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A SIMULATION STUDY OF DYNAMIC POSTURAL
STABILITY IN THE DOG

I. INTRODUCTION

General Perspective

Systems simulation has recently been recognized as a powerful
tool having nearly unlimited poteptial within the life science disci-
plines. Since life systems are inherently complex, life scientists
have, of necessity, been largely concerned with describing isolated
elements of a total system rather than the complete system itself.
When modern systems simulation techniques are applied to the analy-
sis of a complete life system, simulation becomes a tool which can
unify and extend knowledge concerning these systems.

This thesis is intended to be a tutorial example (for both engi-
neers and physiologists) of how systems simulation was employed
within an interdisciplinary research project designed to improve
knowledge concerning the integrative behavior of the central nervous
system (CNS) of dogs. Because CNS functions are expressed in the
physical body of the dog, the CNS is beigg studied somewhat indirect-
ly as an integral part of the posturval control system (PCS), which
may be observed directly. In the simulation of PCS, the CNS is
actually represented as a subsystem. The selection of the PCS to be

used in this way was a judgmental decision made independently of the



work described herein.

While the information gained from this simulation is relevent
to the specific CNS study mentioned, a further goal has been to illus-
trate how a general simulation approach may be used in some types
of physiological studies. Within the context of this thesis, the prob-
lem may be expressed as follows:

Using the PCS of a dog for an example, demonstrate that

simulation can be effective for studying functions of a

highly complex physiological system (the CNS), and thus,
for improving understanding of the system itself.

Background--The University of Oregon Medical
School Experiment

Although the work of devising a computer simulation for the
PCS once a model is obtained is within the engineering discipline,
the background necessary for constructing a suitable model is avail-
able only within the realm of neurophysiology itself. Hence, before
proceeding, we will examine the specific physical experiment which
motivated this simulation study. This thesis may be considered as
only a small part of the much more general physiological study de-
scribed below.

Studies in neurophysiology have provided a great deal of know-
ledge concerning nerves and nervous activity, but have never been
able to reveal how various components of the nervous system interact

to produce coordinated physical activity. Because of this lack of
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knowledge, a general study has been started by the University of Ore-
gon Medical School Department of Physiology. This study is designed
to improve our insight into the integrative functions of the CNS.

The immediate object of the UOMS study is to gain knowledge
and experience which will be needed to begin a general study of the
CNS by analyzing the PCS of dogs. The PCS was selected because it
affords an excellent example of the CNS operating as a feedback-
regulated control system and seems to be well suited to experimen-
tation. Also, the body movement which results from PCS activity
may be observed visually.

In the UOMS experiment, controlled and reproducible conditions
for study of the PCS are created by training dogs to maintain a pos-
ture similar to the stance seen in show dogs, while standing on a
moveable table. The command posture is a replicable position which
the dogs are trained to maintain while standing on the table. Studies
have indicated [1] that the animals are able to hold this posture con-
sistently during experimentation. That is, the range of variation is
within acceptable limits for the experimental measurements.

When the dog is on the table in the command posture and the
table is moved longitudinally, the posture is disturbed and the animal
must make an effort to correct his position. The behavior during
this corrective period characterizes the postural control function of

the CNS and is the major subject of the present UOMS study.
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To give a better understanding of the above physical experiment,
several photographs of a dog during experimentation are given in Fig-
ure 1. The photographs are enlargements of four frames from a
motion picture used to study visually the animal's behavior during
table movement [3]. In this case, the supporting table was being
moved sinusoidally at a frequency of 1 Hz with a peak-to-peak dis-
placement of 0.1 m. Frames B and D show opposite extremes of the
table excursion while frame C shows the table's passing through the
center of travel. Frame A shows the command posture while the table
was stationary.

The arm which connects to the dog's harness was used to sense
the body position during movement. Each foot was placed on a pres-
sure sensitive pad used to record weight distributions and, hence,

determine the position of the "center of mass" relative to the table.

Why Simulate?

Since it has been claimed above that simulation can be a valu-
able aid in projects similar to the UOMS study, it is appropriate that
we consider several general reasons why this is true. First, as will
be explained later, the PCS is quite similar to less complicated and
more familiar non-biological control systems. Hence, knowledge of

the classical systems may be linked with various PCS characteristics



Figure 1, Enlarged frames from a motion picture. These pictures
are enlargements of individual frames from a motion pic-
ture of the dog during experimental study [3]. In all but
the first picture, the table was moving sinusoidally at a
frequency of 1 Hz and a peak-to-peak displacement of
0.10m.

A, Page 6, top.
Quiet standing in the command posture.

B. Page 6, bottom,
The table has just reached the rear-most position.

C. Page 7, top.
The table is moving forward through the center of
travel,

D. Page 7, bottom.
The table has just reached the forward-most position,
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through simulation.

Second, although the CNS is the real point of interest in the
UOMS experiment, its function cannot be observed in isolation, but
only as it is expressed through the mechanical system of the body
mass and legs. Before a serious attempt can be made to understand
CNS function, the behavioral characteristics of the mecahnical sys-
tem must be revealed. Simulation is a well recognized aid for ex-
ploring mechanical system characteristics.

Third, the complex nature of the system and its nonlinearities,
preclude the opportunity for a theoretical investigation. Since these
complications do not negate the effectiveness of computer simulation,
simulation remains as a primary alternative to the theoretical ap-
proach.

Fourth, simulation is well adapted to the type of simplified, ex-
ploratory study which promotes the intuitive insight required for the
so called "intuitive leap'" which is common to most advances in new
areas of scientific study. A major reason for this work has been to
gain experience which will strengthen the intuitive understanding
needed to plan meaningful experiments with the PCS as the UOMS pro-
ject continues.

Regarding the latter point, note that a significant question is,
"What data should be obtained? " This is critical since the instru-

mentation required for collecting data from live animals is elaborate.
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Hence, one cannot afford to obtain extraneous data where an animal is
directly involved, making it very important to have sufficient know-
ledge to predict the relevance of particular data records before they
are obtained. Even a simplified simulation can be useful for finding

what data are most relevant.

How Simulation Was Used

The first question to be answered is, "How can one simulate a
system such as the PCS, whose complexity far exceeds present know-
ledge? " In this case, an answer is feasible only because a detailed
simulation is not needed for the present. Realizing that the PCS is
an elaborate system, the goal has been to deal only with its grosser
characteristics as a preparation for more detailed work later. Be-
cause of the tremendous versatility of the PCS, the simulation was
concerned with the dog in a limited and controlled environment. In
general, the approach was to explore several of the basic error-
corrective control systems which seemed similar to the PCS and
therefore needed to be examined in preparation for an extensive eval-
uation of the dog's physical behavior during controlled external dis-
turbances.

The different total models used to represent the PCS were all
based on a general representation of the system according to the

following procedure: First, the dog was represented by the block
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diagram of Figure 2A. This was simplified to give Figure 2B. Sec-
ond, section models of the three major divisions--the CNS, the legs
and muscles, and the body--were developed as shown in Figure 3.
(Several different section models were formed to represent the mus-
cles and the CNS. Each model contained some feature which might
exist in the respective PCS subsystem. ) Third, the PCS of the dog
was represented by selecting one model for each section and combin-
ing the three section models into a complete simulation system. Dif-
ferent characteristics were examined by interchanging one of the sec-
tion models with an alternate model for that section. Each different
combination of the section models gave a distinct representation of
the PCS.

To begin this study, a system using very simple section models
was chosen and data were obtained for correlating the capabilities of
the dog included in the simulation with a set of possible results.
These data were then used to develop and modify the section models,
thus giving a new system. This method led to an evolution of related
PCS models, each representing, to some extent, certain character-
istics thought to exist in the dog. Each of these systems is relevant
since it may need to be considered in a future study for evaluating the
integrative behavior of the CNS while functioning to maintain dynamic
postural control (stability).

This thesis discusses the different systems in the approximate
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order of their original development. It is felt that the process by
which the models evolved may itself increase the intuitive insight of
the reader into the general nature of the systems developed and the
meaning of the results.

To facilitate examination and description of the above systems,
one objective of this work was to produce a catalog of data from each
of the systems which were thought to be most representative of the
dog's PCS. The data in this catalog were selected to aid in the de-
velopment of a general intuitive feeling for the types of activity which
different PCS models produced. Hopefully, although not complete,
these data will provide part of the background information necessary
to continue the UOMS experiment efficiently.

While advancing through this paper, we must realize that the
nonlinear nature of the systems which were simulated excluded the
possibility of a theoretical systems analysis of the models. Further,
since there is presently no conclusive way to test the numerous
assumptions underlying the simulations, little effort can be made to
provide a quantitative analysis of the results. There is a minimal
amount of recorded data involving live dogs [3] from the beginning
phase of the UOMS experiment which will be used as a guide for eval-
uating the reasonableness and significance of the simulation results.
However, at no time can it be claimed that a particular simulation

was correct even if the data obtained agree exactly with existing



12
records for live dogs.

To meet the general objectives discussed above, the following
points will be presented. 1) Following a general description of the
complete simulation model, the section models representing the three
distinct subsystems of the total PCS model will be discussed sepa-
rately. These subsystem or section models are known as the body
simulator, the leg-muscle simulator (LMS), and the CNS simulator
(CNSS). More than one model was used for the LMS and the CNSS.

2) The different simulations of the total system which resulted from
different combinations of the section models will be explored in the
order they were originally developed, beginning with the most simple.
The behavior of each system will be compared with observed behav-
ior in dogs. As the weaknesses of a system become apparent, a
modified system will be presented. The behavior of the new simula-
tion system will then be evaluated as before to determine new modifi-
cations which should be explored. 3) The data from all systems will
be summarized in a catalog form. 4) The final results will be evalu-

ated. 5) Possible conclusions will be discussed.
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II. THE MODEL

General Discussion

To begin consideration of an appropriate simulation model for
the PCS, we seek first to support the earlier statement that the PCS
is an example of a feedback control system. The present hypothesis
is that the PCS controls posture according to the following three
steps: 1) The present state of the system (body position, velocity,
etc. ) is evaluated using the sensory inputs to the CNS. 2) This state
is compared with an unspecified reference (volitional reference)
which is generated in the dog's mind by a training procedure. In the
UOMS study, the volitional reference specifies or describes the com-
mand posture which the dog seeks to maintain. 3) The CNS generates
a physiologically integrated response function to initiate action to cor-
rect any errors in body condition which have developed.

