stated
by Rosenblueth and Wiener (ROS-45) who point out that

“The intention and the result of scientific inquiry is to obtain an
understanding and a control of some part of the universe”,

and that

“No substantial part of the universe is so simple that it can be grasped
and controlled without abstraction. Abstraction consists in replacnqg the
part of the universe under consideration by a model of similar but simpler
structure.”

The great complexity and variability of biological organisms have‘led
to the use of models for their study (HAR-66) (BEN‘-7?.) (PER-6_8)
(VIC-74), though not without some questions and doubts. Since modeling
is essential to all scientific thinking, it would seem that these doubts must
relate to the methods used in modeling. These methods, more and more,
are based on the use of mathematical descriptions, which in tan are ‘simu-
lated on computers. The growth in the use of computer simulation in
biomedical and life sciences generally indicates that there. is some growth
in acceptance of such methods in these “soft” sciences.

- In this paper the scope of present applications of mode}ing m lif;
sciences will be examined, and a long but not exhaustive classification set
of such applications will be given. References will include some examples
of recent work in each of the various applications, together with some older
basic important papers and books. A list of .mathematical and computer
techniques used in modeling, also not exhaustive will be given. Finally,
present trends and future possibilities will be examined.
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II. APPLICATIONS OF MODELING
The three principal stages of work in most of sciences are:

(1) Measurement (2) Modeling (3) Use of models

In this paper little attention can be given to the important techniques
of measurement, relating to instrumentation and data acquisition; attention
will be focused on techniques and uses of modeling.

Modeling, in the life sciences, has three principal uses:

(1) In research to assist in the verification of hypotheses, and to
suggest new approaches in experimental work.

(2) In teaching, to demonstrate basic principles.

(3) In clinical and applied work generally, to aid in the determina-
tion of procedures, such as patient treatment.

Applications in the literature refer almost exclusively to the first of
these three uses. In the list of eighteen modeling application areas that
follows, most of the references are given as recent examples. Reference will
be made to two quite different modeling schemes — physically-based or
deductive modeling related to structure and internal functioning of a system,
and black box or inductive modeling in which the model is derived from
input and output signals with no particular relation to the structure of the
system being modeled (SHA-69).

(1) Neural Models

Excellent reviews of neural modeling have been given by Ashby (ASH-
66) and by Harmon and Lewis (HAR-66). In the latter reference it is
shown that models may be devised to work at various levels, from the study
of membrane excitation, pioneered by Hodgkin and Huxley (HOD-52),
through pulse processing in single neurons, relationships in networks of
neurons (DEU-67) and large system (e.g., eye tracking) studies.

A recent example of physically-based neural modeling is given by
Plonsey (PLO-74), while Marmerelis and Naka (MAR-74) given an exam-
ple of inductive or input-output modeling. Rotterdam, et al (ROT-74) and
Greco and Clark (GRE-76) described neural modeling in which physically®
based methods are used wherever possible, with input-output schemes used
elsewhere. Such a scheme seems to be the best possible in most modeling
problems including more than a small portion of the nervous system.

Neural systems represent at once the greatest need and the greatest
challenge for modelers, because of their great importance in physiological
function, and because of their complexity. Microelectronics may be of
great help here in the future, both in measurement instrumentation and
for use in simulation computers.
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(2) Sensory Systems

Sensory systems such as those of vision and hearing involve sensory
acquisition of data from the environment, neural system processing of this
data and in some cases feedback control mechanisms (for eye tracking,
for example). Developments in these fields have been marked by the
discovery of important non-linearities in pupplary response (CLY-61) and
the study of complex hydrodynamics in the cochlea (VON-70) (PET-50)
(GEI-76).

(3) Physiological Regulatory Systems

Typical systems involving feedback control but in which most sensors
are internal include heart rate control (RUS-61) (GUY-63) (CHE-74),
lung ventilation control (GRA-49) (SMI-74), and the regulation of body
water and electrolytes (ELK-60). Models of these systems are usually
based on a combination of physical and input-output modeling, the latter
being used for portions of the control system involving the central nervous
system. Combination of interacting control systems in one model may lead
to rather large simulations.

(4) Muscle Models

Models of a muscle based on the work of Huxley (HUX-57) and
others usually have a 3-element form (BRA-67) (STE-74) (QLA-7f1).
The modeling of a skeletal muscle system (INB-76) requires the simulation
of at least a pair of opposing muscles, together with-a complex neural
control. Muscle mechanics have also been applied to studies of the heart
(DON-71), where they must be combined with fluid flow models.

