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3.

THE FUNCTIONAL CONTROL OF THE
EYE-TRACKING-SYSTEM AND ITS DIGITAL
SIMULATION
Gerhard Vossius and Jiirgen Werner

J.W.,Goethe-Universitdt, Frankfurt/Main, Germany

1. The functional organization of the eve-tracking-system

The eye-tracking-system can be divided according to
fig. 1 into the retina as the measuring device and into a
continuously and a discontinuously (saccadicly) operating
system, attributed to the higher centers of the brain. These
higher centers are connected with the eye muscle nuclei
together with the fasciculus longitudinalis medialis and the
eye muscles which are attached to the ey>-balls. Within
the eye muscul@ture there are the muscle spindles and the
tendon organs. It is assumed that the fecdback pathway of
these spindles and tendon organs leads to the eye muscle
nuclei. By this, the existence of a second, inner control-
loop is suggested, the transfer-function of which has been
discussed in former papers.

The investigations of the last years have been
concentrated to the experimental analysis and the mathematical
formulation of the mechanisms of the saccadic and the
continuous system of the higher centers. The different band-
width of the discontinuousiy and the continuously operating
branches permits to separate the electrically measured eye-
movement into these two components. By this, it is possible
to add one of them or both in the positive or negative sense
with a variable gain to the target-signal, so that the
system may be tested under various conditions. A part of the
experimental investigation has been carried out together
with L. Goodman and G. Bowman, Bioengineering Group, Case
Institute of Technology, Cleveland.

In the gollowing we want to illustrate the properties
of the saccadic system and then we shall comment upcn a
general mathematical model, which is appropriate to the
manifold properties of identification and prediction of
voluntary movement control.
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2,) The saccadic system and its optimization

The saccadic system has been described earlier as a
campled data system ' . But this model has to be modified
according\to our experiments, as far as the gain of the

control system is not constant, as assumed by Young and
3tark. Introducing into such a control system (fig. 3) . an
external feedback Kr’ we have the following error fn and
amplitude a_ in the n-th samnling period:
= - 1 = K
S ( K, )

X

+ f
n-1 “vn

n n-1
or after substitution: {
£ur ST SR T L
I,, order to obtain the ootimal gain Kvn the error fn must

be set to zero:

Xen opt =

1 - Kr

We see, that the optimal internal gain for the n~th sampling
pericd is independant of the sequence of the preceding
values. It depends only on the external feedback Kr. In
principle, such an optimization may be done in one step.
Regarding our experiments, the saccadic system of the eye-
movement 1is in fact capable of identifying the sign and
the amount of the external feedback up to a certain extent
and of adavting the inner gain Kvn to the new conditions,
compensating the external feedback. Even with a negative
feedback of Kr = =10 the ovptimal value is reached after a
few steps. In fig. 5 we recognize the remarkable fact, that
the system often identifies the new feedback conditions
already after the first step so well, that the desired value
Kvn opt. is nearly reached. After this Kvn changes in an
oscillating manner before attaining the final value. It is
not surprising; that this final value is not reached directly,
because even under normal conditions without any external
feedback, there is generally no unity géin as should be
exvected. S0 we can distinguish an intended and a real gain,
evidently caused by an internal noise level:

Xm ete = Xy oint 2€gq
That means, that the organism needs a certain time to separate
the influence of the feedback and of the own noise-level.
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Such a hypothesis is supported by the fact, that the final
is reached very often immediately after a

value Kvn opt.
19 that is a large signal-

relatively large deviation Kvn
to-noise-ratio.

The capability to identify changes of the feedback
directly enables the organism by way of controlling his
own fﬁnctional state, to compensate interferences e.g. of
other parts of the central nervous system.

In another series of experiments under normal conditions
we have shown that the saccadic system is capable to identify
in an extremely short time interval the structure of
deterministic input-signals e.g. intricate sequences of step-
functions with a certain periodic structure, and by this,
to predict the signal in the course of the experiment. In
this case, too, identification is achieved in a nearly optimal

time.

3. A general model of the predictor-system
The experiments of the last years have shown, that one

of the most essential properties of the control-systems

of voluntary movement is the capability of prediction.
Manifold experiments with continuous and sampled input-
signals yielded a predictor-system, which is able to compensate
dead-time, to bridge signal-gaps or continue interrupted
signals. The prediction-interval depends on the signal-
structure as well as on the length of the period, during which
information is accumulated and used for the signal-synthesis.
It has been shown in former papers 6,7,8 that these biological
control-mechanisms 40 neither use frequency-analysis nor
statistical analysis. Nor is the aim of optimization a
minimum 0f the quadratic error. Wiener-filters e.g. are not
adeguate models for such predictor-systems. The systen to

be developed should znalyse the signals and their deterministiec
structure in the time-domsin and shouid zenerate a prediction
for a time interval adapted to the zmount of the relevant
information. Based on this concept, we aimed at a generalization
¢f the observed phenomena which would permit not only a

better insight into the funciional principles reslized in

the eye- and hand-tracking-system, but which could also

serve as a basis for the development of modele for other
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data-processing technical, but particularly biological
systems with predictive properties. As the manifold possi-
bilities of the organism cannot be described by only one
actually known theoretical principle, we choose a system

with parallel branches (fig. 6), which can work autonomously
uﬁ to a certain extent, but contribute with different weights
to the synthesis of the output-signal. The weight of the
varallel components is adapted to the structure of the inoput-
signals. Using this model, we obtain a complete system which
sertainly does not satisfy the often extremely economiec
aspects of technical systems, but which is typical for
viological control-systems, often disposing of possibilities
of‘variations in order to be capable of adaptation and

compensation.

e should make a difference between predictor-systems
based on extrapolation and on renroduction. We understand
by extrapolation a prognosis of a series of events f(t)
with the knowledge of the function f(t) and its derivatives
a £

T durin%ﬁ certain interval, whereas prediction based

on revroduction oresumes an identification of repetitive
features of the function f(t). Not all biological systems,
whick are able to predict by way of reproduction, are capable
to reproduce input-signals for any time even without any
further stimulation. Therefore we divided such vpredictive
vronerties into a "long-time-prediction" and a "pattern-
reproduction". The first is mainly based on an unconscious
signal-analysis, whereas the latter is essentially a conscious
data-storing and -processing procedure. For certain biologi-
cal models it will also be useful to make a difference
between “short—time-extrapolatidﬁ" and "1bng-time-extrapo-
lation".

The following statements will be formulated very generally,
so that the functional principles may be recognized and
applied, with no restrictions by the special biological
problems.

For the mathematical descriptiop of the input-functions
we choose the following form:



¥ &
N .
Flo->=" [ tute) d(z-t) dz
g SR

ie.  FlY)=Blt) fr bstctn | #£)=0 el
according to the definition of the Dirac —o(—function. The
function £ is known up to the time t = t*. Discontinuities
of the function and its derivatives occur only in finite
time-intervals Atn = A, -ty

3,1 .Extrapolation

3.1.1."Short-time-extrapolation"

A rather elementary extrapolation-system uses only
the information available at t = t¥.The extrapolation is
performed for t = t*+Az . In order to get a satisfying extra-
polation, we must require t*+Ar (tr‘l",presuming that the
functions and its derivatives are continuous during the
- interval t* 1( t (t # . The system cannot predict disconti-
nuities. In the 1nterval t 1<1:<‘l: the function is expanded
into a Taylor-aerles.

2, (£-2%)7 poygey
£t =2 (—,7‘2 7‘”(#) el
For t:i’«oifwé obtain the following extrapolation:

F( 7 ) Z ’M{"/ ity ey

Another extrapolatlon-systnm, comprising the described
elementary one as a special case, is more appropriate to the
biological facts. It processes all the information disposible
‘during the interval t¥*- At{t<t*. The condition t”*- At)tn’:1
should be fulfilled for an efficacious extrapolation. All
extrapolations carried out during the interval At are weighted
by a function g(T) and form as a whole the output-signal
for t = t¥+ AT:

F(+ At, 4c) :/_Z” ’C—wﬁif) (df*f)f;/rj dr

The weighting function may e.g. have, according to physiclogi- -

cal facts, the following form:
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4t -
& r)/‘r' 4

The parameter7T permits an individual adaptation of the
function,’whereas the expression in the denominstor
guarantees, that the following condition will be satisfied:

;(z') dr = 1

4
When weighting at descrete moments t = t“-—At, t = t¥-2.4
etc., we obtain the following extrapolation:

7@ =

MmN ) v
sy £ (é-,..At) (A7 p At) A

=0 »=0
with a similar,/%ut discrete welghting—function Bu e Thie

weighted extrapolation generates even for signesls, which

have not an extremely regular structure a good extrapolation

for short intervals 4t and AT,

3.1.2. "Long-Time-Extrapolation"

The systems discussed up to now use only the information
available in a relatively short time interval. The following

procedures take into account a larger part of the function
(t#’1£t (t') and permit generally a longer prediction-
interval (t*¢t (t Y.

The follow1n5 function is considered and used for the

extrapolation:
F(t)= / Pe(e) S(T-t)dr L= Tt

mhe function ?ﬂfﬁ can be approximated by a pclynomial of

m*-th srder:
i Bl i
FilTaar 0 e

m=0
In the technical realization the coefficients an, . mey
o 5 2 ER
be calculated using the method of least sguares fit, The

Y

extrapolation itself consists of tne simple extension of
the validity of ¢

¥ith S&'n*(rj =?#(t)

the esxtrapolated function will be:



t#
fFlt) =_/ s’e,"(’z-j-c/‘(z'-éj A

t5-4
The system is appropriate fopﬁeterministic signals disturbed
by noise, but Wwill not predict discontinuities, neither.

3,2. Prediction bx,reproduction

3,2.1. "Long-Time-Prediction”

The so-called "long-time-prediction-system" is able
to identify all sorts of periodicity and by this to predict
a function e.g. up to the next characteristic point (extremum,
discontinuity etec.).The identification of periodicity may
be achieved by the following procedure. In the following
equations the index A is increased up to 2‘, until the sum
of differences is zero. If Q¥ exceeds a certain amount, the
procedure is stopped without success:

At &= = A fnﬁ

n'=pta ~ -t

With A=4,2.3-- 3% <2 I

and i
A‘Cn‘ tn - {ﬂ"‘ 2 ./
er’ / Soh‘-y‘v-4 /- /%1'—/—2*" / i

With the conditions fulfilled by A* , the function may be
predicted up to the next characteristic point:

Atn“f-»f i Atn"-ﬂﬁ‘f‘! il €r= E"()‘:L' 7;)
9 with
Fara = = Cuganpy + £ oty BLL, fe)

During a seouence of executions of this procedure it will
occur,that the same A" is reached L times without interruption.
The functions & and £y have to be individually determined for
each system. They take into account, that an efficacious
prediction may occur after a time of learning. The course

of the learning-phase is influenced by the parameters \¥, L
aanD. Gradually €+ and ¢, approach zero, E,sometimes will even
be negative,
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3,2.2. "Pattern-Reproduction"

After the end of the learning phase &r and & change
only negligibly, and an effective pattern-reproduction
becomes possible. For k* periods we obtain the following

prediction by way of reproduction: ($r=0, f¢ =)«

f{{} =k'§ /;p"fq L) C/)/L—é‘) L e r=n’}—,7-4+.22*(,(-4)
and analogous to the procedure of the preceding chapter:

Aén’-li i A %n*-23'+1'

. f A8 v "
c/n’r i = ?n*-_ﬂz\"»‘i

2.3, The coordinating system

The described parts of the system contribute in a
different way to the synthesis of the output-signal. The

weight of each branch is determined by a system called
"gignal-identification" (fig. 6). The procedure is not a

vstatistical analysis, but a classification with simvle
criterions, e.g. the frequency of extrema and changes of

direction of the signals and its derivatives, which permits
a rough estimation of the signal-structure. The decisions
are controlled according to the achieved performance, a

measure of which is the momentaneous error. By this, the
weight of each branch may be altered. If the error or the
signal-velocity exceeds certain limits, corrective steps are
generated by the saccadic system. !

The system, as a whole, is able to adapt the data-
processing parts to different classes of input-signals. By
this, it can dispense with all statistical error-criterions.
Surely, it is especially appropriate to deterministic signals.
The inevitable data-processing-time involves limitations
of performance.

4, Simulation of the eye-tracking-sycstem

The applicability of this mathematical concept has
been checked by the simulation of the eye-tracking system.
The program for a digital computer comprises the possibilities
of prediction oy way of extrapolation and reproduction,
coordinated with those of the error-correction. In contrast
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to the hand-tracking-system there is no "pattern-reproduction".
We determined the functions &, and &, experimentally and
investigated the factors influencing the saccadic systens.
These are particularly the momentaneous error Fx’ the error
of velocity Fi’ the signal-velocity X itself and a factor &
characterizing the irregularity of the signal.

In the realized classification scheme all signals with
a first resp. Second derivative disappearing during fixed
intervals are classified as type-1-and é-signals. The
remaining part are type-3-signals. According to this classifi-
cation certain predictor-mechanisms are prefemed, e.g.
type-3-signals are processed by the short- and long-time-
extrapolation-system and type-2-signals by the short-time-
extrapolation and the long-time-predictor-system. Processing
type-1-signals long-time-prediction is prevailing. Further
modification of weighting depends on the estimation of
performance. Some of the results of the simulation are shown
in comparison to those of the experiment in fig, 8 - 11.

The whole simulation of this special system has been
derived from the previously developed functional concept.
By this, a distinct understanding of the organization of
eye-movement-control was achieved. Beyond this, one can
expect that such a concept of identification and prediction
should be found in other biological systems, as well.
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: Schematic model of functional organization of the eye-
tracking-svstem (modified after VOSSIUS 1960/61)

Experimental setup

: The saccadic system as a sampled data system

} Saccadic eye movement with experimental negative
feedback KR = -3,0

: Adaptation of the gain Kv

: The general funectional concept

: Target-function

and 9: Zye-movement in the experiment

’ and 11: Eye-movement in the simulation
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fige 6 Signalidentifikation = signal identification
Gewichtung = weighting
Furzzeitextravolation= short-time-~extrapolation
Langzeitextrapolation= long-time-extrapolation
Musterreproduktion = pattern-reproduction
FPehlerkorrektur = error-correction
Erfolgsanalyse = estimation of performance

fige 7 m—mmeccec—————

£iz.8-11 Vorgabe = target

Folge = eye tracking movement
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MPOCTERM{A MONCKOBHIA MEXAHWU3M YIPABIEHNA
MHHIE‘IHOH AKTVBHOCTBI0

M.A. AUBEPMAH u E.A. AHZPEEBA
MHCTUTYT aBTOMATHKY ¥ TeJEMEXaHHKH
Mockzra
cccep

Ha npoTsazeHny NMOCAEZHWX AET aBTODAMM C TpYNNOi# COTPYZHU-
KOB BelucCh paGOTH M0 M3yYEeHMD NpPOCNEeM yIpaBleHUs MHIIEYHOH akK-
THBHOCTHN EMBOI'0 OpraEuMsMa. B Xoze aTuX paGoT U3yyaloch NOBe-
AGHHE OTZACABHO{ MHENIH MIM TPYNOH MHND B Nponecce IONCKOBOM#
‘@RTUBHOCTH M NOCTENEeHHO BHKpHCT&HHSOBHBaBHCEiHeKOTOpHe oomue
A MOZeNbHHE MPEeACTABISHUA O pacOoTe MHNII M HENOCpeZCTBEHHO
CBA3QHHHX C HUME HOpOocTeimux HefipOHHNX OpraHW3anuit B nponecce
noucka. [lenrs ZaEHOTO ZOKIAAA — M3AOEUTH 3TH OOLHUEe ¥ MOZEIBHHE
npeACTaBAGHUA .

Mo3r, ynpaBiaff MHENaMW, HaOpaBifeT K HEMOCPEACTBEHHO
CBA3AHHHM C HNME HEDBHHM OPraHM3anuAM (CNNHANBHHM CETMEHTaM)
KOM3HJHHE 3allH MMIYIBCOB M HOZ ZeHCTBHEM 3THX KOMAHZHHX HM-—
NyI5CO0B M UMOYABCHHX CHUTHAIOB, NOCTyNAbOWX HA CHUHAABHHHA cer-
MEHT OT penenToOpOB CaMO¥ MHEIH, OCYMECTBIAAKNTCH IeleHalpaB-
JI€HHHE COKpameHMf MHIUD M COOTBETCTBEHHO IeleHalpaBleHHHE ABH-
XeHHA KOocTelt ckelera. Jlalee NMOZ MEXaHM3MOM YNDPaBIEHUS MHIEY-
HOff aKTUBHOCTHD HOHMMAETCH 3aKOH BHPAOOTKE 3THX KOMAHZHHX MM—
OyaIscoB (T.e. TO, NPU KAKUX JCAOBHMAX OHM BO3HMKAWT M KyZa OHH
NOZBOAATCA) H CHOCOGH MX OTPaGOTKM (T.e. TO, KaKoBa ¥ KaK Op-
TaHU3yeTCA DPEaKNUs MHNI HA 3TH MMOYABCH) C LEABD. ZOCTHECHUS
HEKOTOpOT0 HEOOXOZMMOrO AJIf OPTraHM3Ma pe3yAbTaTa.

Jlaxe HEMHOTOUYMCIEHHHX MCCIeZOBaHu#, NPOBEZEHHHX B Hamel
Ja0opaTopuu, A0CTATOYHO, YTOGH YOEZUTHCH, UTO yIpPABIEHHE MHI-
OawMy OpH pemeHMM NOMCKOBHX M ABHIaTENBHHX 3a87aY B Pa3IMYHHX
YCIOEMAX OCYMECTBIAETCHA DAa3HHMM MeXaHU3MaMKi. JORNIaZuBaeMas
padoTa NpezcTaBiAfAeT COGOi HONHTKY BHAEANTH OZUHE K3 UYACTHHX
MEXaEM3MOB yNpaBAGHHWA ¥ N3YYATH €TI0 B yCIOBUAX, KOr'za OH pa-
6oTaeT B OCHOBHOM CAaMOCTOATEIBHO, H30AMPOBAHHO OT OCTANBHHX
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MEXaEM3MOB. lIMEHHO ¥M3yYaeTCs MEXaHW3M, KOTODHE MH YCICDHO Ha-
3HBAEM OpOCTEHNNMM HOMCKOBHM MeXaHNsMOM (Zanee xpaTxo [IM).
90T MEXaHN3M yNpaBifeT MHUIAMU B YCIOBMSIX, KOTZa Tpelyercs
TOUHOE NOZZEDPEAHME HEKOTOPOT'O HAjileHHOTO NONOXEHUA UMY CKOPO—
cT¥ (YacTOTH KONeOaHmif) CyCTABHHX yTJOB.