Figure 2A shows the PCS in block diagram form. This diagram
represents the state of the present hypothesis assumed for the UOMS
experiment concerning the PCS. From the diagram, we see that the
PCS may indeed by quite similar to more familiar nonbiological con-
trol systems.

Figure 2B shows the simplified hypothesis which was used to
develop the models presented in this thesis. Note that all but one of

the sensory channels were dropped. Initial evidence gathered from
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the UOMS experiment suggested that the PCS relies importantly on
sensory data indicating joint angle [2]. Interrupting other sensory
channels caused discernable but not disastrous effects on animal per-
formance [7].

To obtain a simulation model of the PCS under the defined ex-
perimental conditions, the dog was first divided into three conceptual
sections or subsystems--the body mass, the legs (a set of bony levers
activated by the muscles), and the CNS. In the model, the body was
represented as a rigid mass which was permitted to move horizontal -
ly on the struts formed by the legs. The muscles which activate the
legs were controlled by the CNS.

Second, the dynamic behavior of the two mechanical subsys-
tems of the model was described by force equilibrium equations.
Also, in this step, the control functions of the CNS were replaced
by logical equations which could be implemented using available com-
puter logic. These mathematical equations were then represented on
a logic-analog computer where the three subsystems were integrated
to obtain the complete simulation based on the general model.

To clarify the second step further, recall that a mechanical
mass must obey Newton's laws of force equilibrium. The equilibrium
equation which describes the body (subject to forces transmitted
through the legs) is a second-order differential equation which was
represented by a second order system on the analog computer. The

horizontal forcing characteristics of the legs and muscles were
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modeled by the LMS, which consisted of a nonlinear force generator
designed to approximate one of several possible physical capabilities
of the dog. The action of the CNS in controlling the muscles was rep-
resented by a simple logic system. The inputs to this simulator (the
CNSS) were logic variables defining the state of the body, and the out-
puts were logic variables which controlled the direction and magni-
tude scaling of the horizontal force generated by the LMS. Figure 3
gives a block diagram of the resulting computer model of the PCS.
This diagram is further explained in the following sections.

It should be added here that the section models of the three
subsystems--the body mass, the leg-muscle mechanics, and the
CNS--should not be confused with the total simulation system which
combines all three of these. The total system will be designated by
first identifying the CNSS being used and next stating which LMS is
representing the leg-muscle mechanism. As an example, the first
system considered was CNSS 0; TLMS. The CNSS is specified first
since the logic control of the muscles was the most distinguishing
characteristic of each of the complete systems. The body simulator

used the same model throughout and therefore was not specified.

The Body

The first step in developing an adequate simulation model of

the PCS was to assume a reasonable mechanical model to represent
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the dog's skeleton and mass. From the simplified mechanical model,
an electronic analog computer simulation was easily obtained. The
mechanical model was based on several major assumptions and sim-
plifications discussed in the following.

It was first suggested that the legs and backbone were rigid
members and that the entire body could be treated as a mechanically
rigid mass. It was next assumed that the effects of vertical move-
ments of the body mass were insignificant. Since the major portion
of mass in the legs was near the body, we assumed that the legs
could be considered as massless members if their equivalent mass
was included in the body. Because only horizontal motion was to be
studied, the head and neck were also included in the body. By postu-
lating that the body was rigid and by neglecting vertical motion, a
center of mass was defined midway between the anterior and poster-
ior legs for modeling purposes. Basically, what was done was to
make the necessary assumptions for reducing the body to an equiva-
lent point mass.

The model created by the preceding development is shown in
Figure 4. Despite the appearance of an unreasonable simplification,
the number of variations which might be desired and.the indefiniteness
of their importance suggested that to deviate appreciably from this
simple model would only confuse interpretation of the results of the

simulation for the present.
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The equation of dynamic equilibrium for the model is

m’x;+kd(§->’<)-fH=o, (1)

where m is the body mass, y is the position of the center of

mass, x 1is the table position, kd is the coefficient of viscous

20

friction, and fH is the horizontal force applied to the body through
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the legs. (See the List of Variables for further definitions.) The
viscous friction was assumed to originate in the jo-ints and muscles
of the legs. It is not known whether viscous friction is an adequate
approximation to the real case. Presently, the only existing informa-
tion regarding friction is for joints [4]. The nature of muscle friction
is undetermined, and indeed, may tend to remain so. Hence, the
friction coefficient was varied throughout the work to determine the

possible effects of a large error on this point.

The Legs and Muscles

In the dog, all forces acting on the body (£ were trans-

1
mitted from the table through the legs. Both the stiffness (tension of
the muscles) of the legs and their position (joint angle) determined
the magnitude of the maximum force which could be transmitted and
was a function of the total muscle activity at any given time. Since
the muscle activity in the dog was directly controlled by the CNS, the
leg-muscle model needed was simply a force generator whose output
could be varied according to the error (y - x=e, 0 = e/h) and the
CNSS output (control) variables.

Because the body model was reduced to a point mass moving
only horizontally, the model for the leg-muscle subsystem required

only one conceptual leg to represent the four hypothetically identical

legs which coupled horizontal forces between the body and the table.
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Hence, the basic force generator within the LMS generated only one
output as a function of the error to represent the force applied to the
body. The functional form of the output for this force generator was
determined by the characteristics of the muscle being simulated.
The direction and scaling of this basic force function after being gen-
erated were controlled by the CNSS output variables A and F (see
Figure 3), which will be identified completely later.

The LMS was constructed so that the direction in which the
above force was applied could be controlled by the CNSS output vari-
able F. Also, either of two magnitude scaling factors could be
selected according to the condition of the CNSS output variable A.
Although several different basic force generators were used to rep-
resent various muscle characteristics, the logic control variables
were always employed in the same way as is described above and
more fully in Appendix A. (The magnitude scaling, logic control,
and function generation of the LMS are detailed in Appendix A. )

Several broad assumptions regarding the interaction of the
motor nerves and the muscles they controlled are implicit in this
model. These assumptions were equivalent with the claim that the
force response of the muscles was instantaneous upon nerve com-
mand. A similar statement is that the muscles operated as an open-
loop system (no feedback) with no time delay. (The input would be

nerve commands or stimuli and the output would be the desired
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tensioo or force )

Since the force characteristics of the legs are not known, sev-
eral different force generators were used in the LMS. The most sim-
ple was the torsional generator where the torque applied to the leg
was proportional to the joint angle 6. This model assumed that the
effort to correct the body position increased linearly as the error in-
creased.

The second generator assumed that the muscle depicted in Fig-
ure 4 acted as a linear spring. This again implied that the effort to
regain a zero joint angle increased as the joint angle increased.
However, the corrective force was not linear with joint angle in this
case. The horizontal corrective force which was applied to the body
to correct position fell off from the linear case as the joint angle in-
creased.

The third generator to consider rested on the assumption that
the muscles were capable of producing the same contractive force
upon CNS command for any reasonable joint angle. This simulator
assumed that the muscle shown in Figure 4 was a constant-force gen-
erator regardless of leg position (joint angle). Thus, the horizontal
force decreased only slightly as the joint angle increased.

Finally, the muscle was assumed to produce a force propor-
tional to the magnitude of the relative velocity. Hence, for a constant

relative velocity, the horizontal force generated was the same form
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as for the above simulator except for the magnitude scaling, This
generator was used with only one of the CNSS models,

The LMS's derived from these four models were known as the
torsional LMS (TLMS), the spring LMS (SLMS), the constant-force
LMS (CFLMS), and the velocity-proportional LMS (VPLMS), each
named after the characteristics of the muscle represented by the
simulator. The equation for the horizontal force fH which was
produced by each simulator is developed in Appendix A and is pre-

sented below. These equations correlate directly with the curves

given in Figure 5,

TLMS £ = kt|y - x| /h2 (A and F, "true") (2)
_ t

SLMS f;=rdk_at/(he ) (3)
_ 1

CFLMS for= rdk ./ (ht ) (4)

VPLMS f__=rdk
H vp

y-x|/me) " (5)

£ =(L + a¢)
S

which are copies of plots taken from an X-Y plotter. In each of the
first three simulators, the appropriate force coefficient-- kt’ ks,

or kcf-- was selected so that the force for a joint angle of 5 deg was
6N when the logic variable A was "true' (active mode). The VPLMS
force coefficient kvp was selected so that the generated force was

6N for a joint angle of 5 deg and a relative velocity of 0. 097 m/s.
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Figure 5. Horizontal force curves for three of the LMS's, These
plots, copied from an X-Y plotter, show the force gener-
ated when the LMS was in the active mode (A "true").
The VPLMS is not shown since the force magnitude was
a function of relative velocity as well as joint angle,

The Central Nervous System

Attention now turns to the CNS which is the central and most
elaborate subsystem of the PCS. Modeling of the CNS is inhibited by
a lack of intuition regarding how logical processes are a‘ctually car-
ried out in the brain [6]. For this sﬁhﬁiation, the UOMS hypothesis
was used as the beginning point for model development. The block
diagram in Figure 2A was essentially the result of the hypothesis and
was the first step toward a suitable simulation model of the CNS, A
justification of the hypothesis and the resulting CNS configuration is

not included in this thesis since both resulted from physiological
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rather than engineering considerations. It should be clear, however,
that the CNS diagram of Figure 2A follows directly from the hypothe-
sis statement at the first of this chapter‘ (p. 13).

Having accepted the CNS block diagram in Figure 2A, the sec-
ond step toward a computér simulation was to simplify the diagram
so that a computer model could be defined in a way that allowed com-
puter operations to be substituted for the functional divisions of the
CNS model. The assumptions employed to gain this simplification
are correlated with each block of the diagram below.

