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THE FUNCTIONAL CONTROL . OF . THE 
EYE-TRACKING-SYSTEM AND ITS DIGITAL 

SIMULATION 
Gerhard Vossius and Jtirgen Werner 

·J .W.Goet.he-Universitat, Frankfurt/Main, Germany 

1. ·The functional organization of t~e eve-tracking-system 
The eye-tracking-system can be divided a~cording to 

fig. 1 into _the retina as the measuring device and into a 
continuously and a discontinuously _ (saccadid1y) operating _ 
system, attributed to the higher centers of the brain. Thes·e 
higher ci:mters are connected with the eye muscle nuclei 
together with the fasciculus longitU:dinalismedialis and the 
eye muscles which are attached to the ey~-balls. Within 
the eye musculc.ture there are the muscle spindles and the 
tendon organso It is assumed t-~at the fe(-;dback pathway of 
these spindles and tendon · organ~ leads to the eye muscle 
nuclei. By this, the existence df a ·second, inner control­
loop is s~ggested, . the trans:fer~function of which has been 
discusse·d 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 discontin~ously 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 invest i gation has been carried out together 
with L. Goodman and G. Bowman, Bioengineering Group, Case 
Institute of Technology, Cleveland. 

In the following we want to illustrate the properties 
of the saccadic system and th~n we shall comment upon a 
general mathematical model, which is appropriate to the 
manifold properties of identification and prediction of 
voluntary movement control. 



? .) The saccadic system and its optimization 
The saccadic system has been described earlier as a 

sampled data system 11 • But this model has to . be modified 
according to our experiments, as far · as the gain of the 
control s;stem is not constant, as assumed by Young and 
Stark. Introducing into such a co~trol system (fig. 3) an 
external feedback Kr' we have the following error 
amplitude a in the n-th sampling period: 

n 
fn s - an ( 1 - Kr 

an an-1 + fn-1 Kvn 
or after substitution: 

fn f 1. f 1 - K ( 1 - K ) 1· . n- l vn r 

f and 
n 

In order to obtain the optimal gain Kvn the error fn must 
be se t to zero: 

- K r 
We see, that the optimal internal gain for the n-th sampling 
period 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 is in fact capable of identifying the sign and 
t he amount of the external feedback up to a certain extent 
and of adapting the inner gain Kvn to the new conditions, 
compensating the external feedback. Even with a negative 
feedback of Kr = -10 the opt imal value is reached after a 
few steps. In figc 5 we recogni ze 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 
uot surpri sing, t~at this final value is not reached directly, 
because even under normal conditions without any external 
feedback, there is generally no unity g~in as shou~d be 
ex:<;:ec ted. So we can distinguish an intended and a real gain, 
evidently caused by an internal no ise level: 

Kvn eff = Kvn int .! E n 

That means, that the organism needs a certain time to separate 

the itlfluence of the feedback and of the own noise-level ~ 
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Such a hypothesis is supported by the fact, that the final 
value K t is reached very often immediately after a vn op • 
relatively large deviation Kvn_ 1, that is a large signal-

to-noise-ratio. 
The capability to identify changes of the feedback 

directly enables the organism by way of controlling his 
own functional state, to comp:e~sate interferences e.g. of 
other parts of the central: nervo'!J.s f:!ystem. 

In another se_ries 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 
deterministi-c· 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 
thi s case, too, identification is achieved in a nearly optimal 
time. 

3. A general model of the predicto-r-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 ,?,B that these biological 
control-mechanisms do neither use frequency-analysis nor 
statistj_cal an·alysia • Nor is the aim of optimization a 
minimum of the quadratic: error. Wiener-filters e.g. are not 
adequate models for such predictor-systemso The syste~ to 
be developed should analyse the s,ignals and their deterministic 
strJ.cture in the time-domain and should generate a predict:!.on 
i'or a ti.me inter-'Val ad.apted to the a.m~u...""lt of the relevant 
i nfo r mati.cn. Based on this concept, we aimed at a genera.liza.tion 
of the observed phenomena which would ·p-e:rm.i t not only a 

better insight into the f~~ctional principles realized in 

the eye- and hand-tracking-system, but -which could also 
serve as a basis for the development of mode l s for other 
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data-processing technical, bu-t part i cularly biological 
sys t ems with predictive properties. As the mani fold possi­
bili t i es of the organism cannot be described by only one 
actual l y -known theore~ical principle, we choo~e a system 
with parallel branches (fig . 6)) whi ch can work autonomously 
u~ to a certain extent, but contri~ute with different weight~ 
t o the synthesis of the output-signal. The weight of the 
parallel components is adapted to the structure of the input­
signa ls" Using this model, we obtain a complete system which 
c er tainly d6es not satisfy the often extremely economi c 
~ spects of technical systems , but which is typical for 
bi ol ogical control-systems, often di~posing of possibilities 
of vari ations in order to b~ capable of adaptation and 

compensation. 

·.ve should make a differenc·e between predictor-systems 

ba sed on extrapolation and on reproduction. We understand 
by extrapolation a prognosis of a series of events f(t) 
with the knowledge of the function f(t) and its derivatives 
dyf(t ) 

dt ~ durin~ certa~n interval, whereas prediction based 

on reproduction pFesumes an identificat ion of repetitive 
fe atures of the function f( t )-. Not all biological systems, 
~hich are able to predict by way of reproduction, are capable 
to reproduce input-signals fot' any time even without any _ 
furt her stimulationo Therefore we divided such predictive 
properties into a "long-time-prediction" and a "pattern­
reproduction". The- first is mainly ba sed 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-extrapolatidn" and "long-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 descripti~ of the input-functions 
we choose the following form: 
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t;, 

{(f)"' E. j 'Y'n(r) · cf( r- t} d-e' 
" -=-1 f, _ _, 

i_.e. f(t) "= Cf,{t-). _!or fn-.. ~ t< f.., / .fit) =- 0 el.f e 

acco::Nfing t ·o the definition of the Dirac - cf - f unction. The 
·· function f Js known u.p to the time t = t.,... Discontinui iies 

o:f -·the function and its aerivatives o c cur only in finite 

tima...:inte~~s . A~n = /t 11 - tn_ 1·• 

3·.1.Extrapolation · 

3· .. 1 .1 '."Short-time-extrapolation" 
Aratlier elementary extrapolation-system uses only 

the information·· available at t = t)llo .The extrapolation is 

·performed f ·or t = t~ + Ar. • In order to get a satisfying extra­

polatioJl:; we· must r .equire t~+Ar<.t;,presuming that the 

functions and its derivatives are continuous during the 

. intervaJ. ~,:_ 1 < t < tri • The system cannot predict disconti­

nuitiee .•. - ~n _the interval tn~ 1 .(. t<t.: the f unction is expanded 

:into . a · :Taylor-eeries: 

fit) --=± · tt~,t*)~ ~'(JJrf#-J ,~CO 
. y.::o >-'• 

For ta~+Atwe obtain ·the following extrapolation: 

f{ t~+Ar:) = ~ ;c~:(~} Ary N~ ey:, 
. ~ Y . 

Afto.ther extrapolation-system, comprising the described 

elementary one ·ae a special case, is more appropriate to the 

biOlOgi'Cal facts. It processes all the information disposible 
during the interval t~- .6t<.t<.t•. The condition t~-At}t tt- 1 . n-
should be fulfilled for an efficacious extrapolation. All 

·extrapolations ca~ied out d'lring the il'l;terval At are weighted 

by a' function g(t") and form as a whole the output-signal 
for t = t* + ~T. : 

/

° K . f'W(t*:.r:) v rr t", At, 4r:) ~ ;[. ;J ( dr +- r:) '! ('t:) dr 

The weighting function may e.g. have, according to physiol ogi­
cal facts, the fo l lowing form: 
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-(At-r)/r· _ . e -1 (]I c) = ---=--.--
1 . -T(eJti"!_Afr-At 

The parameter·T permits an individual adaptation of the 
function, whereas the expression in the denominator 
guarantees, that the following condition will be satisfied: 

0 

. . 
4
/Jf<) dG = ..( . . 

When weighting · at descrete moments t = t"' -At, t t * -2· At) 
etc., we obtain the following extrapola-tion: 

lW'\ N f(P)( tj,:. At) ._, 
(lt*+~r) ~z= ~ . . . -,r·u {fir+-r · fli) ·i;--

~-o yao .· y 
with a similar,, but discrete wei~htin~-function ~· Thie 
weighted extrapolation generates even for signals, which 
have not an extremely regu~ar structure a good extrapolation 
for short intervals &t and A1:. 

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 {tw) and permit generally a longer prediction-
interval (t•~t < t ) • ~ 

. n . 
The following function is considered and used for the 

extrapolation: t~ 

f{t) ~! r~rr:-J trr-t-) dr ,i.lf- ~ . -<· ltJ. Ln--. ...,. L l: t,.,._., 
The function ~T) can be approximated by a. polynomial of 
m"" -th ">rder: 

In the technical realization the coefficients a mp-u-. . n .. ,m · -.t 
be calculated using the method of least sque.ree fj_ t. The 
extrapolation jtself consist~ of the s ~mple extension of 
the validity of ~ 

With <f: rr- ( r) = (f: 1#- ( r _) n , 

the extrapolated function wi~l be: 
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t..,~ 

rr f) = J Cfl~ 11-{r) . cl (r- ~) d r-
t~-., 

The system is appropriate fo!(deterministic signals disturbed 
by noise, but will not predict discontinui'ties, neither. 

3.2. Prediction by reproduction 

3.2.1. "Long-Time~Pr~~icti6ri" -
The so-called "long-time-prediction-system" is able 

to identify all so!ts ,~f p,er~od:ici ty and by this to predi'ct 
a function e.g. up to the next characteristic point (extremum, 
discontinuity- etc.).The identification of periodicity may 
b~ achieved by the following procedure. In the following 
equations the i .ndex ~ is increased up to A* , until the sum 
of differences is zero. If ~~ ex'Ceeds a certain amount, the 
procedure is stopped without .success: 

~ .. -

.2.: At.,.._i..,.., ·~ .c~:t - t,•-~-~.,..., ./: -0_ 
y.:r<~ _ (/ , 

~ I 

~ I~~ . -1~ Ja; I= 0 f;; , -JI'"+., 1 ""-r-Af-t 

Wi+h ~-=.-t,.2..,'l - · -- ~~ ~ 

c3ncl J 
At..,'; ~- -t"'-1 

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

tr::. Er(A~L, Tf,) 
f.'f : f4 ( ~~, L, TJO) 

-r;, = L.~ - t rt"--'A~ 
During a sequence of executions of this procedure it will 
occur,that the same ~~is reached L times without interr~ptiQQ. 
The functions fT and ~ 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 parame'Ws ;:..*, L 
an<fJ:n ._ Gradually £T and ~<1' approach zero, ET sometimes will even 
be negative. 
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3.2.2. "Pattern-Reproduction" 
After the end of the learning phase Er and E..., change 

only negligibly, and an effective pattern-reproduction 
becomes possible. For K•periods we obtain the following 
predicti on by way of reproduction:(i;=-c, i .. r' =o) ,. 

~ ..u ... )st-. 'f 
f(t) =2-.2: &,.+., (c) ·d(r-'c) c(, ~ r=n~~~-4+.2.~*(k-"1) 

I! •<~ -" •1 T ' . ' 
ir 

and analogous .to the proce.dure of the preceding chapter: 

Atn•-#i - ~in*"-2~,.+{ j 
3.3. 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 
"signal-identificat~on" (fig. 6). The procedure is not a 
st~tistical analysis, but a classification with simple 
criteriou~, 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 erroror the 
signal-velocity exceeds certain limits, corrective steps are 
generated by ths saccadic system. 

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

4. Simulation of the eye-tracking-sye;tem 
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 t here is no '_'p attern-reproduction" . 
\Y e dete r mined the functions CT and f'f' experimentally and 
investi ga ted the _factors ir~luencing the saccadic sy st e~s. 

Thes e are particularly th€ momentaneous error Fx' the error 
of velocity F., the signal-velocity x itself and a facto r a' 

X 
char acterizing the irregularity ofthe signal. 

In the realized -classi._fication scheme all signa1s with 
a first resp. s _econd deri v~tive disaP.P~~ring during fixed 
intervals are classif~:ed :.as type-1 ,...and.· 2.::·si·gna]_..s. The 
remaining part -are _ type'-3~signa1s • . According to this classifi-

. cation .certain predictor~mechanisms are preferll3d, e.g. 
type-3-eignals are processed by the shprt- and long-time­
extrapolation..;.system and ·type..,.2-signals by the short-time-

. . . 

extrapolationand 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 result~ 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 devel·oped 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 i :dentification a.l'J.d prediction 
should be found in other biological systems, as well. 