(5) Body Motion Models

A number of studies have been made (FRA-70) (GUB-74) (T.OW-7’3)
on the kinematics of walking or other gaits of bipeds. Thes.e studies may
be related to study of the human, design of prosthetics, or, in the case of
quadruped studies, to walking machines. Rather different studies relate to
body motions caused by heart action (ballistocardiography) (ST.A-67)'.
Modeling studies have been made that inter-relate heart motion to fluid flow
and heart movements (TOM-74). Many models, important in vehicle safety
study, have been developed for study of the mechanics of the human spine
(SCH-73) (CRA-76) and of the human head (TAL-75) under stress or
impact.

(6) Prosthetic and Life Assist Device Modeling

The modeling of prosthetic devices such as artificial limbs, heart valves
or life assist devices is much like any engineering device or system modeling.
Such models (LAU-71) may also need to include a physiological model of
some related sub-system. ) K



110 PHILIPPINE ENGINEERING JOURNAL

(7) Pressure-Flow or Momentum Transport Modeling

The modeling of pressure-flow dynamics of blood flow in the circula-
tory system (BEN-72) or of air flow in the lungs and associated airways
(GOL-73) both require the use of some form of the wave equation. In
most dynamic simulations the partial differential equations for wave motion
are converted to difference form for digital computer simulation, or to
difference form except in the time dimension, for analog simulation (RID-
67). In some cases, physical models may be used in connection with studies
of such devices as heart valves or balloon pumps (JON-72).

(8) Mass Transport Modeling

Mass transport may occur by diffusion, or because a substance is carried
by fluid flow. Diffusion, as described by the partial differential equation
for diffusion, is usually modeled in a difference or difference-differential
form known as compartmental analysis (ATK-69). In the fluid flow case
the pressure-flow equations (above) may be used to “drive” the mass
transport model, resulting in a multiple model (RID-75-11). Usually,
however, this flow transport can be handled by compartment analysis, like
that used in diffusion studies.

Some recent papers from the vast literature on applications of com-
partmental analysis have been included among the references (FIN-75)
(BRO-75) (HOW-75) (SMIT-74) (SUD-75) (YAO-73).

(9) Chemical Reaction Models

Biochemical reactions are of the greatest importance in physiology,
and may need to be modeled in connection with, for example, muscle studies
(CHA-65). Typlcally these reaction equations are imbedded in the com-
partment equations used with mass transport.

(10) Thermoregulatory System Modeling

The transport of heat by fluid flow and diffusion is usually handled
by compartment analysis methods like those used in mass transport studies.
However, the details of the model and the involvement with the central
nervous system are quite different. A review of this field by Bligh is rather
complete and useful (BLI-66) while a recent paper by Seagrace is illustra-
tive of present work in thermoregulation (SEA-74). Stolwijk and others
at the Pierce Foundation are known for their detailed model studies of
thermoregulation in the human (HARD-70).

(11) Population Dynamics Modeling

Population modeling (SCH-71) is usually of more concern to demo-
graphers than to physiologists, but some aspects (WAR-75) may be classi-
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fied as bioscience. Perhaps more importantly, the mathematics of popula-
tion dynamics is used in cell dynamics and epidemic modeling (see below).
Reference will be made later in this paper to the stochastic nature of popu-
lation models.

(12) Cell Dynamics Modeling

The growth of cells may be described with the aid of mathematics
developed to describe population dynamics (DON-75) (LUM-75). Discrete
modeling programs have been specially written for the study of cell dyna-
mics (EVE-75) (MAU-73). Closely related to cell dynamics is embryonic
development. Here graphical methods have also been used (BEZ-75).

(13) Epidemic Modeling and Simulation

Epidemic models may also be based on the mathematics of population
dynamics. Both deterministic and stochastic models have been used to study
epidemics in large populations, and spatial factors may have to be included
(BAI-67). Chain-binomial models are used in small-scale epidemic studies.
A recent example of epidemic modeling concerns rubella (HOR-74).

(14) Genetics and Chromosome Mapping

The mathematical modeling used in genetics is again related to that
used in population dynamics studies (I0S-73). Graphics may also be used
in connection with chromosome mapping aspects of genetics (BAI-67).