The first block is entitled, "sensory integration." This block
represents all functions which contribute to a continual evaluation of

the posture and follows intuitively from part 1 of the hypothesis. In
the dog, this process very likely involves a considerable amount of
nonessential sensory data received via the afferent nerve channels.
To simulate this block, the posture was evaluated in a way simple
enough for easy simulation. For the given model of the body, a con-
venient simplifying choice was to evaluate the state of the system
(body posture) using only the joint angle © and the rate-of-change
of joint angle 6 as state variables. By selecting 06 and 6 it
was claimed that for control purposes, the state of the system (the

dog on the table) was adequately described by these two variables.

Certain data from the UOMS work indicate that joint angle is at least



27
a dominant control variable. First, a study of quiet standing sug-
gested that joint angle was quite significant for posture control [2].
Second, visual and labyrinthine (body acceleration) sensory data were
not required for satisfactory control after an adjustment period [7].
The assumption is simply to class these factors as secondary and
negléct them during the study.

Clearly, the selection of 6 and 0 gave a unique descrip-
tion of posture at any time using a minimal representation of the sys-
tem. As explained below, this selection is implied by the block dia-
gram of the CNS given in Figure 2B where the only feedback channel
is for body position.

More explicitly, the function of the simplified sensory integra-
tion block was to evaluate the body position relative to the table posi-
tion, thus obtaining the relative position or error to be used as a
state variable, (Since sin 8 = e/h and for small error 0 = sin 0,
the joint angle and relative position may be used interchangeably as-
suming that the proper scale factors are included. ) Next, the model
required that the error be time differentiated to obtain the relative
velocity €é as a second state variable. This implied that the sen-
sory integration section of the CNS must either be capable of this
operation directly or that it actually received the body and table
velocities as sensory input data. Distinguishing between these two

possibilities does not affect the model which results. In fact,
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although the CNS models in Figures 2B and 3 assumed that explicit
differentiation was implemented, the computer simulation actually
obtained the relative velocity implicitly by comparing table velocity
% with body velocity ¥ to obtain ;r -x=¢e, since y and x
were directly available from the body simulator and input generator,
respectively. The differences between these two views of sensory
integration carry physiological significance which, as yet, is unde-
termined.

After initial investigations of systems based on the above sen-
sory integration model, a modification was implemented in an attempt
to include a quite strong predictive capability in the CNSS for per-
iodic table movement. In addition to the two state variables, the
table velocity x was included as a sensory integration output.

The second block operation indicated required a comparison of
either the two state variables alone or the state variables and the
table velocity with some reference levels which were obtained from
the volitional reference. Hence, the volitional reference simply gen-
erated analog reference signals for each system variable. Realizing
that the volitional reference is perhaps the most abstract implication
of the UOMS hypothesis, it was necessarily modeled with the aid of a
very strong assumption, namely that the reference levels were fixed
at zero for all variables. This means that the dog was assumed to

use an exact, time-invariant reference for all sensory variables. In
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truth, the volitional reference is very likely non-constant or stochas-
tic and highly dependent on subjective factors which are relatively
unknown, The reference compensator seen in Figure 3 was included
in an attempt to study the effects of certain variations in the volitional
reference which might occur in the dog.

After obtaining analog variables to describe the condition of the
body on the table and the reference position, the next step was to de-
rive error signals by comparing the sensory integration output vari-
ables with the volitional reference levels. This gave a set of error
variables which were the basis of the corrective control represented
by the response integration block, which included the coordinative or
integrative capability of the brain and reflex centers external to the
brain but within the CNS. Anticipating the logical nature of the re-
sponse integration simulator (RIS), the analog error variables were
coded with a limited number of Boolean logic variables which were
inputs to the RIS.

In the last CNSS block, the RIS (Figure 3), logical functions for
controlling the LMS were developed to represent the functions of the
response integration block (Figure 2B). These logical functions
which are described later were intuitively determined in an effort to
model the action which the dog seemed able to produce. Realizing
that there is no real justification for assuming that the brain functions

analogously as modern computer logic [6], the acceptance of this
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model should be recognized as simply a pragmatic approach to a
complex problem.

The above series of assumptions has led us to the CNS model
which was implemented on a computer for this simulation. To sum-
marize, the first assumption to use only three variables-- e, € and
% --to describe the condition of the body allowed a simplification
from Figure 2A to Figure 2B. Considering Figure 2B, the volitional
reference was set at zero for all variables and the response integra-
tion was described by logical functions of the logical error variables.
These assumptions gave a model in which computer operations were
readily substituted for each of the functional blocks.

Regarding the above substitution, the output variables of the
sensory integration block were all derived with analog summers from
variables available in the system. These variables (e, & and x)
were compared with the volitional reference and logically coded in
one step using analog-to-digital comparators. The response integra-
tion functions A and F were generated from these logic vari-
ables with the customary logical gates. These Boolean functions
were used to operate switches in the LMS, thus achieving a digital-
to-analog conversion. This is the final simulation model of the CNS
as implemented on the computer and diagrammed in Figure 3.

Realizing that the RIS likely represents the most distinctive and

central functions of the CNS within the PCS, it was expected that
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several different representations of the response integration would be
developed in the simulation study because no one representation could
be really adequate. Since the RIS was simply a configuration of com -
puter logic used to represent appropriate logic functions, changes
from one RIS model to another were readily implemented after the
desired logical functions had been determined. These changes were
generally accomplished without changing any other part of the CNS
model, hence, the particular CNSS being used was a combination of
the fixed parts of the model and some particular RIS. To identify the
logic systems used, the RIS's were numbered 0 through 3. Clearly,
CNSS 2 was the CNSS which used RIS 2.

Before describing the different RIS's by number, the logical
variables used as RIS inputs must be defined. The variables E
and P were assignedto e and W, V and S were assigned
to & as follows: E was "true" when |e| > ee, P was "true"
when e>0, W was "true" when |é| > € V was "true" when
|é| >ev, and S was "true" when e > 0. The variable X was
assignedto x with X U"true" for x> 0.

Referring to Figure 9, it is now possible to verify that a given
combination of truth values for the RIS input variables denotes a
unique region of the phase plane. (The number code in Figure 9 is
explained below.) The function of the RIS was simply to assign cer-

tain truth values of the output variables A and F to each possible
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combination of truth values of the input variables, where a given input
combination indicated that the state point was within a corresponding
region of the phase plane. Since X is not a state variable and does
not appear on the phase plane, the addition of X 1is a special case
and will be explained later.

To simplify the above, the same result could have been ob-
tained by dividing the phase plane into 16 different regions. Then,
using four logical variables, a unique combination of truth values for
the variables could have been assigned to each of the 16 regions as
shown in Figure 9, these assignments being the same as were used
for RIS 2. With a system of computer logic elements (the RIS},
the two variables A and F would then be derived, having truth
values that had been assigned to correspond with the particular com-
bination of the input truth values. The net result would have been
that the RIS was a means for assigning one of four possible combina-
tions of truth values for A and F to each region of the phase
plane, thus achieving a particular control pattern.

Clearly, the characteristics of the separate RIS's were deter-
mined by the truth values of the variables A and F which were
assigned to a given phase plane region. These assignments were
specified for each RIS system with a truth table such as Table 3 on
the basis of an intuitive consideration of how the LMS should be con-

trolled to achieve a particular result from the simulation. In the
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following development, a truth table and the associated intuitive ex-
planation will be given for each RIS used in the study. The Boolean
logic functions A and F are derived for each truth table in
Appendix B.

As an aid to attaching physical significance to each truth table
below, several conventions will be used. First, since the inputs to
the RIS were logical variables which were derived from the system
state variables, the truth condition of the logical variables is indi-
cated for each section of the phase plane and the associated truth val-
ues of the functions A and F are indicated by a connecting
arrow.,

Second, "stick diagrams" of the dog are shown for each quad-
rant of the phase plane as a parallel descriptive notation. These dia-
grams show the approximate position of the dog's body relative to
the table, the direction of the relative velocity, and the direction of

the table motion (when needed) as explained in Figure 6.
Dog is leaning forward
Relative velocity E/_
is backward

Horizontal force is
backward

Table velocity ¢~

is forward

Figure 6. The "stick diagram" used to describe the state of the dog
on the table. The forward direction is to the right where-
ever these diagrams are used.
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A third convenience for the computer work was achieved by
grouping the six variables into three ordered groups of two variables
each and using a quarnary number code to represent the logical con-
dition of the variable pairs. The groups used were WX VS EP. For
example, the quarnary number 132 refers to the condition described
by WX VS EP, where a bar over the variable name indicates the logi-
cal inverse of the variable. The same coding was also used for the
output variables A and F, in that order. In the simpler RIS
logic systems where the leading variables were not used, the most
significant digits of the number code were dropped from the notation
since their truth values were irrelevent. In general, this notation
will be combined with logical variable notation. However, where
compactness is desired, the numerical coding will be used sepa-
rately. (For clarification of the coding scheme, Tables 3 and 4 il-

lustrate how the code was used.)
CNSS 0

The first RIS logic system, designated as the simple error sys-
tem or RIS 0 (corresponding with CNSS 0), was a degenerate case
since it used only one input variable P and one output variable F.
(A was always "true".) The truth table appears as Table 1 and the

phase plane is given in Figure 7.
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Figure 7. Phase plane logic pattern for the RIS 0 logic system.
Solid crosshatching indicates the active-forward (AF)
mode as opposed to broken crosshatching for the active-
backward (A F) mode. The symbol — has the following
meaning: The given combination of truth values for the
input variables results in the given combination of truth
values for output variables.

Table 1. RIS 0 truth table.

Input condition Output condition
P 0 AF 3
P 1 AF 2

Liogical functions: A =
F
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CNSS 1

Considering a second RIS logic system, we desire that for the
condition of a stationary table and a small error magnitude, only
small muscle effort should be exerted to maintain proper posture
control. This result was obtained by causing the output variable A
to be "false" whenever the error magnitude was small, thus reducing
the muscle tension. The RIS 1 logic system was used to form CNSS1,
which was basically equivalent with CNSS 0 except that the horizontal
force capability was reduced for small errors. See Table 2 and Fig-

ure 8.
CNSS 2

The next RIS logic system, RIS 2, was known as the error-
velocity system. The truth table, Table 3, shows that there were 16
(quarnary 100) possible input states, all of which could occur in the
physical system. A study of the phase plane of Figure 9 is perhaps
more informative. Whenever the system's state point was within the
small region about the origin, the operation of the control logic (the
RIS) was equivalent with the simple error system (RIS 0) except that
the passive mode existed (A was always "false"). Outside this
region, however, considerably different action occurred. The signi-

ficance of each region will be discussed later.