/ 
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Figures: 

Fi g .1: Schematic model of functional organization of the eye-
tracking=system (modified after VOSSIUS 1960/61) . 

Fi g .2: Experimental setup 

Fig.3: The saccadic system as a sampled data system 
Fig.4~ Saccadic eye movem€nt with experimental negative 

feedback KR = -3.0 
Fig.5: Adaptation of the gain Kv 
Fig .6: The general functional concept 
Fig.7: Target-function 

nig . 8 and 9 : Ey~-movemen~ in the experiment 

Fi_ . 0 and 11 : Eye-movement in the simulation 
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Explications to figures 
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:1 g . 6 Signalidentifikation - signal identification 

Gewichtung weighting 

Kurzzeitextra~olation= short~time-extrapolation 

Langzeitextrapolation= long-time-extrapolation 

Musterreproduktion pattern-reproduction 

Fehlerkorrektur 

Erfolgsanalyse 

i g . 7 ~------------
:!_ ,~ . 8-11 Vorgabe 

Folge 

= error-correction 

estimation of performance 

target 

eye tracking movement 
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ПРОСТЕЙШИЙ ПОИСКОВЫЙ МЕХАНИ3М УПРАВЛЕНИЯ 
МЫШЕЧНОЙ АК'IИВНОСТЬЮ .. 

М.А. АЙЭЕРМАН и · Е.А • . АНДРЕЕВА 
Институт а:втоuати:ки и телеыеханики 

Моск:ва 

СССР 

На протяжении последних лет а:вторами с групnой сотрудни~ 

ко:в :велись . работы по изучению проблек уnравления мышечной ан~ 

ти:виостью аи:вого организма. В ходе этих работ изучалось nо:ве­
деиие отдельной · JIЪОПЦЫ IiШИ груnпы мышц :в · nро_цессе nоисно:вой 

· акти:вности и постепенно :вЫкристализо:вы:вапись _ некоторые оощие 

и модельвые представлении о работе uшпц ииепосредст:венно · 
связанных с-- ними простейших иейровных организаций :в процесс е 

поиска. Цель даниоrо докnада - изnожить эти общие и модельвые 

предста:вnевии. 

lloзr, упра:вnяи · мыmцами, ·напра:вnяет к вепосредст:вевно 

с:вязаввi:DI с ними иер:Вm оргавизацип ( спииаЛ:ЬиЬDI сегментам) 
командвые заnпы ~ икпуnъсов и под дейст:вием этих командных. им­

nульсов и импульсных сиrваnо:в, поступаюЩих иа сnивальвый сеr­

меит от рецепторов самой IIШIЦH, · осуществлиются целеiJапра:в­

nеииые сокращения IIЫШЦ и соответс.твеиво целенаправленвые д:ви­

аеиии костей скеnе~а. · далее под мехавизмок упра:влеиия IШ111еч­

иой акти:виостью понимается закон :выра<1отки этих коuанд~ых им­

пуnьсо:в (т.е. то, пр~ . каких усnовИях ови возиикают и куда они 

подводят~я) в способы их отработки {т.е. то, како:ва и как ор­

ганизуется реакции _ ·мышц на эти икпульсн) с целью · достижения 
векоторого необходимого дли организма результата. 

Даже нем~оrочисnенных исследо:вавий~ про:веденных :в нашей 

лаборатории, достаточно, чтобы убедиться, что управление кыш­

цаuи при решении поисковых и д:вигательных задач :в различных 

усло:виях осущес т:вnиется разныuи механизмами. JlоiШадьтваекая 

работа предста:влиет собой попытку :выделить один из·~астных 

мехаиизuо:в упра:влеиия и изучить его :в усло:виях, когда он ра­

ботает :в освовном самостоятельно, изОJiиро:ванио от остальных 
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механиэмо:в. · 11менно изучается . механизм, ко.торый llЬl у011овно на­

зы:ваем nрос тейшим nоиско:вым механизмом (далее кратко ППМ ). 
этот механизм уnра:вляет мышцами :в усло:виях, когда требуется 

точное nоддержание нек.отороrо найденного nоложения или ск~о­

сти (частоты ко_лебанийJ .· суст-а13в;ы:Х ~Jio~ • . -. 

·· 'i":-, 

~ § I • . ОБзОР ЭКСПЕРИМШТМЪНЬIХ ФАКТОR, .СВЯSАННШ С 
. РА:БОТрй сndМ " . . . 

Факты, - на которых осно:вът:ваютсв · наши nредста:влевия о ППМ, 
получены из прt?·:веденнЩ: : Е , _наШ_е~ лаборатории наблюдений над 
указанной :выше поиспtо:вой актовостью . .,ЫШц ·как :в усло:виях ис­

кусст:венноrо замЫкании орrаНИзка ·.:внешними обратными с:вязныи, 
ч~о по~:воляет ·ста:вить мо~-rу ч.еткую п·оис~о:вую задачу и посте­
пенно наблюдать процесе ·'поиска, так . и::: :в ёстест:венных усло:ви­

ях. Во :всех опы~ах зап~tсЦВ8Jlась - ван.ожными электродаки элект­
роыиограоа · · (ЭМГ) IIЬIШЦ~: ШI• 'JIЬDIIЦ и огибаЮщая эмr, полученваз 
после - п .рохоsдевии .ЭIII' чере~ .ф)ш:ьтр .9 сос·товщий из детектора, 

инерционного.· (.9дное•кос~воrо) :звена с постоЯнной :времени Т 
и катодного ·· :ПоВ-т()ритЕWt• : 

! 0 • · .Опы~н no п~мер!аш1Ю· vинloo-lla , боле:вого раздражения, 
·коr,ца оно _зависит от ·.напрвжеввости IЩЩЦ· 

В . ;тих опытах . I - ~ - c!rиlly.JI, :вЫэНваюЩйй болевое раздраение 
за счет вскfсствевиой обра~иой ~вя_Э~_ , за:виёеп TOJIЬKO _ от . оrиба­
ющей ЭМГ оДНой ИЗ1И нескольких м:ышЦ~ _ Сущесnо:ваnо едивст:вениое 
значение' оrибающих змr' при ко~о:РЬIХ: б.QJie:вoe -раздражение бьшо 
минимальнШI (в · частности, ра:вннм вуЗiю) ·_~ -. Тоrда в сnуча~ одной 

мышцы ' .. 1 .' :в iшоскос!и. •значение оrибающей ~ :врем• (рис. I) 
сущестЕует эистрекадьиав :п.иииЯ, пар8JШе.пьная - оси _абсцисс, со­
от:вет9.т:вующая IIИIU!JIYJIY done:вoro разд!>ажевиs. Опытн показаnв, 
что оrибающая- ЭМI' :в продессе опыта изменяете& 1'8К (рис.!}: 
она монотонно уменьшается до векоторого уроЕая, распОJiоаевно­

го несколько вuе указанной экстреuаJIЪвой - линии, доствrву:в · 
этого уро:ввв как бн •отскаки:Вает• о'т неrо, чтобы Е~о:вЪ- опjска-:­
ясь, дос.тичь этого уровня и :вио:вь•отскочить• вт неrо. Назовем 

такой '•отскок• оrи6а1щей ЭIII' от разанного экс:реu8Jlьвоrо 
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· уроЕня "Бсnлеском". ОnЫ1ы nоказывают, что эти Бсnлески случай~ 

ны no Беличине, но типичными Я11ляются две а.ыnлитуды :всПJiесков 
- "малые" и "большие". Если Б nараболической характеристике, 

оnределяющей болеБое раздражение, ликБидир~Бать nраБую ветвь, 

то оnисанный nроцесс будет nротекать точно также, во nри этом 

исчезнут "большие" всnлески и Бсе всnлески будут только "малы­

ми". При неожиданном смещении экстремальной линии Бвиз или 

Бверх (точка Gt и 6 на рис. 2) вся "картИна" соотБетст:вен­
но nеремещается~ и :всnлески nроисходят от новой линии, :всегда 

расnоложенной ниже экстремальной линии и nараллельна ей. В ре­

зультате общая электрическая активность (и, соответственно, 

наnряженность м~цы) nостоянной колеблется вблизи значения, 

обесnецивающего минимум болевого раздражения, отслеживая его. 

Такое отележиванив nроисходит и nри неnрерывном первмещении 

экстремальной линии и ряд друrих фактов, связанных с этим про-

чессом · . 1 ~ · 
В случае, когда болевое раздражение зависит от боnьшего 

числа мышц ·.2.·· , процесс происходит аналогично, :всiШески этих 
мышц :возникают одновременно. Прослежево, что всiШески :аачииа-.­

ются каждый раз, когда болевое раздражение, нарастая, достиr­

нет векоторого порога, и не. возникают, когда этот порог дости­

гается при уменьшении болевого раздраже~ив. Оп~пы показа.n:и 

также, что одноБременно со :всnлесками рассматри:ваеiiЬIХ IIЬIШЦ .. 

:воАвикают :всплески и у иных "сторонних·" мышц, от которнх . ве 

зависит болевое раздражение, ао точп, опреде.пDщие аачаnо 

всплеска этих"сторонних" мышц, не регулярны~ т.е. уже не ло:аат-.­

ся на линии, соответствующие одииаиовому · значевию болевого раз­

дражения. 

2°. Эпыты по "прицеливанию" и предельно быстрому 
качанию сустава. . _ 

В этих опытах : :3~ . записыв~ась ЭIП' и их огибающие для двух 
мышц-антагонистов какого-либо, например, лучезапяствого, суста­

ва и :величина суставного угла. Эта :величина наблюдалась в виде 

с:ветящейся точки на осциллоскопе, а коэффициент усиления по уг­

лу выбирался . столь большим, что изменение суставноrо угла на 

2 - 3 угловых минуты уводило точку за пределы экрана ocцИJIJior­
paфa. При "точностном прицели:вавии'1 испытуемому ставилось за-
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· дание удержать точку :в пределах экрана~ П~и . таком "точностном· 
nрицеливании" (рис. 3) суставной уго11: колеблется с частотой 

nри6лизительно 7 - IОгц. На огибающей ЭМГ обеих мышц четко . на-

6людаются тиnичные :всnлески, подобные тем, которые ваблюдались 

в опытах с болевым раздражением (см~ :выше). · Эти :Всплески при 
11 т очностноы · прицели:вании"· .вознИкаЮт каждый· раЗ, когда абсолют­
ная величина .. угловой .: скоро:с_ти ·· суста:вноrо угла_ , нарастая, до­

стигает неноторого ~ iioporo:вoro " Энач.енiя. При -этом · всегда :всплеск 
огибающей о.дной из ; мъiшЦ:..антагонисто·:в ~еЛйк по _ ?_lшлитrде, а 
другой при эт-ом - каЛ, ИJIИ ' еле Эа'il~тен'. ~оJiьпе ~сплески чере­
дуются, т. е. _._ЁtСЛИ - в некоторнЦ момент -бьш . большой :ВСПJiеск - у _ 
сгиба тел я и малый · у_ разГибатеЛЯ, - то 'В следующий раз, коГда а б- . 
салютное значени~ . уJ:Iло:вой - скор.ости ·JJ;ocт~rae~ .неко~орого порога, 
наоборот, большой :всПJiеск -буде'-• ·у разгибатели, а малый у сгиба­

теля • . Болъmой :всщеск :все~да возн'ика·еж· у ~ой из . iiЬIШд-антагони­
стов, которая· в это1' комеит :растяrиваетсЯ. При nточвостноu при­
цели:в8.нииliчас~ота . колебания суставного уrла (7 ~ IO гц)тако:ва, 
что у каждой IISDЩЬI бОJIЪmой :всплеск :воэникает прИмерно один раз 

за · период, т~е • . :врема между двуuя :всПJiескаuи кОлеблется_ отО,ОО 
До 0,2 сек., тИnичное вреu - O,I сек. 

Если теперь в усло:вивх . этого же опыта изuенит:ь задание ис­

пытуемому и потребовать, чтобы :вместо точного прицеJiи:ванив ои 

качал руку :в суставе· с JiюCioй а1Щ11итудой, во предеnво большой 

частотой, то запись окажетсЯтакой же, как и -на рис. 3. Изuе­
нит·ся лишь аwmитуда коJiебавий сустава (а значит, сJiегка умень­

шится часто.та_) и УI>.о:вень абсоJiютноrо значении угJiо:вой скорости 

суставного . уrла, .при которок :возникают всмески обеих мьппц-ан­

таrонис~ов. Эта картина :в общих чертах nовторяется nри оnытах 

с разными суставами, nри разных средних значениях суставных 

углов, около которых происходит качание при изменении :в веко­

торых . предеJiах нагрузки на кость, т.е. веJiичины наnрнжеиности 

мышцы. 