8§ 1. DB30P SKCIEPUMEHTAJBHEX OAKTOB, CBABAHHHX C
PABOTO NIIM

®aKTH, Ha KOTODHX OCHOBHBADTCH HamWyW Npezacrarierusa o M,
NoAyYeHH M3 NPOBeZEHHHX B Hamel XaGopaTopuy HaCIDZeHM# HaZ
ykasaHHOR BhIle NMOMCKOERO{l aKTUBHOCTBN MHUI KaK B yCIOBMAX MC-
KyCCTBEHHOTO 3aMHKaHMA OPraHN3Ma BHEMHHMN OCDATHHMM CBA3AMA,
YTO M03BONAET CTABUTH MO3TYy UETKYD HOMCKOBYD 3aZayy ¥ IOCTe-
NEeHHO HaOIWZATh Npolecc HOMCKa, TaK M B €CTECTBEHHHX yCIOBH-
fix. Bo BCeX ONWTaX 3aNMCHBANACH HAKOXHHMM 3IEKTPOZAME SIEKT-
poumorpamma (SMI') MumOy wi¥ Muun ¥ orucawuas OMI', nmomxyueHHAHA
nocie npoxoxzesus JMI' uepes MUBTD, COCTOAmKII M3 ZeTEKTOpa,
MHEDUHOHHOTO (OAHOEMKOCTHOTO) 3BEHa C MOCTORHHOH BpEeMEeHH
A KaTOZHOT'O NOBTODUTEAA. ‘

1°. OnurH mo NOZZEeDPEAEND MUHUMYMa GOIEBOTO Da3ZpDaKeHHH,
KOTZa OHO 38BHCHT OT HANPAKEHHOCTH MHUI.
B aTux omHTax ,I: CTHMYyJ, BH3HBANMUH# CO0JeBOE pasfpaxeHue
3a cuYeT MCKYCCTBEHHOH O0OpaTHOH CBfi3W, 38BHCEN TOIBKO OT OTMGa-
pmeit SMI' oziHO# MIM HECKONBKHX MHmN. CymecTBOBAIO €ZMECTBEHHOS
3HaueHue oruGanwmux SMI', OpH KOTOPHX CONEBOE paszpaxkeHne OHIO
MUHUM3ABHEM (B YacTHOCTH, DaBHHM Hyaw). Torza B cayuae oxHOH
numuu{ﬁ . B OXOCKOCTE "3HaueHMe ormbanmefi — BpeMa™ (puc. I)
cymecTByeT 3KCTpeMalbHAad IMHMA, NapailelbHad OCH adcmEcc, CO-
OTBETCTBYDIAA MUHEMyMYy OGOIeBOTO pasjpaxenus. ONHTH NOKa3alH,
4To oruGapmas SMI' B mpomecce ONHTa M3MeHAeTCH TaK (puc.I):
OHA MOHOTOHHO yMEHBEAETCH A0 HEKOTOPOTO YPOBHSl, PACHONOXEHHO-
IO HECKOABKO HMEE yKa3aHHOH# 3KCTpPEMANbHO{ AMHMM, AOCTUTHYB
3TOTO JPOBHA Kak GH "OTCKakuBaer" OT Hero, YTOOH BHOBB ONyCKa-
fChk, AOCTHYH 3TOT'0 yPOBHA M BHOBH"OTCKOUMTH" BT Hero. HazoBem
raxoff "orckok® ormGanmeii DMI' OT yKa3aHHOrO IKCTPEMAIBHOI'O
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'ypoBHa "BcmieckoM". ONHTH NOKa3WBAWT, YTO 3TH BCIIECKH CIydYali-
HH IO BeNMYHHE, HO TUOMUHHMM SABIAAKTCA /BE AMIJKTYZAH BCIIECKOB
- "yanne" u "Gonpmme". Ecay B napaloduMuecKoiéf XapakTepUCTHKE,
onpezensniiefl 6oleBOe pa3zpakeHue, AUKBUAMPOBATH OPaByD BETBB,
TO onMcaHHH{t mpouecc GyZeT NPOTEKaTh TOYHO TAKEKE, HO IPM 3TOM
ucyesHyT "Goxabume" BCINECKM ¥ BCE BCINECKH OYAYT TOABKO "MaXu-
Mu". [IpM HEOXMAGHHOM CMENEHNMM 3KCTDPEMAaJbHOH JIMHAM BHA3 NIK
BEepX (TOYKa QA ¥ b =a puc. 2) Bea "KapTuHA" COOTBETCTBEH-
HO NepeMemaeTcs, ¥ BCINIECKM NPOMCXOZAT OT HOBO# AMHWM, BCETZR
PacHOIOXEHHO! HUEE DKCTpeMalbHO{ AMHAM ¥ NapainensbHo ed. B pe-
3yABTaTE 00mMAafA 3AEKTpUUEeCKasd aKTUBHOCTH (U, COOTBETCTBEHHO,
HaNpAXEHHOCTh MHNIOH) NOCTOAHHEOH KOJNeOGNeTCHA BOJM3YM 3HAUYeHUd,
00eCcleHNBANEr0 MUHMMYM CONEBOT'0 pasZpakeHWd, OTCIERUBAA €ro.
Takoe OTCAEEMBaHME NPORCXOZUT U NpDU HENDEPHBHOM MEpEeMEmeHUN
JKCTpPEMANbHOR AMHAM H DAX ZpyruX $axKToB, CBA3AHHHX C ITUM NpO-
OeccouM ,I,

B cayuae, Korza 6ojleBOE DA3ZpaxeHUE 3aBUCHT OT OOABHETO
ugcna MHUN S, OpPONEcC NPOMCXOZUT 8HANOTHYHO, BCIMECKH 3TUX
MHOI] BO3HMKAWT OZHOBpEeMeHHO. [IpociexeHo, UTO BCINECKH HAUMHA—
DTCA KaXzuit pa3, KorZa GONeBO€ pas3fpakeHue, HapacTad, AOCTUI-
HeT HEKOTOpOT'0 nopora, ¥ He BO3HMKAWT, KOTZa 3TOT DOPOT ZOCTH-
raeTcd NP yMEHBUleHHH CONEeBOT'0 pasZpaxeHms. OOHTH HOKa3amH
TaK®e, YTO OZHOBDEMEHHO CO BCIAECKAMN DACcCMATDPHBAEMHX MHMI
BOAHMKADT BCHJIECKU M y MHHX "CTODOHHMX" MHUI, OT KOTODHX He
33BMCUT GONeBOEe Dpa3ZpaxeHue, BO TOUKM, OnpezelfAnmue HAYAN0
BCIIECKa 3TUX"CTOPOHHMX" MHNI, He PEeryifpHH, T.€. yEe He I0EaT-
Cf Ha IWHUM, COOTBETCTBYDNME OAMHAKOBOMY 3HaUEHHD GOAEBOT'O pas-
ZpaEeHNH.

2°, Qmurs mo 'IpuneauBaHup® n'npggexbno OHCTPOMY
KauaHup cycTrasa.
3

B aTux onurax,”’, sanMcuBanachk M u UX oruGapmme A ABYX
MHII-aHTarOHUCTOB Kakoro-au6o, HampuMep, Ayue3ansaCcTHOro, cCycTa-
Ba ¥ BeIWYMHA CYCTABHOr'O yraa. JTa BeluuuHa HAGADAAIACH B BUZE
cBeTAmelicad TOYKM HA OCOMINOCKONE, a KOs{uOueHT yCHMIEHHS HO yr-
Iy BHOMpaICHA CTONb GOABUNM, UYTO M3MEHEHMEe CYCTABHOLO yria Ha
2 - 3 yrI0BHX MUHYTH YBOZUAO TOUKY 34 NpeZelH 3KpaHa OCHUIIOT-
paga. Ips "TOYHOCTHOM NpULEAMBAHUA" HCHHTYEMOMY CTaBHIOCH 3a-
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zaEMe yAepEaTh TOUKY B Hpeienax 3KpaHa. Hpm Taxom "TOUHOCTHOM
nprneauBanuu” (puc. 3) cycTaBHO# yroX KoneGleTCA C vacToToH
npu6nuzuTenbao 7 - IOrn. Ha oruGanuedl MI' oGeux MumIN YETKO Ha-
6apnaioTcAd TUNKMYHHE BCIONECKH, NOZOGHHE TEM, KOTODHE Hallnfialuch
B OonNHTAX C GONEBHM pazzpaxeHMeM (CM. BHIE). STH BCIIECKA DU
"poyHOCTHOM IpUNEAMBAEMU" BO3HUKAWT KaXAH{ pa3, KoTrza acconnT—
Hag BeIWYMHA YTAOBOK CKOPOCTM CYCTABHOTO yria, HapacTas, ZO-
cTuraeT HEeKOTOPOT'O IOpPOr'OBOI'0 3HAUeHWd. [IpM 3TOM Bcerza BCHNECK
oruGanmell OZHOH U3 MHIN-AHTAUOHHCTOB BENKK MO AMIIUTFAS, &
ZpyToit MpA 3TOM - Majl, MIU €l€ 38MEeTeH. BoxpEme BCIJECKH Yepe—
IyoTCA, T.€. €CIM B HEKOTODH{i MOMEHT OHI OONBWO# BCHAECK ¥
cru6aTeif ¥ MalWi y pasrubGarensd, TO B CAexyvbumui pa3, Korza aéd-
CONNTHOE 2HAUEHUE YTAOBO# CKOPOCTH ZOCTUTaeT HEKOTODOI'o lopora,
Hao60poT, GOIXBNO{ BCIIEeCK GyZeT y pasrubaTelns, & Maluwi y cruda-
Tenf. DONBMOf BCHNECK BCErZa BO3HUKaeT y TOil M3 MHENN-8HTArOHH-
CTOB, KOTOpPafg B 3TOT MOMEHT pacTarusaeTcfi. [Ipu "TOYHOCTHOM npu-
OeauBaHUM™ 9acToTa KoleGasms cycraBHoro yraa (7 - IO rm)rakosa,
YTO y KaxZo#f MHMIH GONBHO# BCIONECK BO3HUKAET NpPUMEDHO OZMH Das
3a Nepuox, T.e. BpeMs MeXAy ABYMA BCIUIECKaM¥ Konediercs oT0,08
z0 0,2 cex., TunuysEoe Bpemsa - 0,1 cexk.

Ecnu Temeps B JCAOBMAX 3TOr0 Xe ONHTA U3MEHUTH 38ZaHUe HC—
OHTYEMOMy B NOTpPeGOBaTh, YTOOW BMECTO TOYHOI'O NPUIOEIUBAHUHA OH
Kaual DYKy B cycTaBe C A0O# aMOIMUTYZO#, HO HpeZeAbHO OOABHOM
yacToTOif, TO 3aNUChH OKaEETCA TAKO# Ee, KaKk X Ha puc. 3. Hame-
HUITCA IMIP AMIIMTYZa KoIeGaEu#t cycrasa (& 3HAUMT, CIETKa yMEHB-
WMTCH YacTOTa) ¥ YyPOBEHP a0COIDTHOTO 3HAUEHUH YINOBO# CKODOCTH
CYCTABHOT'O.yTia, JOPH KOTOPOM BO3HMKANT BCINECKA O0GENX MHNI-8H-
TarOHMCTOB., JTA KapTMHA B OOWMX YepTax HOBTOPAETCHA IpPM ONHTAX
C pasHHMM CycTaBaMi, OPM DA3HHX CPEZHMX 3HAUEHUAX CYCTABHHX
yTa0B, OKONO KOTODHX HNDPONCXOZMT KayaHWe NIPM W3MEHEHMM B HEKO-
TOPHX .IpeZellax HarpyskW H& KOCTh, T.€. BEIMYMHH HANPAKEHHOCTH
MHIIH.

ComocTaBieHHe pUC. 2 E 3 ZaeT MHOT'O OCHOBAHKY npexnmoxa-
rarTh, YTO YNPaBIEGHME MHUEUHO} SKTUBHOCTED B 3TMX CAydYasxX Npo-
UCXO0ZMT C HOMOWBKH OZMHAKOBOTO WI¥ OZHOTUIHOT'O MeXaHusMa, UTO
- BISMEHTApPHO# YacThR MHMEUYHO! AKTUBHOCTE B 3THX cAyvYasx HBIfA-
OTCH BCIIECKH, KOTOFd€ HAXOZAT CBOe OTpaxeHMe BO BCHIECKAX
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-oru6awneit IMI', a yupasieHue BezeTcHd BHOODOM MOMEHTOB BO3HMEKHO-
BEHUA BCIUIECKOB; DTH MOMEHTH BO3HHKADT Kaxiuil pas, KOI'Za HEKO-
Topas BelMYMHA, HapacTad, AOCTAraeT mopora. Takofi BenmduHo# B
onurax n.I° ABIAmOCH GoneBOe paszpaxeHWe, & B omuTax m.2° -
a0CoANTHOE 3HAUYEHME YRAOBO# CKOPOCTH CycTaBa. [IpeznaraeMue Aa-
Zee MOZeIbHHE NPEACTaBIGHHA OCBACHADT, KAaKUM 00PA30M TaKoe
yOpaBIeHUE MOTAO OH OHTH OCYMECTBAEHO. ABTODH AyManT, UTO ONE-
caHHHE BHES ONHTH-AMIP NOPUMEPH PaCOTH PacCCMaTPUBAEMOTO Mexa-
HE3MA.

§ 2. NPOCTEAMAY MOMCKOBHEA MEXAHU3M (IIIIM)

[eHTPaNIbHEMK 3NEMEHTAMHM pacCMaTpUBAeMOT0 MEX8HHM3MA ABAA-
DTCA cayyaliinit mHTepHei#poHHHH nya (zaree — CUI) m HepBHEAd op~
rag¥3anus, ycnonno HasBaHHAA Hamu "QyEKUIMA-HENDHUATHOCTH" (za- -
zee KpaTko - H). Hasnauernne saemenTa H - BHpaGaTHBATH B HYEHHE
MOMEHTH KOMaHZHHE MMIOYIBCHHE 3alnH. HasHauenue CUI - BOocHpmHM-
Maf 3ailH, oTpadaTHBATh TO, YTO OHIO HA3BAHO BHEE BCIIECKOM.

* I°. CayualiEm# mETepHeHDORENH myx (cum)

B xavuecTBe NepBMYHOr'O NapaMerpa, XapaKTEpPU3YyOLEIO W3MEHA-
DEeeCHs BO BPEMEHM COCTOAHNME MHNIH, MH PacCMATDUBAEM MTHOBEHHOE
3HayeHHWe YHUCHa /Méc BO3GYXNEHHHX B 3TOT MO.'eHT O -MOTOHei-
POHOB. HecMOTps Ha 3TO, OCHOBHY® POJIB B NpeAliaraeMoi MOzZenn
GyZyT urpaTh Heé X - MOTOHEHDOHH, a MHTEPHE/pPOHHH{ Nyl MHm-
OoH. [IMeHHO, B KauecTBe OCHOBHO/l OpraHM3anulm MOTOHEHPOHHOTO
nyna GyZeT paccMaTpUBAThHCA CaydaliHasd ceTh HHTEPHEpOROB (Zanee
Cill), a oL -MOTOHE#POHH GYZYT MOHUMATECA IMIB KAaK “BHXOZHHE
pene" 3TOif MHTEpHEH’POHHO# CeTH.

Bxozamm zaa CHUI cayzaT mOZxozfmue W3BHE OKOHUAHMA, KOTO-
pHe KacanTcf CAYYa#HOTO uUMCIa METepHe#poHoB xaHHOro CHl. Mpm
paccmoTpeHnn MexanusMa [IIM cymecTBEHHYHD pONH MTPAkNT ZBa BXOZA
B Cill: ocHOBHO# M JOHOBHHA. ITM BXOZH OTAMYANTCHA HE CHOCOGOM
KacaHus MHTEPHEAPOHOB (ZNA OGOMX BXOZOB OHM CAyuYaitHH), a TeM,
OTKyZa MOABOXATCA M KaKyD DOJAb UIPAnT NMPOBOZUMHE MO HUM HMIYIB—
CH.

4

I.l. Po30HO2pOM ' TEODETHYECKM MCCIEAOBANNCH PA3NMuHHE De-
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zuuu pacor CHIl, mpudem B xavecTee "Brxoza" CUI cumramocs u3Me-

gApnmeecsd BO BPEMEHH YUCIO Nu BO30YRLEHHHX B KamZHi MOMEHT

MHTEpHEAPOHOB. B cumay TOro, 4TO UMCAO o -MOTOHEHDOHOB ZOCTa-

TOYHO Benuxo, a HOZBOZH K HUM OT UHTEDHEADOHOB ciyuaﬁau, uucna
Ny B AL, ~HpPAMEDHO MPONOPHMOHANBHH.

[eHTpaIbHHM ZAA paccMOTpeHus MexaHusma IIIM sBnfeTcH mose-
zenne CUIl BO BpeMdA W HOCHE MOZBOZA MO JANOOMYy M3 BXOJO0B KOpOT-
KOT'0 BO30yXEZanmero MMIYyILCHOI'O 3alNa.

XapakTep U3MEHEHHf Ny Toz zeficTBMEM OZHOTO MMIYABCHOTO
3aina Ha BXOZEe MOEeT OHTH ONMCAH TAK: BO BpeMs fieficTBuf 3anma

Ny HapacTaeT; N0 OKOHYaHMN ZelicTBMR 3anna Beluunsa Nu yMeHb-
maeTcs He MIHOBEHHO, & MOCTENEeHHO (M NpPM TOM He 00A3aTelbHO
MOHOTOHHO), Hazafd zo TOI'0 CPeZHETO0 3HaUeHud, KOTOPOE COOTBET-
cTByeT HOBeZEHMD aBToHOMHOIO ClI m KoleGneTcA 3aTeM OKOJIO 3TO-
ro 3HaueHus (puC. 4).

Onucansas pearuus CUIl Ha KOPOTKME MMIYIBCHHH 3ain HasHBa-
ercsl Zanee "scmaeckou CHI". HauGonsmee 3Ha4eHue BeAMUMHH Nu ,
ZOCTUTHYTOE BO BpEMH BCINIECKAa, HA30BEeM BEIWUMHOH BCIIecka.

3 caydaiiHux cBoiicTB CUIl HenoCpeACTBEHHO BHAHO, YTO ¥ Be-
INYuHE, ¥ ZAKTENBHOCTH BCIIECKA CIyYaiiHH.

Insa pacoTu IIIM Bcnneck sBiasgeTcs "aToMoM™ MHNEYHOHR aKTHB-
HOCTH, €€ HpocTeilmuM snemenToM. Padora HIIM neamxoM npezonpezne-
nfeTCHA TeM, KAKUM OOPa30M M B KaKMe MOMEHTH NOCHIANTCA MMIyAb—
CH ZNf TOr0, YTOCH BH3BATh BCIJNECKH, M MAIO0 38BUCUT OT HIMHH
3anna, vucia MMIYABCOB B HEM ¥ UX HMHTEHCHBHOCTH. EcaM B Kaue-
CTBE BXOAHOTO Bo3zelicTsusA Ha CUI paccMaTpuBaTh IUND MMIYIBCa-
M0, ODOZAHHYD K OCHOBHOMY BXOZYy, TO I TAKOIO BO3zeficTBMA IO-
javya ZONONHETENBHOTO MMIOYJibCa HA (OHOBHIf BXOZ 3KBHBAJEHTHA CHH-
XEHMD CpeZHEr'0 ypOBHA NOPOrOB MHTepHeipoHOo® CUIl. IoaToMy mpu
OZHOBPEMEHHOft NoZaue MMIYABCOB OO (OHOBOMY BXOAY UMCAO Ny Oy-
JeT CYLeCcTBEHHO OOIAbES, YeM OHIO OH ZOCTUTHYTO OpPM TaKo# xe
UMIYIBCAQUAM HA OCHOBHOM BXOZE€ ¥ OTCYTCTBHMYM HMIyIBCAOMA Ha do-
HOBOM BXOZe. Buarozaps aToMy, nozaueil curiHana Ha QoHoBuH Bxof
MOXHO YODARAATE BeJIWUYMHO! BCIIECKA.

Bce, 0 uew mna peur, CBH3aHO IWEH C DPaCOTOH TO# YacTH Me-
xaHusma MM, xoTopas oOecneuuBaeT BO3EUKHOBEHHE CAyYallHHX
BCINECKOB. MOMEHTH ke NX BOZHUKHOBEHUA NDeZONPEAENAnTCH BHEm—
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HuMu A CUIl uMmynbcamy ¥ 33BUCHAT OT TOr'0, YTO BHOE GHAO Ha-
3BaHO (QyHkmueit "HempuaTHOCTR" - H.

% "OVHEKUMA HENpUATHOCTE" M YCIOBAA BO3HUKHOBEHMASA
KOMaHZHOTO MMIYAbCa (38KOH BCIJECKA).

PaccuaTpuBaeTcd IUND TaKas MHeYHAs aKTUBHOCTH, B NpoLecce
KOTOpO# MO3T' KOOPZUHUDYyeT ¥ H3MeHAeT HANPAKEHHOCTH MHUI TakK,
YTOGH OHIO O0EecHedeHO NOZZEepKaHuWe HEKOTOpO# HamepeZ IOCTABIEHF
HOf Lenu.

Korza OTKIOHEHME OT IedM AOCTUI'aeT HEKOTOporo "asapuiiHoro"
NopoTa ,0pTaHK3M 0TBeYaeT Ha 3TO0 BHeMHe HalawzaeMoi#t peawuueit, Ha-
OpuMep, KaxkUM-IUGO ZABMXEeHHEeM. ECTECTBEHHO MO3TOMy CUMUTaTh, UTO
cyuecTByeT "HeuTo", 3aBucdAmee OT PELENTOPHHX CHIHANOB ¥ Hapa-
crapmee BMECTE C OTKIOHEHNEM OT HelW, W 4YTO KOrza 3To "Heuro"
ZOCTUraeT "aBapuitHOro" MOPOTOBOTO 3HAUEHUS, BO3HMKADT CHTHA-
IH, BH3WBawIWE YKA3aHHYO BHUe HAGANZAeMyo pearuun. 3To "Heuro"
MH ¥ HasHBaeM "QyEKuMA-HenmpuATHOCTH" (mim EpaTo - H), HO cum-
TaeM, 4YTO,KpPOME JKA3aHHOT'O Bume "aBapuitHOro" mopora, cCymecTByeT
Yy Hee 3HAUUTEJBHO Collee HHU3KMA MOPOr, KOTOPH{ HCHOAB3yeTCH Me-
xaEn3MoM [I[IM zns onpezeneHns MOMEHTOB BHPAOOTKM KOM3HZHHX 3a8l1-
nos (cM. falnee).