Figure 8.

Phase plane logic pattern for the RIS 1 logic system. The
crosshatch code is as follows: Single lines--passive
mode (A); double lines--active mode (A); solid lines--
forward (F); broken lines--backward (F).
Table 2. RIS 1 truth table.
Input condition Output condition
EP 0 AF 1
EP 1 AF 0
EP 2 AF 3
EP 3 AF 2

Logical functions: A =
F =




Table 3. RIS 2 truth table.

Input condition Output condition
VSEP 00 AF 1
VSEP 01 AF 0
VSEP 02 AF 3
VSEP 03 AF 2
VSEP 10 AF 1
VSEP 11 AF 0
VSEP 12 AF 3
VSEP 13 AF 2
VSEP 20 AF 3
VSEP 21 AF 3
VSEP 22 AF 3
VSEP 23 AF 0
VSEP 30 AF 2
VSEP 31 AF 2
V SEP 32 AF 1
VSEP 33 AF 2

Logical functions:

VE+VSEP+VSEP

——

A

F=PE+PV+VSE
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Figure 9. Phase plane logic pattern for the RIS 2 logic system.

See the caption for Figure 8 for an explanation of the
crosshatch code.
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CNSS 3

The most elaborate logic system used all six available logical
variables as inputs, these being derived from the analog variables
(y-x), (y-x), and =x. Itis designated as RIS 3, corresponding with
the truth table of Table 4 and the phase planes of Figure 10.

To visualize how this system related to the phase plane, we
must note that the analog variable *x does not appear as a phase
plane coordinate. In effect, this adds a third dimension. To resolve
this situation, two separate phase plane logic patterns are presented.
One plane represents the logic for forward table motion (X "true",
x > 0) while the other is for backward table motion (X "false",

x < 0). The anterior end of the animal determines the forward di-

rection.



Table 4. RIS 3 truth table.

Input condition Output condition

P 000 AF 1

=1

WX VS
Same as RIS 2

VS EP 133 AF 2

w X
WX VS EP 200
. Not physically possible, VW

WX VS EP 213

WX VS EP 220 AF 3
WX VS EP 221 AF 3
WX VS EP 222 AF 3
WX VS EP 223 AT 2
WX VS EP 230 AT 2
WX VS EP 231 AF 2
WX VS EP 232 AF 2
WX VS EP 233 AF 2
WX VS EP 300

Not physically possible, V—-Ww

WX VS EP 313

WX VS EP 320 AF 3
WX VS EP 321 AF 3
WX VS EP 322 AF 3
WX VS EP 323 AF 3
WX VS EP 330 AF 2
WX VS EP 331 AF 2
WX VS EP 332 AF 3
WX VS EP 333 AF 2

Logical functions:

(See Appendix B, p. 105).
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10A. Forward table motion.

Figure 10. Phase plane logic patterns for the RIS 3 logic system.
Note that the direction of table motion cuases a change
in the logic in certain regions. See Figure 8 for an
explanation of the crosshatch code.
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Figure 10B. Backward table motion.
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III. DOG DATA

Before examining the various simulation systems resulting
from combinations of the subsystems which have been presented, it
seems appropriate to summarize the character of the data available
for live dogs. The records are of a preliminary nature but serve to
form a qualitative feeling for the action which occurred during ex-
perimental study.

A sample of the primary data which has been obtained from the
dog is shown in Figure 11 [3]. Observe that at the frequency shown,
the body moved considerably less than the table, meaning that the
legs were allowed to swing quite freely under the body. Although the
body movement was not sinusoidal, an intuitive feeling for the re-
sponse of the body as a function of frequency can be gained from a
plot of peak-to-peak amplitude versus frequency. (The meaning of
these types of plots is discussed in Chapter V.) This plot is given as
Figure 12 [3]. Subject to the same nonsinusoidal limitation, a plot of
the equivalent phase lag for the fundamental is also given. These
data were obtained from the records of only one dog but seemed to
represent the basic characteristics which could be expected for dif-
ferent animals.

The slow drifting seen in Figure 11 appeared to a varying de-

gree in several dogs and was of particular interest. The nonperiodic
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Figure 11. Movement of the dog relative to a fixed reference in response to sinusoidal
table motion. This figure is an artist's copy of the original strip-chart
recordings taken from Dog #9 of the UOMS experiment [3]. Notice that the

body position displays a slow drift in addition to the attenuated fundamental
response.
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Figure 12. An amplitude-phase plot for a dog used in the UOMS experiment. The amplitude plot

represents peak-to-peak displacement of the body as taken from data records similar
to that shown in Figure 11. The phase plot represents the approximate phase lag of
the fundamental component of the body movement, obtained from the same data
records used for the amplitude plot [3].
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drift became most evident above 1 Hz and seemed not to vary a great
deal regardless of the table frequency. However, the nature of the
drift varied more between different animals than did the other char-
acteristics. In each case, the body appeared to drift unhindered un-
til balance became critical at which time the drift changed direction.
There is presently no acceptable explanation for this behavior, al-
though the feeling remains that the animal was not able to maintain a
constant volitional reference as the table movermnent became more
pronounced.

Figure 13 shows a sample of another type of data record ob-
tained from the dogs [3]. These are X-Y plots of table position ver-
sus dog position which are similar to the classical Lissajou plots.
Since the dog did not move sinusoidally, the value of these plots is
more qualitative than quantitative. This particular figure represents
equivalent phase angles of about 35 and 50 deg lagging, taken at fre-

quencies of 0.7 and 1.4 Hz, respectively.
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0.7 Hz
4, 4 rad/s

Figure 13.

T x
1.4 H=z
8.8 rad/s

Dog position versus table position. This is an
artist's copy of data recorded in the UOMS ex-
periment [3]. Even though the body movement
was not sinusoidal, these "Lissajou-like" fig-
ures were used to obtain a qualitative sense of
phase lag and response amplitude.
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IV. THE SIMULATION SYSTEMS

The final step in this simulation was to bring the three subsys-
tems--the CNSS, the LMS, and the body simulator--tegether into a
complete model. The following discussion presents each complete
simulation model as it was originally developed. The characteris-
tics and significance of each system are discussed in sequence below
whereas the data records are included in the data catalog (Chapter V)

which follows this section.

CNSS 0 Systems

The first and most simple system combined CNSS 0 with each
of the LMS's. For the TLMS with a =1, this system was a simple
linear case except for the presence of relative velocity feedback
(viscous friction), as can be seen from Equation (6) below. Figure

15 of the data catalog, obtained from

vy + kd(}'r- x)/m + kt(y —x)/mh2 =0, (6)

shows an approximate gain-phase plot of the system for kd/m =0.5/s
and kt/mh2 = 5, 77/s2.

It is interesting to note that although the amplitude plot is only
slightly different from that of a simple second order system

(wn = 2.4 =n5.77), the phase plot shows significant deviations above
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w = 3 rad/s. By rewriting Equation (6) as Equation (7), we can see
that because the result is,

¥+ k (§)/m + k (y)/mh® = k (%)/m + k ()/mh®,  (7)

the effect of the relative velocity feedback is equivalent to adding an
input term proportional to % to a simple second order system.

Equation (8) shows the resulting input terms when x = a sin wT.

2 "a k
k,(x)/m + k,(x)/mh” = — [aw cos wT] + [a sin wT]
d t m
mh
k k
= a[;w sin (wT+w/2)+ 5 sin wt] (8)
mh

Clearly, the presence of the sin (wT+w/2) term accounts for the
increasing phase plot of the system. By substituting typical values
for the constants and setting w = 11.54 rad/s, the following result

is obtained

5.77 (a)[sin (wT+w/2) + sin wT]

e
+

X
i

= 5.77 (a)[NZ sin (wT+7w/4)], (9)

where the trigonometric identity,

1 1
sin x + sin y = 2 sin > (x+y) - cos E(X_Y) ,

has been employed with x = (wt+w/2) and y =wTt. Hence, at



51
w =11.54 rad/s, the expected phase lag will be 45 deg less than
that of a simple linear second order system and the amplitude will be
increased by 3 dB (20 log N2). The computer simulation gave ob-
served values of 133 deg phase lag and an amplitude of -23.7 dB as
compared with the theoretical values of 134 deg and -23. 8 dB, re-
spectively.

From this we may conclude that both viscous friction and rela-
tive velocity feedback via sensory channels may contribute to the in-
creasing phase characteristic observed in the dog. Two other fac-
tors, the predictive capability of the CNS and regenerative feedback,
may also account for a significant portion of the phase gain over a
second order system. This point is emphasized since joint fric-
tion is expected to be quite small.

In considering the predictive function of the CNS in postural
control, a complication appears in that relative velocity feedback
produces effects which are similar to predictive control. Intuitively,
this is true because the velocity at a given time is a good predictor
of the change in position expected by some future time. A careful
evaluation of the dog's behavior will be necessary to separate pre-
dictive control from joint friction and regenerative feedback since
any one of them may produce increasing phase characteristics.

The different muscle characteristics represented by each LMS

did not cause as much variation in the data as might have been
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expected, except near the resonance. The CFLMS showed a lower
peak in the response curve and slightly decreased phase lag. Be-
cause the CFLMS was a nonlinear element, the output response was

not sinusoidal.

CNSS 1 Systems

Having briefly considered the basic system, we can follow the
evolution of the different RIS's and their associated systems and note
how each one altered the data obtained. The first objection to the
above simulation was that the approximate resonance at 2.4 rad/s
was much higher than what was observed in the dog during quiet
standing, although it is reasonably close to the "corner point" shown
by the dog during table movement. One reason for this might be that
the muscle tension required during table excursions was certainly
greater than that required during quiet standing. The method used to
achieve reduced muscle tension was to set an error level ¢, near
zero so that a logic variable E could be defined as "true'" for error
magnitudes above this level and "false" for magnitudes below this
level. The first system including this feature, CNSS 1, was organ-
ized so that the muscle tension control variable A was "false"
whenever the error was small, thus reducing the tension by a factor
1/B. Hence, the natural resonance was reduced by a factor of 1/NP.