Сопоставление . рис. 2 и 3 дает много оснований предпола­
гать, что упра:вJiеиИе мышечной активностью в этих случаях про­
исходит с помощью одинакового или однотипного механизма,- что 

элементарной ч·аст:ью мышечной активности :в этих случаях Н:ВJIВ­

ются всплески, котоf~е находят свое отражение :во :всплесках 
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·огибающей ЭUГ, а управление ведется выбором момента~ возникно­

вения BCWieCKOBi ЭТИ МОМеНТЫ ВОЗНИКаЮТ КаЖДЫЙ раз, КОГДа веко­
торая величина, нарастая, достигает порога. Такой величиной в 

опытах п.I0 явлвnось болевое раздражение, а в опытах п.2° -
абсолютное значение уnnовой скорости сустава. Предлагаемые да­

лее модельные предст_авления объясиают, каким образом такое 
уnравление могло бы быть осуществлено. Авторы думают, что опи- · 
санные выше опытн-лишь примеры работы рассматриваемого меха­

низка. 

§ 2. ПРОСТЕЙШИЙ ПОИСКОВЫЙ IIEXAНirml (ППМ) 

Центральными злементаки рассматриваемого механизма нвлз­

ются . случайный иитернейронный пул (далее - СИП) и нервваз ор­

гацизация, условно названная нами nфуикция-иеприятностьn (да­

лее :кратко - Н). Назначение элемента Н- вырабатывать в нужные 
моменты командные иuпу.пьсные залпы. Назначение СИП - восприни­

мая заппы, отрабатывать то, что было названо выше всплеском. 

I 0 • СJtJЧай~ый интернейрониый щл (СИП) . 

В качеств_е первичвого параuетра, хараитеризующего изменя­

щщееся во времени состояние мьшщы, мы рассматриваем .-гновенное · 
значение числа NcJ, возбужденнЫх в этот . uo) 1ент о(. -мотоней­
роно:в. Несмотря на это, основную роль в предлагаемой модели 

будут играть не ol- мотовейровы, а иитериейроиный пул мыш­
цы. Именно, :в качестве основной орГанизации мотовейровного 

пула будет рассматриваться случайная сеть етервейро~ов (далее 

СИП), а <Х. -.uотоиейроиы будут поиикаться лишь как nвых:одные 

релеn этой интернеАронной сети. 

Входами д.1ц1 СИП служат подходящие извне. окончания, . кото­

рые касаются случайного числа интер~ейронов данного · сиц •. При 
рассмотрении мехаsизма ~ существенную роль играют два входа 

в СИП: осиовной .и фоновый. Эти входы отличаются не сnособом 

касания интернейроно:в (дnя обоих входов· они случайны), а тем, 

откуда подводятся и какую роль играют проводимые по ним импуль-

сы. 

Л.И. Розоноэрам 4 теоретически . исследовалиСЬ,;. различные ре-
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жимы работ .СИП, nричем в качест.ве ".вшода" СИП считалось изме- · 

няющееся · во времени число . Nи воз6ужденнЪIХ в каждый мом ев~ 
интервейровО:в • . в силу того~ что число «. -мотонейронов доста­
точно велико _, · а_ nодводы к ~ним от интернейронов случайны, числа 

N 11 ::и /{ok .... примерно проn-орционал.ъны. 
. Цен.тральным для рассмотрения :механизма ·ппм .я:вляется пове-

дение СИП ВО Время ·ги· ПОСЛ·е : nодвода ·~ о ЛЮбому И-3 :ВХОДОВ КОрОТ­
КОГО возбуждающеrоиuпулъсного :залпа. ; 

Характер· изменения ·_:Nц дод действием одного ИWiульсного 
залnа -на входе uожет бытЬ . описан так: · во время действия залnа 

Nu нарастает; · по - оконча~ии действия залnа :величина Nu умень­
шается вt:i J4Гновенно, _ а nостепенно (и при том не обязательно 
монотощ1о), . падая ;цо того . средиеrо значения, которое соответ­

ствует !х'оведению а:в~ономного СИП и · колеблется затем около это­
го значения (рис. 4). 

ОпИсанная · реакция · сип на короткий · импульсвЬIЙ заnп вазt.mа­
ется дмее ":всплеском СИП". НаиболЬшее значение величины Nu , 
достигнутое в·о . :Время всплеска, назовем величиной всплеска. 

Из сnучайнш, свойств СИП непосредственно видно,- что и ве­

.пиЧина, -и ДЗIИТелЬнос·т:Ь :всПJiеска с.uучайвы. 

Дляработы ППМ всПJiеск является "атомом" мышечной актив­

ности, - ее . проqтейшим элементом. Работа ППМ целиком nредопреде­

ляется тем, _ какик образом и в какие· мо:менты посыпаются и~mуль­

сы для того, Ч!L'обы- :вызвать :всnлескИ, и мало зависит от дnивы 

залпа, числа импулЬсов в нем и их интенсивнос~и. Если :в каче­

стве входного воздействия н.а СИП рассматривать лишь Dпульса­

цию, поданную к основному входу, то для такого воздействия по­

дача дополнительного импульса на фоновый вход экви:вапеитва сни­

жению среднего уровня порогов интернейронов СИП. Поэтому при 

одновременвой подаче .имnульсов по фоновому входу число !Vu бу­

дет существенно больша, чем 6ЫJio бы достигнуто при такой ае 

импул:ьсации на освовном входе и отсутствии иuпульсации на фо­

новом входе. Благодаря этому, подачей сигнала на фоновый вход 

можно упра:влят:ь величиной :всnлеска. 

Все, о чем шла речь, связано лишь с работой той части ме­

ханизма ППМ, которая обесnечивает возникновение случайных 

всnлесков. Моменты же их воэникно.вения nредопределяются внеm-
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ними для СИП имnульсами и зависят от того, что _ выше было на­

звано фуннцией "непри~тность" - Н. 

2°. "Функция неnриятность" и условия возникновения 
номандного импульса (закон всплеска). 

Рассматривается лишь такая мыШечная активность, в nроцесс е 

которой мозг координирует и изменяет наnряженность мышц так, 

чтобы было обесnечено nоддержание неиоторой наnеред nоставлен~ 

ной цели. 

Когда отклонение от цели достигает векоторого "аварийного" 

nорог~,организм отвечает на это внешне наблюдаемой реакцией, на­

прюlер, какю~-либо движением. Естественно поэтому считать, что 

существует "нечто", зависящее от рецепторных сигналов и нара­

стающее вместе с отклонением от цели, и что когда это "нечто" 

достигает 11 аварийного" nороговоrо значения, вознИкают сигна-
лы, вызывающие указанную выше наблюдаемую реакцию. Это "нечто" 

мы и назЫваем "функция-неnриятность" (или кратко -Н), но счи­

таем, что,кро:ме указанного выше "аварийного" порога, существует 

у нее значительно более низкий порог, который используется ме­

ханизмом ППМ для оnределения моментов выработки командныrзал­

nов (см. далее). 

В этой работе мы не занимае:мся локализацией нервной орга­

низации, вырабатывающей "функцию-неnриятность", но учитываем, 

что в nростейших . случаях, когда "функция-неприятность" зависиi. 

9т сигналов, поступающих только от рецецторо,в какого-либо одно­

го типа (например, только от . болевых рецепторов или от проприо­

рецепторов мышцы или сустава), функция }{ может вырабатывать­
ся в самом рецепторе. "Функция-неприятность" определяет моменты 

выработки командных имnульсов, которые наnравляютоя к спиналь­

ному сегменту мышцы или группы мышц (к основному входу СИП или, 

минуя СИП, непосредственно к ~ -мотонейронам). 

Общий закон, в соответствии с которым определяются и изме­

няются эти моменты, мы назовем законом всплеска и сформулируем 

его так: импульсный залn возникает каждый раз, когда Н ,. на­
растая, достигает пороговага значениЯ Н~ор. , и ~~ возникает, 
если это пороговое значение достигается nри уменьшении 11 
Значение Н пор· само зависит от Нт;п уменьшаясь, если H",in 
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растет. В общем случае, когда нет информации о том, какие кон­

кретные мышцы "повинны" в том, что Н растет и достигает по­

роговоГо значения, залпы направляются одновременно ко всем ске­

летным мышцам и вызывают у всех мышц одновременные , но случай­

ные и разные по величине всnлески. В тех же сnециальных случа­

ях, когда есть информация о том, состоянием наких мышц оnреде­

ляется ФJ~кция неnриятность, команда о настуnлении всnлеска 

может направляться лиш:ь . н этим мышцам. 

3°. Простейmая схема ППМ. 

На рис. 5 nоказава nростейшая схема nпм. ПQд:вод иыnульс­
ного залnа к СИП :вызывает всnлеск СИП, т. е ; :всnлеск числа Nt~G. 
возбужденных ~- мотонейронов. Всnлеск СИП, т.е. нарастание 

и постепенное уменьшение числа N'tt вызьmает нарастание уси­

лия, раз,иваемого мышцей, и nо_стеnенное ее рассщ:16ление до 
тех пор, nока nодвод нового ;залпа от функции Н ·· на вход СИП 

(рис. 6) не . :вызо:вет нового :всnлеска · Nt~~- • В силу инерционво­
сти :мышцы :всплески ее напряженно,сти . 6о1й~е растянуты и сглажены 
по сравнению со :всnлесками СИП (риq. 6). Мышца по отношению к 
:всnлеску · -сип является _ как бы сглаживающим инерционнw фильтром. 

Оnисанной простейшей схемы (рис. 5) достаточно, .· чтобы пол­
ностью объяснить эксnеИtментал:ьные результаты, подученные :в 

опытах no nоддержанию минимального болевого раздражения, когда 
оно зависит от напряженности »:ьtШЦ (см.§ 2 n.I 0 ) • . B этих опы­
тах неnриятностью служит само бОJiевое раздражение. Начиеu рас­

смотрение, считая, что в некоторый момент t= t 11 огибающав 
ЭМГ оп~еделяет точку tL (рис. 7). В этот момент услоЕий 
:всплеска нет, число NtJJ. (а значит, и огибающая) уменьшаетсв 
до тех nop, nока не будет достигну!Ро некоторое значение !J, , 
nри котором наступают условия всПJiеска (сu.рис.7, точка ~ ). 

В этот момент nодае~ся заJiп (рис. 7) и Еоэвикает но:~~ый 
· всмеск СИП. В nроцесс е :всмеска :в соответствии с описаввЬIМи 

выше законаыи работы ~IП, нарастает, а затеu уменьшается число 

NtJ., • Новый командный залn "сверху" ваступит, когда при рас­
слаблении мышцы :вновь будет достигн.у~о значение ~, • Легко 
видеть, что таким образом полностью объясняется наличие малых 

и больших всnлеско:в, nереход на новый уровень за один всПJiеек, 
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'ТОТ факт, что всплески начинаются от линии, строго nараллель­

.ной у. у",;" и всегда лежащей нИже ее, исчезновение · "больших" 
всплесков nри отсутствии nра~ой ветви функции-неnриятность и 

все остальные факты, обнаруженные в ходе этих оnытов. 

4°. Роль :веретен и уточнение схемы nпм •. Работа схемы 
nри уnравлении nарой мышц-антагонистов. 

Дальнейшее расширение . возможностей ШIМ. происходит благода­

ря той особой роли, которую играет :веретенная реце~ция мышц, 

полностью игнорированная нами nри nредварительном рассмотрении 

механизма ППМ. 

Наnомним некоторые nростейшие сведения о :веретенной рецеn­

ции, которые далее нам будут ну}!Щы. Мышечные :веретена являются 

рецеnторами, реагирующими на: I) изменение :величины растяжения 
МЫШЦЫ, Т.е. НЗ ее ДЛИНУ е , И 2) ОДНО:ВремеННО ·на :ВеЛ\ЧИНЫ, о1е . 

е И ;f (условно D ИХ линейную КОМбинацию h_ :: ое + ~ · JE 
. dl ) • При этом коэффициент 6 заведомо нуль, когда 
dt ~ О , т. е. реагирование на скорость изменения длины 
происходит только nри растяжении. Далее мы будем интересовать-

ся лишь сигналом ,ft. • 
Внешние командные :воздействия на :веретенный рецептор nо­

зволяют изменять коэффициенты fL и 6 . nутем инер:вации сп~ 
" циальных мышечных :волоков (интрафузаль~ых), расnоложенных 

внутри веретен, которые :в общих чертах nодобны обычнык (экстра­

фузальным) ыышечнw' :вОJiокнам. Наnряженность их оnределяется :в 

освовном числом зажженнЫх, непосредственно связанвых с ними 

нейронов (:в отличие от о<. -мотонейронов их наэьmают 1 -
мотонейронаuи). Сигвал от веретен о Беличине ~ nодводит­
ся как неnосредстБеино к ck -:мотовейронак , так и к фоновому 

-входу их СИП, о котором :выше шла реч:ь . Сигналы, упра:вляющие 

числом заuенных '6 -мотонейроно-в , nо·д:водятся "сверху", и 
мы предnол.аrаем, Б частности, что они могут nодводиться также . 