B aT0it padoTe MH He 3aHUMaeMCH AOKaNuU3auuell HePBHOK opra-
HW3aOum, BHpadaTHBawme#d "OyHKOIMO-HENPUATHOCTH", HO yJUMTHBAEM,
YTO B NpocTefimMx, ciydadx, Korza "QyEKIMA-HeNpUATHOCTH" 3aBHCHT
OT CHMTHaNOB, MNOCTYNAWNUX TOXBKO OT PELENTOPOB KAKOrO-IMOO OJHO-—
ro Tuna (Hanpumep, TOABKO OT GOIEBHX pPELENTOPOB MAWX OT HNPONPHO-
PemenTopoB MHULH WIM CycTaBa), dyskuma /A  MOXeT BHpaGaTHBATH-
Ccfl B CaMOM penenTtope. "OyHKOIMA-HENPDUATHOCTE" ONpeZelNAeT MOMEHTH
BHPAaGOTKH KOMaHZHHX MMIYIBCOB, KOTODHE HANDPABIANTGHA K CIWUHALB~
HOMYy CeTMeHTY MHUUN WAM IPYNNH MumO (K OCHOBHOMY BXOzy CUI uiwu,
mueys CUIl, HemocpeZCTBEHHO K o -MOTOHe#lpoHaM) .

OCmuii 3aK0OH, B COOTBETCTBUM C KOTODHM ONDEZEAANTCHA M H3Me-—
HADTCA BTH MOMEHTH, MH Ha30BeM 3aKOHOM BCIIECKA & chopMyaupyeM
ero TaKk: WMIOYABCHHI 3all BO3HUKAeT Kaxzwit pas, xorza H , Ha-
pacTas, AOCTUIraeT NOPOTOBOr0 3HAYEHUH hbqp, » B HE BO3HUKAET,
ecli 3TO MODOTOBOE 3HAUEHME AOCTUTEeTCH NpH yMeHbmeHuH H .
3HaueHue }ﬂup. camo 3aBUCHT OT Mmig yMeHDBIAACE, ecan Amin
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pacTer. B ofmeu ciydae, KoIZa HeT UHQODMALMM O TOM, KaKue KOH-
KpeTHHE MUNH "HOBUHAE" B TOM, YTO H  pacTeT M ZOCTUrAeT HO-
pOTOBOr0 3HAUEHWH, 3aiNN HANPaBAANTCH OZHOBPEMEHHO KO BCEM CKe-
JeTHHM MHEIEM ¥ BH3NBANT y BCEX MHUI OZHOBpPEMEHHHE, HO caydali-
Hue ¥ pasHHE MO BEIWUUHE BCIJECKM. B TeX Xe CHEeNMaNBHHX CHyda-
fiX, KOTZ&@ €CTh UEQOpMAINWsi O TOM, COCTOAHMEM KAKMX MHUL ONpEZe-
nIgeTCA (YHKUMS HENDHATHOCTH, KOMAHZA O HAacTYMJIEHUM BCOIAECKa
Mo¥eT HANDABAATHCA JWWE E 3THM MHNIAM.

3°, Opocreiimas cxema IIM.

Ha puc. 5 noraszaa npocTeimas cxema [M. [lozBoz MMIyIBC-
HOrO sanna k CUll BwawBaer Benueck CUM, T.e. BCONECK umcAa A
BO3CYEZEHHHX o — MOTOHelipoHOB. Bemmeck CUll, T.e. HapacraHue
u NDOCTENeHHOE yMEHBUEHWE UHCIa A BH3WRaeT HApacTaEWe yCH—
auns, pasPusaemoro umumneit, ¥ mocreneHHoe ee paccuafiesue A0
Tex NOp, NOKa MOABOX HOBOTO 3aima oT fyuxmuu H  Ha Bx0z CHUIl
(puc. 6) He BH30BET HOBOI'O BCIIECKA Nx o B cuIy MHEDUMOHEO-
CTY MHUIOH BCHAECKM ee HaIPAXEHHOCTH O0Nee DACTAHYTH U CIAaKeHH
00 cpaBHeHED cO Bemneckamwm CUII (puc. 6). Mwmna no OTHOWEHWD K
BenneckKy CHIl ABifeTcHd Kak OH CIVIaXUBEPDHYM MHEPIUOHHEM (UABTPOM.

OnucanHOff mpocTeiimeil cxemn (puc. 5) ZoCTATOYHO, YTOGH HOA-
HOCTBO OOBACHUTH SKCIEPUMEHTANbHHE DPE3YyABTATH, NONyYEHHHE B
ONHTaX 0O NOZJZEPEAHMD MUHMMANBHOTO GONEBOTO pPAa3ZpaEeHUd, KOTZa
OHO 33BWCHT OT HANpPAKEHHOCTH MHEI (cM. § 2 n.I°). B aTux onu-
TaxX HENpUSATHOCTHM CAYEMT CamMo OOJNeBOe pas3zpareHHe. HauHeM pac-
CMOTpEHMB, CUMTaf, uTO B HexoTopu#t momenr (=¥, orucapmas
3MT' ompezenser Touky & (puc. 7). B aT0T MOMEHT ycunoBuii
BCIONECKAa HET, uucao Na (2 3HauuT, ¥ OTMOawmad) yMEHBEAETCH
IO TexX Nop, NMOKa He OyZeT AZOCTUTHYTO HEKOTODOe 3HaueHue 4, .,
npu KOTOPOM HACTYNawT ycHOBMA Beonecka (cM.puc.?, Touka O ).

B aTOT MOMEHT mozaeTcd 3aim (puc. 7) ¥ BO3HUKAEeT HOBHH
Bermneck CHIl. B mpomecce BCINECKA B COOTBETCTBUM C ONKCAEHHMH
BuIE 3aKoHamu pacorw Cilll, HapacTaeT, a 3aTeM YMEHBNAETCH YHCAO

Ny, . HoBHil KOMaHZHHE 3amm "cBepxy" HacTYymWT, KOTZA IPH Dac-

CIaCIeHNM MHUIH BHOBH OyZAeT AOCTUI'HYTO 3HAUeHHE 4, . Jlerxo
BUZETH, YTO TaKMM OGDa30M NONHOCTHD OGBACHAETCH HANIUUKE MANHX
¥ GONBUMX BCHJAECKOB, NEPEXOZ HA HOBHil ypOBEHb 3a OZUH BCHIECK,
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TOT $aKT, YTO BCONECKA HAUMHAKNTCA OT JAMHMM, CTPOT'0 Napalielrs-
HOR YeYmin ¥ BCETAA negameli EMEe ee, WCYe3HOBeHue "Goabumx"
BCHAECKOB HpM OTCYTCTBUK NDPAaBO#t BETBM QYHKLUMU-HENPUATHOCTD X
BCE OCTarbHHe (aKTH, OOHapyxeHHHE B X0€ 3TUX ONHTOB.

4°, Ponp BepeTeH ¥ yTouHeEMe cxemu [IM. PadoTa cXeMH
[pu _yIpapjieHUX Napofi MHUI-aHTATOHMCTORB.

JlansHelimee pacumuperre Bo3MoxHocTeit [IIM mpowcxozuT Olarcza-—
ps TO# 0COGO# poiM, KOTODY® UTpaeT BepeTeHHAA DEmETHUA MHMI,
TNONHOCTHD MTHODMPOBAHHAS HaMy OpU [PEZBapUTENBHOM DAcCMOTPEeHUM
uexanusma M. |

HamoMHEMM HSKOTODHE IpOCTeilne CBefieHMA O BEpeTeHHOE penen-
UMM, KOTOpHe Zalee HaM OyAyT HyXHH. MHUEUHHE BepeTeHa SABIANTCH
penenTopaMy, pearupyomuuy Ha: I) M3MeBeHuWe BeIWUMHH DPACTAKEHNS
MHOOH, T.6, Ha €6 zauay € , u 2) OZHOBPEMEHHO Ha BENHUHH o«

E % (yCIOBHO HR uX NEHeiiHyD KoMOuHamEmD A =a€ + 8 JF
" ). lIpe 3TOM KO30HOHEHT b 3aBeOMO HYNb, KOTZA
JE <0 s T.€, pearupoBaHue Ha CKOPOCTH H3MEeHEHUA ANUHH
OPOMCXOAMUT TOXHKO OPH pacTALeHMH. jalee MH OyZeM MHETEDPECOBATEH~
cA NMUB CUTHaNOM A . :

BHemHMe KOMaHJHHe BO3ZelicTBHA HAa BepeTeHHHI penenTop no-
3BONANT U3MEHSTH KOIQIMUUEHTH @ & 6 OyTeM MHEPBANWK CIHeR
HMaNBEHX MHNEYHHX BONOKOH (MHTpadys3anblux), pacnoOmIOEEeHHHX
BHYTpY BepEeTEeH, KOTOpHE B OOmMMX YepTax NOZOCHH OCHYHHM (3KCTpa-
QysanpHHM) MHEEGUHHM BONOKHAM. HaOpAXEHHOCTh WX ONDEZLENHETCH B
OCHOBHOM HYJCIOM 33KEEHHHX, HENOCPEACTBEHHO CBA3AHHHX C HUAMM
He/ipOHOB (B OTAMYME OT ol -MOTOHEHDOHOB ¥X Ha3HWBALT J-
MOTCHe{ipoHaMu). CHTHAD OT BEDETEH O BeluunHEe A NOZBOZNT=
CH KaK HEeNOCPEACTBEHHO K o =MOTOHE#pOHAM, TAK ¥ E (JOHOBOMY
BxoZy #x CHIl, o xOTOpOM BhmNE IN8 peYb. CHTHANH, YADPABIADMUE
YUCHOM 33RECHHHX J -MOTOHE#POHOR, NOZBOZATCA "cBepxy", a1
MH NpeznonaraeM, B UYaCTHOCTH, YTO OHH MOTYT HOZBOZMTHCH TAKZE.
M OT TO# HepBHOH OpraHK3amMu, TAE BHpadaTHBAeTCA (QYHKUMA Ho.
Ha puc. 8 moxasaHa cxesa mexanusua [IIM ¢ yueToM 3THX OCOGEHHO-
cTell, BHOCKMHX BepeTEHHOR peuemuuei.

lipezcTasuM cee Tenephp KOCTH, nozupaqnnammca' B.CycTaEe
Grarozapa AeicTRHP TONBKO ABYX MHII-3HTATCHUCTOB (pUC. 9).
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TipeZmoNOXUM CHAYaNA, UYTO KaxZas M3 ITUX MHUL yNPaBAAETCH CO-
BepileHHO OZMEAKOBHM Mexanuamou [IM. OCmed zng oOeux MmO QyHK—
qus A  3ABMCHUT OT BEIMYMHH WIM CKOPOCTH, WIM OZHOBPEMEHHO OT
BeIVUYMHH ¥ CKODOCTH M3MeHEHWS CYCTaBHOTO yIia, ¥ BHpaGaTHBacMue
B MOMEHT HACTYIJEHUA BCIIECKOB MMIOYJAbCHHE 3aINH NMOZANTCH OZHO-
spexerHO K CHI oGemx wuun. IIpeznonoxuM Temepp, 4TO B HEKOTODH
MoMeHT y QyEKOUM 4  BO3BHUKIN YCIOBHMA BCHiecKa. KoMaHZHHA

2ainl DOZBOZUTCA OZHOBpeMeHHO K CHIl ofeux Mumu, HO B pe3ynAbTaTe
BO3HEKAaWT BCHNECKYM Da3HCH BEAWUMHH, TaK KaK OHM 3ABUCAT HE
TOIBKO OT KOMaHZHOTO 3aima, HO M OT NOANMTKE, NOCTyNawuell mo Go-
HOBOMy BXOZy. DTa NOANMTKA 3aBucuT 0T BenwuunH A =al+ %%
Kaxzoll ¥3 MHIO-aHTAarOHUCTOE NOPOBHb. [l03TOMYy OHA y HMX HE OZU-
HaKoBa. BeAuumEa A B CBOD OYEpeAb 33BACUT OT TOTO, B KAKOM
HOAOEEHYR Haxonnmcaazﬁxyza ZBURETCA B 3TOT MOMEHT KOCTBH, T.€.
0T 3HAyeHHUi £ .2 adf ¥ Kaxjoff M3 THUX MHMI.

lycTh, HampuMep, B MOMEHT MOZAUM KOMAHZHOTO 3amma /L ¥
ZeBofi MHEIH Ea pMc. 9 3aMeTHO Ooabme, YeM y mpaBoft mumnu. Torza
BCIJIECKM OCOHX MHWI NPOM3YPRAYT OZHOBPEMERHO, HO BelMUMHA BCHIEC-
xa'y IeBoit MEHIH GyZeT 3aMeTHa Oonblle, YeM y NpaBoil, M ClezoBa-~
TEIBHO, CyMMapHOe ycuIue, AeiicTByomee HA KOCTH OT O06MX paccMar-—
PUBAEMHX MHEL, OyZeT HaNpaBAEHEO B CTODOHY 1eBOi MHWIH.

3Ta HePABHOMEDHOCTDH BCIJIECKOB YCUIMBAETCH 33 CUYET YIOMUHA-
BOe#icH BHEE N HepacCMATpUBaeMOi 10K PEUMIPOKHO{ MHepBanuu
(puc. 10).

Takas noasas cxeMa Mexanusua [I[IM 718 DapH MHEI-2HTAIOHKUCTOB
HONHOCTHR OGBHACHAET DE3yABTaTH YNOMAHS8BIMXCH BHEE ONHTOB (CM.§2
n.2°) mpE TOYHOCTHOM NpEUENWBAHWE ¥ NPEZeNBHO GHCTDOM K3UaHHK
CYCTaBHOrC yria. HempmaTHOCTHE® B 3TOM CIyuae CIYEMT aGCOIDTEOE
3HAYEEWe YTJIOBOH CHODOCTE CYCTARHOI'O yria. [103TOMY KOMaHZHHE
3aJNH BO3EWKANT KaxZuil pa3s, Xorja aCCOAWTHAA BeIWUYHMHA YIMOBOH
CKODOCTH, Hapactad, AOCTEIael: HEKOTOPOITC Hopora, a NOZNATHRAETCH
CEDl Toff MHEUH, XOTOpafg B 3TOT MOMEHT DaCTHTKBacTCH. MexaHuam
OOAHOCTED OCBACHAET HPUUKHY OZHOEPEMSHEOIO BCOBXEBAHMA MHEI-8H~-
TEPOHHCTOB, OPMYRHY YepeZUHaHNS CONBUWX M MAAHX BCINIECKoB. Tpe-
MOD KOCTH EBAAETCH De3yABTATOM 3THX BCHAESCKOE: €ro OCHOBHAA, Bh-
coxan (oxono I0 rm) €acTOTS NDEAONDPEIENEEA WACTOTOH BCINECKOS,

8 OPUCYTCTBYDEAS B TPEKCODe MEeiXNeHHAS EepsTyAApHA® COCTABASDEASs
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‘Pe3yabTAT TOr0, YTO yHPaBleHMe BEAETCA [0 CKOPOCTHA, 2 BEIUUMHH
BCIASCKOB CAyYailHH ¥ HeperyaapHH. ONUCAHHHA MEX3HU3M MOJHOCIED
00BACHAET W MHHE ZeTald, OCHApYxeHHHE B XOZE 3TUX ONHTOB (CM.”).
B YacTHOCTH, OH OOBACHAET HOJHOE COBIAaZeHNEe HAOINZACMHX ABIEHUH
Op¥ BHIOOJHEHMHM ABYX NDPOTMBONONOKHHX KOMAHZ: IDPEAENBHH{ IOKOH KOC
TH ¥, HA0G0pOT, ee NpEeZeNbHO OHCTPOE KauaHue. B 000UX cayyasx
paGoTaeT OAMH ¥ TOT XK€ MEXaHWU3M YIDaBIEHUS U DU TOM COBEpHEH-
HO OAHHEKOBOT . B uacTHOCTH, C OZHO# W TO# ®e QyExmmedr H -

B o0ouX CIyyadX en CIYRUT aGCOXDTHOE 3HAUEHWE YTVIOBO# CKOPOCTH.
C TOUKM 3pEeEMH 3TOI0 MeXaHus3Ma OpeZelbHH{ HOKO# ecTh HPOCTO OHC-
TpO€ KauaHue, HO TONBKO C Manof aMmautyzoft. AMIIUTYZA 38BUCUT
TONBKO OT BENMYMHH A Oyaxuma H . llo3TOMy Hmepexoz ¢ OZHO-
TO peEuMa Ha Zpyroif MpoucXOZMT OPOCTO M3MEHEHUEM nopora 4 ¥
¢yskumm H , T.e. TOrO yDOBHA HENDUATHOCTH, NpPH KOTOPOM BO3HM-
KanT KOMAHIHHE MMIYJIBCHHE 3a8JMH. -

B03MOXHOCTH OOBACHUTE B ZeTalfAX OZHON cxeMo#f Takme TpH,Ka-
3an0chk OH, Da3AMYHHX clyuyas, KaK HOZZEeDEAaHWe MUHMMyMA GOIEBOTO
paszpaxeHus, yAEpEAHHE YINa NIpDU TOYHOCTHOM NpPUIENHBAHWM K NOZA-
IepEQH¥e KOoIeOaHuii yraa ¢ Haubodblieif 4acToTO#, ZAawT aBTOpaM
OCHOBaHUE [peANnoiIararTh, YTO MEX3HW3M 3TOT DaG0OTAET M B UHHX CAy-
uagX, KOrZa HeldbD ABAAETCH YAEPEATh HEKOTODYD HAiZEeHHYW IO3Y
WIN HajTy o3y, OpU KOTOPOf Karasg-AuG0 HENPUATHOCTH MUHUMAIBHA.
XoTd 3TO NOKA 3KCHEPUMSHTANBHO HE nonrnépxneao, aBTOPH CYUTANT,
4TO nexannéﬂggsr OE OGBACHHTHP B OOmMUX 4eprax npocTeimme QopMH
NOZZep¥anusd BeDTUKAABHOHX NMO3H.

?) B nuTepaType uYacTo yZepxaHWe CyCTABHOTO yIria paccMaTpu-
BaeTCA KaK pe3yAbTAT paGOTH OCHYHO# CHUCTEMH DerylupOBaHUA, B KO-
Topoft "cBepxy" 3azaerca TpeCyeMuii yrolx, a CHT'HAlI pacCOTIAacoBa-
HUA NOXYyYaeTCs Onarozapsa padoTe BepeTeH. ONKCaHHHE B paGoTe
ONIHTH OINPOBEPI'awT TAKOE€ NpEeANONOkxeHUEe, T.K. OHO He MOXET 00BAC—
HATH OZHOBPEMEHHOIO BCHOHXWBAHUA MHEN-3HTATOHUCTOB U TO, UTO
3T0T 3¢dexT ogodeuno PE3KO BHpaxeH Npu ZeaddepeHTaUNM MHOI-
3HTaT'OHUCTOB ;
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ON-LINE PARAMETER ESTIMATION OF THE HUMAN
TRANSFER IN A MAN-BICYCLE SYSTEM

by
A. van Lunteren and H«Gs Stassern

University of Technology Delft, The Ketherlands.

3+ dntrdling gans

The origins of the bicycle stabilisation study lie in the field of
those man-machine relatioas, where in contrast with experiments with
astronauts or pilots, the operator comes from a relatively non-select-
ed population. The bicycle, preseniing a straightforward task, is one
of the most popular means of transport in the Netherlands and is thus
of unique interest to the authors. Moreover, the bicycle is an unst;ble
system, so to stabilise it, the rider is forced to pay close attention.

As illustrated in Figure 1, the rider-bicycle system is as well a
multiloop control system as a multimodality system in the sense of
McRuer's definition1. Moreover, it has a non-stationary character. In
investigating only the stabilising phenomenon, the rider can be des-
cribed by a model with one input (the angle between the vertical and
frame) and two outputs (the control actions of upper body and handle
bar). Investigations of !ounga and Donaldsons, describing the balanc=~
ing of an inverted pendulum using visual and/or motion cues are based
on similar considerations. By inserting the rider in normal traffic
situations, the stabilising phenomenon canbe used as a criticalein-
stability task for secondary work load research as mentioned by Jexu.