Observations of this system using €, = 0. 005 m, showed that
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the inclusion of a single error switching level did not really improve
the quiet standing pattern significantly. After a minor disturbance,
the system oscillated between the positive and negative error levels
at a frequency greater than the natural resonance for reduced muscle
tension. Although the concept of reduced muscle activity when small
position errors existed was justified, this oversimplification was not
particularly useful. The actual system in the PCS used for postural
control during small displacements appears to be different from the
system used during larger displacements. In general, we are con-
cerned with larger disturbances, hence, we leave this point unre-
solved.

The sinusoidal responses of this system (CNSS 1) with each
LMS were essentially the same as for the preceding cases, as would
be expected. With the CFLMS, the limit cycle oscillations between
the error levels were more pronounced and persisted during low

frequency table movements.

CNSS 2 Systems

By analyzing what occurred during oscillation cycles of the
CNSS 0 systems, we desire to find some control pattefn which will
remove the resonant peak from the gain plot of Figure 15. ‘Figure 17
shows which regions of the phase plane contained the system state

point over several cycles of table movement. Observe that at the
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positive and negative limits of table travel the state point enters the
second and fourth quadrants, respectively. According to the control
logic of RIS 0, for a state point in quadrant II the LMS was in the
active-forward mode. Since the table began moving backward in
quadrant II, we see that the LMS was still producing a forward di-
rected force when the table was already beginning quite rapid back-
ward motion. Because the force was directed forward the relative
velocity increased significantly, causing considerable overshoot as
evidenced by the amplitude peak in the response gain curve.

The logic pattern for RIS 2 altered the above conditions so that
in quadrant II, the LMS was in the passive-forward mode rather than
the active-forward mode, whenever the relative velocity magnitude
was greater than a small value €, and the error magnitude was
greater than €. (Similarly, quadrant IV produced the passive-
backward mode. ) This decreased the muscle tension, and hence, the
horizontal force during the time that a high relative velocity had been
developed previously and had resulted in the overshoot and amplitude
peak.

The RIS 2 pattern constituted a mild form of prediction based
on the relative velocity as previously discussed. The general sup-
pression of the resonant amplitude peak and the decreased response
above 1.5 rad/s were accompanied by a small decrease in the phase

lag. (See Figure 19.) As expected, the amount of relative velocity
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feedback (damping or friction) did not affect the response amplitude
in the region of the resonance nearly as much as previously. Varia-
tions in the phase lag for different amounts of relative velocity feed-
back were about the same as observed with CNSS 0 systems.

The changes between CNSS 0 and CNSS 2 systems appeared
much the same as if the damping had been increased considerably.
Effectively, reducing the acceleration in quadrants II and IV was
much the same as increasing the damping relative to y. Changes
in damping will effect the shape of the response amplitude curve near
the resonance considerably more than is true for the phase lag curve.
Since the effective damping was increased, changes in the relative
velocity feedback (joint and muscle friction) were not as significant
as when no other source of damping was present.

When examined with CNSS 2, the different LMS's displayed
characteristics, relative to each other, which were very similar to
those for CNSS 0 systems except for the changes noted above. The
CFLMS persisted in its tendency to produce subharmonics of consid-
erable magnitude. For frequencies near 4.3 rad/s, a subharmonic of
one-half the fundamental was observed whenever the relative velocity

feedback was small (k, =1 N:s/m).

d

CNSS 3 Systems

Having reduced the resonant peak in the response curve using
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CNSS 2, the next modification of the control pattern was aimed to-
ward reducing the phase lag. Although increasing the relative veloc-
ity feedback would have produced less phase lag, it has already been
suggested that this effect (friction) was not expected to be very signi-
ficant in the dog.

Figure 14 shows the location of the system state point in the
phase plane relative to the table motion. In logic regions 32 and 23
(quadrants II and IV, respectively), the LMS was in the passive-
forward or passive-backward mode, respectively, regardless of how
large the relative velocity was or what direction the table was mov-
ing. With this control logic, it was possible for the table to begin
reverse motion while the relative velocity was still a large positive
value without taking any action to reduce the velocity.

The logic system of RIS 3 used two new logic variables, W
and X. W was "true' for relative velocity magnitudes greater
than € and X was "true! whenever the table was moving for-
ward (x> 0). Using these new variables with o o 0.05 m/s,
the control logic pattern was set so that in sections 32 or 23, for
large relative velocities the LMS was in the active mode and the
force was applied in the same direction as the table motion. This
logic represents a stronger form of prediction based both on the table
velocity and the relative velocity.

The results of these changes in the logic control are evident
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fromthe gain-phase plots of Figure 22. The reduction of the phase
lag may be understood by noting in Figure 25 that the force from the
LMS is positive for forward table motion and negative for backward
table motion. This is effectively a phase gain (prediction) of about
90 deg which agrees with the observed lags of about 90 deg rather
than 180 deg for the higher frequencies. (See Figure 22.)

The CNSS 3; CFLMS simulation system gave data which more
closely resembled that from the dog. At low frequencies the dog
showed lower amplitudes and larger phase lags. For higher fre-
quencies the phase lags were closer but the amplitudes for the dog
were greater than for the simulation model and the asymptote was
about 40 dB per decade rather than the desired 20 dB per decade ob-
served in the dog. One new and interesting occurrence was the non-
periodic "drift" which can be seen in Figure 23. Although the ap-
pearance of this drift should not be taken too seriously, it is perhaps
significant that it is possible in a time-invariant system.

Comparison of the data for both the TLMS and the CFLMS using
CNSS 3 shows that the best agreement with the desired results was
obtained from the CFLMS. For the particular LMS parameters
selected, the SLMS and TLMS produced essentially the same results.
The VPLMS is considered separately below.

Recalling that the asymptote of the amplitude curve for the dog

data in Figure 12 was about 20 dB per decade rather than the 40 dB
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per decade of a simple second-order system, the possibility of intro-
ducing velocity-proportional feedback through the LMS was logically
suggested. The logic control of the CNSS 3 systems was very nearly
in phase with the relative velocity so that the switching between for-
ward and reverse forces was properly timed to coincide with the
change in direction of the relative velocity. Hence, the CNSS 3;
VPLMS system was nearly equivalent with a system using only
velocity-proportional feedback with no logic control.

The characteristics of this system were even more similar to
the dog, as seen from Figure 26. Although the average error was
not constant, the system did not drift in the manner of the
CNSS 3; CFLMS system. Because the horizontal force from the LMS
was a function of the relative velocity, the amount of feedback due to
friction was much less significant than for any of the preceeding sys-

tems.
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V. THE DATA CATALOG

Introduction

The data in this catalog have been selected to show the signifi-
cant characteristics of each of the systems presented. The general
aim has been to provide a qualitative description of the systems in
addition to pointing out the differences between each. Since most of
the systems discussed here were nonlinear, it must be remembered
that the amplitude plots represent peak-to-peak amplitudes and the
phase plots are approximations based on the dominance of the funda-
mental frequency component. A discussion of how to interpret the
gain-phase plots follows below.

Since the descriptive plots for each of the systems show gain
and phase versus frequency, it is natural to accept these as frequency-
domain descriptions of the system. Unfortunately, this is not suit-
able. First, as mentioned above, the system responses are non-
sinusoidal. An even more significant point follows, however.

Frequency-domain analysis of linear, minimum-phase systems
is based on a uniqueness property which guarantees that any such
linear system is uniquely and completely described by its frequency-
domain representation. When the frequency-domain plots show non-
minimum phase or when the system is known to be nonlinear, the

uniqueness property fails. This means that the gain-phase versus
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frequency plots given do not uniquely determine a particular time-
domain system performance.

The conclusion of this discussion is simply that the plots given
in this catalog should not be considered as frequency-domain descrip-
tions of the systems. They are only given as point-by-point graphs
of gain-phase versus frequency. These restrictions do not, however,
exclude general descriptions of the curves in terms of the frequency-
domain plots of more familiar minimum-phase systems.

In all of the following work, certain standard parameter and
constant values were used. The body mass m was 20 kg through-
out. The friction constant kd was generally selected to be either
IN-s/m or 10N - s/m, giving rise to adamping constant of either 0.0104
or 0.104, respectively, where applicable. The switching levels--
€ € and € w --were set at values of 0. 005 m, 0. 005 m/s, and
0. 05 m/s, respectively. Those parameters which are related to the
physical dimensions of the model for the LMS are specified in Figure
A-1 of Appendix A. The constants for the TLMS, SLMS, and CFLMS
were selected so that for an angular leg displacement of 5 deg, the

horizontal force generated was 6 N. The VPLMS produced 6 N at

5 deg when the relative velocity was 0. 097 m/s.

Presentation of Data

Gain and phase data for the first systems, CNSS 0; TLMS and
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CNSS 0; CFLMS, are compared with a simple linear system in Fig-
ure 15. One characteristic not shown in the figure is that for the
CFLMS system, at frequencies just below the amplitude peak, there
was a range in which two responses were possible under identical
conditions. It appeared that in one case the system would "lock" to
the input signal, showing almost no error. If the system were then
disturbed, a large error and phase lag would develope and be main-
tained, suggesting that the nonlinear nature of the CFLMS permitted
two stable modes of operation for these specific frequencies. A sam-
ple of the strip chart recordings of this phenomenum is given in Fig-
ure 16, The small perturbations seen were evident whenever the
CFLMS was used since the force generated by this simulator was
never zero. Such a system will readily exhibit a limit cycle since
there must be continual switching between positive and negative ac-
celerating forces.

Short term ramp (step approximations) responses for these
systems were of the same general nature as for a simple linear sys-
tem and were definitely not like those shown by the dog. Note that
when the table was stationary after the ramp was complete, =x was
zero, and in the case of the TLMS, the system equation was the same
as for a simple second-order system.