(15) Ecological Modeling

Modeling of ecology relates to population modclin'g3 but must include
effects of the environment and of inter-species competition (GIL-74).

(16) Medical Diagnosis

Continuing efforts are being made to apply computer§ to medif:al
-diagnosis, which usually involves some modeling of the diseases being
considered. Also the diagnostic process itself has been modeled (WIE-75).
‘Some of the diagnostic techniques used involved cluster techniques (HAN-
74) and learning techniques (LIV-73).

(17) Hospital Organization and Management and Health Services Modeling

A variety of modeling schemes have been used in the study of hospital
-organization and operation ranging from the empirical recursive models
of Vaananen, et al. (BAI-74) to the dynamics state variable models of
‘Gudaitis and Brown (GUD-75). Discrete modeling is used, in general,
and statistical methods may employed (KAO-74). Auxiliary functions,
such as blood-bank organization have also been modeled (RAB-73).
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Health Services studies differ from hospital models discussed above
in that they may deal with screening procedures (HART-73), health indices,
(CHI-73) or mental health centers (ROB-72).

(18) Medical Education System Modeling

A number of efforts have been made to model various aspects of
systems of medical (FOR-74) and nursing (QUI-73) education. The im-
portance of physiological teaching models (BROD-73) (ENG-75) (RID-
72) was referred to earlier in this paper.

III. MATHEMATICAL AND COMPUTER TECHNIQUES USED IN
MODELING

The proper description of many biological systems requires the use of
partial differential equations, which must be time-dependent unless only
static solutions are of interest. In order to obtain solutions these equations
must be converted to ordinary differential equations by the use of finite
difference approximations (PORE-60) or by the use of finite element
methods (HUE-75).

The proper description of many biological systems requires the use of
partial differential equations, which must be time-dependent unless only
static solutions are of interest. In order to obtain solutions these equations
must be converted to ordinary differential equations by the use of finitc
difference approximations (FORE-60) or by the use of finite element
methods (HUE-75).

Some of the areas of science which provide the basic descriptive equa-
tions which in turn may be expressed as ordinary differential equation

approximations include biochemistry, hydrodynamics, thermodynamics and
chemical kinetics.

Milsum (MIL-66) has discussed the application of control system
theory to biological systems, and Beneken has given examples of such
applications in the cardiovascular field. More general papers on system
theory applied to biology have recently appeared (LAZ-74) (MCL-74)
as well as description of discrete system simulation (GUD-75).

~ Probability and Statistics are of great importance in neural modeling
as well as population dynamics and related fields (BAI-67) (CHI-73)
(I0S-73). More indirectly; they are useful in most of the modeling math-
ematics listed below.

Information Theory has been used in connection with identification in
compartmental analysis Reich and Zinke in (BAI-74), in neural studies
(BAR-74), and cardiovascular system parameter estimation (RID-75-2).
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Identification and parameter estimation (EYK-74) techniques have
been applied both for input-output model building (MAR-74) and finding
parameter values of physically-based models (RID-75-2).

Both game theory and decision theory have been discussed by Quastler
(WAI-65) as bases for modeling, and dynamic programming has been used-
by Christ (CHR-73) in studies of computer-aided diagnosis. These methods
are generally referred to as operations research.

Graphical methods (as discussed by Waterman in (WAT-65) and
Bailey in (BAI-61)) are important in genetics and have been used in such
diverse fields as the study of embryonic development (BEZ-75) and ‘of
aging (KAN-75). Pattern recognition has been used in diagnosis (PAT-74).

Although analog computers have long been used in the study ‘of
dynamic systems described by ordinary differential equations, hybrid com-
puters (BENN-74) have been more successfully used for large system
simulations. Digital languages such as CSSL (Continuous System -Simu-
lation Language) have been developed for all-digital simulation (BEN-74).
Other digital languages such as GPSS have been written for discrete system
simulation, and augmented or improved versions of these have been de-
veloped for biological studies (REI-74) (EVE-75). Language for com-
bined continuous and discrete system simulation have also appeared (COL-
74) (SIG-74).

IV. PRESENT TRENDS AND FUTURE POSSIBILITIES FOR SIMU-
LATION IN LIFE SCIENCES

The advent of the computer age has changed the nature of applied
amthematics in the “hard” sciences and engineering by making it possible
to seek numerical solutions which are more direct and have less approxima-
tions than the closed-form solutions of the past era. However, pew math_-'
ematical methods, particularly in numerical analysis, have had to be de-
veloped along with computer hardware.