The particular development reported in this paper started with an
analysis of the rider by using correlation techniques. The authora5
showed that the rider could be described by a proportional-integral-
differential controller with a time delay. Later or an on-line(para-
meter estimation method was used to adjust the parameters of the mathe-
matical description of the rider.

The goals of the work summarised here were:
a. How accurately can a rider stabilising a bicycle be described by a

simple linear model plus a remnant1?
be How variable is the model for a given subject with respect to his

behaviour at different times?
c. How valid is the model for a randomly chosen group of subjects?

2. The bicycle simulator.
Based on a careful study of bicycle dynamics, published by Whipple
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in 18996, a laboratory bicycle simulator was built. The following sim-
plifications were assumed:
2e Only the stabilisatlon task on a straight course is considered.
be The coupling between the rotation'of frame and handle bar is neglec=
ted,
¢c. The body is comsidered to be consisting of two solid parts, viz.
the upper and lower body. : : :
do Only small deviations about the equilibrium position are ‘comsidered.
The rider-bicycle system is desciibed by the linear differential
Equatioa (1) derived from the moments actimg on the frame about the ox
axis through the contact points between wheels and ground (as modified

from reference 6):

Avin(t)  »  BrR,(t) = T5(6)-S60(t) + (17428705, ()-8%x, (1)
GYROSCOPIC CENTRIFUGAL FRAME TILT UPPER BODY
MOMENT MOMENT . g

Figure 2 shows the axis systems used; the quantities are defined as
follows:

°%(t) is the angle between upper body andvfr%me;(xz(t) is the angle
between handle bar and frame; P(t) is the angle between the vertical
oz axis and the frame; I and S are the moment of inertia and the sta-
tic moment respectively of frame, wheels and the lower part of the
human body about the ox axis; I® and S* are the moment of imertia amd
the static momemt respectively of the upper body about an o*x* axis
parallel to the ox axis and going through the saddle; 2z is the dis-
tance between the ox axis and the o0*x® axis; A and B are constants,
and v is the forward velocity. A

Starting from the averaged values of weights and dimensions of the
various parts of the human body7 and considering a man with & weight
of 63 kg and a height of 1.77 m., the numerical values for the comn=
stants of Equation (1) are: I = 109 kgmz; Sg = 940 Nm; I®*+zS8° = 23,9
kgng S%g = 162 Nms 4 = 25 kgm and B = 57.5 kg.

The laboratory bicyclg simulator demonstrated a reasonable simi=
larity te a normal bicycle; in general a rider was able to stabilise
the simulator after a few minutes of practice. T@e forward motior was
aissing, but the effects thersof on the simulator were taken into
neécunts The rotation of the shaft ox on which the frame was mounted,
was accomplished by means of an electro-hydraulic servomotor, From
the differemce batween. the electrically generated gyroscopic and cen-
trifugal moments, and the moment about the ox axis, measured by means
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of 2 torsion transducer, the servomotor was controlled (see Figure 3).
The characteristics of the bicycle model could be changed readily by
varying the electronic components only. The pedaling torque could be
generated by an electromotor, viz. in case of a motorised bicycle often
called a moped; or by the ridery viz. in case of a normal bicycle.

To measure human performance a test signal, simulating unpredictable
sidewind variations, could be introduced into the system.

Figure 4 shows a photograph of the simulator.

3. The mathematical model of the rider.

Human behaviour is strongly dependant on the system dynemics of the
process to be controlledg. Investigations by Tustin9 and Ragazzini1o
showed that the behaviour of a human operator in a man-machine system
could be described by a linear model consisting of a PID-controller
with a delay time, and in the context of the describing function
method11, an additive remnant. Other linear models, described by a
transfer function with 2 zeros, 2 poles and a delay time, have been
12,15,1h.

suggested The modelling technique mentioned in this paper

is valié for a model with either poles or zeros only. 4 so called
generalized model15 implies an operation on the output as well as on
the input of the human operator. However, in that case the parameter
estimations are strongly biased by the remnant, even in the case of

an open-loop system. Restricted by the computer available, only the
PID-model could be applied to estimate the parameters on-line. In this
manner the behaviour of a large group of subjects can be easily in-
vestigated. If the angle ¢ is considered as the input to the subject
informing him about the state of the bicycle, and if the state variables -
uj are considered as the control outputs of the subject (j = 1 for

the motions of the upper body; j = 2 for those of the handle bar),

then according to Figure 5 the form of the human transfer functiom

will be: ~T.(¢)s

Bi(s) = [c1j(t)+c23(t)/s + CBj(t).s] e J -—— (2)
where s is the Laplace operator. C1j(t), Czj(t) and ch(t) represent
the proportional, integral and differential time varying constants res-

pectively, and'tj(t) the time varying delay times. To complete the des=-
cribing function model of the bicycle-rider the remmants qj(t) are in-

troduced.



3.2. The modelling technigue.
The parameter estimation was achieved on-line by a digital computer
as shown in Figure 5. Consider the digital model with input @[(m+k)at]
and outputs uj* [(m+k)at] sampled at regular intervals At, where mat is
defined as the moment of first observation, and where the integer k is
defined in the interval o<k<n. By de!'in’ing the delay times ‘l'j = lJAt,
and according to Equations (2), the outputs of the model are given by:
o * [(avirad] =2, s [(mex-1 pat] o, [(meke1 Dat] (3
where, =¢ ,¢, sj'Pdt, and ¢3 dt. The crrors &. between the model out-
puts o,* and the rider outputs o, are defined by Equation (4):
£ [(mex)at] = oy [(mek)at] - “}(m-k)ét] (&)
For selected arraya of delay tines 13, assuming that the quantities C

ij
are stationary during the time of observation nat, and using the qua-
dratic performance criterion, the errors EJ have to be minimised with res-

pect to cid over the time nat, honcef- _ :
2 { E {E [(mk)Atllz] S (5)
§C;; [(mek-1)8¢] .
By earrying out the differentiations of Eguatioms (5), and taking into
account Bquations (3) and (4), there follows:
Z o [(meic)at] .?1[(:»1;-1 ] +

& f_c [(n+k-1 J)At] 7 4 [(uk-l Jat] e, [(Mk—l )At] - o....-------(e)
For l &n Equationa (6) becom.
z o [(n+k)At] Py [(n-»k.-l at] «

—z Cyy [(u+k-1 )At]z lPi[(mk)At} ¢, [(mer)at] = 0pom )
Fron this set or equations, and for a given array of 1,6 the coefficients
c, j can be calculated. Subastituting Equation (3) into 24) and using .
lj«n, the mean squared errorso' minimised to the coefficients C, 150
can be detcrmined without' kno-ledgo of the actual values of Ej’ hence:
O =2 [ £ {oy [me)at]} 2= Zcij [ (mek-1)at].

° ﬁ 0( [(n+k)At]?1 [(n-tk-lj)At] +
4 i‘ ?:—. Cyy [(mek~-1 j)At]C [(me+k-1 )m].«fi [(mek)at].@ [(mk)atl]--(s)
Thus, for the array of dela.y times, 0<1J( I'j with Lj« n, the parameters
ij with the corresponding mean squared errors 0"J can be found. Hence,
the optimal delay times 1 ;)At are now defined to be those delay times,
belonging to the minimum values 025 of the quantities G‘f In this manner
the optimal FG and 1,'—3’ were found.

By dividing the observation time nat into equal time spaces rat,

in such a way that n/r is an integer and that m = 0, r, 2r, Jr, etc,
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the coefficients E;; and ;; can be determined over a time nat &t regu-

lar moments mAt. Hence, the parameters are calculated by means of a

runnifg average procedure, so that the time varying character of EI;

and T& can be investigated (see Figure 6). Finally four comments

should be noted:

a. The uncertainty of the parameter estimation du® to the finite time
of observation decreases with a lengthening in this time. However,
the uncertainty due to the non-staticnary behaviour then increases.
The optimal observation time has to be determined experimentally.

b. The semsitivity of C, to Ty in the neighbourhood of Eg also has to
be checked in practice, in this way getting information on the error
in c13 resulting from an error in: I&.

¢o The linear functions q& can be replaced by non-linear -cnory-loss
functiona without any restriction.

d. The method is valid to determine the transfer function in an open
loop system; in a closed loop system a bias due to the remmant is

introduced.

3.30 Instrnmcntation.

The mathematical model was realised on a small digital P.D.P.-8
computer having a core-memory of 4096 words of 12 bits and a cycle time
of 1.5Usec., resulting in an addition time of 3.0 isec. By means of a
multiplexer the variables q& and uj were fed into the computer. To re-
move drift and noise, the quantities ( and dj were filtered by a first-
order bandpass filter between 0.02 and 5 Hze From the angle () the vari-
ables q& were determined by analogue computation, The differentiating
network had a break frequency at 50 Hz, while the integrating filter
broke at 0.002 Hz. The sample frequency for each variable was 30 Hz,

The program of the computer generated the parameters cij for 5
values of 13 as well as the variances U of the variables ¢, qj and Ej’
The running averages of these quantities were determined every minute
over nAt seconds. Manually the optimal values E; were intefzalatod,
while the optimsl values for E;— belonging to the optimal T& were ob-
tained from the quantities cij' I show the sensitivity of 9ij to T&

a measure for the aonsitivitx. BE-QT;, was calculated.

The test signal has been generated by a white noise source and has
been filtered by means of a 4th order bandpass filter with a band
width between 0,02 and 5 Hz.

4, Practical investigations.
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To check the parameter estimation method described, the reeearéh was
started by estimating the parameters of a simulated open-loop mathe=-
maticsl mogel between @ and QH' which could be approximated bysz

A (e) = 2, %44 @it =T) +n,(t) 9
Tne transfer function was simulated on an analogue computer, as in-

dicated in Figure 7. The variable () and the remnant N, were obtained
from gaussian white noise filtered by a fourth~order bandpass filter
between 0,02 and 2 Hz. The spectra obtained in this manner were similar
19 = 025,
=0, 931'3 0.10 and Ty 0.1 sec have been chosen according to an

to those measured in bicycle experiments. The values of C
21
earlier result found with a bicycle experiment, viz.

H,(s) =0.5(1 + O.4e) ™05,

A measure of nelalive remnant N_,; and relative error Ej is defined by

Equations (10a) and (10b) Al & ek ﬂ)}z
3 ) £: A
o -‘:—' Snf(t)dt E.= _(EL SRl “X-:‘) 4 ('WH- ) --{10k)
Nijz—k = 8- ... [10a) i 8 20 it as 2 /
Gl T To eyt Gf L5 {[(muoat]y
3 T £ 4 k:0

To show the influence of the magnitude of the remnant the level of N

= O.4, As indicated in section 3.3,

A
44 were calculated for a total ob-

1
was selected at N1 = 0,0 and N

the gquantities ci1, I&, E1 and 30T
servation time of 56 units of 1 min. each, therefore niAt = rAt = 1 min.

1

Hence, for each quantity the mean values \ and the standard deviations
G} could be calculated. Moreover, the standard deviations GB for the
case where nAt = rAt = 5 min. were obtained. The results are given in
Table 1. Figure 8 shows the mean squared relative error E1 as a func-
tion of the delay time TH.

Taking into account that the time delay was approximated by a Padé-
filter, Table 1 shows that for a stationary process in an open loop
the parameters can be found to 10% accuracy even when the relative
remnant N1 is approximately u40%. Furtyermore it is shown that an ob-
servation time of 5 min. was required for small standard deviations.
4.2. Analysis of the bicycle rider.

Only for zero remnants no difference will be found between open
and closed loop systems. For non-zero remnants, application of this
method in a closed loop iiplies that a bias due to the remmnants is
introduced. Experiments have suggested that for the ratios between
remnants and side wind disturbance reported in this paper the estima-
tion of the time delays have no significant deviations. Furthermore,
the shape of the Bode plots shows only a slight difference between
open and closed loop systems. Both the cases show that the integrating
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action does not exist.

As shown for stationary processes, an observation time of 5 min.
was satisfactory. To check whether the behaviour of the rider can be
regarded as being stationary in this time interval, the parameters
were determined for 2 subjects over 30 units of 1 min. each, i.e.
ast = rat = 1 min. From the 30 values of each of the parameters the
mean values p and the standard deviations 03 were calculated. In the
same manner as mentioned in section 4.1., the standard deviatioms GO,
G}, OL andfGB for'Z: 3,-k and Z :in. respectively were determined for
16 quantities cij’ tj’ Ej and 333%’ Furthermore, the standard deviations
pormalised to the one-min. case, Gk/h} for k= 1, 2, 3, bk and 5 were
calculated. In order to compress the results ocbtained, the mean value
and the standard deviation of the normalised standard deviations Giﬂ?&
were determined for each value k over the 16 quantities. By applying
a similar procedure to the simulated rider of section 4,1., a com=
parison between the stationarity of the behaviour of the rider and the
gimulation could be made. The results shown in Figure 9 indicate that
the behaviour of the rider can be regarded as stationary for an ob-
servation time of at least 5 min.

Finally, for a group of 5 male subjects, characterised in Table 2,
the parameters were determined for a total observation time of 10 min.
From the values of the first and last 5 min. the iveragod values were
obtained. The experiments were repeated each day for 10 days, between
2 pem. 8nd 3,30 pe.m., under the same conditions. Each subjeet performed
cne experiment per day. In all experiments the simulator was used as a
moped; v = 15 km/h. The mean values ji and the standard deviations Gs
of the parameters over the 10 experiments for each subject are presented
in Table 3. Moreover, the same quantities are given for the emtire group
in Table &4,

The results obtained show that the integration sction for both
handle bar and upper body can be neglected, hemce the transfer fumctions
based on the results of Table & bhecome: ‘
Upper bedy: B, = =0.13 {1+ 16 sl
Handle bar: H, = ¢1407 [1 ¢ 0095 ® } ¥
Tesking the ratioc betweem the diffsrential §uaata&t§ cBﬁ and the propor=
iicmal comstants Eﬁj one cbserves that the lead time constant for upper
hody comtrel is approximately 10 times lerger than that for handie bar
contrel. In comtrast, the time delay for the handle bar contrel is
about 1.7 times as big as that for the upper body coutrel, Furihermore

G-O.OQ s;l'

0.9 8 | 19
e @
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one sees that the effective value of the‘remnant of the upper gody
control is about 50% of the total output, while that of the handle bar
' control is caly 29%. Therefore, the linear fit for the handle bar ace
tion is much closer. Morsover, the standard deviationms of the para-
meters for the proportional actioms, in particular that of the comnstant
311. are much greater than those of the other parameters. The data
suggest that the control of the upper body is more or less reflexive
in nature, while the handle bar control involves higher lewsls of the
CNS. Finally it can be seen that the standard deviation in the total
group is greater than for an individual subject.
5. Concluding Remarks. )

The parameter estimation technique is satisfactory in the sense

that for a stationary proces in an open loop the parameters are gene-
rated with better than 10% accuracy for an observation time of 5 min.
and a noise level of 40%. Although there is a slight difference in

the case of a closed loop system, the authors believe that this length
of time garantees enough freedom for future investigations of slow-time-
varying phenomena, such as the influence of attention, fatigue and
drugs.

The best linear fit for the rider was shown to be a proportional-
differential controller with a time delay. Between the two control ac-
tions, significant differences were found for time delays, lead time
constants, and effective values of the remnarts. The results suggest
that the control of the upper body iz on a lower hierarchical level
of the CNS than that of the handle bar. The high contribution of the
remnants in the control of the bicycle justifies further study into the
nature of this phenomenon. In particular, it appsars worthwhile to in=-
vestigate whether the remnant contribution is due to non-linear behavicur
and/or to an introduced test frequency. Finally it should be mentioned
that the standard deviations of the parameters of the total group were
about twice as great as those of a single subject. This implies that
a generalisation of the model to a group of subjects may not be justi-
fied. st
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Fi;ure 4: Photograph of the bicycle simulator.
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REMw | TIME-

PARAMETERS BANT | DEray | . SENSITIVITIRG
[ —_— — o

= i¢C ac
'N=0.0] T [ - E i - e = § Qews
. . 11 21 31 1 30ATY | 300%, | 308T
u 0253 | =0.007 | 0.0946 | 0,012 0.086 | 0,186 | 0,004 | 0.0145
T, | 0.002 | 0.004 | 0,0005| 0.003| 0001 | 0:011| 0,004 | 040005
} ,

J; | 04001 | 0.002 | 0,0003| 0.001 | 0,001 | 0.005| 0.001 | 0.0002
i i il ! 1 ACyq| ACpq | DC54
| N=o0.s| T, | Ty C;, | E Ty |- 30AT, | 3057, | 30AT,
F 0.23 | 0.1% [0.100 | 0.38 | 0.084 [ ~0.188[-0.003 | 0.011
| 0y | 0.0k | 0.12 | 0,005 | 0.0k | 0.001 | 0.01h| 0,007 | 0.002
| Oy [0.02 | 0.07 |0.002 | 0,02 | 0.001 | 0.006| 0.004 | 0.001

Table 1: The mean values |\ and the standard deviations O} and OB
for observation times of 1 and 5 minutes of the parameters,
remnants, time delays and sensitivities of a simulated

bicycle rider.

S op | WEIGHT | LENGTE| ' AGE | EFFECTIVE VALUES (o]
(kgl (m] [years]| Gy | O | Oy

0.62 [ 0.91] 0.97| 1

A 66 1.78 20 | 0,09 0.18 0.10|- Ty
0.57 | 0:50 | 0.88 M

B 7 1.78 2% 15,05 | 0,11 | 0,09 Oy
i 0:75 | 0.57 | 0.72| M

¢ 63 1.63 23 | 011 0.10 | 0,06 0y
0.46 | 0.48 | 0:34| U

A 67 1.67 3 | 0.05]0.10 | 0,13 Gy
0.71 [ 0:72 | 0:95| 1k

. 7| 183 26 050,07 0.10 oA

Table 2: Characteristics of the subjects observed and the
effective values.of input and outputs of the bicycle

rider.
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REM- | TIME Ll
PARAMETERS bl oo SENSITIVITIES
SUB- - = = = = ECp, | 2T, iCs,
JECT 14 Coa'l a3 | By T4 | 305% 3041, | 304t
= M | =0.17 | =0e00k | <0423 | 0,62 | 04096 | 0.11 | =0,003 | -0.01k
o A 135/| 0,18 0.017| 0.01 | 0.04 | 0.00k | 0.03 | 0.001 | 0.008
e W | +0.17 | =0.021 | =0.25 | 0.48 | 0,095 | 0411 | =0.003 | =0.010
S| B | C5| 0.09| 0,007 0.02|0.04|0,003| 0.03| 0.001 | 0.005
= M| -0.46 | ~0.005 | ~0.19 | 0,36 | 0.090 | 0.03 | -0J001 | -0.019
2 C | 05| 0.17 | 0.004| 0.03|0.07 | 0.006 | 0.01| 0.0004| 0.005
e U | -0.18 | -0.020 | -0.16 | 0.57 | 0.089 | 0.09 | =0.002 | -0.013
g G5 | 0.12 | 0.00k4 |- 0,01 |0.07 | 0s008 | 0,03 | 0.0005| - 0,004
51 g | M|[-0.03|=0.020 | -0.2k | 0,43 | 0,091 | 0,08 | =0.002 | -0.010
05| 0.12 | 0.010| 0.02 | 0.05 | 0,004 | 0.04 | 0.001 0.005
B s r lrlyls fTml Pl 6
12 22 32 2 2 |300T, | 308T, | 304T,
S| 4 | M| 1.2 ]-0.003| 0.17 [0.31 |0.161 | -0,08 | 0.003 | 0.047
M 05 | 0.12 | 0.004 | 0.03 |0.03 | 0,009 | 0.02 | 0.002 | 0.012
5 . M| 1.17 | -0.008 | 0.1%4 [ 0,30 {0,159 | =0.07 | 0.003 | 0,04k
2 05| 0.09 | 0.003| 0.02 |0.06 |0:014 | 0.03 | 0.003 0.008
S -
gl U | 0.78 | -0,000 | 0.15 | 0.22 | 0.146 | =0.03 | 0.001 0.029
% Gs | 0,03 | 0.002 | 0.04 |0.04 | 0,012 | .0.02 | 0,001 0.006
5| D M| 1423 | =0.001 | 0421 0:32 | 04156 | =0.12 | 0,004 | 0.045
= 05 | 0.09 | - 0.008 | 0.04 |0.02 |0.010 | 0.05 | 0.002 | 0.014
e 1.05 | »0.006 | 0.14 [ 0.29 [ 0.171 | -0.06 | 0.002 | 0.040
Gs | 0.1% | 0,003 | 0.03 |0.0% | 0,020 | 0.03 | 0,002 | 0.007
Table 3: The mean vaiues and standard deviations of the parameters,
remnants, time delays and sensitivitiea for the five male
subjects.
— =B
AC ac. AC,, |
- - = = = 1 2 341
Cqj e e T T‘lomi 30AT, | 3087,
upper body| M | <0.13 | =0.014 | 0421 | 0.50 | 0.092 | 0.08 | =0.002 | =0.013 |
control|J5 | 0.25 | 0.012 | 0.0k | 0.10 | 0.006 | - 0.0k | 0,001 | 0.006 |
| handle bar| M| 1.07 | -0.004 | 0.16 [ 0.29 | 0.159 | -0.07 | 0.003 | o0.0M1
control(U5 | 0.19 | 0.005| 0.05|0.05| 0,016 | 0.0k | 0,002 | 0.012

Table 4: The mean values and standard deviations of the péraneters,
remnants, time delays and sensitivities for a group of five

male subjects.
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DYNAMICS OF DRIVER/VEHICLE STEERING CONTROL

David H. Weir, Principal Research Engineer
Duane T. McRuer, Technical Director

Systems Technology, Inc., Hawthorne, Calif., U. S. A.
INTRODUCTION

Some form of driver steering control is required to maneuver a motor
vehicle or to regulate its path. To understand driver control quantita-
tively ol@must consider the actions of random and deterministic inputs on
a dynamic system comprising a vehicle whose equations of motion are known
and a driver whose response under various conditions can be estimated. This
paper describes same features of driver guidance and control, and summarizes
the derivation of operational models for the driver/vehicle/roadway _sy's‘cem.b2

The general topology of the closed-loop structure for steering control-is
presented in Fig. 1. .This depicts the possible types of d.fiver response blocks,
how the driver interacts with the vehicle, and how the driver/vehicle system
interacts with the roadway environment. The controlled element contains the
dynamics of the vehicle and the steering system, as well as the geometry of
the visual field from which the driver must extract the guidance and control
cues. The roadway environment provides inputs to the system, including both
commands to be followed and disturbances to be regulated against. All the
blocks in Fig. 1 contain a frequency or time functicn for modelling purposes.
In fact, the essence of this approach is the derivation and exercise of

these functions and their interaction during various driving situations.