и от тЫ нерЕной · орrаниэации, rде -вырабатывается функция 11 • 
На рис. 8 nоказава схема неханиэиа nnм с учетом этих особенно­
стей, :вносимых веретенвой рецепцией. 

ПредстаРим себе теnерь кость, nоворачивающуюсi Е суста:ве 
6лаrодаря дейсТDИЮ только д-вух мышц-антагонистов ( рис. 9). 
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nредnоложим сначала, что :каждая из этих .мышц уnравляется со­

вершенно одинаковым механизмом ППМ. Общая длЯ обеих uышц функ­

ция Н За:вИСИТ -ОТ :ВеЛИЧИНЫ ИЛИ ~КОРОСТИ; ИЛИ ОДНОВремеННО ОТ 

:величины_ и скорости изменени_я сус~а:вноrо угла, и- :вырабатываемые 

:в момент вас::rуnления :всnлеск~~:: имnульсные -зЭJШЫ nодаются одно­

временно к ·сип обещ ~W~Пц •. Предnоложим теnерь, . что :в некоторый 

момент у фув:юiИи -- Н - :воз_никли .усЛовиЯ :всnлеска •. Командный 
Залп nодi\одится .одновременно к qип обеих :v~;mц, но :в результате 

:воэнИкаJ)Т :всплески р~знсй :величины, -так к ан ·они· зависят не · 
только . от команДного залпа, во и , от подпИтки, · nостуnающей no фо­
новому :ВХОДУ~ - Эта ' подПи.тка:: за:висит от :величины ' h = ае.,. G~ 
каждой из мьmщ-антагонисто:в поровнь. Поэтому она у них не оди­
нако~а.. Величина . h, . :в , с!ою :Очередь зависит от того, :в каком 
положении находит сп Je,KYJJ;a д:вижется :в этот момент кость, т~ е. 

от значений l и .Oft у . кацой из этих . IWJПц. 
. Пусть, напро~р, :в · момент nодачи командного за.uпа h- 1 

~е:вой IIЬППЦЬI на рис. 9 замепо бо.пьше, чем у пра:вой мышцы. Тогда 
:всnлески обеих 11Ы1Щ nр()ИЗJ1йдут одио:вреuенно, но :веJiичииа :всnлес­

ка у_. леврй : к:ышЦы будет заметна · больше, чем · у пра:вой, и следо:ва­
телыiо, суuарное усилие, действующее на кость от обеих рассмат­

риваемых -мьmщ, будет . н_апра~ево :в сторону левой мышцы. 

Эта неравномерность всnлеско:в . усиливается за счет упомина­

:вшейся выше и нерассмат.ри:ваемой nока рециnрокной инер:вации 

(рис. ID). 
Такав nолная схема механизма ППМ для пr;ры мьшщ-антаrонисто:в 

nолностью объясняет реэуJIЬтаты упоминавшихсв :выше оnытов (см.§2 

п.2°) при точностном приделивании и nр~дельно быстром качании 
суставного угла . Неnриятностью в этом случае служит абсолютное 

значение уrло:вой скорости суставного угла. Поэтому командные 
залпы возникают каждый раз, когда абсолютная величина угловой 

скорости, нарастая, достигаtп· векоторого порога, а nодпитывается 

mtil той мышцы, которая ~ этот момент растяrи~ается. Механизм 

nолностью о6'Ьяси.ает nричину одно:Бреыенного :всnыхивания мшuц-ан­

тагонис~ов, nричину чере.до11ания бол:ьших и малых :всnлеско:в. Тре­

.мор кости н:вляется резулъ'l'атоы этих всl1.11ес:ко:в: ero осно:вва'я, :вы­

сок.ая (около IO гц ) частота · nредопредедева частотой всмеско:в, 

а nрисутст:вующая :в треыоре :t4едленная ~ереrул.ярная соста:в.ляющаs 



30 

'результат того, что уnравление ведете~ no скорости, а величинs 

всплесков случайны и нерегулярны. Описанный механизм полностью 

объясняет и иные детали, обнаруженные в ходе этих опытов (см. 3). 
В частности, он объясняет полное совпадение наблюдаемых явлений 

при выполнении двух nротивоположных команд: nредельный покой кос­

ти и, наоборот, ее предельно быстрое качание. В обоих случаях 

работает один · и тот же механизм управления и нри том совершен-

но одинаковоt>. В частности, с одной и той же функцией Н -
в обоих случаяХ ею служит абсолютное значение угловой скорости. 

С точки зрения этого механизма nредельный nокой есть просто быс­

трое качание, но только с малой амплитудой. Аыnлитуда зависит 

только от величины А функции Н • Поэтому переход с одно~ 
го режима на другой происходит nросто изменением порога с1 у 

функции Н , т.е. того уровня нецриятности, при котором возни-
кают командные имnульсные залпы. 

Возможность объяснить в деталях одной схемой такие три,ка­

залось бы, различных случая, как поддержание минимума болевого 

раздражения, удержание угла при точностном приделивании и под­

держание колебаний угла с наибольшей частотой, дают а:вторам 

основание предполагать, что механизм этот работает и в иных слу­

чаях, когда целью является удержать некоторую найденную позу 

или найти nозу, при которой какая-либо неприятность минимальна. 

Хотя это nока эксnериментально не nодтверждено, авторы считают, 

что механиз~r бы объяснить в общик чертах nростейшие формы 
nоддержания вертикальвой позы. 

!) В литературе часто удержание суставного уrла рассматри­
вается как результат работы обычной системы регулирования, в ко­
торой "сверху" задается требуемый угол, а сигнал рассогласова­
нии nолучается благодаря работе :веретен. Описанные в работе 
оп~ы опровергают такое nредположение, т.к. оно не может объяс­
нить одновременного вспыхи:вания мышц-антагонистов и то, что 
этот эффект о~обенно резко выражен nри деафферентации мышц-
антагонистов . 
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in 18996, a laboratory bicycle simulator was built. The following sim­

plifications were assumed: 

a. Only the stabilisation task on a ~traight course is considereda · 

b. The coupli~g between the rotation of frame and handle bar is neglec~ 

ted. 

c. The body i s considered to be consisting of t~o solid parts, Viz. 

the upper and lower bodyo 

d., On1y £;mall deviations about the equilibrium position are 'considered. 

The rider-bicycle system is described by the linear differential 

Equatioa (1) derived from the moments acting on the ~rame about the ox 

axis through the contact points between wheels and groUnd (as modified 

from reference 

A~(t) + 

GYROSCOPIC 
MOMENT 

6): 

_Bv~2 (t) 
CE!.'TRIFUGAL 
MOMENT 

= Itf(t)-SgCf'(t) + (I*+zS*)Ci1 (t)-S*goc1 (~) (
1

) 
FRAME TILT UPPER BODY .: .. 

Fi gure 2 shows the axis systems used; the quantities are defined ·48 

follows: 

()(
1
(t) is the angle between upper body and fr~me; D<2(t) is the angle 

between handle bar and frame; tp ( t) is the angle betwe~n the -.ertical 

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 momeat of inertia and 

the static momeat reapecti-.ely of the upper body about an o•x.• axis 

parallel to the ox axis and going through~- the saddle; z is the dis­

tance between the -ox axis and the o•x• axis; A and B are constants, 

and 'Y is the .forward velocity. 

Starting from the a"Yeraged values of weights and dimensions o! the 

Tarious parts of the human body? and considering a man with a weight 

ot 63 kg and a height of 1.77 m., the numerical "Yalues for the con­

stsnte of Equation (1) are: I = 109 kgm2 ; Sg = 94o Nm; I*+zS• = 23~9 
kgm

2; S*g = 162 Nm; A • 25 kgm and B ~ 57.5 kg. 

The laboratory bicycl~ simulator demonstrat ed a reasonable simi­

laritT to a normal bicycle; in general a rider was able to s tabilise 

the simUlator after a few minutes of practice~ T~e forward motion waa 

m~siug, but the effects thereof on t he simulator were taken into 
;~ . 

accG1mt .. 1!he rotation of the shaft ox on which the frame ~as mounted, 

was ~c<eoliipl.iahsd by means \Jf an electro-hydraulic servomotor. From 

the diff~r~~~e b®twe®n-the electrically generated gyroscopic and cen­

tr~fueal =om~nts, and the moment about the ox axis, measured by means 
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of a torsion transducer, the servomotor was controlled (see Figure 3) . 
The characteristics of the b'icycle __ model could be changed_ readily by 

varying the .el ectronic co~ponents only • . The pedaling ·torque could be 

generated by an electromotor, viz. -in case of a motorised bicycle often 

called a moped; or by the rider; viz; .in case .of a normal bicycle. 

To measure human performance a _t7,.5.t signal, simulating unpredictable 

sidewind va;iations, could ' be int.~oduced into the system. 

Figure 4 shows a photograph of the simUlator. 

3· !~~-~~~!:~!!~~!~~!-~~~~!-~!-~!:~_!:!~!!:· 

3.1. !h! ~a!h!m~t!c~l_m~d!l~ 

Human behaviour is strongly dependant on the system dyne.mics ·of the 

process to be controlled8• Investigations by Tustin9 and Ragazzini10 

s howed 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 

method 11 , an additive remnant·. Other linear models, described by a 

transfer function with 2 zeros, 2 poles and a delay time, have been 
12 13 14 suggested ' ' • The modelling technique mentioned in this paper 

is valid for a model with either poles or zeros only. A so called 

generalized model15 implies an . operation on the output as well as on · 

th-3 input of the human operator. However, in that case the parameter 

estimations are strongly biased by .the re~ant, even in the case of 

an open-loop system. Restricted by the co.mputer available, only the 

PID-model could be applied to estimate the parameters on-line. In this 

manner t he behaviour of a large group of subjects can be easily in­

vestigated. If - the angle 'f is considered as the input to the subject 

informing him about the state of the bicycle, and if . the state variables 

~- are considered as the control outputs of the subject (j = 1 for 
J 

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

then according to Figure 5 the form of th~ human transfer function 

will be: •T. (t)s 
Hj(s) = [c1j(t)+C2j(t)/s + c3j(t).s] e J -----------------~-(2) 
where s is the Laplace operator. c1j(t), c2 j(t) and c

3
j(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 remnants ~j(t) are in-

troduced. 



3.2. !h! ~o~e!l!B~ ~·2~Su!• 
The parameter eeti.,mation was achieved on-line by a digital computer 

as shown in 'Figure 5· Consider the digit~ model ~th input f[(m+k)6t] 

and oU:tputs atj* [ha+k)4t] aampl._~d ::at re~ar in~er..,"als At, where mAt is 

defined aa the moment of. first o~s~rvat!on, and where the integer: k is 

defined in the interval o~lt~n.-:-B,., defiJI,ihg :- tbe del·ay ~imes 'Lj • ljAt, 

and according to Equations (2).', :the outputs· o:t the II.Qdel: IJ:oe given by: 

C( j • [ (m+k}6t) •tf, Cij (C-.+k~lj)Atl;$. [(m~~-~j)4t] ,---~-~ ... ------•--(3) 

wberecp1 •'P ,tp2 •J'f>~t, and- f} • ·rt• The erro.r~- ~j between the _model out­

puts cxj• and, the rider outputs ex · Ill"• de-fined- b,- Eq~t-ion (4): 

E j [ (m+k)A t] • 0t j . [ (a+k)4 t} - :CX.j • t<ll+k)A~J. -----------:-------------( 4) 

For aelect.ed arra,.a of delq t~ea 't'j• aaauizd.ng tha~.- the qu~tities c1 j 

are stationary duriDg_ the time of_ observatio-n nAtl : and using _the qua­

dratic perforllallCe criterion,, the mora ~-j . have to b• minimised wi:th res-

pect to Cij O'f'er the time . D4t t hence: . . . _ .. . . .· 

o c ij l (a~k-1 j )tot J r ,f. {Ea [ c-lt}AtJla] • a.:___ ____ ,_ __ __;_~-<5l 

By- aarr7ing out the differentiat±oDS· of Bquat'iou (5-); and takiq into 

account Equations (J) ailci (4):, ' there folloa: . 

lo ocj (<a+k)4t] .r1 [Ca+k•l.j_)A~J + 

-.. f
1
Crj [Ca+k-~j>4tl£o 'P!I<•+D-L;J)Atl "~ [Ca+k•ij)At]' • o~--------(6.) 