Variations of a, the forward-reverse force ratio, did not

produce major changes in the data. The general tendency was for the
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Although the system and parameters as well

as the table behavior were exactly the same, these two distinct modes were observed for

w =2rad/s. This type of nonunique phenomenon is one reason why nonlinear systems are
difficult to analyze. All system parameters were the same as stated on page 61 except that
the friction coefficient was slightly increased to k , = 12 Nes/m. '
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body to lean in the direction in which the stronger force acted, i.e.,
for a =2, atafrequency of 4 rad/s, the average position was
about 0. 032 m forward. (See Figure 17.) As would be expected, the
reduced acceleration for positive errors produced a nonsymmetric
response cycle in which the positive portion showed a less pronounced
curvature.

Although the tendency in the model for the average position of
the center of mass to move forward for increasing values of a was
intuitively expected, it is less clear what effect this nonsymmetry in
the dog might produce. The fact that the dog likely uses a variable
reference which may be both adaptive and stochastic was evidenced
by the drift characteristic, which obscured activity that might other-
wise have been apparent.

Figure 18 is a typical plot of y versus x for system
CNSS 0; CFLMS at a frequency of 6 rad/s. It has been included so
that later systems, also shown in the figure, maybe comparedwith it.

No data from CNSS 1 sy;stems are shown since there was very
little difference between CNSS 1 and CNSS 0 systems. The limit
cycle oscillations with the CNSS 1; CFLMS system during rest and
low frequency table movements were of a lower frequency because of
the reduced tension for small errors.

The gain-phase plots shown in Figure 19 are for CNSS 2 sys-

tems. Although the amplitude peaks have been suppressed and the
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Comparison of the "Lissajou-like" plots of dog

position versus table position for several systems.

These figures are artist's copy of oscilloscope
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response.
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phase lag reduced somewhat without the use of significant relative
Velf)city feedback, the plots still show the major characteristics of a
second-order system. The most meaningful result from the CNSS 2
systems was the reduction of the response amplitude near the reso-
nance. A secondary result wasthat the system was not particularly
sensitive to the amount of relative velocity feedback used.

Observingthe reduction of the amplitude peak, an intuitive ex-
planation is possible. By reducing the accelerating forces in quad-
rants Il and IV, the damping was effectively increased greatly with-
out reducing the force capability in quadrants I and III. Hence, the
resonant peak was considerably decreased. The friction became less
significant because the logic control already provided most of the
damping. The phase lag characteristics, being less dependent on
damping than the amplitude, were not as greatly changed and still
reached much larger values than desired.

For sinusoidal responses, variation of a showed about the
same results as for CNSS 0 systems, while changes in switching
levels had little effect. The fast ramp responses were considerably
improved since the overshoot was well damped by the control logic.
Figure 20 shows a typical fast ramp response using €, = 0. 005 m
and €, = 0. 005 m/s. The ramp responses were somewhat more
sensitive to variation of the switching levels than the sinusoidal re-

sponses, although the changes were not extreme for level adjustments
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of nearly 100 percent. Even greater variation of the levels greater
than 100 percent had little effect on the sinusoidal responses.

A system characteristic resulting from use of discrete logic
switching levels is shown in Figure 21. During relatively slow table
movements, the state point for CNSS 2 and CNSS 3 systems tended to
follow the switching levels € and <, around the origin of the
phase plane. Since the analog-to-digital comparators had very
sharply defined switching levels, a rapid limit cycle appearing much
like noise developed. The evidence of this may be seen in the force
pattera of Figure 21 where the rapid chatter between the active and
passive force modes is evident. This phenomenum occurred most
readily when the relative velocity was near €, The frequency of
the chatter was a function of the switching speeds of the analog-to-
digital comparators and the electronic switches. The tendency to
chatter was much more pronounced with the CFLMS since the most
abrupt changes in force upon switching occurred when using this LMS.

The gain and phase data for CNSS 3 systems are presented in
Figure 22. Despite the reappearance of a significant resonant ampli-
tude peak for the TLMS, the reduced phase lag is sufficient to suggest
an overall improvement in the data. For the TLMS, the amplitude
near resonance was very sensitive to the amount of relative velocity
feedback, a characteristic that was not true of the CFLMS. In both

cases, however, the phase lag above resonance was almost unaffected
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by changes in the realtive velocity feedback.

The CNSS 3 systems, in addition to showing strongly increas-
ing phase data, po‘ssessed a totally unexpected "drift" characteris-
tic which is seen in Figure 23. Although the drifting was most pro-
nounced when there was little or no relative velocity feedback (no
friction), the tendency persisted even for kd =10 N:-s/m. The
CFLMS was much more prone to this condition than was the TLMS.
Values of a other than 1 greatly accentuated the drift tendency.

To see how the drift was developed, we refer to Figure 24
which shows the condition of the logic control variables A and F
superimposed on an error cycle in the phase plane. It is clear that
the curve can be moved horizontally to either side of center without
changing the timing of the control logic switching as long as the path
of the state point stays outside of the region where |el < € and
|é| < €' Intuitively, what this means is that within a pair of limits,
the control logic timing is determined by the relative velocity rather
than by the error (relative position), i.e., the control logic is veloc-
ity sensitive more than position sensitive.

Looking further, we see that the symmetric pattern of forward
and reverse forces was possible regardless of moderate average
errors because the force in logic regions 232 and 323 (quadrants II
and IV of Figure 10B and 10A, respectively) was applied in the direc-

tion of the error, rather than opposite the error. Figure 24
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Transition

Transition

region

Figure 24. Typical phase plane patterns for the CNSS 3; CFLMS system. This figure shows that the
average error may vary widely without changing the basic timing of the logic control
signals which depend on the location of the state point. This allows the average error
to drift between upper and lower limits. The "off-center" curve shows that the upper
limit of this drift actually results from nonsymmetric timing. The lower limit arises
similarly. At points A, B, and D switching is caused by table reversal. At point C,
switching occurred before table reversal because of the control logic organization.
(Compare with Figures 25, 10A, and 10B.)
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illustrates how this logic pattern produced symmetric forward and
reverse directed forces during each table cycle regardless of whether
the average error for that cycle was positive or negative. (See also
Figure 25.) This symmetry condition was possible only until the
average error was approximately equal to the magnitude of an error
cycle, at which time the state point passed near the origin and did not
enter logic region 232, which introduced a nonsymmetry. Hence, the
drift would proceed at a uniform rate until the average error became
large enought to introduce such a nonsymmetry in the logic pattern
which in turn reversed the direction of the drift.

Two criticisms of the CNSS 3 systems are that the dog showed
no amplitude gain at any point and the asymptote seems to be at
20 dB/decade, neither of which are met by Figure 22. A general
merit of the system is that it was quite insensitive to changes in the
switching levels, especially for frequencies above the resonance.
Increasing ¢, 8radually changed the performance to be more like
CNSS 2 systems, as would be expected. Decreasing € caused
little change until it approached the value of €, at which time the
drift became more pronounced. Change of a had effects similar
to those for preceding systems except that the drift was greatly em-
phasized, nearly to the point of instability. The fast ramp response
was essentially the same as for CNSS 2 systems.

Figure 26 is a gain-phase plot for the CNSS 3; VPLMS system.
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The transition regions appear as the notches.

When the state point passes near the origin in Figure 24, the notch would be absent in
one-half cycle, thus producing a nonsymmetry and reversing the drift. (Compare with

Figure 24.)
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The plot shows that this system very nearly agreed with the response
data from the dog in both amplitude and phase. This suggested that
velocity is a major control variable in the dog, both for controlling
the horizontal force amplitude and the logic timing. (In previous
CNSS 3 systems, the velocity was used only for logic timing. ) Al-
though the fast ramp response of this system showed undesired over-
shoot, by combining the constant-force and velocity-proportional
muscle characteristics in an adaptive sense, characteristics very
similar to the dog appear to be possible over a wide range of condi-
tions.

Even though the system did not drift continuously as before,
the average error was nonzero and an external force applied to the
body was unopposed. When a combination of the constant-force and
velocity-proportional muscles was simulated, as suggested above,
the drift again appeared. For values of a wunequalto 1, the
CNSS 3; VPLMS system developed an unstable drift in the direction of

application of the stronger force.
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VI. EVALUATION OF WORK

One general impression gained from this work is that a sys-
tematic development of intuitive notions led to a model which, al-
though crude, gave reasonable results in terms of the data obtained.
Even at completion of this part of the UOMS experiment, enough new
data were available to achieve a considerably more significant result
by using the same method for developing the different systems.

Physiologically, the primary concern was to examine the major
loop of the PCS known as the interoceptive loop, i.e., those parts of
the PCS which respond to stimuli arising within the animal's own
body. The extroceptive functions, i.e., those arising from stimuli
external to the animal, were assumed to form a minor loop in the
system and were neglected. The proprioceptive elements of the PCS,
i.e., those responding to muscle tension or movement, were as-
sumed to yield the joint angle of the legs continuously and precisely
at all times.

The fact that the assumptions did not preclude development of
a model showing characteristics which were reasonably compatable
with observations suggests that the neglected functions are indeed
secondary under the conditions of concern. A summary of the major
assumptions is now given for review. 1) The legs and the backbone

are rigid, massless members connected by pivots with viscous
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friction and the body is a point mass. 2) Vertical accelerations and
movements are negligible. 3) The head and neck are massless mem-
bers. 4) The muscles act directly from nerve stimuli with no time
delay. 5) All control is derived from either the joint angle, the rate
of change of joint angle, or the table velocity, or some combination
of these variables depending on the CNSS being considered. Acceler-
ations are not considered in any case. 6) The state of the system
may be described using no more than six Boolean logic variables
with no time delays. 7) The volitional reference is time invariant.

Several of these assumptions bear further comment. First,
consideration of vertical movements would lead to a separate control
loop which would interact with the present major loop in some com-
plex manner. The effects of vertical displacements would become
more significant for larger table excursions or when the simulated
condition is nearly to the point where the animal would fall over.

Second, the use of electronic logic to represent CNS functions
was an oversimplification which carried only intuitive justification.
At this stage, however, the assumption was nearly a necessity for
work of this type. What effect a better simulation of the CNS func-
tions might have is not known and will be the subject of further work.