The development of driver/vehicle dynamic models is based partly on a
prior understanding of the manual control of aircraft. The fields have many
common features, and pertinent results fram flight simulators have now been
applied to driving. The vehicle equations of motion have a similar form, but
differ in detail. The pilot's perceptual field during visual (VFR) approach
and landing is analogous to that in d.ri(ring, yet each task has its own camplexi-
ties. Night driving involves some visual field abstraction, while instrument
fligh:t and fire control taéks use artificial displays of needed cues. In each
caséz good closed-loop system characteristics are essential, and the human
operator adapts his response and behavior to suit th;e vehicle dynamics and

task variables.

*This paper describes research results which are derived in part from work
accamplished under subcontract to Contract No. CPR-11-2770, "Defining Require-
ments of Overtaking and Passing Maneuvers,” with the Bureau of Public Roads.
The prime contractor was The Franklin Institute Research Laboratories.
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VEHICLE DYNAMICS

The vehicle dynamics are an important part of the effective controlled
element, Yo. The driver/vehicle/roadway model examined here considers the
directional or steering dynamics in three degrees of freedom, i.e.,

v lateral (or side) velocity

r heading angle rate
@ sprung mass roll angle

Other motions of interest (see Fig. 2) include:

¢ heading angle
-y path angle
yp inertial lateral deviation or position (of c.m.)
ay lateral acceleration (at various locations)
Another useful motion quantity is yI(t +T), the vehicle's lateral position

T seconds ahead if it continues unperturbed along its present trajectory.

Vehicle motion-to-steer-angle (&,) transfer functions have been
compu'becﬂ for a typical medium-sized American sedan (circa 1965) weighing
about 4,000 1b at a speed of 60 mph. The denominator is

A(s) = .684[s2+2(.785)(5-8k)s + (5.84)21[s% + 2(.290)(6.97)s + 6.97)2] (1)
The first ﬁod.e is associated primarily with heading and sideslip while the

second is dominated by the roll degree of freedom. Numerators for lateral

velocity, heading rate, and lateral acceleration at c.g. are

W, = 180(s-9.50)[s” +2(.284)(6.94)s + (6.94)%] (2)
N, = 2h.3(s+h.35)[s” +2(.284)(6.95)s + (6.95)°] (3)
WY = 180[s% +2(.293)(6.91)s + (6.91)71(s% +2(-160)(7-24)s + (T-20)7] (1)

Path angle is the first integral of lateral acceleration at the center

of mass, and inertial lateral deviation is the double integral. Heading
angle is the integral of heading rate. There is little difference between
the dynamics at 60 and 75 mph, indicating that one cperating point can be
wsed to analyze typical high speed driving maneuvers which involve speed

changes of no more than about 15—20 mph.

The series dynamics of the steering system are an important part of the
effective controlled element. 1though the theory is well und.ers'l:ood,3

dynamic date are sparse, and a pure gein is used in this discussion.
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DRIVER DYNAMIC RESPONSE

All phases of driving require some form of driver control operation.
As the tasks become more demanding, the driver may change his dynamic
characteristics or may alter the system structure (close other loops) to
obtain the required increase in control fidelity. The driver's closure of
feedback loops modifies the effective dynamics of the vehicle or controlled
element and in turn determines maneuver times, stability margins, and

transient response characteristics. The possible feedback loops he can

introduce are determined by the sensory information available.

Several possible types of driver response are presented in Fig. 1, corre-
sponding to skill levels in the "Successive Organization of Perception,™
i.€.;

Compensatory which implies an operation on a perceived

error between the actual vehicle mction and the desired
motion or input quantity.

Pursuit which takes advantage of a knowledge of the
system input to structure a driver feedforward which
improves performa.nce.5

Precognitive which involves executing a learned

maneuver in an open-loop way.
The first requires a fairly complex description, but it is well understood
at the current time and probably comprises a significant portion of the
driver's active control efforts. The remaining two are somewhat easizr to
describe qualitatively, but predictive models. for these processes are not
yet well developed. The quasi-linear blocks in the driver/vehicle model
are most appropriate for response to ra.ndom-appearing‘ external inputs,
including commands due to bends and curves as well as disturbances due to
gusts and roadway roughness. These blocks are relatively quiescent in the
presence of deterministic inputs when the other types of response dominate.
They are active during pursuit control if random-appearing disturbances

which the driver cannot preview are present, also.
Quasi-Linear Compensatory Control

The quasi-linear describing function model of the operator has resulted
from an exhsustive series of human operator dynamic response measurements
made over o period of about two decades.6'9 It consists of a describing
function camponent with parameters which depend on the system and situa-
tion, a set of rules which tell how to adjust the parameters, and an
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additive remnant. This quasi-linear model is shown in the single-loop
block diagram of Fig. 3. 1In its most camplete form the describing
function contains gain, indifference threshold, time delay, egualizer,
and neuramuscular dynamics. The indifference threshold is a higher
order effect that can often be ignored when the iﬁpu‘b's are large and
under other conditions it can be accounted for by using decreased
driver gain. The neuramuscular system dynamics are based on very

low and very high frequency data, and can be approximated at the mid-
frequencies of interest in driving as a first-order lag or even as an
added increment to the timej delay. With these simplifications, the

general driver describing function reduces to:

& Trjo+1 —'w( + ) \
. KP(TIju)+1)eJ s (5

where Kp is the gain
Trdo+1y sty g s Al
TTiorT is a simplified equalization characteristic
is the time delay

Ty 1s the neuromuscular system time constant

The form of Eq. 5 is adequate for a variety of drivers, inputs, vehicle
dynamics, steering system characteristics, and loop structures. Most of
the parameters are adjustable as needed, and typical values are illustrated
by the subsequent system analyses.

The equalizing characteristic and the gain, KP’ are the major adaptive
elements of the human which allow him to control many differing dynemic
devices. The major "adjustment rules" are that a particular equalization
is selected from the general form KP( Trjw+1)/(Trjo+ 1) such that:

© The driver/vehicle system can be stabilized

® The amplitude ratio of the product of driver and
vehicle, |YPYCI , has approximately a —20 dB/decade
slope in the crossover region

° IYPYCI >> 1 at'low frequencies

The major "cost" of equalization is an increase in effective time delay

incurred when low frequency lead is needed as part of the campensation.
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Simplified Crossover Model for the Driver Describing Function. The

rationale of driver equalization can be adequately and simply expressed

by using an approximate "crossover model."6 Both experimental data and
' consideration of the requirements of good feedback system performance lead
to the conclusion that the driver adjusts his describing function, YP, such
that the open-loop function, Ych, in the x’ricinity of the gain crossover

freguency, we, has the approximate form.

where 1, is an effective pure time delay which includes the neuromuscular
time constant, Ty, as well as 7 and any net high frequency controlled
element lag. The gain term is the crossover frequency. The driver adopts
either proportional control, or lead or lag equalization such that the
product of the equalization and the vehicle has the form shown, with which
it operates on the perceived motion error. The numbers (w, and T¢) in the
crossover model depend on the driver equalization. The crossover frequency
is greatest and the effective time delay is least when the driver's equali-
zation is a low freguency lag. Alterna.tiwiely, we is least and to the
greatest for low frequency lead. .Thus the closed-loop bandwidth and
performance will be reduced for low frequenc& lead and greatest when only
lag is needed. Experimental values for the crossovei model parameters for
several dynamic forms and input bandwidths are given in Ref. 6. These are
maximum values for skilled subjects in fixed-base simalators without motion
feedbacks, and will ordinarily be considerably reduced during driving.

This leads, in practice, to larger phase and gain margin criteria, typical
examples of which are used in the subsequent d.river/vehicle loop closures.

Driver Remmant. The remnant is that portion of the driver's output
which is not linearly correlated with the input. It is considered to be
an additional random process, denoted by a power spectral density, Opns in
Fig. 3. Its major source appears to be nonstationarity in the operator's
beha.vior.6 For nominally gpod vehicle dynamics the remnant power is about
30 dB down relative to the input, and can usually be neglected from the
standpoint of predicting driver/vehicle closed-loop response characteristics.

Driver Response in Multiple-Loop Situations. The system structure of
Fig. 1 is multiloop, involving angle and path feedbacks. Experimental
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mea.surements9 of operator response in such a multiloop situation show that
his deseribing function in the outer loop can be obtained by application of
the single-loop model, above. The inner loops supplied by the driver act as
equalization for the outer loop, or provide feedbacks or crossfeeds which
suppress subsidiary, undesirable controlled element degrees of freedom.
Because their role is so-dependent on outer-loop requirements, the single-
loop model rules are not geﬁerally applicable. - Data indicates that the types
of inner loops closed and their egualization are compatible with:
@ Making outer-loop adjustments per the single-loop
adjustment rules more feasible.
® - Reducing the-sensitivity of the closed-loop system to
changes in either inner- or outer-loop driver response

® Selecting a loop structure and equalization which
gives best subjective opinion rating!
It frequently happens that the driver describing function synthesized for
the inner loop alone via the single-~loop model is also the one which best
enhances the outer-loop closm*eé; particularly with a good stable basic
vehicle, and a control task which is ‘merely following command inputs or
suppressing disturbances.

Pursuit Control end Internally Generated Meneuvers

The pursuit control block in Fig. 1 operates on the input using the
driver's preview of a desired path, rather than a perceived motion or path
error as in the compensatory case. Also, for some highly skilled maneuvers
the driver produces the a.ppropria.te‘ steering action based on an internally
generated pattern previously evolved during a learning process. Recent
operator response exper:‘ments5 and a.nalyses”‘have concentrated on deriving
models for such systems. Although some useful results have been cbtained,
their application to the prediction of driver behavior is not yet state-of-
the-art. However, a compensatory loop is active even when pursuit behavior
is exhibited, so the compensatory gquasi-linear model can be used to provide
a first-order approximation to many situations. This will be the procedure
adopted here.

ETRUCTURES OF DRIVER/VEEICLE CLOSED-IO0P SYSTEMS

Perhaps the most difficult problem in driver/vehicle closed-locp
analysis is to determine what sensory feedback loops the driver is using.
There are two general approaches to deriving the closed-loop structure:
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from experimental perceptual studies and from guidance and control theory.
The theoretical approach considers the kinds of vehicle motions which must
be sensed and commands which must be inserted to satisfy the guidance and
control needs. This does not lead to a unique solution, so the initial
results are a number of "sufficient systems‘. " Consideration must then be
given to the driver's ability to perceive (sense) the vehicle motion and
input quantities, and to the nature of the operations required on the
sensed quantities in closing the driver/vehicle system loops. Those
potential systems which involve readily sensed quantities and good system
performance are then accepted as suitable candidates. The control theory
approach is relatively straightforward, given the current state of knowl-
edge of typical operator/vehicle control laws and closed-loop analysis
techniques. The best approach is to marry the guidance and control and the
perceptual theories, for the net results must be compatible.

Single-Loop 8tructure

The problem of how the driver perceives a candidate feedback variable
is secondary in the deductive guidance and control approach. The objective
is to discover likely good loops and det=rmine how well the motion varisble
considered permits the driver to control the vehicle if it can be sensed.
It is also desired to identify poor single loops and either rule them out
as possible feedbacks or. indicate the need for inner-loop equalization.
Such loops may exhibit properties that make them candidates as accident

causes if they are inadvertently opened or closed.

A systematic search for likely feedback loops ha.s"been a.cccmplished
using the 60 mph dynamics of Egs. 1—4 and the driver describing function
model. Compensatory closures (Fig. 3) were used. This is consistent with

the "preview" concept when one considers that the effective controlled

element dynamics, Y., include the geometry and kinematics of the external
visual field as well as the dynamics of the vehicle. In essence, a
guidance or control cue is perceived someplace 1n the visual field by the
driver, and to the extent that the driver steers the vehicle to modify
{e.g., follow or reduce) this cue in some way he is acting ir a compen-
satory manner. The quality of the resultant closures was judged by

© The equalization required by the driver to provide
a stable system consonant with the "adjustment rules”
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® The closed-loop performance attainable as measured by
estimated crossover frequency, stability margins, etc.

The results are summarized in Table I. The loop closures are illustrated
by the system surveys of Figs. 4—6 for lateral deviation, path angle, and
heading angle respectively.

The same closure criterion was used (where possible) for each of the
loops in Table I in order to facilitate comparison. The same effective
time delay was used where vehicle dynamics approximated K and K/s in the
crossover region. A slightly larger time delay was used.with K/ s%-1ike
controlled elements.6 In each case the time delay was larger than that

given in Ref. 6 to account for some steering system lag.

TABLE I. SUMMARY OF SINGLE-LOOP SURVEYS

APPROXIMATE ESTIMATED ; Al
VEHICLE CROSSOVER STIMATED
DBACK DRIVER EQUALIZATION
i Hafoi sl FREQUENCY | DRIVER OPINION
(rod/sec)
Inertial Lateral Deviation | 40 < b
gl o7l S | \ow bondwidm
%
Heoding Angle
i a8 Gain Only 15 Good
¥ ——3y
Path Angle 405 Good ; small leod
b Gain On 10
Vs © . helps
Lateral Ve
il -74 Log-Lead 10 | Foie;low bandwidth
'*&
Weading Rate
a6 Log-Lead 18 Good
SRR
Poth Rate 4
: 405 - Good
¥ __a' Log-Lsod [%-3
Lateral Accsisration : &
: Foic ; low bondwidth
1 Dri & :
9 o,'-: Sa’:'“ 400 Lag-Lead 10 and high sonaifivity

Inertial lateral deviation is a necessary outer loop, but it requires
lead equalization by the driver. This requirement for lead generation can
be eliminated by the use of an inmer loop, Inertial lateral deviation may
be important as a single loop follewing perceptual transitions, e.g., when
the driver sudderiy loses his view down the road and is forced to steer on
the basis of his lateral position in the lane. Such a regracsion shoald
cause him to slow down so that the lower driver/vehicle system bandwiith
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aveilable when the driver must generate the lead would still enable him to
follow any likely command input.

Both heading angle and path angle offer good closed-loop characteristics.
Path angle control combines heading control (a good loop by itself) with
body'axis lateral velocity (sideslip), which is only fair taken alone.

They can serve as outer loops if an intermittent trim loop is employed to
occasionally reduce or reset the lateral deviations, or as inner loops to
reduce the lead requirements for an inertial lateral deviation outer-loop
system. The heading rate system is also good, as is path angle rate or
curvature. The latter is the apparent curvature of the roadway ahead of
the vehicle and has effective controlled element dynamics that are a pure
gain 1n the region of crossover, implying driver lag equalization. The
lateral acceleration at the driver's head is not a particularly good system

because it is highly sensitive to driver gain variations.
Multiloop Structures

The good single-loop systems shown in Table I will all provide good

performance in following a command input of that motion variable. None will

do a very good job of following = path or trajectory which involves mini-
mizing lateral position errors to stay in the center of the lane or roadway.
Thus, the driver must augment his outer-loop structure with equalizing inner
lodps. Good multiloop system candidates are those which requiré little or
no driver equalization (i.e., only gain plus time delay in each of the
loops). Several possibilities have evolved to date, having the structures
shown in Fig. 7. Three representative versions are summarized in Table IT.
The first entry relates to Fig. Ta; the other two havé the structure of

Fig. To.

The structure of Fig. 7a assumes that the driver operates on an estimated
or projected laterak deviation error. Preview here is explicitly required,
since this error is related to the lateral position the vehicle would have
at a time T seconds (distance R) ahead of the vehicle if it continued along
its current path (see Fig. 2). The perceptual preview, T, results in a pure
lead equalization term in the effective controlled element dynamics. This,
in turn, offsets the undesirable double integration form of the lateral
deviation dynamics at low frequency. The Bode plot of Fig. 8 indicates that
a T of 5 to 10 sec is sufficient. Values of T less than 5 sec (4LO ft at

50 mph) are not as good because they do not compensate sufficiently for the
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TABLE II. MULTILOOP SYSTEM CHARACTERISTICS
INNER LOOP i OUTER LOOP
Crossovar Crossover |
REMARKS
SYSIEM Eqguaiization Freguency Equalization Frequency !
{rad /sec) (rod /sec}

Fine for straight roads. Difficult

Inertiai loterai deviation 5202 il i o aal L2 {0 define command input form ond
odvanced in time Y 3 paoni of entry infc the system.

Sensitive 1o changes in preview.

Path ange
{or path ongie cate}
oius
inerticl iaterol devigrisr

Controi not sensitive to changes i

Gain oniy 10 Gain onty 0.53 driver adoptation or driver attention.

Outer toco con operate intermittent
iy.

Meading angle
(or heading rate}
plus.
inertial laterai deviation

Control not sensitive fo changes in
Gain onty 5 Gain only 0.6 driver adaptation or driver otfention.
Outer ioop con operate intermittently.

inherent lags in the driver/vehicle system. This system structure provides
a relatively high crossover frequency and good lateral position control on
straight roads. Some conceptual and analy'ti;:al difficulties arise when it
is necessary to follow a curving roadway, e.g., a guidance law or scheme is
needed to provide an appropriately advanced command input to compare with
the projected lateral deviation.

The systems of Fig. Tb assume that the driver operates on some angular
motion quantity plus lateral deviation as separate entities and combines
them to produce a steer angle response. The immer loop in Fig. Tb could be
any one of the four motion guantities indicated. This structure differs
from the Fig. Ta model by having the present lateral deviation available to
the driver for comparison with a desired command input and derivation of a
position error. Bode plots for the lateral deviation loop closures with
path angle and heading angle inner loops are given in Figs. 9 and 10,
respectively. The effect on the outer-loocp bamdwidth of varying the inner

loop gain is shown in Fig. 10.

Table II shows that both systems give adequate stability and rea.sona‘bly
good command-following. The stability of the systems are relatively
insensitive to variations in the lcop gains, and they are reasonably
forgiving of momentary lapses in attention and do not require continuous
control. Note that sideslip angles are usually relatively small, in which
case heading angle and path angle are almost the same quantity. The larger
value in Table II for the crossover frequency of the advanced-in-time
system is an artifact of the loop closure criteria used. The closed-loop
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dynamics of all three sysfems can be made very similar if the loop gain and

preview times are appropriately adjusted. However, in making the estimates

for path angle and heading angle, the inner loops are closed with relatively
large stability margins, so as to be representative of conditions with

possibly intermittent closurss of the outer loop.