F~r lj« n -uationa (6~ becoae: 

k~o 0( j [(a+k>AtJ f1: _( (a+k•lj)Atl + 

-I.c j [(m+k-1j).1tli cp1 ((a+k)t.tl Cf>· Hm+k>atl • o.--~--------<7> ,.., r · . ~Po · · r 
From this set of equations, · and for a -gi'f'eA u-ray·.·of lj t.he c-oefficients 

Cij c~ be caiculated. Substitut:ng Equation . {3_) into (4) and us~ng _ 

1 j « n, the mean squared er~ors O&l ,. llinilllised to the coeffi.cients C ij, 

can2. be 
1 

de[t!r(mine[d witho}u:~ kno;ledge of the actual 'f'alues of E j, hence: 

CJel • D . kl;o ()(j (a+k)At J - li Cij. ( (a+k-lj)Atj • . 

•i
0

cxj [(m+k)A~]cpi [(m+k•lj)At] + 

+ J f, ~ij ((a+k-lj)At]C;t.j [ (ill+k-lj)AtJ.cp i [{m+k)A t1.cpr {(a+kJ.tJt~--..(8) 
~hue, for the arra7 of del~ times, O<lj< Lj -with Lj« n, the parameters 

Cij with the correspOildi~g mean squared errors o-;j can be found. Hence, · 

the optimal dela7 times ljAt are now defined to be those delay times, 

belonging to the:~ Jli:niii.Wil values ~~of the quantities~. In this manner 

the optiJial cij ?d _'t'J were fo~d· 
By- d1Yiding ·the observ~t1'on time nAt into equal time spaces rAt, 

in such a wa7 th;,t ~y-~ an integer. and that m • 0, r, 2r, 3r, etc, 
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t he coefficients Ci j . and Tj can be determined over a t i me n~t at regu­

l ar moments mAt. Hence, the parameters are calcu1ated b~ means of a 

r unning average procedure, so -that- the time var~ing ch~acter of c
1

j 

and T. can be investi.gat;d ·_ (see Figur-e 6). Finall~ four co!llllenta · J . . ·. . .. 
should be noted·: · · · · -

a . The uncertainty of the · J)aram~ter. esti mation du~ to the finit e t i me 

of obsez:ovation decrea~es with a - lengthening i n this time. HoweJ er, 

the mcertaint;r . dueto · t~~ -non-statio nary behari.our then increases. 

The opt:imd observati.on · U.m~ has .to be determined experimentall~. 

b. The sensiti.vlt7 of Cij _· t~·<'t{in. the neighboui-hood :of l:'j also hu t o 

be ch_ecked in practice ~ in th:is . W8.1 _ getting information on the error 

i n cij - ~~-~ti·llg ~ro•. ~; ~;ror -:in' rj • .. 

c . - Th.e line~ · f~cti-ons. 'Pi • cfin ~ ~e , re:Placec! 'bY ·non-linear . iaemoJ7- leaa 

! unctiOna ' n thout . any .. reatrfc~:ion • . 

d• The method is . valid '.to -determine the tl'ansfer f~ction iD. an open 

loop sjate_m; .. ·1n.·- a .closed · loop s78tem ·a biaa due to the rellllaD.t ia 

1ntJ!'o4uced-. . . ·· 

3· ?· . !!at~!!~!!!!!· . . . . . . . 
·The :llath.ut~C&l' -mod-e~ waa ~·-realised -on a a.mall 4igital P~D.P. ;..S 

co.~ut~r kaTing 'a ~ore.memo~ ~1' ·4096 ~orda of' 12 bite and a · cycle tiae 

of 1.5/lSe~-~;t , ~eaultillg. in --~ addition _ ti~e of ;._op.aec. By •• ~. of. 

multiplexer .· the . nria~1ea <f'i :~cl ·C(j . _were fed into: the colllpute:r. To re­

move ' drift and noise, 'the ·.q'ilantit:le_s _· lp and ~j were filt.ered by a first­

order bandpaas filter between 0~02 · ~ck5 llz. Froa the angl• lf' the n.ri­

ablea <p
1 

were determin~d b7 .· aDal..ogue computat1on. The differentiating 

network had a break frequen~7 at 50 Bs; :_,whil~' the ~ i:ntegrating -filter 

broke at 0.002 Hz . The aaaple frequenc)' for each variabie wali 30 Hz. 

fhe pro~am ot the co.Puter gen~rated the pa_raaetera c:l.j - ~o;r ' 

values of Tj as ·well as the T~iailcea 0' - o~ the _· variablea <f• ~j ancl Ej · 
The rUDD.ing averages o.f ·these .quantitiea were deterained every llinute 

over nAt seconds. Man~l7 th:...!ptimai T&luea 'Lj were intez1,olated 1 

while the optimal values for 'Cij belo.nging to the optimal Tj were ob­

t ained from the quantities Cij• ~show the sensitivity of ~ij to Tj 

a measure for the senaitivit~' ~~ was calculated. 

The test signAl has b~en generated b7 a white noise source and has 

been filtered by meau of a · 4th order band,pua filter with a band 

Width between 0.02 &Dd ·S as. 
4. ~!2~!cal !!!!!~!1!!~2!!• 
4.1. !h! E-!~~e~ _ !S!i!&~i2n_•!t~o~. 
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To check the parameter estimation method described, the research was 

started by estimating the parameters of a simulat~d open-loop mathe­

matical mo~el between Cf and cr1 , 1Jhich could- be approximated by5: 

\Y. (t) • r. c <f' (t - 't ) + '1 (t).------------------------------(9) 1 i..:1 i1 i 1 1 
The transfer function was simulated on an analogue computer, as in--

;r 

dicated in Figure 7• The variable ~ and the remnant ry1 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 

to those measured in bicycle experiments. The values of £11 = 0.25 , 

.Q21 • o , ,£31 • 0.10 and I, • 0.1 sec have been chosen according to an 

earlier result tound with a bicycle experiment, viz • . 

a,(s) •.0.5(1 ~ 0.4~) e-o.,s 

A measure of Delative remnant Nj; and relative error E. is defined by 
J 

Equations (10a) and (10b) 
_!_ f_ ~Ej((t~Hk)t:.tl\2. T 

GE~ o:' ~ ~ ryf(t)dt n l<.:=o ,· '. (10b) N· -_2i_ . o . (1oa) 
E_,._l =- ., \2. l Q;: 2. J-

~ s ~} (t:)dt ~ L t cx.l [(m+-1.<)~-\:1 -0~~ 0( • 
. J T J k•O 0 

To show the influence of the magnitude of the remnant the level of N
1 

was selected at N1 • o.o and N1 = 0.4. As indicated in section 3.3, 
· - - - b.Ci1 the quantities Ci1 ' T1 , E1 and_ 3QXT. were calculated for a total ob-

servation time of 56 units of 1 min~ each, therefore nAt rt:.t = 1 min. 

Hence, for each quantity the mean values M and the standard deviations 

CJ1 could be calculated. Moreover, the standard deviations ~ for the 

~ase where nA~ = 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 r,. 
Taking into account that the time delay was approximated by a -Pad'­

!ilter, 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 4o%. Fur~ermore it is shown that an ob­

servation time of_ 5 min. was required !or small standard deviations. 

4.2. !A~ls!s_o! !h! ~i~y~l! ~i~e~. 
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 implies that a bias due to the remnants is 

introduced. Experiments have suggested that for the ratio~ between 

remnants and side wind disturbance report~d 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 

ov~n and closed loop systems. Both _the cases show that the integrating 
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action does not exist. 

As shown for stationary processes, ~ 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 e each, i.e. 

n4t:: rAt = 1 min. From the 30 values .of each of the parameters the _ 

mean values J.l. and the standard deviations -o-1 were _calcUlated. In the 

same manner as mentioned in section -4.1 . , the ~ .standard deviations o-
2

, 

c:
3

, o-4 and o-
5 

for · 2, .. 3, 4 and 5 . min. ~_re·spectiyely were determined for 
- - - ~Cij 

16 quantities Ci.j' Tj' Ej and 30~t· · Furthermore, -the standard deviations 

nor malised to the one-min. case, <JJ!cr1 for k _"= 1, 2, 3, · 4 and 5 were 

calculated. In order to compress the results obtained, t~e mean value 

and the standard deviation of the normalised standard deviations uJ~a-1 

were determined for each va1ue k over the 16 quantities _~ B7 appl1ing 

a s i milar p_rocedure to the simulated rider of ·section 4.1 . , a com-. . . 

parison between the stationarit1 of · the behaviour · of the rider and the 

si mulation could be made. The results shown in · J'i.gure 9. indicate that 

the behaviour of the rider CaD be regarded U station&rJ . for an ob­

servation time of at least 5 min .. 

Finally, for a group of5 male subjects., -cb.aracterised in Table 2, 

t he parameters were de termined for a total observation time of 10 min. 

Fr om the values of the first an.d last 5 min. -the ayeraged values were 

obtained. The experiments were repeated each day for 10 da1s, between 

2 p.m. and 3.30 p.m., under the same conditions• Each subject performed 

one experiment per -day. In all experiments the simulator was used as a 

moped; v = 15 km/h. ne mean val.ues #). and the standard · derlationa u
5 

of the parameters over the 10 experiments for each subject are presented 

in Table 3. Mor eover , the same quantit i es are given ·tor the enti re group 

in Table 4-.. 

The results obtained show that t he integration action for both 

handle bar and upper body eanb neg1ected, hence the transf er functions 

biMHHl on the r esu.l ta~ · o f 'fabl.e 4 · heecua.e: 
r £ 1 

8
-0.09 s . 1 · · · · · ·. 

Uppe-~r hod.)": :rl"l :::- ...0~13 L1 + 1.-o il G I f - - --- -------- (11 ) 
~dlfl bar~ 11

2 
= ~1 .. 07 [ 1 + Oli/15 -1!1} e...O ., 'I 8

.- J . _ . 

T~~ng t h0 ratio :~tween the ditf®r~ntial ~oDBt~t~ c3j aad t he propor­

t io:fU<.l con.:stants c
1 

-l @ne obs~KVes th&.t the l.ead tim~~ ~utaat for uppm­

t.od;r co~t1.."ol is app;@rlmately 10 t:tzmea 1e.r~:er tha!i tut f@i' H!ildl.e b11r 

~ontrol. I n contra5t , th.e tac del.a7 tor the hand1~ bar ot11nt~ol u 
about 1.? times as big as that for the upper bodi co~'trol. h.rther ao%" @!1 
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one sees that the effective value of the r emnant of the upper body 

control is about 50% of the total output, whi:le that of the handle b·ar 

control is only 2~ .. Therefore, the linear fit for the handle bar ac­

tion is aach closer. Moreover , the ·standard deviations · of the para­

meters tor the proportional · actions, in partic~ar that of the constant 

C11 , are much greater than those of the· other parametersw The data 

suggest that the control of the upper body is more or less reflexive 

in nature , while the handle bar control involves higher lev~ls of the 

CNS. Finall;r it can be S"een that the standard devia tion in the total 

group is greater than for an individUal -subject. 

5G £2~~!~~!~§-~!~~~· 
The parameter estimation technique is satisfactory in the sense 

that for a stationar;r proces in an open loop the paramet ers are gene­

rated with better than 10% accuracy for an observation time of 5 min. 

and a noise level of ~. 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 inveE~_tigations of slow-time­

va:r;ring phenomena , such as the innuenee 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 f ound for ~ime dela;rs , lead t ime 

constants, and effective values of the remnants. The results suggest 

that the control of the upper bod;r is on a lower hierarchical level 

of the CNS than that of the handle bar. · The high contributi on of the 
-

remnants in the control of the bicycl e justifies further stud;r into the 

nature of this phenomenon. In particular, it app8ars worthwhile to in­

vestigate whether the remnant contribution is due to non-line~ behaviour 

and/or to an introduced test frequenc;r. Finall;r ·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. 