Third, neglect of time delays was tolerated because the per-
iodicity of the table movements would likely permit the PCS to make

compensating predictions which would negate the effects of time
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delays. An accurate simulation will need to separate the effects of
prediction and time delay. At this level, however, it seemed reason-
able to assume that the prediction compensated for time delays in
such a way that attention can be limited to the prediction only. The
use of nonperiodic table motion would require a reconsideration of
this assumption. In a similar way, the nature of response in the
muscle tissues would also become more significant whenever non-
periodic movements are studied.

Finally, the time invariant volitional reference has ignored all
variations due to fatigue, ''startle' effects, weight distributions, and
external stimuli, These subjective factors would likely be more sig-
nificant for nonperiodic movements and would also vary among differ-
ent animals.

Regarding the extent of the data given, it should be fairly clear
that this work was terminated for practical reasons, not because any
part of it had really been completed. Considering the data available
from the dog, it is not possible to evaluate the performance of the
simulation model much further than has been done. Although more
work could be done with the systems presented, the analysis of sinu-
soidal data is not expected to give a great deal more information than
has been obtained. Realizingthatthe response toa sinusoidal table move-
ment involves significant predictive and adaptive (learning) effects,

nonperiodic and stochastic table movements will be needed for further
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investigations to be useful. Since data of this type from the dog are
lacking for the present, it is not possible to continue with such stud-
ies.

A substantial part of the UOMS experiment for the future will
need to be devoted to studies designed to isolate the characteristics
of each element within the PCS. An immediate problem in this re-
gard arises from the observation that the interactions among the in-
difi‘dual elements of the system tend to mask the details of these
elements. As an example, the differences between the CFLMS and
the TLMS were not nearly as clear when using CNSS 2 as when using
CNSS 0, despite the significant differences between the two LMS's.
Further, as previously explained, the effect of friction is nearly lost
using CNSS 2 systems or with the CNSS 3; VPLMS system. Both the
prediction and logic of the CNS may be expected to obscure signifi-
cant system characteristics unless the experiments are very care-
fully designed to avoid this.

The work given here has dealt mostly with the PCS during
smooth persuit operation. As in the case of the eye [5, 8], it is ex-
pected that different types of table movements will result in different
system organization within the PCS. This amounts to saying that the
PCS is capable of adapting to meet a variety of different disturbances
in some optimal way. Hence, as different experiments are applied to

an animal, it should be expected that the PCS organization will be
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subject to significant changes. In the case of periodic table move-
ment, one adaptation which appears likely would be for the animal to
maintain balance (stability) while using minimum physical effort
(energy).

Another observation supported by this work is that for systems
whose control logic is significantly dependent on relative velocity, the
"drift" characteristics originally observed in the dog are possible.
The uncorrected error in average relative position is tolerated be-
cause the relative velocity rather than the relative position predomi-
nates in determining the timing of the force pattern.

Although it might be expected that a system change which al-
tered the response amplitude curve would also alter the phase re-
sponse curve to an equivalent extent, this idea was not really support-
ed by the data. For example, the change from the CNSS 2; CFLMS
system to the CNSS 3; CFLMS system altered the phase lags consid-
~erably without changing the response amplitude curves much at all.
In studying the dog, it will be necessary to avoid confusion which
could arise from this "nonuniqueness" characteristic of the PCS.

Another observation similar to those above is that regardless
of the logic timing the amplitude plot retained its 40 dB/decade slope
at higher frequencies. Although the timing changed the phase lag, the
amplitude plot did not change significantly until a vastly different

horizontal force from the LMS was employed (the VPLMS).
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APPENDIX A

The Leg-Muscle Simulator

It is perhaps best to precede a description of the leg-muscle
simulator (LMS) with an intuitive examination of the leg-muscle sys-
tem which the LMS represents. We can begin by noting that the legs
are simply a flexable coupling between the table and the dog's body
and that all forces except gravity which act on the body must be trans-
mitted through the legs, assuming that the animal is standing unaided.
Further, if the resﬁltant force on the body is resolved into its hori-
zontal and vertical components, we see that the vertical component
supports the body weight and the horizontal component produces hori-
zontal acceleration which causes body motion. (Vertical accelera-
tions were neglected since vertical motion seemed to be negligible
for the short table excursions used in the UOMS experiment. )

The magnitude of the horizontal force transmitted through the
legs is a function of both the muscle tension and the leg position. This
must be the case or the dog could not control his position. It is quite
easy to see that the muscle tension controls the stiffness of the legs,
and hence, has a direct effect on the magnitude of the horizontal
force applied to the body. We will see later, however, that the mus-
cle tension may actually be separated into two parts, one of which

supports the body while the other accelerates the body horizontally.
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It remains now to consider how leg position can also effect the
horizontal force magnitude. This may be illustrated by recalling how
it is possible to increase horizontal force capability by leaning into
a load. The leaning action allows the axial force transmitted through
the legs to have a component directed horizontally which will increase
as the angle of the leg increases.

With this background, we can now give attention to the develop-
ment of the LMS. According to the model of the dog's body given in
Chapter II, the legs were simply rigid, massless levers which were
pivoted at the body (hip or shoulder joints) and could be activated by
the muscles. Further, since skidding of the feet was neglected, the
foot of each leg was assumed equivalent to a free pivot at the table
surface. The mechanical model resulting from these assumptions
was used as the basis for the LMS. A "one-leg" representation of
this model appears in Figure A-1. (The one leg represents the com-
bined effects of all four legs. Since the four legs were taken to be
identical, vertical accelerations were neglected, and the body was
reduced to an equivalent point mass, the one conceptual leg is ex-
actly equivalent to four separate legs. ) The lever is analogous to the
leg bones while the total musculature of the four legs is represented

by the muscle simulator.
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q. Joint (pivot with viscous
r' W friction)

\ r=0.2m
001 m
0.6m

o1
0.
1l

Muscle simulator <<
(spring, etc.)

Leg (rigid lever)

Figure A-1. The model used for the LMS. This model is a result of
the assumptions discussed in Chapter II. The mechani-
cal form of the model was the same for each LMS. The
different muscle characteristics were obtained by allow-
ing the muscle simulator to be described by four differ-
ent conceptual tension functions.

The function of the LLMS was to generate a horizontal force
which was a function of leg position (joint angle) and muscle tension,
whe re the muscle tension was in turn a function of leg position (or
relative velocity for the VPLMS) and the binary control variables A

and F. The functional form for the horizontal force fH appears

as Equation (A-1), where g(| 6|, A, F), as seen in

f.. = flg(le], A, F), |6]], (A-1)

is the tension of the muscle simulator. We now proceed to reduce
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the function f[g(|0]|,A, F),|0|] as follows:

£, = fle(|e]), |e]] A-true, F-true

- %f[g(|9| ), |8|] A-true, F-false
(A-2)

l? flg(|0]), |6]] A-false, F-true

] EIE flg(|8]), |8|] A-false, F-false .

Observing this set of equations, we see that the multiplicative
scale factors 1/a and 1/p have been applied to the total force
function f rather than to the muscle tension function g. Actu-
ally, for the computer simulator to correspond directly to the
mechanical model of Figure A-1, these scale factors should have
been applied to the muscle tension function g. However, since the
resulting force generated would have been the same for either case,
the above form was chosen for its convenience in the simulation.

Mathematically, this choice is possible because

flg(le], A, F,), |6]|]=£lg(|0]) |0], A F,]
and

fl{=g(| 0] )] =~ 1lg(|0]), | o] I.

To obtain the output function shown by Equations (A-2), the LMS

was subdivided into two sections. One section generated
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fg( | 0), |9| ], which represented the combined effects of the legs and
muscles. Following this section, the magnitude scaling and sign con-
trol was achieved with a network of potentiometers, electronic
switches, and amplifiers, where the switches were activated by the
control variables A and F. We will shortly consider each of
these sections of the simulator; however, before the first section can
be treated, it is necessary to present a characteristic of the muscle
tension in animals which will be used to describe the function
tlg(]e]) |o]].

Physiologists have traditionally divided muscle tissue into two
types--phasic and tonic. The phasic tissue is thought to produce
forces of a dynamic nature such as are required for rapid move-
ments. The tonic tissue appears to provide the muscle tone which is
required to support static loads. Hence, the force from the muscle
simulator was designated to be the sum of two forces, as expressed

in Equation (A-3). The magnitude of Tton was limited by

g(lely =T ,deh+T,  (e]) (A-3)

to be such that it exactly supported the body weight while the magni-

tude function for Tph was allowed to be one of several forms which

seemed meaningful. Choices for T will be discussed later.

ph

Returning to the development of section one of the LMS which

generated the function f[g( | 9| ), | 9| ], recall that this function was
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designed to represent the characteristics of the level model of Fig-
ure A-1. From the free body diagram of Figure A-2, we can derive
the functional relation between the horizontal force fH (coupled

from the table to the body through the legs) and the tension in the

muscle simulator.

fH —
r=0.2m
d=0.1m
h=0.6m
£ =L+ Al
s g(lel)
L = r2+d2 h-r
fH-—
f
v

Figure A-2. A free body diagram for the leg-muscle model of Fig-
ure A-1. The functional form of the horizontal force
function f was obtained from this diagram by the meth-
ods of static mechanics.