In the “soft” sciences, the use of mathematics was never as .hlghly
developed, and the problems encountered in simultaneous}y beginning .to«
use both computers and the new computer-oriented applied mathematlcs:
have been great. New instrumentation devices have provided large amounts -
of new and important data on which models can be based. All these com-
plexities may help to explain some of the lack of acceptance of n'lodeh.ng»r
techniques in the biosciences as well as in environmental-econonuc-sqcxa]
models such as those of Forrester (VIC-74). The rather gener?l acceptance -
of computers and computing, and the steady improvement 1n computers-‘
and computer programs together with the efforts being made to -apply
simulation in the biosciences should help to overcome reluctance to:use"
the more involved models for which the new methods are most useful..
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-1 ~Of the three principal uses of life sciences modeling (research, teach-
ing; applied); only the first two are in general use today. But computers
are now beginning to be used-in closed loop care of patients (SHE-74),
and it may be expected that as these methods are further perfected and
as ‘computers are improved, clinical applications of large scale modeling
will ‘appear.

Research modeling has been hampered by the difficulties of program-
m__in‘g.hybrid computers, or the poor man-machine communication and
ifié'dequate’ speed of serial digital computers. The recent development of
the micro-processor and integral circuit memory devices, now often com-
b'tpg:d as a complete computer on a tiny silicon chip.

. This may soon make possible an all-digital hybrid computer of reason-
ab}ef cost. Such a machine should provide much greater speed of solution
of  large simulations than the serial digital machine of today (WIN-75)
a’ng“yet‘ possess its usual advantages of precision, floating-point operation,
logical capability and memory, which are lacking in analog machines.

I




COMPUTER SIMULATION STUDY OF THE CARDIOVASCULAR
AND RELATED PHYSIOLOGICAL SYSTEMS

VINCENT C. RIDEOUT*

L
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Summary

This paper gives a brief overview of some of the present problems
and achievements in cardiovascular modeling. Typical of most of the simu-
lations described is a level of complexity such that all-analog simulation
often requires too slow. Thus, with today’s technology, a hybrid computer
is an essential simulation tool. Fortunately, in both the case of multiple
model simulation, and that of parameter estimation, the describing equations
may be logically divided into groups suitable for solution on the two parts
of a hybrld computer, with the overall result that real time operation, or

faster, is possible.

* Ptofessor “and ‘Chairman, Department’ of Electrical and COmputer Engmeenng,
U’m:'irsny of Wisconsin, Madnson, Wisconsin. :
President, Umversal Computer Services, Inc
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ANALOG COMPUTER SIMULATION OF
ABNORMAL PERIODIC BREATHING

¢

~

Howarp T. MILHORN, JR.*
v

ARTHUR CLIFTON GUYTON**

Abstract

The human respiratory system is compared to a technological feedback
control system. Oscillation of the technological system is discussed and
related to abnormal oscillation of human respiration (Cheyne-Stokes breath-
ing). A mathematical model of the human respiratory control system,
utilizing CO. control of respiration only, is derived and programmed on
an analog computer. The resulting computer study has shown that, as in
the technological system, an increase of open-loop gain and/or delay time
around the open loop can cause the respiratory system to become unstable
and oscillate in an abnormal manner.

* Assistant Professor, D i i i iversi
Missisapny oo Tof Mer(iicmz[.aartment of Physiology and Biophysics, University of

** Professor of Physiology and Biophysics and D ; :
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COMPUTER SIMULATION STUDIES OF THE
- VENOUS CIRCULATION

M. F. SNYDER and V. C. RIDEOUT, Fellow, IEEE

T
-

Abstract T

-

e
An analog computer model of the human cardiovascular system has

been set up in which detailed attention was given to the representation of
pressure and flow events in the veins, including effects of gravity, collapse,
breathing, and the action of venous valves. This model, which includes a
control loop for heart rate, was checked against human venous pressure
waveforms and against response of the human to tilt-table experiments.
These comparisons indicate that the model is valid for the study of postu-
lated venous tone control characteristics; it should be useful in the study
of the mechanisms of venous return and circulatory system response during
unusual acceleration conditions.
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