6. !~!!2!!!~!!!~~!· . 
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PARA.MmERS ---rRa~- ~I ME- SENSITIVITIES 
j NAN'r DELAY 

I N c o.o 0
11 

021 
- I i" T1 

ac11 AC21 51 c31 JOA1:1 30A1:, ' 30t.~l 

I 
IJ. 0.253 -o.oo7 0.0946 0.012 o.o86 -0•186 o.oo4 Oe0145 

o-, 0.002 o.oo4 Oe0005 0.003 Oe001 OeOH o.oo4 o.ooo5 

I o-' c; o.oo1 0.002 0.0003 0.001 0.001 0.005 0.001 0.0002 

I I 
-
t..c11 .6.C21 - ~ 

1 N = o.4 j c11 c;., c31 i1 .!f1 . 30XT. . 30XT. 30AT1 1 1 
I ~ I 0.23 0.14 Oe100 Oe38 Oe084 -0•188 -0•003 Oe011 
I o-, Oe12 0.005 o.o4 Oe001 0.;014 0•007 0.002 I 1 

o.o4 

LG5 1 o.o2 0.07 0.002 0.02'- 0.001 0.006 o.oo4 0.001 

~able 1: The mean ftl.ues M and the standard deTiations o-
1 

and o-5 

SUB-
JE~ 

A. 

I 
B 

c I 

D 

E 

for observation times of 1 and 5 minutee of the parametere, 

remnants, tiae dela~s and sensitiTities of a simulated 

bic;rcle rider. 

WEIGRT LENGTH J.GE EFFECTIVE VALUES [ oJ 
(kg) [m] [~eare1 o-tf.l G-ey..' o-'f'· 

o.62 Oe91 Oe97 P.. 
66 1.78 I 20 Oe09 0.18 0.10 ·CJ5 

0•57 0•.50 o.aa J-l 
74 1.78 24 Oe05 Oe11 Oe09 ~5 

I 0•75 0•57 0•72 }J., 
63 I 

1.63 23 Oe11. 0.10 o.o6 o-5 

I Oe46 O.o48 Oe3't }J. 
67 1.67 36 o.os 0.10 Oe13 a-5 

0~71 0•72 0•95 M 
71 1.83. 26 0.15 0.07 0.10 o-5 

~able 2: Characteristics of the subjecte ·observed and the · 

effective values.of input and outputs of the bic;rcle 

rider. 
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I PARAMETERS REM- TIME 
SENSITIVITIES ! NANT DELAY 

ac11 I . t. c~ 1 1 t. c~ 1 I su:s;.. 
c21 c31 i1 

- . 
JECT c11 1:1 30bT1 I 30 t.-r; I 30l:lt:t I 

.· 

M Al -o.17 -o.oo4 -0.23 0.62 0.096 0.11 -0.003 1 -0.014 
0 A ()5 0,;18 0,;017 0,;01 o.o4 0.004 0•03 o.oo1 · , o.oo8 H 
+J 

+0.17 -0.021 . -0.25 0.48 0.095 o.11 -0.003 s::: 11 -0.010 
0 B a-5 . 0.09 0.007 . 0.02 0.04 0.003 o.o3 . 0.001 0.005 0 

::>, M -0.46 -0.005 -0.19 0~36 0.090 0.03 -O R>'o1 -0.019 '0 
0 
.0 

H 
Cll 
0.. 
0.. 
::I 

..-1 
0 
H 
+> s:: 
0 
0 

H 
«< 
.0 

Cll 
M 
'0 
s:: 
«< 
;::: 

c 0"5 . 0•17 o.oo4 . 0•03 : 0.07 o.oo6. .0;01 o.ooo4 0.005 
u -0.18 -0~020 -0.16 ·0.57' 0.089 .·o.o9 -0.002 -0.013 D a-5 . 0•12 o.oo4 . 0.01 o.o? l o.oos 0•03 . 0.0005 . o.oo4 
.u -0.03 .. o.020 · -.<).24 o.4s 0.091 o.os -0~002 I -0.010 E (j5 0.12 0.010 0.02 0.05 o.oo't o·.o4 0.001 0.005 

. I •" ,z-c12 . AC22 AC32 SUB-
c22 c32 i · : 'T2 ,~ JECT c12 '2 ~Ot:.T2 . 30All 30bT2 

J.l 1.12 -0.003 0.1? 0.31 ' .0.161 ~o.o8 · .o.oo, 0.04? A a-5 0.12 0.004 - o~03 0~03 . () .• 009 ' Oe02 Oe002 0.012 
g 1.1? -o.oo8 0.14 0.30 . o.159 ..o •. o7 0.003 o.o44 B o-5 0.09 0.003 0.02 o.o6 Oe014 .• 0.03 Oe003 o.oos 

0~?8 0~146 -0.(>3 0~001 . 0~029 c ;U -o.ooo 0.15 0.22 
o-5 o.o3 . 0.002 o.o4 o.o4 · 0•012 - -.. 0.02 . Oe001 o.oo6 

u -1.23 -0.001 0.21 .,, 0.32 0.156 -o.12 o._oo4 0.045 
D o-5 0.09 . o.oo8 o.o4 o.o2 0.010 0,;05 Oe002 0.014 

1.05 ..0~006 
I . 

0.171 •o.o6 0.002 o.o40 E u 0.14 I 0.29 
o-5 0.14 0.003 o.o3 o.o4 0.020 0.03 o.ooz 0.00? 

Table 3: The mean values and s~andard deviations of the parametere·, 
remnants, -time delay-s and .seneitiri.tiee for the five .&le 
eubjecte. 

~ t1C2j .3.11 c1j c2j c,j i · fj j 
. j 30ALj 30A1j I 

. . 

upper bocl7 IJ. -0.13 -0.014' •0.21 0.50 0.092 o.o8 -0.002 -0.013 
control a-, 0.25 0•012 . o.o4 Oe10 ~-006 -.o.o4 0,;001 ' o.oo6 

hanclle bar u 1.0? -o.oo4 0.16 0.29 ' 0.159. -0.07 0.003 0.041 
control 0"5 0.19 0.005 0.05 0.0,5 . o.o16 o.o4 0.002 o.o't~, 

!able 4: The mean vB.l.uee and stanclard cleviatione oi the parameters, 
remnants, time dela7s and sepsitivitiee for a Jroup of five 
lll&l.e eubjecte. 
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DYNAMICS OF DRIVER/VEHICLE STEERING CO NT RO L 

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

Systems Technology, Inc., Hawthorne, Calf.f., U. S. A. 

Some form of driver steering control is required to maneuver a motor­

·rehicle or to regulate its path. To understand driver control quantita­

tively o 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 estima~ed. This 

paper describes same features of driver guidance and control, and summarizes 

the derivation of operational models for the driver/vehicle/roadway _system. 1' 2 

The general :topology of the closed-loop structure for steer:ing control ·· is 

presented in . Fig. 1. This depicts the possible types of driver 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 fram which the driver must extract the guidance and control 

cues. The roadway environment provides inputs to the system, including both 

commands to be follmled 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 from 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 driving, yet each task has its own camplexi · 

ties. Night driving involves sane visual field abstraction, while instrument 

fli~: and fire control tasks use artificial displays of needed cues. In each 

ca.se , gc:xrl closed-loop system characteristics are essential, and the human 

operator adapts his response and behavior to suit the vehicle dynamics and 

task variables. 

*This paper describes research results which are derived in part from work 
accomplished under subcontract to Contract No. CPR-11-2'770, "Defining Require­
ments of Overtaking and Passing .Ma.neuvers," with the Bureau of Public Roads. 
The prime contractor was The Fra.nklin Instit~te Research Laboratories. 
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The vehicle dyn&~cs are ~~ important part of the ef fective cont rolled 

element, Ye· The driverfvehicle/roadwaymodel examined here considers t he 

directional or steering dynamics in three degrees of freedom, i.e., 

V 

r 
q> 

lateral (or side). velocity . . 
heading .angle re.te · 
sprung mass roll _ ang1e . 

other motions of inte:rest (!:}ee . Fi~. 2} include-: 

. 1jr heading a.rtgle 
r path an:gle . . . . .· . . . . . .· . . . . 
YI inertial latera.l ·deviation qr ;position (of . c~m. ) 
ay lateral acceleration .·. (at · varioUs locations) 

Another useful. motion quantity is Yrft +.T), the yehicle' s lateral position 

T seconds ahead if it continues unperturbed a.long its . present trajectory. 

Vehicle :mOt~C>n-to-steer-angle (8w} transfer f'unctions have been 

computed) . for a . typical medium-s.ized American seqan (circa 1965) weighing 

about 4, 000 lb at a speed of 60 mph. The .denaninator is 

6( s ) 
2 . . . 2 2 . 2 

.684[s + 2( ·785}(5.84)s +(5-.84) J[s .+2(.29Q)(6.97)s +6.97) ] ( 1 ) 

The first mode 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 

2 . 2 
180( s- 9·50)[ s + 2(. 284 )( 6.94 )s + ( 6.94) ] ( 2) 

2 . . . . 2 
24. 3( s + 4.35 )[s + 2( .284 )( 6.95)s ": ( 6.95) ] (3) 

N~ w 180[s~+ 2( .293)(6.91 )s + (6.91 )
2
][s

2 
+ 2( .160)(7.24)s + (7.24)

2
] (4) 

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

of mass, and inertial lateral deviation is the double integra.l. Heading 

~~gle is the integral of heading rate. There is little difference between 

the dynamics at 6o and 75 mph, indicating that one 0~erating point can be 

~sed to analyz~ 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. Al t h Otlgb. the theory is well understood, 3 

dynamic data are sparse, and a pure gain is used in this discussion. 
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All phases of driving require some form of driver control operation. 

As the tasks beccme 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 ffdelity. The driver's closure of 

feedback loops modifies the effective dynamics of the vehicle or controlled 

element and in turn determines maneuv.er 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,"4 

i.e.' 

Compensatory which implies an operation on a perce~ved 
error between the actual vehicle motion 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 performance.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 easi~r to 

describe qualitatively, but predictive models for these processes are not 

yet well developed. The quasi-linear blocks in the ~iver/vehicle model 

are most appropriate for response to random-appearing external inpUts, 

including camna.nds due to bends and curves as well as disturbances due to 

gusts and roadway roughness. These blocks are relativelY quiescent in the 

presenc~ 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 descr5:bing function model of the operator has result ed 

from a.n exhaustive series of human operator dynamic response measurements 

made over a, period of about two decad.es.6-9 It consi sts of a .aescribing 

~lnction component with parameters whiCh depend on the system and si~ 

tionJ a set of rules which tell how to adjust the parameters, and an 
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additive remnant. This quasi-linear l!lodel is shown in the single-loop 

block diagram of Fig. 3. In its most ccmplete form the describing 

runction contains gain, indifference threshold, time delay, equalizer, 

and neuromuscular dynamics. The indifference threshold is a higher 

order effect that can often be ignored when · the i~uts are large and 

under other conditions it can be accounted for by using decreased 

driver gain. The neuranuscular sysi!em 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 la.g or even as an 

added increment to the t~~- deJ.,ay. With these simplifications, the 

general driver describing fUnction reduces to: 

where Kp is the _gain 

( TLjro + 
1
.) is a simplified equalization characteristic 

Trjro+ 1 

-r is the time delay 

'l'N is the neuromuscular system time constant 

(5) 

The form of E~. 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, Rp, are the major adaptive 

elements of the human which allow him to control many differing dynamic 

devices. The major uadjustment rules 11 are that a particular equalization 

is selected from the general -form ~(~jro+ 1 )/(Trjro+ 1) such that: 

• The driver/vehicle system can be stabilized 

• The amplitude ratio of the product of driver and 
vehicle, IYpYc I' has approximately a -20 dB/decade 
slope in the orossover region 

• IYpYcl >> 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 canpen·sation. 
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Simplified Crossover MOdel for the Driver Describing Function. The 

rationale of driver equalization can be adequately and simply expressed 

b; using an approximate "crossover model. 116 Both experimental dat~ and 

consideration of the requirements of goOd feedback system performance lead 

to the conclusion that the driver adjusts ~is describ~ng function, Yp, such 

that the open-loop function, YpYc, in the vicinity of the gain crossover 

frequency, roe, has the approximate form . 

jm 
( 6) 

where -re is an effective pure time delay which includes the neuromuscular 

t:ilne constant, 'l'N, as well as -r and a.ey 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 (me and -re) 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 frequency lag. Alternatively, c.ac is least an~ 'te the 

greatest for low frequency lead. _Thus the closed-l<?OP bandwidth and 

performance will be reduced for low frequency lead and greatest when only 

lag is needed. Experimental values for the crossover model parameters for 

several dynamic forms and input bandwidths are given in Ref. 6. These are 

maximum values for skilled subjects in fixed-base si.Imlla.tors without motion 

feedbacks, and will ordinarily be considerably reduced during driving. 

This leads, in practice, to larger phase and gain margin criteria, -cypical 

examples of which are used in the subsequent . driver/vehicle loop closures. 