None of the systems shown in Fig. 7 include the two feedforward channels
or the discrete response feedback loop of Fig. 1. The derived systems are,
therefore, most appropriate for command-following or regulation tasks of a
reasonably continuous nature with inputs that are more or less random
appearing. The other types of response involving learned maneuvers, etc.,
are important and do dominate the driver's control activity in some phases
of driving. However, closed-loop control is fundamental to many other
phases of driving, and plays a key "take-over role" in circumstances where
the learned maneuvers and patterned responses either cannot be structured
or are suddenly destroyed for one reason or another.'® The campensatory
loops are also used in early phases of learning (the unskilled driver) and
under conditions of extreme stress (the startled or confused driver). If
the closed-loop systems won't or can't work, then there is little chance
that the driver/vehicle system will function safely for long. Thus, under-
standing their form and operation gives thé point of departure for either
adding the other channels or switching to them as needed.

The systems in Table IT do not exhaust the possible multiloop structures
that can be concocted, but they are the only ones found to date which satisfy
the guidance and control requirements for command-following and disturbance
regulation with good performance, insensitivity to vaziiations in the driver's
dynamic a.da.pta.:tion, good predicted subjective opinion from the driver, etc.
Further, they are not inconsistent with available perceptual data obtained
from driving experiments on the highway. The principal distinctions between
them lie in the way in which they degrade when the nominally good structure
is disturbed. 3

Correlaticn With Experimental Observations

The identification of preferred driver/vehicle loop closures and sensory
cues from a control theory approach provides a new framework for reviewing
past perceptual experiments. &

Gc:)ré.(m'5 attempted to define the driver's visual input, using a helmet-
mounted aperture for one eye comprised of a tube 3.5 in. long with a variable
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giameter of 1 in. or less. The other eye was masked, and a camera was
mounted on the helmet. The task was to drive along a narrow, winding, rozd.
Most records showed continuous visual shifts forward to the limit of the
visible road and then backward toward the vehicle, suggesting that the
driver may be looking down the road to obtain angle information, and then
near the vehicle to sample lateré.l position. About 60 percent of the time
the driver was looking farther than 150 ft ahead of the vehicle, while
about 80 percent of the time he was looking more than 100 ft ahead. At
the test speeds of about 15 mph these are preview times of 7.5 and 5 sec,
respectively, which correlate well with the desirable times in Fig. 8.
Small aperture viewing caused stress; peripheral cues may be important.

4 expands on the "streamer theory" (after

More recently, Gordon
Ca.lvertw), which states in essence that the driver perceives motion from
objects in the visual field streaming across his field of view and emanating
from a central focus. Gibson16, on the other hand, asserts that this "focus
of expansion" provides the directional cue rather than the flow of the
velocity field emanating from the focus. Regardless of how the driver
senses the direction to this focus, this cue is precisely path angle.
Schm:ld.t17 notes in agreement, "the driver recognizes the movement of the
car from the apparent flow or streaming of the objects in the visual field..."

Biggs18 concludes that central vision is occupied with the detection of
obstacles in the immediate path while peripheral vision is employed in
tracking the "guideline" or dividing line. He notes that "the guideline is
seen near the vehicle, and its lateral motion provides the dominant

directional cue."

Crossman!9 hypothesized a family of more or less distinct control
systems or modes of driver control, and tested them by comparing driving
performance in a fixed-base simulator with that obtained under actual
driving conditions on the highway. He showed better performance on the
highway, apparently due to simulator shortcomings. His results suggest that
the driver responds to heading (or path angle) errors when they exceed a
threshold level.

Although recent, none of these references specify the alternative
closed-loop structures appropriate to various driving situations. They do
support, however, the theory of driver control derived herein. While there

are apparent differences between these experimental results, some semblance
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of order is obtained by viewing them within this guidance and control struc-
ture, and the operational entities extracted fram the perceptual cues do

provide the prescribed feedbacks.
CONCLUBIONS

Guidance and control principles coupleéd with empirically based models for
driver dynamics can be used to evolve alternative descriptions of driver
steering control. The resultant system models provide an engineering tool
useful in efforts to improve vehicle dynamics, enhance driver perception and
control, and optimize the roadway environment from the standpoint of safety

and service volume.
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A CLOSED-LOOP NEUROMUSCULAR SYSTEM
EXPLANATION OF FORCE-DISTURBANCE
REGULATION AND TREMOR DATA¥

R. E. Magdaleno and D. T. McRuer
Systems Technology, Inc., Hawthorne, Californi%, U. S. A.

INTRODUCTION

Recent studies of neuromuscular system compcnents and of tie system
functioning of ensembles of these components has led to a quasi-linear
model that is compatible with an enormous amount of physiologic;a.l data
12

The

component data of interest include recent anatomical and physiological

as well as human operator input/cutput describing function data.

data for the muscle spindle and input /output studies of the muscle. These
data indicate that quasi-linear models can describe the basic behavior of
these two elements for small perturbations about an operating point.2 This
model contains three key developments: (1) the variation in muscle system
parameters as a function of average muscle tension; (2) the role of the
muscle spindle, both as an adaptive equalization element and in its effect
on setting muscle tone or average tension;v and (3) the spindle feedback of

an internal muscle length which constrains some dominant closed-loop roots.

The muscle spindle system also serves to route cammand inputs from the
central nervous system to the neuromuscular system. These inputs are well
suited for tracking tasks. However, in this paper we are interested in
situations which do not require tracking, but which do involve & variety
of operating point tensions and manipulator restraints. The key data to
be explained for these situations are for torgue-disturbance regulation
and limb tremor frequency. Following a review of the pei'tinent data, we
present the equations of motion for the muscle actuating system as well
as the muscle spindle feedback and actuating system. We then show that
the dominant parameters of the closed-loop systems response give a quali-
tative match to the trends in the data reviewed at thé beginning of the

paper.

5

*This paper includes research efforts supported by the AmeS Research
Center, Man-Machine Integration Branch, NASA, Moffett Field, California,
under Contract NAS2-282k.
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HUMAN OPERATCR TORQUE-DISTURBANCE
AND TREMOR DATA

In this section we shall review torque-disturbance and limb tremor
data obtained for a variety of operating point tensions and manipulator

restraints.
Torgue-Disturbance Reguletion

The effect of average voluntary muscle tension on the wrist-twisting

(supination/pronation) response to torque-disturbance inputs has recently
been inves‘c,‘1gated.3-7 In one experimentu the relative amount of muscle
tension was inferred from a sphygmomanometer cuff attached around the
forearm. This was displayed to the subject who then could readily set
the reading to any one of five levels. These experiments were carried
out using irregularly spaced mechanical impulses delivered, without
warning, by a pendulum. The manipulator restraint consisted of an iner-
tia several times larger than that of the arm, and the subject was asked
to resist the perturbing influence of the pendulum-produced disturbance

on the load.

-
The transient responses obtained in these tests resembled those of

a unit numerator second-order system weighting function with light damping
(Fig. 1a). Figure 1b shows similar resultsé where the disturbance torque
was delivered by a motor attached to the shaft of the handle which the
subject grasped. A transducer sensed the grip ferce which is assumed to

be indicative of muscle tone in the participating muscles.

Figure 2 shows the general location of the upper pole’ position of
a damped second‘-order fitted to the transient response for a number of
tension va.lues.“ In general, incréasing mean tension increases the natu-
ral frequency of these roots but leaves the damping ratio relatively
unchanged.

Effects of Muscle Tension
and Manipulator Restraints on Limb Tremor

Limb tremor has been observed in a variety of situations. It typi-

cally appears in the time history as an oscillation or in the power
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spectral density as a peak. Tremor frequencies are often in the range
of 6=10 Hz, as in the analysis of finger veloci’cy8 and with different

load ma.sses.9 Generally, muscle tremor frequencies depend on both the

manipulator restraint and muscle i:.ension.w-”2 In Fig. 3 forearm flexor
tremor frequency is plotted as a function of the mean tension at the
wrist, ' i This tension was exerted against a spring (attached to the

wrist) which was oriented parallel to the upper arm. For each spring,
increasing the tension causes a slight increase in tremor frequency,
with a leveling off at the higher tensions. However, an increase in
spring rate produces an incremental increase in tremor frequency which

is essentially independent of tension.

The effect of inertia on limb tremor was found in a study where the

ask was to track a ramp input to a pursuit disp_‘l.a.y.?1 The subject
gripped 2 handle in his fist and used wrist rotation about the forearm
axis to generate his response. Four different load inertias were used.
Muscle tension was inferred from handle grip tension as sensed from a
rubber pneumatic balloon and pressure-voltage transducer. The dependence
of tremor Irequency on inertia and inferred muscle tone is given in

1}

Pig. 4. TFor each inertia there is an increase in frequency as tone

AxJ

increases, whereas for constant tone an increase in inertia causes z

decrease in frequency.

Additional results'' indicate that the tremor frequency of one hand
is independent of the other. Specifically, if one hand is controlling Aa
large inertia without pressure, then its tremor frequency can be much
less than that of the other hand if it is controlling a small inertia
with great pressure. This suggests that the oscillation conditions are
strongly dependent on the load and further that each neuromuscular system

is independent of the other.

CLOSED-LOCP NEUROMUSCULAR SYSTEM DYNAMICS

In this section we describe the joint action of the caomponent models
{muscle actustion and spindle feadbeck and actuation subsj ystems) as they

contribute to the neuromuscular system model. This will be used to des-

55

cribe the trends in the overall input/output human operator data discusse

in the last sectionm.
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Neuramuscular System Block Diagram
for Smell Perturbations

A combination block and schematic diagrem of the mvscle/spindle system
for small perturbations about an operating pocint is shown in Fig. 5.
Because the schematic represents perturbation operations about steady-
state operating points, all the signals indicated vary about zero mean
values, and thus the agonist/antagonist relationships are subsumed in a
one-sided composite. For this paper the detaiis of the muscle spindle
model and muscle models are not required —only their input/output rela-
tions will be needed. (For the details see Ref. 2.)

The internal inputs to the system are: (1) command, Ye» and bias, 7y,
which are aspects of the static and dynamic gamma muscle spindle fibers;
(2) the alpha motor neuron commands, a,. The external input is a force 4
F, applied to the manipulator. A key feature is the spindle feedback of
x; (an internal muscle length) rather than x the 1limb length. Not shown
in Fig. 5 is any consideration of remnant sources necessary to account

for system behavior not described by the gquasi-linear elements.

The spindle output perturbation firing rate is summed with an alpha
motor neuron command, with the result, after coriduction and synaptic
delays, being an incremental alpha motor neuron firing rate, Af,, about
thé operating point, fao' t’I‘his in turn perturbs the muscles and manipu-
lator, ultimately giving rise to 1limb rotation, which is sensed by the
spindle ensemble. The steady-state output of the ﬁuscle spindles (not
shown in Fig. 5) provides the steady-state muscle firing rate, fdo' 4

The muscle model characteristics consist of the series elastic com-
ponent, K., connected in series with the contractile component charac-
teristics given by the force source, CeAf,, spring, K, and damper, B,.
(Ke also contains tendon compliance.) Since the limb and manipulator
inertias are in parallel, the two are lumpe& together in the single
effective inertia, M. A load spring, Kp, is also present.

The muscle effective damping, B8, spring rate, Ky, and sensitivity,
Cs, are set by the operating point muscle tension, Pos which is due to
the steady-state output of the muscle spindle. By, Kp, and Ce increase

as Pop increases (approximately linear f‘l.z.r{c:'l'.:‘.ons).2
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We shall first find the open-loop equations of motion connecting the
muscle system inputs (Af, and F) and its responses (x and x;). Then we
shall apply the spindle feedback dynamics and solve for the closed-loop
response (x) to the system inputs (F, y,, and a.).

The Laplace transformed equations of motion for the open-loop 1limb/

manipulator dynamics are given in matrix form by

(Ms® +Kp +Ke) K x F

—Ke (Bps + Km +Kg) X4 CoAf

The characteristic equation is

A =

mm[s3+ (%B;Ke)sg+ (KF;Ke)S L (Kt I&) "‘KmKe} (2)

A number of special cases have been investigated, ranging from an iso-
metric manipulator (Kp —=«) to a large-inertia, no-spring c:a.se.2 It
was found that the approximate factors of the third-order characteristic
equation indicate that the real root is the same as that for an isometric
manipulator. Using this, the approximate factors to Eq. 2 become

Ais MBm(S i KmB;Ke>[s2 " %(K—mﬁf;}{:)es + %(KF 4 km&f%:)] (3)
AR ——r !

® ®

which applies as long as @) is much greater than (B). This approximation
holds for large inertia and large Ke. Generally, K., due to tendon elas-
ticity, is large relative to K. '

The muscle spindle typically has a lead/lag response to length changes.
The perturbation firing rate, Af,, depends on the spindle feedback of x,
2
and on a. and y, as

: &y = [ag + Gglye—xq)]eT 0 (¥
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(s+1/Tg)

where Gaq = Ko =————
AR s )

and 7, is the net effect of synaptic and conduction time delays, y. is the
effective command due to gamma fiber stimulation, 1 /’JJK is the lead break
frequency, and 1 /a.TK is the lag break frequency. Now inserting Eq. 4 into
Eq. 1 and collecting terms that multiplyi X4 yields the complete system
equations for the muscle/manipulator/muscle spindle system.

(Ms® + K +K, ) <, x F

—Xe (Bps +Kp +Ke) + Cste—'ras X4 (oe +Gg7¢ yeTaf

(5)

n

5

The 1imb output response to the various forcing function terms, F,

a., and y, is

[(Bus + o + 5) + Cooee ™0 + [Ke(ac + Gore)e ™)
e (6)
A+ Cst(M52 +Kp + K)o Ta® \

When spindle feedback is present, the closed-loop poles are modified from
the zeros of Eq. 3. However, the spindle feedback, ‘Gs, also modifies the
numerstor dynamics of the limb response to a force-disturbance input.
This will be significant in the in’cerpretation'of the torque-disturbance
input data. The effect of the spindle feedback on the limb response to
command inputs is primarily through the denominator roots.

The two situations of interest in this paper are:

1. An impulse force-disturbance input delivered when the subject's
agonist/antagonist muscles are in tension against each other,
and the manipulator is loaded with a large inertia (no spring
restraint). These impulses are delivered at random times and
directions, thus the subject's voluntary actions are largely
confined to setting.the muscle tension so that the resulting
response reflects the properties of the x/F transfer function,
i.e., ax and y, are zero. The subject's task is merely to set
muscle tone and 1:t the transient run its course.
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2. Limb tremor under various tension conditions where, again,

Qe

(also for this case, F=0).

and y are zero except for ambient noise-like perturbations

Force-Disturbance Input
(No Spring, Large Inertia)

The effect of the spindle feedback on the:x/F response can be found
by noting that the zeros are given by the roots of the numerator of Eq. 6

found from the Numerator Closure as

-TaS

CeGge

i+m 0 (7)

and the poles are given by the roots of the denominator of Eq. 6 found

from the Dencminator Closure as

CoGg(Ms +Kp +Kg)e O°
i

X = 0 (8)

where for this manipulator the roots of A are approximated by Eg. 3 with
Kp=0 which yields

AR g b

Both the numerator and denominator of the closed-loop function x/F

are functions of the gain parameter, Cekg. The joint movement of the
numerator and denominator singularities as a function of this loop gain
(Cgkg) can be demonstrated by treating both the mumerator and the denomi-
nator as loop closures. Then both closed-loop poles and closed-loop zeros
will move as loop gain is changed. Root locus sketches of the Denaominator
and Numerator Closures are given in Fig. 6a and Fig. 6b, respectively.
These two closures have common real-axis poles and time delay terms (the
latter are not shown explicitly since they are at higher frequencies).
Only the Denominator Closure will have quadratic roots '(af high frequency).
The closed-loop low frequency real root will be approximately the same in
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both closures. Thus the closed-loop system desciibing function, x/F,

is dominated by a second-order mode which has an undamped natural fre-
quency which is a function of the loop gain (i.e., operating-point ten-
sion dependent) as well as the external mechanical element (inertia).

This is compatible with the Ref. L results of Fig. 2. However, the degree
of pole/zero cancellation will be affected by the proximity of the qua-
dratic terms. Some of the different responses are shown in Fig. 1. In
Fig. 1b the response seems to contain some of the first-order pole,

whereas in Fig. 1a the response is nearly a pure second-order transient.

Now examine the consequences of assuming that the spindles feed back
x instead of x; (in Pig. 5 let Kg —=x). Carrying this through the equa-
tions reveals that the numerator of the x/F response no longer contains
CeGg. Now the pole/zero near-cancellation will not take place, and the
transient response will appear third-order. This will be more evident at
the higher tensions since the increased loop gain drives the 1 /TI'( root to
lower frequency away from the numerator singularity at (Ke +Kp)/Bp. This
trend is just the opposite of that in Fig. 1b, which becomes more like 2

second-order system at higher tensions.

Tremor

A number of theories have been advanced to account for tremor oscil-
lations. These include: (1) periodically fluctuating activity in supra-
spinal centers; (2) rhythmicity arising from neuronal circuits within the
spinal cord itself; (3) resonance of the moving parts of the limbs;

(k) osecillations arising from the stretch-reflex loop itself.

At present, the evidence very much favors the last hypothesis, since
(1) in tabetic patients with loss of dorsal roo‘t‘ fibers the tremor fre-
quency (6-10 Hz) peak is a.bsent;16,(
indicating any correlation of EEG activity (alpha rhythm) with limb tremor;
(3) tremor disappears with section of the dorsal roots;16’ " (4) there is

2) there are no substantive reports’

no evidence of inherent rhythmicity of spinal alpha or gamma motor neurons
in the absence.of sensory input. Also, tremor occurs primarily under
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conditions where fine control of position is involved; much less tremor
is produced under rest conditions or when a gross, rapid ("ballistic")
type of movement is exec:ut.ed.18 This also tends to éupport the stretch-
reflex (closed-loop) explanation.

The "tremor peak" in the frequency spectrum is said by scme13 to be
indifferent to changes in the load, but the datalo_m of Figs. 3 and 4
clearly contradict this, and in addition indicate that the peak frequency

is dependent on the mean tension generated, spring rate, and inertia.

The data cited above and earlier indicate that any neuromuscular
system model must be compatible with ambient noise excitation of an
almost neutrally stable mode near 6-11 Hz which varies with inertia,
spring rate, and tension. The closed-loop system for these situations
in which tremor was measured is described by Eq. 6 with F=0. In addi-
tion, a, and y. are nominally zero, although they will exhibit random
fluctuations since the human operator cannot generate a perfectly con-
stant tension. These fluctuations will excite the lightly damped closed-
loop pole (Fig. 6a) for the case of inertia restraint and no spring.
Increases in inertia will decrease the frequency of this mode, whereas
increases in tension, by increasing loop gain, will drive the roots
closer to the zeros on the jw-axis. Both of these trends are compatible
with the data in Fig. k.

For the data given in Fig. 3 a load spring, Ky, was present. Thus,
using Eq. 3 for the approximate roots of A and inserting in Eq. 6, yields
the root locus in Fig. 7. The load spring has increased the frequency of
the quadratic poles and zeros. Tension increases (by increasing loop
gain) drive the mode into the zeros, but now the instability frequency is
less than that of zero due to the phase shift from the time delay e faf,
The spread between the zero and the instability frequency is likely to
be greater for the stiffer spring rates since this raises the zero and
the pole to higher frequency where the loop time delay (Eq. 6) has more
effect. At higher frequencies the time delay causes the root locus
departure from the pole to occur at a lower angle, i.e., it tends to
proceed more directly to the jw-axis. Thus increases in spring rate
yield an instability frequency that is less than the frequency of the




81

zero, and this difference increases at the higher frequencies. This
effect can be seen in the flattening of thg curves in Fig. 3 for the
larger spring rates which indicates that the root is near = limit.
Attempting to put the above explanation on a quantitative basis by
estimating the inertia involved in the Fig. 3 data, using reasonable
values of Ko, and then calculating the effect of Kps yields predicted w
values for the quadratic zeros of between 7 and 14 Hz. " These are
"infinite loop gain" tremor frequencies, as compared to the actual tremor

frequency range from 7 to 11 hz given in Fig. 3.

A time delay on the order of 25 ms is compatible with mnerve conduction
time from periphery to spinal cord to periphery.w’ 15 Such a value would
contribute 90 deg phase shift at 10 Hz, leaving 90 deg to be contributed
by the other loop dynamics to produce the 180 deg instability frequency.
The loop gain function (Eq. 8) can be compatible with phase shifts of
90 deg near 10 Hz." Thus the tremor data is compatible with ambient

noise excitation of a closed-loop neuromuscular system mode.