To obtain an equation describing the relation between fH and

g whenboth A and F are true, consider the free body diagram
given in Figure A-2. Conveniently, the principles of statics may be
applied since the leg member was assumed to be massless. The
equation needed to relate fH and g(|6| ), thus giving the form of

the function £, was obtained by summing moments about the
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pivot P, ZMP=O (clockwise). This gave

-fyh cos @ - f h sin 6 + g(|6])r sin (¢-6) =0 . (A-4)

Solving Equation (A-4) for f the result is

H’

rag(lo]) hfv|y-x| ] rdTph(|e|) rthon(|6|) hfv|y-x|

fH = "hi Y. [T e - ’
8 h ] 8 2
h
(A-5)
where
cos 021, sin®=|y-x|/h, sin (¢-0) 2 /e _.
In Equation (A-5), T was chosen so that the term in the

ton

parentheses became identically zero for all values of ©. This de-

termined the form of the f function to be

rdTph(| 8l)
f[g(lel),lell=f[Tph(|e|),|e|]= h_ . (A-6)
Several different forms were chosen for T so that the effects of

ph

considerably different muscle characteristics could be compared.
Specifically, Tph was chosen to represent one of the following
four muscle types: 1) a torsional spring at the pivot (TLMS), 2)a
linear spring as the muscle simulator (SLMS), 3) a constant force
device as the muscle simulator (CFLMS), or 4) a velocity-

proportional muscle simulator (VPLMS). In the last case, note that
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T is a function of |é| rather than |6| , since |é| = §r-5c| /h.

ph

The equations for these four cases are given below in respective

order.

rd
flg(|o]). [o]] = ¢ (;%kt|6|) TLMS (A-7)
S
=24k ag SLMS (A_8
" hy s ) -8)
S
LR CFLMS (A-9
- hls cf) -9)
- X4 [k |9-%|] VPLMS  (A-10)
hy vp

We now proceed to reduce each of these equations to show how
the different forms of the f function were generated. First, con-
sider the TLMS of Equation (A-7). We can simplify by substitution

as follows:

rd(fik|e|)—E = (A-11
hls rd t “"h h -11)
where
0 = sin 0 = |y-x|/h.
Clearly, we have that
kt
flg(le]), o] == |y-x| , (A-12)
h

which is simply a constant times the error magnitude. The computer
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configuration for this generator used only a potentiometer for scaling
and is not explicitly shown here.

Second, the SLMS of Equation (A-8) was reduced as follows:

rd rdks Al

hzs(ks’“): n (Traz

). (A-13)

The only variable term in this equation is Af/(L+Af), whichis a
function of the angle 6. The following equations show how this

term was reduced for computer generation.

Let d =mr where >0, and 0= sin 0 = J%l- Then

2]1/2

L = [r2+d2]l/2 = r[l4n . (A-14)

By the law of consines,

L = (L+ag) = [r2+d2_2rd cos(90+6)]1/2 ) (A-15)
Simplifying,
2 2 2 1/2
(L+ag) = [r"+nq r +2rqr sin 0] /
2 - 1
= r[l+nq +Zn-l1h—x-l] /2 . (A-16)
We can now obtain Af from the identity
AL = (L+aL2) - L, (A-17)

Figure A-3 shows how these functions were generated on the analog
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31../1 +"12 — C |Logic pushbutton
L6667 ()

10[9a12]

" nw_72-7 _

C "True (Lint) - sf, SLMS

—].O C “Fa.lse"—z— = s'f CFLMS
(L+ag) ’

Figure A-3. The logic-analog computer diagram of the LMS function generator. This is the first
section of the LMS which generated the horizontal force function f (scaled) that was
an input to the second section of the LMS.
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computer.

Third, Equation (A-9) assumed that the tension Tph(e) was a

constant, kcf' This equation reduced as follows:
rdk
rd cf 1
he_ (ke =5 (L7 - (A-18)

To generate this function, it was simply required to obtain the scaled
inverse of the output of amplifier 31 in Figure A-3, which is equal to
100 (L+a2)/3. This was accomplished by applying a constant voltage
to the HG input of the divider 33, thus obtaining 2/(L+aAf).

Fourth, Equation (A-10) was revised as shown by Equation

(A-19) below.

rd Hop L4l
H;(kvph'xhz h (L+ag) (A-19)

This function was generated by applying the scaled relative velocity
signal to the HG input of divider 33. The output of the divider be-
came k'|§r - x| /(L+A2) which represented a force of 6N for a leg
angle of 5 deg and a relative velocity of 0. 097 m/s.

At this point, we summarize the preceding developments.

First, rd

S

The reduced forms of this equation for the four different muscle

types are repeated below.
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k
t
flg(le]) [0]] = = |y-x| TLMS (A-12)
h
rdks Al
= — (L+A£) SLMS (A-13)
rdkcf !
= (L+M) CFLMS (A-18)
"vp ( Ly-xl
= (L+M) VPLMS (A-19)

Having obtained the function f[g( | 9| ), |9| ], the second sec-
tion of the LMS can be presented. This stage received the above
analog function (scaled) and the control variables A and F as

inputs and generated f (scaled) as its output. The computer dia-

H
gram which was used is given in Figure A_-4. The electronic switches
shown were standard components on the EAI 680 computer. The
switches were closed whenever the corresponding logic variables
were true.

Since the computer used for this work contaiﬁed less than one
quarter of the full component schedule, this section of the LMS was
not implemented on the machine exactly as shown. However, the
configuration used gave the same result as could have been gained

with the following diagram. This diagram is given since it is more

readily understood than the actual one used.
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" Figure A-4. The logic-analog computer diagram of the second section of the LMS. This
diagram shows how the horizontal force function f was amplitude scaled or
negated according to the logic control variables A and F from the CNSS.
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APPENDIX B

Design of Logic Systems

The logic systems for the response integration simulator (RIS)
were formulated using the elementary procedures of Boolean logic
reduction followed by AND-gate synthesis. It is assumed that the
reader is slightly familiar with the basic Boolean postulates and‘the
use of Karnaugh maps for logic reduction.

For each system, the truth table is the same as was presented
in Chapter II and is repeated here for convenience. The logical ex-
pressions for the RIS output variables have been obtained in reduced
form from Karnaugh maps and the logical functions are written in
suitable form for AND-gate synthesis.

Observing Table B-1, we see that RIS 0 was an obviously de-
generate case where A was always "true" and F = P. The input
variables not shown were permitted in any combination of logical
states without affecting the output variables. The simplicity of this
system allowed it to be realized without use of any logical gates.

The second system, RIS 1, is given in Table B-2. The logical
expressions derived from the Karnaugh maps in Figure B-1 were also

realized without using any logical gates.
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Table B-1. RIS 0 truth table.

Input condition Output condition
P 0 AF 3
P 1 AF 2

Table B-2. RIS 1 truth table.

Input condition Output condition
EP 0 AF 1
EP 1 AF 0
EP 2 AF 3
EP 3 AT 2

E E

P|X P
X X| X
A F
A=E F=P

Figure B-1. RIS 1 Karnaugh maps. The Karnaugh maps
in this figure were derived from Table B-2.
The resulting logical functions were used
for RIS 1.
The logical expressions for RIS 2 were more involved, as can
be guessed by observing Table B-3. The four-variable Karnaugh
maps given in Figure B-2 were written to obtain expressions for the

inverses of both A and F. This permitted the system to be syn-

thesized using fewer gates than would have been needed otherwise.



The first equation in the figure gives the logical expression using
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both the AND and OR notation while the second expressions have been

reduced to the AND-gate form using De Morgan's theorem, i.e.,

A

+

B

=AB or

Table B-3.

A+B=AB.

RIS 2 truth table.

Input condition

Output condition

< < < < < <<

wl nl v n n nu un n n n v
o o I o T O o O o B o T 1 I o T o B o B o T I

0B o] I o I o L o AL o) B o B ] B o B o B o I o

VSEP

00
01
02
03
10
11
12
13
20
21
22
23
30
31
32
33

AF
AT
AF

"ATF

AF
AF
AF
AF

1

N VO W Ww Wy WO vV WO

NN
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\% v
X X X
s s
X X! x|x|x
P P
X X X [x|x
X
E E
A F
A=VE+VSEP+VSEP

A=(VE.VSEP.VSEP)

F=EP+VP+VSE

F=(EP-VP:-VSE)

Figure B-2. RIS 2 Karnaugh maps. These Karnaugh maps were
derived from Table B-3 and provided the logical
functions for RIS 2 in reduced form.

The final system, RIS 3, is described by Table B-4. The truth
table shows only those combinations of the input variables which could"
physically occur. (When V is "false", W must also be "false", hence,
it is not possible to have a condition suchas W X VS E P, etc. ) Be-
cause RIS 3 and RIS 2 were quite similar, it seemed less complicated
to synthesize RIS 3 by adding a logical modification to RIS 2, rather
than to construct a new system of logic. Hence, the equations for
RIS 3 were written intuitively by observing the differences between
RIS 2 and RIS3. Defining A' and F' to be the desired outputs for

RIS 3, logical expressions for these variables were obtained in terms
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Table B-4. RIS 3 truth table.

Input condition Output condition

WXVSEP 000 AF 1

l-_l-jl‘ .
o~

WXVSEP 133 A

200

S
o
<
0
=
g

Not physically possible, VW

WXVSEP 213

WXVSEP 220 AF 3
WXVSEP 221 AF 3
WX VSE P 222 AF 3
WXVSEP 223 AF 2
WXVSEP 230 AF 2
WXVSEP 231 AF 2
WXVSEP 232 AF 2
WXVSEP 233 AF 2
WXVSE P 300

. Not physically possible, V — W

WXVSEP 313

WXVSEP 320 AF 3
WXVSEP 321 AF 3
WXVSEP 322 AF 3
WXVSEP 323 AF 3
WXVSEP 330 AF 2
WXVSEP 331 AF 2
WXVSEP 332 AF 3
WXVSEP 333 AF 2
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of W, X, A, F, and combinations of VS E P, where A and F were

the outputs from RIS 2. Thexe expressions are

A'=WA+W
— = (B-1)
A'=(WA- W)
and
F'=WF+WX(VSEP+VSEP)+WFS
(B-2)

F'=WF:-[WX:- (VSEP.VSEP)]- WFS.

Although synthesis by this method was likely not optimal in
terms of the number of logical gates used, it required less additional
logic than would have been needed to form a new simulator system
that was independent of RIS 2.

Due to the limited availability of logic on the EAI 680 logic-
analog computer at the time of this work, Motorola integrated circuit
logic elements of the MECL type (MC 350 series) were used. With
this type of logic, only NOR -gates were available, hence, all logical
expressions were converted to the NOR -gate form rather than the
form given here, by using De Morgan's theorem. It was also neces-
sary to convert the logic levels through an interface with the com-
puter since the EAI 680 used levels of 0 and 5 V while the MECL logic

levels were -1.5and -0. 75 V, respectively.



— NN T
1y

10e ) S _l?

<>106
e

-10
— 10x

Interface to CNSS
! | m

(Analog-to-digital comparators)

Figure C-1. The basic simulation diagram. This diagram shows the arrangement of the logic-

analog computer elements as they were used. Note that the LMS is shown as a
block and only the logic interface with the CNSS appears here.
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