Driver Remnant. 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 randan process, denoted by a power spectral density, ~n':l' in 

Fig. 3. Its major source appears to be nonstationarity in the operator's 

behavior. 
6 

For nominally ~od vehicle dynamics the remnant power is about 

30 dB down relative to the input, and~ usually be neglected from the 

standpoi nt of predicting driver/vehicle closed-loop response Characteristics . 

Driver Reapczae 111 Jllltiple-Loop Situatiana. The system structure of 

Fig . 1 is multiloop, involving angle and path feedbacks. Experimental 
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measuremerits9of operator respon~e ill su~h a multiloop situation show that 

his d:escribipg :furicti?n · in ~--t~e. outer loop (!an be- obtained by application of 

the singl~,;,loop · J!lQd~l, : above. · The inner --.loq:ps supplied 'by the driver act as 

equal:izat-iQn:;for :the ~ter loop; or ,provfcle . .feed,backs or · -crossfeeds which 

. suppress- 8\ib~~ctl_a.ry·:,: · tirldesirable , con~ro~ed -e~ement degrees of freedom. 

Becau~e . thef r roie : is .. s'~{dependent on _-~uter~loop requirements, the single­

loop . mode~ rUlij~': a~e . ~~t~:~~~er:all~ a.ppl~~9:ble. --. Dat.a . indicates that t he t ypes 

of inner ' l:oop~ . ~).os:e<( :a.ng.~ t:Peir e~~izatJon are cc:unpatible with: 
- - . 

e. -· ·. Making ··bllter.:.loop : a.djusttnerits _per -- the single-loop 
adjustment -~e~: jqore-;f ,e&Sib1e. _ · 

R~~cirig ~~\~sensitiyity' ~f_ the closed~loop system to 
Changes-. in:.eftlier inne:r:: o~ ,o~ter-ioop driver response 

... 
• 

-. ~' . ' ••. , ' . . •' . 

Seleetilig :a/ i6op structure a.hd . equalization which 
giy~s -'t]e~t :·~bjective · opinion · ratirig10 . 

It frequently lia.Ps ._ that : tn~ ·driver ·: des crib~ function . f;ynthesized for 

the inner loop ·aJ;o~e-. ti.~ ~h~ s~l:e_-loop modei · is a.l~o the one which best 

enhances th~ outer-loap closur~s; ~~ticU.la.rly with ~ good stable basic 

vehicle, and a. control ta,Sk ~icl;l is .merely- .following command inputs or 

suppressirig · di~krbanees:~ ·= < 
. . ~-. -: 

.. _ . ~PurSuit Ccm?"ol---Uld. Interha.u.y Generated-Maneuvers 

The · purSUit cohtroJ.. block in Fig. 1 ·<)pera.tes on the input using the 

driver's pr~ew: -of . a desired ;~th, ra.tber than a. perceived motion or path 

error a.s ii1 the -compensatory. case. ·· Also, :for some highly skilled maneuvers 

the : d.ri:Ver produces· the appropriate steering action based on an internally 

generated pattern pretidusly- evolved during a learning >process. Recent 

opera.tor reSponse exp~riments5 and analyses11·have concentrated on deriving 

models for such systems. · Alth~ same use:f'ul results have been obtained, 

their application to the prediction of. driver be'ha.vior is not yet state-of­

the-.art. However , a. compensa.to!Y loop is active even when pursuit behavior 

is exhibited, so the 'compensatory quasi-linear model can be used to provide 

a. first-order approximation to many s i tuations. This will be the procedure 

adopted here. 

B'mUC!MPJB 0'1 DllVD/VEICLI Cuu:D-IDOP BD!L'M 

Perhaps the most difficult_problem in dri ver/vehicle closed-loop 

analysis i s to determine what sensory feedback loops t he driver i s u sing. 

There are two general approaches to deriving the closed-l oop structure : -
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from experimental perceptual studies and fram guidance and control theory. 

The theoretical approach considers the kinds of vehicle motions which must 

be sensed and commands ~ich must be inserted · to satisf'y the guidance and 

control needs. This does not lead to a unique solution, so the initial 

results are a munber of "sufficient syst~··" 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 sui table 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 Stru.cture 

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 variable 

considered permits the driver to control the vehicle if it can be sensed. 

It is also desired to identiry 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 has been accamplisheq 

using the 6o mph dynamics of Eqs. 1 -4 and the driver describing function 

model. Compensatory closures (Fig. 3) were used. This is consistent with 

the 11 preview" concept when one considers that the effective controlled 

element dynamics, Ye, 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 sameplace in the visual field by the 

driver, and to the extent that ·the driver steers the vehicle to modif'y 

( e.g., follow or reduce) th)-s cue in same way he is acting ~ a compen­

satory mariner. The quality of the resultant closures was judged by 

• The equalization required by the driver to provide 
a stable system consonant 'tTith the "adjustment rules" 
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e The closed-loop performance attainable as measured by 
estimated crossover frequency, stability margins, etc . 

The res:ults are summarized in Table I. The loop closures are illustrated 

by the system surveys of Figs. 4 -6 for lateral deviation, path angle , a.l'ld 

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/s2:..like 
6 . 

controlled elements. 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 SJNGLE-LOOP SURVEYS 

APPROXIMATE ESTIMATED 

FEEDBACK 
VEHICLE 

DRIVER EQUALIZATION CROSSO\IER ESTIIlATED 
TRANSFER 
FUNCTION FREQUENCY DRIVER OPINION 

(rad/Mc) 

Inertial Lateral Deviation 40!5 Paor.; IHd Gild 
7 L.clrQe Lead 1.0 

low bandwidltl Yt-8w 

HeadinQ Angle 4.6 
GaiiiOnly '"' Good t-a.. T 

Path AncJie 40!5 Gain Ontr ID 
Good ; nail lead 

y-8w -.- , ...... 
Lateral Velocity 1 

-74 l.ot- L.ead 1.0 I Fair; low bandwidtll ·-a. 1 
Heading Rate 

I 
i 

4.6 Lag-Lead 1.6 

I 
Good 

r-8w 

Path Rate I 
40!5 I L5 Good ;--a. l..at -L8od 

Lateral Ac:cel6f'atian ·-r--
Fair; low~ ot Driver's Head 400 j l.alt · Uiad 1.0 

ay-8w and ..... --tiwity 

I nertial lateral deviation i s a neces sary o-~ter Loop, but i t requires 

l ead equ.a.l.ize.tion by the driver . 'Thi s requ irement for l ead generation can 

be elimi nated by the use of a.n i r...,'"ler 100}:' ~ Inertial l at eral deviation m.a.y 

be important as a. s ingJ.e l oop f ollowing per·ceptual t r ans i t ions, e.g. , wl:i~:>l'l 

the driv·!:!.r :sudde!l..ly los ~~s his vi ew dm.'n t he road and. is for ced to st eer O\ll 

t he ba s is of' his la·teral position in the 1&1e . Su ch a regr~£l: sion ~hctt:tl.d 

e~se him to slow down so that the lower driver/vehicle syst.em bandwid:t h 
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available 1.ffien the driver must generate the lead would stili enable him to 

f ollow any likely command input. 

Both heading angle and path angle offer good closed-19Qp characteristics . 

Pat h angle control combines heading control (a good loop -by itself) with 

body ' a.xis lateral velocity (sideslip), whic;:h 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 

r educe the lead requirements for an inertial lateral deviation _outer-loop 

3ystem. 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 

~ain in the region of crossover, implying driver lag equalization. The 

l ateral acceleration at the driver's head is not a ~rticularly good Bystem 

because it is highly sensitive to driver gain variations. 

MllltUoop Stru.cturea 

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

perfonnance in following a command input of that motion variable~ None will 

do a very good job of following a path 0r trajectory which involves _mini­

mizing lateral position errors to stay in the ce."lter of the lane or roadway . 

'l'hus, the driver must augment his outer-loop structure with equalizing inner 

loops. Good multiloop system candidates are those which require little or 

no driver equalization (i.e., only gain plus time delay in each of the 

l oops ) . Several possibilities have evolved to date, having the structures 

shovm in Fig. 7. Three ri!presentative versions are summarized in Table II. 

The first entry relates to Fig. 7a; the other two have the structure of 

Fig. 7b· 

T'ne structure of Fig. 7a assumes that the driver operates on an estimated 

or projected lateraYdeviation error ~ Pryview here is explicitly required, 

s ince this error is related to the lateral position the vehicle woul1. have . 

at a time T seconds (distance R) ahead of the vehicle if it continued along 

i ts current path (see Fig. 2). The perceptual preview, T, results in a pure 

lead equalization term in the ef~ective controlled element d)!lamics. This , 

in turn, offsets the undesitable double integration form of the lateral 

deviation dynamics at low frequency. The Bode plot of Fig. 8 ~dicates that 

a T of 5 to 10 sec is sufficient. Values of ~less than 5 sec ( 440 ft at 

60 mph) are not as good because they do not compensate sufficiently for the 
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Inertial la teral oev;at ion 
advanced i~ lime 

Path angie 
(or path oncpe rote l 

pi us 

iner t ial klterol dev!\l! l:;."" 

Heading angle 
( 0< heading rote J 

plus 
inertial lateral deviation 
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INNER LOOP OUTER LOOP 

I 
Crosso•er J ! 

Equollzatlon Frequency ij EQualiza:ion 1 
, {rad/secl l 

1.0 Go"' only 

Gain only 

Crossoyer ~ 
Frequency I 
(rad / sec) j 

REMARKS 

. 1.2 

0 .53 

0.6 

I 
! 

F;n., for slrOIQhl roods . Ollficull 
!o dot<n~ command ~ te<m and 

polnr oi ent ry into 'n.t IJt,tem. 
Sensitive to clloi>Qft it> preview. 

Control rrot ••"•lfiwe to c~ tr . 
driver acloctetion or clr i- attention. 
Outer tooc con -ate Intermittently. 

l
i Control not Mftai!ive to cllanQea In 

.driver adaptation or dr iver attention. 
Outer loop con ~· intennittenlly. 

I· 

inherent lags in t he driver/vehicle system. This system structure provides 

a relatively high cr.ossover frequency and good lateral position control on 

straight roads. Same conceptuai and an~lytical difficulti es arise when it 

is necessary to follow a curving roadway, e.g., a guidance law or scheme is 

needed toprovide an appropriately advanced command input to compare with 

the projected lateral deviation. 

The systems of Fig. 7b as sume that the driver o~erates on same angular 

motion quantity plus lateral deviation as separate entities and combines 

them to produce a steer angle response. The inner loop in Fig. 7b could be 

any one of the four motion quantities · indicated. This structure differs 

from the Fig. 7a model by having the present lateral deviation available to 

the driver for compari son with a des ired command input a.."ld derivation of a 

position error. Bode plots for the lateral deviation loop closures with 

path angle and heading angle inner loops are ~iven in Figs. 9 and 1 0, 

respectively.. The effect on the outer-loop bandwidth of varying the inner 

loop gain is shown in Fig . 1 0. 

Table II shows that both systems give adequate stability and reasonably 

good command-following. The stability of the systems are relatively 

insensitive to variations in the loop gains, and they are reasonably 

forgiving of momentary lapses in att~ntion and do not require continuous 

control. Note that sideslip angles are usually relatively small, in which 

case heading angle and path angle are abriost 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 systems can be made very similar if' the loop gain and 

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

f or 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 closures of' the cute~ loop. 

None of' the systems sho'Nn in Fig. 7 include the two f'eedf'orward channels 

or the discrete response feedback loop of' Fig. 1. The derived systems are, 

therefore, most appropriate f'or 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 import~~t and do dominate the driver's control activity in some phases 

of' driving. However, closed-loop control is fUndamental to many other 

phases o;f 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 f'or one . reason or another. 12 The campen·satory 

loops are also used in early phases of' learning (the unskilled driver) and 

u.11.der 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 f'or long. Thus, under­

standing their form and operation gives the point of' departure f'or either 

adding the other channels or switching to them as needed. 

The systems in Table II do not exhaust the possible mu.ltiloop structures 

that can be concocted, but they are the only ones found to date which satisfy 

the guidance and control requirements f'or command-following and disturbance 

regulation with good performance, insensitivity to variations in the driver' s 

dynamic adaptation, good predicted subjective opinion f'ram 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. 

Correlation With Experimental Observations 

The identification of' preferred driver/vehicle l oop closures and sensory 

cues from a control theory approach provides a new framework f'or reviewing 

past perceptual experiments. 

Gordon13 attemyted 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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di ameter of 1 i n . or less. The other eye was masked, ~nd a camera was 

mounted on the helmet. The task was to drive along a -narrow, winding, road . 