Finally, the power spectra of finger tremor8 exhibited a second peak
in the range 17-25 Hz in addition to the usual peak in the range 6-10 Hz.
This data indicates a higher frequency mode for which a likely source is
another lightly damped mode pair due to a real root proceeding in from
the time delay singularity at minus infinity, combining with the root
at 1/aTy (Fig. 7) and then nearing neutral stability at frequencies above
the quadratic pole/zero combination.

CONCLUSIONS

. The data and analysis presented in this paper indicate that simple
quasi-linear models can describe the small perturbation behavior of the
major neuromuscular system components (muscles and muscle spindles) for

torque disturbance regulation and limb tremor.

*For the special case of an isometric manipulator (Kp —~w), the
quadratic poles and zeros tend to infinity, leaving only the two real
poles and a zero. If the frequency of these singularities is smaller
than 10 Hz, then they would contribute approximately 90 deg phase lag
at 10 Hz.



82

The more specific conclusions are: :

B (Po)

T Hy
g g

9
(2]

SF Py

Changes in the transient response to a torque impulse input
as a function of muscle tension (large-inertia, no-spring
manipulator) support the modél's muscle spindle feedback of
an internal muscle length. The effect of this feedback is
to produce a clased-loop numerator zero which approximately
cancels a denominator root since both are influenced by
operating point tension. The resulting dominant second sys-
tem response closely describes the torque disturbance data.

Variations in muscle tremor frequency for various spring,
inertia, and average muscle tension values support a closed-
loop neuromuscular system model. The trends and limits of the
tremor data provide further evidence of spindle feedback of an

° internal muscle length rather than a length directly proportional

to limb length. The series elastic element coupled with limb/
manipulator inertias produces zeros which constrain the closed-

loop characteristic equation roots and provide an upper limit for

tremor frequency.
SYMBOLS

Equivalent damper for contractile component of muscle
system

Constant of proportionality for muscle model force source
Operating point average firing rate for muscle
Incremental alpha motor neuron firing rate »

External force input

Spindle model describing funetion

Imaginary part of the complex variable, s = o+ jo

Series elastic component of muscle :

Load spring

Equivalent spring gradient for contractile camponent of
muscle system .

Operating point length of muscle
Millisecond

Limb plus load inertia

Meters
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N Newtons

Py Operating point tension in agonist or antagonist muscle

s Complex variable, s = o+ jo; Laplace transform variable

-T:‘;{- Open-loop spindle model zero

;%—E Open-loop spindle model pole
Limb length in muscle/manipulator model

X Internal muscle length

de Alpha motor neuron command

y Gamma. commend following gamma motor neuron delay

b Gamma bias input to spindle model

Ye Gamma command input to spindle model

7a Gamma input due to dynamic gamma motor neuron

7 Gamma input due to static gamma motor neuron

A ; Characteristic eguation

QN Damping ratio of second-order component of the neuromuscular
system 3 y

Kg Gain of spindle deseribing function, Gg

o Re;.l part of the complex variable s = g+ jo

Net time delay in the alpha motor neuron pathway

oy Undamped natural frequency of second-order part of the
neuramuscular system

= Approximately equal to

(39 Degrees

© Infinity
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1. INTRODUCTION

Recent years have seen an increase in the application of the methodsr of
dynamic systems analysis to biological problems, The reasons for this devel-
opment are twofold: firstly, the methods of the systems engineer can be of
assistance in biological investigations; aond secondly, a study of biology
may well yield important clues to the principles of organisation of complex
systems in general, These consideraticns stimulated the present study in
which the methods of engineering dynamic analysis were applied to a metabolic
process.

Proteins are argi.nic compounds which are essential constituents of all
living organisms. It is therefore most important to understand the dynamic
mechanism of their metabolism and the way in which these substances are
. formed and broken down in the body.

The present study is part of medical research into the metabolism of
liver-produced proteins such as albumin whichare delivered to the plasma.
The objective is to clarify the metabolic pathways in the body and %o deter-
mine rates of formation and breakdown. : Urea metabolism was also studied.
The processes are essentially dynamic and the interpretation of the observed
data requires an understanding of the dynamicse

The experimental method involved the injection of radiocactive tracers
into the body at various peints of the metabolism and the measurement of ihe
label at other points at intervals over a subsequent periode The experiments -
gave basically impulse responses of the system between the points of inject-
ion and observation.

A number of generally similar investigations into the dynamics of
metabolism have been made.l™4 = 3

In this work, use was made of a mathematical model formulated from bio-
logical considerations, giving in our view a clearer comprehension of the
dynamics of the process and the approximations involved. Also the methods
~ of fitting responses to the model will make fuller use of the experimental
data, since the whole - and not only, say, the latter- part of the response
curves was considered. :

2, FUNCTIONAL MODEL OF THE METABOLIC SYSTEM
As a first step to the formlation of the mathematical model of the
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metabolic system it was necessary to arrive at a descriptive functional model.

The basic coxfcept of this model is that of the compartment or pool, that 4
is the quantity of a substance present in the body or a particular part of
the body. Examples of pools are the total amount of albumin inside the blood
vessels and the total amount outside the blood vessels. |

From biological considerations, the following is considered to represent ’
the system of albumin and urea metabolism, starting from labelled carbonate
injected into the blood. (Fig 1) 4

After injection of the labelled carbonate into the bloodstream, most is
lost through the lungs and some through the éut, and the remainder of the
labelled carbon passes into the liver where both albumin and urea are synthe-

sised.
In the liver many complex biochemical reactions take place in the course

of which labelled carbon is incorporated into many intermediary metabolic

cycles including several amino acids. Labelled carbon entering these path- :
ways is either lost from the system or after a variable time interval is &
returned to the liver. ‘

The amino-acid of specific interest in this study was arginine, When
the labelled arginines is produced in the liver it is used to synthesise the
following four groups of labelled substances: (1) liver cell proteins
(2) albumin (3) urea (4) other liver produced plasma proteins.

The proteins incorporated into the structure of the liver éell have a
varying life span. Their catabolism liberates arginine into the liver argi-
nine pool.

The labelled urea and albumin then pass into the plasma. A time delay
exists between the appearance of urea and that of albumin in the plasma. One :
explanation is that albumin following synthesis is passed to some sort of

storage pool located in the liver, before entering the plasma.
Once “n the plasma the albumin can pass freely to and from an extra-
vascular pool. Also the albumin may be catabolised at sites which are

probably in or near the plasma coxzxpar:‘l;lna.-.n’(;.6

Amino acids including arginine,
liberated by the catabolism of the proteins, either recirculate or are passed
into -the bladder. The recirculation includes filtering in the kidney. The
bladder store is emptied by excretion of urine.

The urea arrives after synthesis in an initial mixing pool_which in-
cludes the bloedstream. This pool equilibrates with another pool outside
the bloodstream. Urea is lost from the initial mixing pool, either travel-
ling into the gut where it is catabolised, or being filtered by the kidneys
and hence passed to the bladder.
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Much previous work on urea meyabolism in particular, has assumed that the
kidneys act either as a mixing pool or mechanical delay. Here an attempt has
been made to consider the action of the kidneys in greater detail.

The kidneys consist of an assembly of sub-units called nephrons, each
consisting of a blind ended tube into which a tuft of blood capillaries,
called a glomerulus, is invaginated (Fig.2). The remainder of the tube is
termed the tubule., The glomerulus acts as a filter for plasma, allowing
substances of lower molecular weight such as urea and arginine to pass into
the tubules, while the proteins remain in the capillaries. After the blood
has passed through the glomerulus it enters ﬂ;e efferent arteriole which leads
to another capillary netiwork round the tubule., At this stage the tubule cells
selectively reabsorb the constituents of the filtrate as they pass alonz the
tubule, preferentially absorbing arginine compared with urea. Once selective
reabsorption has occurred giving rise to an interstitial poocl of substances,
the constituents will either be secreted back into the tubules or secreted
into the Blood capillaries and hence into the circulation.'®S»7

The only other path to be considered is that taken by labelled plasme
proteins, other than albumin, synthesised in the liver. In general these too v
are distributed and are catabolised.

3. MATHEMATICAL MODEL OF THE METABOLIC SYSTEM
3.1 General

The metabolic system described in the previous section thus consists of
a series of interconnected poolse : .

To formulate the mathematical model it is assumed that the rate of change
of the quantity of a particular substance in each pool is equal to the suma-
tion of two effects. The first is the loss of substance from the pool fo other
sites and is a function of the quantity of the substance in the pools The
other effect is the gain of the substance from other pools.

The functions concerned are in general non linear. On biological grounds
it can be assumed that a labelled substance behaves in the same manner as the
same substance unlabelled,

‘3.2 Model notation

Yariables

A - mass of unlabelled albumin.

a - mass of labelled albumin.

- mass of unlabelled carbon.

- mass of labelled carbon.

- general function.

mass of unlabelled liver proteins,

- mass of unlabelled arginine,
- mass of labelled arginine.

- delay in albumin pool.

time.

- mass of unlabelled urea.

- mass of labelled urea.

- mass of unlabelled plasma protein
other than albumin.

mass of labelled protein other than albumin.

N Ff d & H H B
|

- mass of labelled liver proteins.
- fluid mass fl ow rated (kidney tuhﬂes)
- blood mass flow rates.

Qo B B Moo a
1

N

'
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A1l pool sizes are in general functions of time. -

E - shift operators Ble(t) = £(t-T)

Subscripts:- (indicating location of substance)
- liver albumin synthesis pools. n - extra-bloodstream urea pool.
= blood. - bladder loss of urine.

= albumin plasma pool.

- urea initial mixing pool.

- liver arginine pool,.

- bladder storage pool.

kidney tubules.

- liver urea pool.

- catabolic pathways of urea from gut.
- catabolic site of urea in gut.

- other pathways for carbon in liver,

- catabolic site of albumin to arginine.
- liver albumin storage pool.
entra-vascular albumin pool.

= glomerulus, kidneys.

- arginine catabolic.pool.

- interstitial pool, kidneys.

- catabolic site of other proteins
to arginine.

other protein pathse

 H DR e &0 o P
]

w
]

1 - liver carbon pool, - liver carbon recycling pool.

- synthesis site of proteins other :
than albumin

m - liver cell protein pool.

N9 M & 4 8 o 0 B @ KW O
'

eg. Cy - mass of unlabelled carbon in liver recycling pool.
Uj - mass of urea in kidney interstitual pool.

Double subscripts have the same meanings as above but indicate transfer from
one location to another.

fap (....) albumin liver __, plasma

fg3 (...) kidney tubules—— kidney interstitial pool.
3+3 General Rate Fquations
3.3.1 Quantity of carbon in the liver carben pool.

2(Cire) fulCec)i) +Fn (Cyrey) -fiy (Cre) - fo (Cre )
3.3.2 Quantity of carbon in liver recycling pool.

% (Cyrey)etyy (Cered)-Fy (Cyrey) -y (Cyrey)
3¢3.3 Quantity of arginine in liver. !

:d}( Rertr) "Fc'- (Cyve, ) "ﬂ'l& +1) ’Fh- (Re ’f'f)'fm-("n*”‘n)-{mlgf'fr)

e Re 470) = frg (Re 47, )

3¢3¢4 Quantity of arginine in catabolic pool. ;

;‘J"e(RL"'IJ = sz (Ar"‘r”“ik (zn'!;)'ﬂ, (Ry+%i) ~fur Ryery)
3¢3e5 Quantity of liver cell proteins in liver.

i (Matm,) = fr.\ Re+7:) ~f e (Mn *”‘-\)
3.3.6 Quantity of arginine in tubules.

ﬁ‘et"'t) = bye (Reni)-fo (Reere) - Fes Reere)
fhg = fgt since glomerulus acts as a filter not as a pool.

3.3.7 Quantity of albumin in liver synthesis poole :

5 (Aatad) ";,.,(Rr"'p) - ﬁ‘(kfa‘)
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3348 Quantity of albumin in liver storage poole
2 (g ea) = boa (Ag vag - fup (Aa vay)
3639 Quantity of albumin in plasma.
jTt(AP tap) = E"ﬁ, (Agsay) +fep (Aetay) - fpe (Aptap )-foc (Apra,)
3¢3.10 Quantity of albumin in emtra vascular pocl.
;d-f (Ae_pa,_) ={” (A’fnﬁ) -fq {Ae tae)
3+3.11 Quantity of oiher proteins synthesised.
£(22025)="rz(krff',)’fgj(z!*!!)°f;k (Zze2,)
363.12 Quantity of urea in the liver.
5;(““ ru ) =fru (gr'rr) s Fuq, (Ugru, )
3.3+13 Quantity of uree in the initial mixing pool.
:—t(Uq’PU‘)= “% ‘ula."“u)* fn?(un’“l;)—"gn(uq'“g)'{is (45’ (us'“‘)!(""s Fu‘))
":‘1 (9; Us ruy), (Ug rug ) —f” (‘i-, Mg rug ) "i&;(‘.i.; ,(ui“l'.}.(uq'%))

-F,.(u,m,) +fwg (Uwruy)
3.3.14 Quantity of urea in the catabolic site (gut).

i"t(u" ruy)= {W (ug rug ) '{m’ (Uy run) ~Fry (U tuw)
3.3.15 Quentity of ures in the extra-bloodstream pool.
4 (Unru )=ty (Uy rug)-fog (Untuy)
3.3.16 Quantity of urea in tubules.
4 (Uerug)= Fag (3,,(Uq +ug)) + fig (& e rug ), @i vy )
= fei (Resllte ru), & ruy)) - fes (Ueeue)
fgt = fqg since the glamerulus acts as a filter and not as a pool.
3+3.17 Quantity of urea in the interstitial pool.
L (U v ) = £ (QerUiru)le ru) ~fie (@, U r ) U v )
~fig (4, +u;) Ug v ug )
3.3.18 Quantity of urea in the bladder store.
a!i‘-t. (Ustug) = h“ (Ueru) "15 (?ﬁs’lu‘t*“&)'(us rugh - \cis (‘i—;atu‘% "“r.,)n(u”"“»»
‘f'%(uﬁpus)
4o  DYNAMIC TESTS
4.1 Test Methed
The experiments carried out al: involved the administration of radio-
actively labelled compound by intravenous injection. Measurements of the
concentration of the label in different compounds were made at various sites
in the body, yielding impulse responses for sections of the metabolic system.
The experiments were performed on volunteers at the Royal Free Hospital.
Data was obtained from ten such patients; some have a normal metabolism and
others suffer from diseases of the liver, intestine and other organs.
The experimental method suffers from the limitation that both the
quantity of radioactivity injected and quantity and frequency of blood extrﬁ.ct-
ion are restrictede
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At the present time, five separate experimenis are being carried oute
1(a) Sodium Carbonate labelled with 14¢ is injected into the bloodstresm and

labelled albumin concentration in the plasma is measured.

(b) A similar test is carried out measuring labelled urea concentration

in the mixing poole : ;

2. Albumin labelled with 11T or 1251 ig injected into the bloodstream and
measurment of the label concentration made in the plasma.

3e . Urea labelled with 13¢ ig injected into the bloodstream and the label
concentration in the initial mixing pool measured.

4o Sodium carbonate labelled with 146 14 injected into the blood and the
label concentration in blood carbonate- bicarbonate measured.

In order to clarify the model of the metabolisn, further experimental
data would be required. :

4.2 Test Results

The uper:l.meﬁts are typified by the curves shown in Fig.5. .

All the results exhibited considerable scatter, this being most pronouﬁced 2
in the albumin data. This is attributable to the effect of background radia-
tion, the low levels of radiation involved and fluctuations in the bodily
functions.

5, MODEL REDUCTION

With the very restricted methods of dynamic testing which can be applied
it is of course not possible to identify fully the model described in Section 3

It was therefore necessary to reduce this model. Extensive work has
recently been carried out into methods of model reduction.lo’ll’lz' In this
case, it was decided in the first instance to adopt the simplest approach. The
general rate equations were linearised and further reductions carried out on
the linearised model to remove the less significant modes. The resultant model
is not rigorously accurate but it is hoped that it will give useful biological
information. It is hoped in the future to improve the technique as under-
standing of the biology improves. : ' 3
5.1 Linearisation of rate equations. i :

In the evaluation of the tests we are only concerned with the labelled
substances. Since the quantity of labelled substance in any pool is small
compared with the quantity of unlabelled substance and since the latter can be
assumed to remain constant, the general rate equations can be linearised.

Thus equation 3.3.1 reduces to 5.l.1.
5¢1.1 Carbon in liver carbon pool.
‘;.L:&:?é:t.c, + ;ﬁl‘!.é,‘ +§_é-:t.c., —,}és-q ’:—Q"“‘l :
3.3.2 to 3.3.18 then are of similar forme

After investigatiné the fiprther treatment of these equations, by time

domain matrix methods it was decided that considerable simplification would
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result by putting these equations into transfer function form and that this
would not introduce any difficulties.

The tra.nsi‘er'function block diagrams representing the linearised rate
equations are shown in Fig.3 and 4.
5.2 - Dynamic reduction
5¢2.0 Principles.

The linearised rate relations in transfer function form were then exam-
ined. From biological information a table was prepared of the time constants
associated .with the various pools. ;

Pool Time-Constant(Hours) Pool Time-Constant(Hoxrs)

Liver Carbon 103 . Argenine Tubules 10-2
Liver Recyclingl3 10-2 "Other Protein"l7 102

Liver Argeninel4 10-3 Liver Urea 10-3
Liver Cell Protein 102-103 Urea initial mixing poell3 101
Liver Albumin Synthesist® 10~3 Extra bloodstream pooll3 100

Liver Albumin Storagel6é 10-1 Gut catabolic pooll8 10°

Plasma Albumin Pool 10-1 Kidney Interstitial9s19 10-2
Extra-vascular Albumin2 10° Urea Tubules’ 10-2
Catabolic Pooll 102 Bladder Storeld 10~2

Terms which}involvéd time constants of the order of 1072 hours or less
were reduced to pure gains. In addition pathways wherein very small quantities
of substance were being fed along paths with time constants of the order of
102 hours or more were also neglected since they would have had little effect
over the period of observation.

The dynamics of the liver carbon, arginine, albumin synthesis and urea
synthesis pools were thus neglected as fast. The effect of the paths of
arginine from the catabolic to the liver poel and of other plasma proteins
from the liver arginine to the catabolic pool were taken as negligible.
Similarly, feedback of urea from the bladder and the interstitial pool were
neglected as small,
5¢3 Simplified model

The linearised simplified model is shown in Fig.6. It has been reduced
to those gains and time constants which can be identified from the experim-
ental results.

6. ANALYSIS OF EXPERIMENTAL RESULTS

The experimental results of dynamic tests were compared with the
simplified model by comparing predicted and actual responses.

A number of methods of fitting experimental responses to predicted

response equations were considered.2’2°’2l’22' It was decided to adopt a
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simple adaptive fitting technique-minimisiﬁg total square error. The fititing
was carried out on a2 digital compixter uging Rosenbrock's hill climbing
: ‘:echnique,23 and confining the search to the neighbourhood of init¥ial para-
neter values estimated ,g':ca.;:th;i.ca.'l.l:r.2

The dyrnamic responses for three patients have been analysed in this

’u'a.y. < s
The responses are found to fit the predictions of the simplified model

with an accuracy of the oxder of 4% (r.m.s. error of observation), which is
the same order as experimental accuracye
Te CONCLUSIONS

4 mathematical model .of albumin and urea metabolism consistent with
current biological concepts has been derived,

In carrying out this interdisciplinary investigation a fresh look had
%0 be taken at some of the bioclogical problems involved and a clearer com-
prehension of the process has been obtained,

It is considered from this experience that the applic.ation of dynamic
analysis methods to pool dynamics problems can be generally helpful in
clarifying concepts and assumpticns.

The investigation is still in progress. Further test data are being
analysed and other response fitting methods are being investigated. The
future programme envisages,as mentioned before, additional biological tests
and detailed analysis of the biological significance of‘the estimated parameter
valuese The model obtained must thus be viewed only as a first approach to the
truth,
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OCULOMOTOR PLANT DYNAMICS:
ELECTROMY OGRAPHIC AND TRANSIENT
RESPONSES IN THE CATX

B.L. Zuber, Ph.D.
Department of Information Engineering, University of Illinois at
Chicago Circle
and
Department of Biomedical Engineering, Presbyterian-St. Luke's Hospital
Chicago, I1linois, U.S.A.

INTRODUCTION

The eye movement control system can be considered as an intimate part of
the visual system, since the ultimate purpose of oculomotor control must be
. to maximize or optimize the input of visual information to the organism. Con-
sidered by itself the eye movement control system is an.intriguing example of
a biological feedback control system. As such it exhibits many of the prop-
erties of biological control systems in general. It is a multi-input system,
operating on visual, vestibular and perhaps neck proprioceptor input infor-
mation. The oculomotor system is characterized by multiple output modes which
are evidenced by the various types of eye movements it produces, each with
distinctive dynamic characterisfics. Finally the system is adaptive and non-
linear and non-minimum phase.

In terms of gross neuroanatomy the oculomotor system may be separated into
a controller comprising the central nervous system structures dealing with
eye movement; and a plant composed of the eyeball, the six extraocular muscles
controlling eye position and associated orbital (socket of the eyeball) struc-
turesl. The three nerves innervating the extraocular muscles may be consider-
ed as the information channels between the controller and plant. A schematic‘
configuration of the ocuiomotor controller and plant is shown in Fig. 1.

Past studies of the eye movement systeﬁ héve dealt with the intact system,
usually in the humanz-g. In such studies an attempt is made to determine the
overall dynamic characteristics of the system, usually by means of a visual

*This research was supported in part by the U.S. Public Health Service
(NB-07777, NB-06487) and the W. Clement Stone Foundation.
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tracking task. The position of the tracking target is considered as the
system input and the position of the eye as the system output. Such studies
are extremely valuable not only for the dynamic characteristics they uncover,
but also because they are performed on an intact normally operating biologi-
cal system (i.e., no dissection). These studies do not, however, allow
specific dynamic elements to be unequivocally localized or associated with
specific anatomical structures in the controller or plant.

More recent studies of oculomotor control have emphasized interactions
between the controller and plant and have attempted to determine the plant
dynamics as they are related to structural entities within the orbit1’]o’1].
These experiments have involved detailed studies of eye movement trajec-
tories]’lz, determination of active and passive properties bf the extraocu]ar
muscles under isometfic and isotonic conditions in humans and experimentaj
animals‘o, and extrapolation of physiological data from the 1iterature]. An
interesting and valuable contribution of these studies has been and indication
of the form of the controller output associated with the saccadic eye move- e
ment]’]o. The saccadic eye movement is the basic step response of the visual
fixation reflex and is used for shifting fixation from one point in visual
space to another. This type of movement is characterized by very high velocity
and exhibits interesting amplitude-dependent non-linear properties]S. All
studies of the oculomotor plant dynamics indicate that the plant dynamics are
too slow to account for the dynamics represented by the saccade1’10’]4. There-
fore, it is concluded that the slow plant dynamics are overcome by using a
non-stepwise controller output (plant input) to produce the saccadic eye
movement

Because all types of eye movements are produced by the final common path-
ways of the oculomotor system (ocular motor nerves and extraocy]ar muscies)

their trajectories must reflect the dynamics.of the oculomotor plant. This

means that any model of the plant must be capable of accounting for a wide
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variety of oculomotor responses, including the saccadic'eye movement.
A relatively direct approach to the determination of the plant dynamics
involves isolation of the plant and gaining access to one or more of its input

5]

channels, the motor nerves serving the extraocular musc:‘]es.l This paper
describes experiments based on this approach, involving breaking into the
oculomotor "black box" of the anesthetized cat. Frequency modulated pulse
trains have been injected into the oculomotor nerve to cause eye movement due
to changes in the contractile state of the medial rectus muscle. Experiments
have been designed to answer basic questions regarding system linearity and
the degree to which events bccurring in the muscie during stimulation resemble
those which occur during muscle contractions under more physiological condi-
tions. Frequency response experiments have been performed using a sinusoidal
input while measuring an intermediate output, the electromyogram. Finally,
eye movements resembling saccadic eye movements héve been produced by assuming
the form of the plant input signal suggested by previous studies]’]o.

METHODS

The Preparation. Cats were anesthetized with 30 mg/kg of sodium pento-
barbital administered intraperitoneally. The femoral vein was catheterized
and anesthesia was maintained by intravenous administration of sodium pento-
barbital at a level where corneal and 1id reflexes were absent. The animal
was aligned in a stereotaxic frame, the scalp incised and retracted, and
craniotomy was performed to allow insertion of the stimulating electrode.
Pressure points and incisions were covered with viscous xylocaine.

The Stimulus. Pulse train stimuli were injected into the oculomotor
nerve within the brain stem by means of a sterotaxically placed concentric
bipolar electrode. Pulses were obtained from a physiological stimulator with
isolated output. This stimulator was triggered by a voltage-controlled pulse
generator whose output pulse frequency was proportional to the voltage level

at the voltage-control terminals of the pulse generator. Thus, a stimulus
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pulse train could be generated with pulse frequency proportional to the vol-

- tage level of any modulating waveform selected by the experimenter. Modu-
lating waveforms used in the experiments described below consisted of
sinusoids, steps and pulse-step combinations.

Recording. Eye movements were recorded using a modification of a pre-
viously described differential ref]ecfion techniques’ls. In the present
case infrared-sensitive light sensors placed in a horizontal plane at the
level of the center of the .pupil, and arranged symmetrically on either side
of the pupil. The light sensors were arranged in a bridge-amplification
circuit which gave a voltage output proportional to eye ﬁosition. The pupil
of the measured eye was constricted with topical application of physostigmine.
Eye velocity was obtained by analog differentiation of the éye position signal.

The electromyogram (EMG) of the medial rectus muscle was recorded by means
of a 0.003 inch teflon-coated wire inserted into the muscle from the front of
the orbit. Insulation was stripped off at the very end to provide a recording
surface. The EMG was amplified with a low-level AC coupled preamplifier with
a low frequency cut off point of 8 Hz and a high frequency cut off point of
1 kHz.
RESULTS

The experiment began by driving the stimulating é]ectrode through the
cerebrum toward the location of the third nerve within the brain stam as
selected from the sterotaxic at]as]7. As soon as the brain stem was entered
the stimulus was applied for 2-5 sec after each 1 mm increase in depth of the
electrode. The stimulus took the form of either a train with pulse frequency
sinusoidally modulated between 50 and 150 pps, or a constant pulse frequency
train. The physiological effect of the stimulus was observed. At a point
5-7 m; above the target location the first effects of stimulation appeared.
These consisted of bilateral pupillary dilatation and an increase of unsyn-

chronized EMG activity of the ipsilateral medial rectus. At this point
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penetration, and subsequent stimulation, was continued in 0.5 mm steps. By
careful manipulation of electrode depth a position could be found near the
target at which large stimulus synchronized muscle potentials appear on the
EMG trace and where horizontal eye movement was maximal. Pupillary dilation
was not observed. The electrode was left in this position and experimental
runsrcbmmenced. At this point; depending on the nature of the experiment, the
modulation waveform controlling stimulus pulse freguency was selected by the
experiments.

Controls. It was important to éhow, in so far as possible, that the
medial rectus was the only extraocular muscle contracting in response to stim-
ulation and that this muscle was contracting as a result of action potentials
transmitted to it over its motor nerve, the oculomotor nerve. The first step
in this process was to determine the location of the stimulating electrode.
After most experiments the animals were sacrificed, the brains were removed
and fixed in formalin. Ten micron serial sections of the brain stem were
stained and mounted to aid in localizing the electrode tract. Fig. 2 is a
transverse section of the brain from one animal showing the tip of the elec-
trode t-act (broken oval on right hand side). The entire tract does not
appear because the section is not truly parallel to the tract. On the opposite
side of the brain the oculomotor nerve may be seen emerging from the brain
stem (smaller circle). The actual point of stimulation is about 1 mm above
the bottom of the brain stem as shown by the arrow. At this point the fibers
of the oculomotor nerve are collecting to form the compiete nerve in prep-
aration for exit from the brain stem. In some sections they may be seen to
have collected into discrete bundles wit@in the brain stem. Fig. 2 confirms
the location of the stimulating electrode to be among oculomotor nerve fibers.

Since the oculomotor nerve innervates four of the six extraocular muscles
it is important to show that the medial rectus is the only muscle responding

to the stimulus. Gross observation of the eye movements produced by
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stimulating indicated that this was the case. The direction of eye movement
was always medial, and the higher the stimulus frequency the more medial the
position of the eye with respect to the straight-ahead position (see below).
In one cat, after the stimulating electrode was in place, the ipsilateral
eye was collapsed and removed after attaching sutures to all six extraocular
muscle insertions. Observation of all six muscles indicated that only the
medial rectus contracted in response to stimulation. Thg other five muscles
were apparently unaffected by the stimulus. :

Finally, to investigate the function of the neuromuscular junction during
stimulation, the effect of neuromuscular blocking agents was studied. Both
decamethonium bromide and gallium arsenide were used té block neuromuscular
transmission between the oculomotor nerve and the medial reitus muscle. Fig.3
shown the effect of injecting 0.5 mgm of decamethonium bromide into the medial
side of the orbit. The figure shows the changes which occur in the muscle
potentials produced by a single pulse stimulus at various times after the
injection of the drug. The multiphasic waveforms shown in Fig. 3, while they
have been observed in several experiments, are not representative of the
muscle potentials usually recorded from this preparation. The more repre-
sentative waveform is shown in Fig. 5a. After 5 minutes the muscle potential
was no longer detectable, then it gradually increased in amplitude until 62
minutes after'injection, when it had almost returned to the pre-injection
amp]itude; The results with gallium arsenide were similar to those shown in
Fig. 3.

Linearity and Static Calibration. In the next series of experiments it

was desired to determine the input-output characteristics of the system with
stimulation pulse frequency as the input and eye position as the output. The
~ static calibration curve of Fig. 4 shows the results of one su§h experiment
and represents the input-output characteristic of the system. In this experi-

ment the steady state poéition of the front of the eye was measured using a
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microscope with a calibrated ocular while the nerve was stimulated with a
constant pulse frequency. The ordinate in Fig. 4 represents eye position

with respect to the primary (straight ahead) position. Movement of the

front of the eye was converted to ocular rotation in degrees by simple tri-
angulation. ng. 4 indicates that at stimulation frequencies at and above 200
pps the system was operating in a non-linear range of saturation. However, a
very nearly linear operating range existed for sfimﬁ]us pulse frequencies
between 50 and 150 pps. This corresponded to a range of eye movement of about
12 degrees. Within this range the system was characterized by a sensitivity
of about 0.12 degrees/ppsls.

Frequency Response. Within the linear operating range of the system the

use. of sinusoidai]y modulated stimulus pulse frequencies produced sinusoidal
eye movements. For modulating waveform frequencies up to about 25 Hz the
system may be characterized as linear first order with a time constant of
about 64 msec. The system contains a non-minimum phase element equivalent to
a pure delay of 12 to 15 msec. Since frequency response experiments: have been
previously pubh'shed]4 they will not be reported in detail here.
Electromyogram. The electromyogram represents an intermediate process
within the system. It presumably represents the muscle potential propagated
;long the muscle fiber as a result of activation of the neuromuscular junction.
Since the muscle potentials recorded from this preparation were synchronized
" with the stimulus pulses, it was relatively easy to determine the dynamics of
the process or processes underlying the generation of the muscle potentia];.
Fig. 5a shows the typical form of the muscle potentials recorded from
this preparation. The figure shows superimposed traces of muscle potentials
produced by single pulse stimuli of approximately 0.1 msec duration. The
delay between tﬁe onset of the stimulus pulse and the onset of the response
was about 1.0 msec as might be expected from a single neuromuscular junction

delay. Fig. 5b shows the EMG response to constant pulse frequency stimu]ﬁs
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trains ranging from 100 to 1000 pps. The interval between the first two
muscle potentials in each train was aberrant and should be ignored. However,
in all cases the first response was the largest of the train, indicating that
all subsequent pulse intervals were so short that responses intergcted, as
evidenced by the reduction in amplitude of the train as compared with the first
muscle potential. In this experiment the input was again stimulus pulse fre-
quency, but the output was now considered as frequency of occurrence of EMG
potentials. Observation of the steady state portions the responses in Fig. 5b
(ignoring amplitude changes) indicates that the input-output curve for this

(EMG frequency equals stimulus pulse frequency)

subsystem (oculomotor nerve - EMG) is linear with a slope of +1/up to a stim-
ulus pulse frequency of about 700 pps. At 1000 pps some periodic responses
were observed although this frequency must very nearly corréspond to the
absolute refractory period of the nerve.

In order to determine the contribution of this subsystem to the dynamics
of the overall system (oculomotor nerve-eye position) sinusoidally modulated
pulse trains were used. This input carresponded exactly to that used in the
frequency response expefihents mentioned above. Stimulus puise frequency was
sinusoidally modulated between 50 and 150 pps, with modulation waveform fre-

triggered standard pulses
quencies ranging from 0.5 to 20 Hz. EMG potentials/were integrated using an
analog integrator which provided a DC voltage proportibna] to average frequency.
The dynamics of the integrator were determined by using the stimulus train as
an input to the integrator after each experimental run. These dynamics were
subtracted from the recorded response dynamics to derive Fhe EMG subsystem
dynamics. Some recorded responsés and modulating waveform from one experi-
ment are shown in Fig. 6. Cycle-by-cycle average responses were taken on-line
by a digital computer (IBM 1800) which also performed Fourier analysis on
responses to provide gain and phase data for frequency response computations.
The computer plotted one cycle of the average response and modulation waveform

for each run at a given modulation waveform frequency. Notice that the



109

responses are sinuscidal, again “indicating linearity. The attenuation of the
average response waveform and its phase shift with respect to the modulating
waveform as shown in Fig. 6 actually represent the dynamics of the integrator.
Once these dynamics were subtracted out the responses showed virtually no
dynamics with the exception of a small phase lag which increased linearly with
frequency, reflecting the small neuromuscular junction defayfmentioned above.
The ad:justed gain points scattered randomly about unity gain. These dynamics
are characteristic of a non-minimum phase elgment, in: this case the pure delay
representéd by the neuromuscular junction delay of about 1.0 msec.

Transient Eye Movement Responses. The use of transient inputs allowed

a confirmation of frequency response data obtained with sinusoidal inputs,
and also provided a direct visualization of the effect of the non-minimum
phase element (12-15 msec delay) in the time domain. A step change in stim-
ulus pulse frequency from 50 to 150 pps resulted in a step change in eye
position with a time constant of about 64 msec as predicted by the frequency
response data. The non-minimum phﬁse element maﬁifested itself as an apparent
delay of 12 to 15 msec between onset of stimulation éhd-onset of eye movement.
This again confirms the observation of the non-minimum bhase element indi-
cated in the frequency response. The delay in the step response could not be
accounted for by a delay between the onset of the stepwise modulating waveform
and the onset of the actual change in stimulus pulse frequency. Further
support for the idea that the response delay was not produced by an artifact
was seen in the control experiments described under the EMG results. When the
sinusoidally modulated pulse train stimulus was integrated and the integral
Fourier analyzed the resulting frequency response was that predicted by the
integrator circuitry. A delay between modulating waveform and stimulus pulse
train would have shown up in this frequency ‘response.

Eye movements resembling saccades have been produced by using as an

input a combined pulse-step modulating waveform. Basically this input consists
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of an initial high frequency burst of stimulus pulses followed by a lower
steady pulse frequency train. The duration of the burst was chosen to corre-
spond to the approximate duration of human saccadic eye movements. The pulse
frequency was chosen for minimum overshoot on the resulting eye movement re-
sponse. The pulse frequency of the steady train detennined'the final position
of the eye, or the amplitude of the "saccadic" eye movement. Fig. 7 shows the
eye movement resulting from this type of stimulus. The top trace shows super-
imposed traces of the eye movement, the middle trace shows the associated eye
velocity traces and the bottom trace is the modulating waveform representing
stimulus pulse frequency. The oscilloscope was triggered at the onset of the
stimulus. The 12 to 15 msec delay is clearly evident in both eye position and
velocity traces in this figure. Notice that the eye movem;ﬁts were completed
in about forty milliseconds. This figure demonstrates that by manipulating
the plant input a basically stepwise response, resembling a saccadic eye move-
ment, can be completed in a time shorter than the basic time constant governing
the plant dynamics;
DISCUSSION

The usefulness of a technique such as injecting signals into neurological
pathways tg partially "dissect" biological systems is considerably enhanced if
the system behaves linearly, and if the desired informétion channels can be
specifically stimulated. In some situations the nerves of interest can be dis-
sected out in the periphery and the stimulus applied more directlylg. In the
present case the results of various experiments all strongly suggest that the
part of the oculomotor nerve innervating the medial rectus may be specifically
stimulated within the brain stem, and that the system has an adequate linear
operating range within which a dynamic description of the system may be ab-
tained. ‘ l

In terms of the electromyographic response of the muscle the experiments

would clearly indicate that the muscle is receiving its activation normally.
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Of particular interest in this connection is the pharmacological block, the
normal neuromuscular junction delay and the apparent refractoriness observed

in the experiments. The muscle potentials themselves probably reflect syn-
chronous summated potentials recorded from a number of -adjacent motor units.

It may be that a suprathreshold stimulus such as that used in these experiments
‘causes all motor units to fire synchronqus]y. The extent of synchrony or re-
cruitment cannot be determined by using a s{ngle electrode.

The system having the stimulus to the oculomotor nerve as input and EMG of
the medial rectus as output does not appear to contribute to the minimum phase
dynamics of fﬁé overall system. There appear to be two non-minimum phase ele-
ments in the sys;em; the 1;0 msec delay of the neuromuséu]ar junction and the
longer delay of 12 to 15 msec between stimulus and eye movement. The origin of
this latter delay is not clear at present. The results of the EMG experiments
‘indicate that the minimum phase first order dynamié§ previously observed are
confined to that part of the plant which is beyond the process or processes
generating the EMG: These first order plant dynamics are undoubtedly a reflec-
tion of the fact that the inertia of the eyeball is essentially negligi-
b]e]’]o’]I.

A’ first order description of the eye movement plant is considerably simp-
ler than previous proposed models which have been generally higher order and

in some cases non-1inear]’]0’]].

While these models have proven adequate, it
is clear from the above results with transient inputs that a first order de-
scription may encompass a wide range of qculomotor activityzo. In particular,
using a combination pulse-step change in stimulus frequently results in what
is essentially a saccadic eye movement. Thus, inherently slow plant dynamics
may be overcome by using an initia]lburst of stimulus frequency as predicted

51

by earlier studies] The above results are the first actual demonstration
that such a predicted inpu* will actually produce the saccadic output. Fur-

thermore, in a digital simulation of the plant dynamics it has been observed
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that small changes in the parameters describing the pulse-step input signifi-
X 20 .
- cantly affect the shape of the "saccadic" output . This may suggest that
small statistical variation in the controller output may be responsible for

variations (e.g. amount of overshoot) in saccadic eye movements.
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STIMULUS

INPUT
OCULOMOTOR =
NERVE
EYE
NTROLLER
CONTROLLEE TROCHLEAR NERVE FLANT | POSITION
EY
CNS STRUCTRES ERALL 2. dad
\ EXTRAOCULAR MUSCLES
ABDUCENS NERVE = ORBITAL TISSUES
Fig. 1 Schematic division of oculomotor system into controller and plant

based on gross anatomy. In the experiments described the input
signal is injected into one of the information channels, the oculo-
motor nerve. Output shown is eye position,-but it may be an inter-
mediate output, the electromyogram.

143}
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Fig. 2 Photomicrograph shewing part of stimulating electrode tract (broken
oval). Arrow shows approximate position of active bipolar electrodes.
((Zon,tralt)xtera] oculomotor nerve is seen emerging from brain stem

circle). y
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Fig. 3 Superimposed traces of medial rectus muscle potentials elicited by
single pulse stimuli applied just before and at various times after
the application of a neuromuscular blocking agent.
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Fig. 4 Steady stat position of the eye relative to the primary position
(ordinate) «s a function of pulse stimulus frequency (abscissa).
Vertical lines show range of data points.
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Fig. 5 a. Superimposed traces of muscle potential (upper trace) recorded
from the medial rectus muscle as a result of single-pulse sti-
mulus (lower trace) applied to the oculomotor nerve.

b. Muscle potentials recorded in response to trains of pulse sti-
muli at various frequencies. Timing between first two pulses
in all trains was aberrant. Above about 700 pps synchrony be-
tween stimulus and response is lost, probably due to refrac-
toriness.
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Fig. 6 Average integrated electromyograms (R) resulting from sinusoidal
modulation of stimulus pulse frequency between 50 and 150 pps. All
modulation waveforms (Mg are shown on the same graphical scale. Time
scale may be determined from modulation waveform frequency shown in
upper right of each trace. Attenuation and phase shift are introduced
by the integrator (see text). .
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Fig. 7 Superimposed traces of eye position and eye velocity resulting from
the injection of a "pulse-step" change in stimulus frequency. The
eye movement resembles a saccadic eye movement.
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