Most records showed- continuous visual shifts forward to the limit of the 

visible road and then backWS.rd. toward the V:ehicle, suggesting that the 

driver may be looking down the r~ad to ,obta~n· angl~ information, and then 

near the vehicle to sample la:tera.t.~.Position. :About; ~ percent of the t ime 

the driver Wa.s --lqoki rig farther tha.p --~ 50 · f~ 8h~ad of . the vehicle, while 

about 80 percent of -the ti.m~ he was l~9king ~o:r;:e_ ·than 1 00 ft ahead. At 

t he test speeds of about l5 mph' thes_e are preview tbnes- of 7. 5 and 5 sec' 

respectiveiy.; which correlate :well with the desirable t:i.IDes in -Fi&· 8. 

Small aperture viewing caused stress; ,:Peripherai cues may be important • 
. . . . 14 

· More recently, Gordon . expands on the "streamer theory" (after . 

c~vert15) , 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 11 focus 

of expansion" provides the directional 'cue rather than the flow of the 

velocity field emanating frqm the focus. RegarCness of how the driver 

senses the direction to this focus, - this cue is precisely path angle. 

Schmidt 1_7 notes in agreement, · "the driver recognizes the movement of the 

car from the apparent flow or streaming of the ob.jects in the visu,al field ••• " 

Biggs18 concludes that central vision is occupied with the detection of 

obstacles in the immediate path while peripherai. vision is emplcyed in 

tracking the "guideline" or dividing line. He notes that "the guideline is 

seen near the vehicle, and its lateral motion provides the dominant 

d:i.ractiona.l cue." 

C~ossman19 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 u.~der 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 

cl osed- l oop structures appropriate to various driving situations. They do 

suppo_:t, 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 c·ontrol struc­

ture, and the operational entities extracted f-rom the _perceptual cues do 

provide the prescribed feedbacks. 

CONCLUSIONS 

Guidance and control principles coupled with empirically based models for 

driver dynamics c~• be used to evolve alternative descriptions of driver 

steering control. The resultant system models provide an engineering tool 

usefUl in effort s to improve vehicle dynamics, enhance driver perception and 

control, and optimize the roadway environment from the standpoint of safety 

and s ervice Yolume. 
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A CLOSED-LOOP NEUR0~1USCULi\R SYSTE M 
EXPLANL\TION OF FORCE-DIS T URBA NCE 

REGULATION AND TREMOR DATA* 

R. E. Magdaleno and D. T. Mc~~er 
Systems Techno;Logy, Inc . , Hawthorne, Californi'~', U. S. A. 

Recent studies of neuromuscular system components and of t ile system 

functioning of ensembles of tnese components has led to a quasi-l i near 

model that is compatible with an enormous amount of physiologic'al data 

as well as humfu"'l. operator input/output describing function data. 1' 2 The 

component data of interest include recent anatomical and physiological 

data for the muscle spindle and inpu.t/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 
I 

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; and (3 ) the spindle feedback of 

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

The muscle spindle system also sel~ves to route camnand inputs from the 

central nerv·ous 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 a variety 

of operating point tensions and manipulator restraints. The key da~a to 

be explained for these situations are for torque-disturbance regulation 

and limb tremor frequency • . Following a review of the pertinent data, we 

present the equations of motion for the muscle actuating system as well 

as the muscle sp~ndle feedback and actuating system. We then show that 

the dominant parameters of the closed-loop systems response give a qu~i­

tative match to the trends in the data reviewed at the beginning of the 

paper. 

*This paper includes research efforts supported by the Ames Research 
Center, Man-Machine Integration Branch, NASA, Moffett Fiela, California, 
under Contract NAS2-2824 .• 
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HUMAN OPERATOR TORQUE-DIS~J.RBANCE 
AND TREMOR DATA 

In this section we shall review t or que-di st·QTbance aDd limb tremor 

data obtained for a vari e 'y of operating point t e"' si ons and manipulat or 

restraints. 

Torque-Disturbance Regulation 

The effect of aver~e voluntary muscle tension on the wrist - t wi st i ng 

(- supination/ pronation) response totorque:-disturbance input s has recently 

been investigated) - ? Tn ~ne experiment 4 the relati ve .amount of muscle 

tension was ·inferred from a sphygm.omanometer cuf'f 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 ~paced :rnechanic8l :impulses. delivered, "lithout 

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 re s1ilts6 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 f orce which is assumed to 

be indicative of muscle tone in the participating muscles. 

Figure 2 shows the general locati on of ·the upper pole position of 

a damped second-order f itted to the transient response for a number of 
4 

tension values. In general, increasing 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 neak. "Tre.rnor frequencies are often in the range_ 

of 6-10Hz, as in the :Ualysis of finger velocity8 and ~th · different 
load masses.9 Generally, muscle t _remor frequencies depend on both the 

. t d 1 ' . 1 O- 1 2 . - f' fl manipulator restra~n an muse e ~ens~on. In F~g. 3 _-orearm exor 

trem.or frequency is plotted as a function 9f' the mean tension at the 

'tiTist. iO This tension was exerted against a spring (attached to the 

'.v-:rist ) '..rhich was oriented parallel to the upper arm. For each spring, 

i ncreasing the tension causes a slight 'increase in tremor fre~uency, 

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 ~ffect of' inertia on limb tremor was found in ,a study where the 

task was to track a ramp input to a pursuit display.~ 1 The subject 

gripped a handle in his fist ~~d used wrist rotation about the forearm 

axis to generate his response. Four different load inertias were used. 

~fuscle tension was inferred from handle grip tension as sensed from a 

rubber pneumatic balloon and pressure-voltage transducer. The depen<;lence 

of tre.-rnor frequency on inertia and inferred muscle tone is given in 

Fig . 4 . For each inertia there is an increase in frequency as tone 

increases, whereas for constant tone an increa,se in inertia causes a 

decrease in freq~ency. 
- 11 

Additional results indicate that the tremor frequency of' one hand 

is independent of the other. Specifically, if one hand is controlling a 

large iner,_ia TNithout pressure, then its tremor frequency can be much 

less than that of the other hand if' it is controlling a small inertia 

vnth great pressure. This suggests that the oscillation conditions are 

strongly dependent on the load and fUrther that each neuromuscular system 

i.s independent of the other. 

In this section we describe the joint action of the component models 

(muscle actuation and spindle feedback and actuation subsystems ) as they 

contribute to the neuromuscular system :nodel. This will be used to des­

cribe the trends inthe overall input / output human operator data d.isct).sseC. 

·~n the last section. 
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Neuromuscular System . Block Diagram 
for Small Perturbation& 

A combination block and schematic diagr am of the 'muscle/spindle system 

for sn1~ perturbations about a..11. operating :point is shown in Fig . 5. 

Because the schematic reJ>resents pe:rturbation operations about steady­

state operat·4tg p6ints., a.u. the signals i ndicated vary about zero mean 

values, and thus the -ago~st/antago~l.st relationsh;i.;ps are subsumed in a 
. . 

one-sided c~posite. For :this paper'.'the. details of the muscle spindle 

model and muscle .mod:els are not required- only their input 1 output rela­

tions ·wUJ; .be needed. (For the_ details see Ref. 2. ) 

The int~:rnEU, oj;npU.t:s to tb,e sy~tem are : ( 1 ) command' le' .and bias' l b' 

which ar.e aspects .;O:f the static and dynamic gamma irruS·Cle spindle fibers; 

(2) the alpha. inotor -neuron ccmnands, Cl.c·· The external input is a force, 

F, applied to them~pul.ator~ A key feature is the ·s;pindle feedback of 

x 1 ( an internSJ. .. muscle - lEmgth) rather than x the limb length. Not shown 

in Fig~ 5 is any consideration of reinnant sources necessary to account 

for system beha.vior not desc~ibed by the :quasi-linear elements. 

·The spindle output ~rturbation firing rate is sunnned with an alpha 

motor neuron canmand, with the result, a.f'ter conduction and .synaptic 

delays, being an incremental: alpha motor neuron :firing rate, M cv about 
• . f . 

the operating p(>int, fao. This in turn perturbs the muscles and manipu-

lator, ultimately giving_ rise to limb rotation, Which is sensed by the 

spindle ensemble:. The steady-state output · of the muscle spindles (not 

shown in . Fig. 5) _provides the steapy-state ~t~:u.scle firing rate, fClo. 

The muscle model characteristics consist of the series elastic com­

ponent, Ke1 connected in series with the contract ile component charac­

teristics given by the force source, c~n' spring, Km, and damper, Bm· 
. (Ke also cohtains tendo? campliance.) Since the limb and manipulator 

inertias a.re· in parallel, the two are lumped together in the single 

effective inertia, M. A load spring, KF·, is also present. 

The muscle effective ~ping, Bm' spring rate, Km' and sensitivity, 

C:r, are set by the operating point muscle tension, P0 , which is due to 

the steady-state output of th~ muscle spindle. Bm., Km., and C:r increase 

as P0 increases ( approximately linear ~ctions ) . 2 
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We shall first find the open-loop equations of motion connecting the 

muscle system inputs (6!a and F) and its responses (x ~d x 1 ). Then we 

shall apply the spindle feedback dynamics and solve for the closed-loop 

response (x ) to the system inputs (F, re' and ac). 

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

manipulator dynamics are given in matrix form by 

( 1 ) 

The characteristic equation . is 

[ 
3 (Km + Ke) 2 (Kp + Ke) Kp (Km + Ke ) + K!nKe] 

~=MBzns+~s+-M--s + MBm ] (2) 

A number of special cases have been investigated, ranging fran an iso-
2 . 

metric manipulator (I(p -oo) to a large-inert,ia, no-spring case. 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 became 

. 1 ( 
+ MKF +~.)J Km+Ke1 

(3) 

which applies as long as @ is much greater than@. This approximation 

holds for large inertia and large Ke· Generally, Ke' due to tendon elas­

ticity, is large relative to Km· 

The muscle spindle typical.ly has a lea.dflag response to length changes. 

· The perturbation firing rate, Ma1 depends on the spindle feedback of x 1 
and on Clc and r c as 

2 

(4 ) 
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where Gs 

and 't'a is the net effect of synaptic and conduc~ion time delays, le is the 

effective command due to gazmna fiber stimulation, -1 /TK is the l~a.d break 

frequency, a.."ld 1/aTK is the lag l:?reak frequency. Now inserting Eq. 4 i nto 

Eq. 1 and collecting terms that multiply x 1 yields the complete system 

equations for the muscle /manipulator /muscle spindle system . 

. The limb output response to the various forcing function terms, F, 

ac, and y, is 

X 

[ (Bm.~ +Kin+ Ke) + CfG~e -Tas]F + [ Ke( <l.c + Gslc )e ~as] 
fj. + CfGs (~s2 +-KF + Ke.)e --ras 

( 6) 

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 

numerator dynamics of the limb response to a force-disturbance input. 

This will be significant in the interpretation of the torque-disturbance 

input data. The ef£ect _of the spindle feedback on the limb response to 

command inputs is primarily through the denaninator 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 randcm 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 ~he x/F transfer function, 

i.e., ne and r c are zero. The subject's task is merely to set 

mU.scle tone and l .!t the transi ent run its course. 
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2. Limb. tremor Wlder various tension conditions where, again, 

ac and r are zero except for ambient noise-like pert_urbations 

(also for this case, F=O). 

Force-Disturbance Input 
(No Sprinl, L&rse Inertia) 

The effect of the spindle feedback on the•x/F response can be fOWld 

by noting that the zeros are give~ by the roots of the numerator of Eq. 6 
found from the Numerator Closure as 

0 (7 ) 

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

from the Denominator Closure as 

"'"'t'S 
CfGs (Ms + KF + Ke )e a. 

1 + ~~-----r---------- 0 (8) 

where for this manipulator the roots of 6 are approximated by Eq. 3 with 

Kp = 0 which yields 

. '( . Km+ Ke)[ Btn( Ke . )
2 

Km(K;Ke )~ b. ;, MP.m s + --- s2 + - --- s + - ---· :8m . M Ke+Km M +Km · (9) . 

Both the numerator and denominator of the closed-~oop fUnction x/F 

are functions of the gain parameter, CfKs• The joint movement of the 

nume.rator and ·denominator singulari ties as a fUnction of this loop r un 

(CfKs) can be demonstrated by treating both the numerator and the- den~­

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 Denominator 

and Numerator Closures are given in Fi~. 6a and Fig. 6b, respectively. 

These two closures have camnon rea.l-a.xis poles and time del.S¥ terms (the 

latter are not shown eX:plicitl.y since they are at higher frequencies). 

Only the Denan.inator Closure will have quadratic roots (at high frequency) • 

T'ne closed-loop low . frequency rea.l root will be apprmQ.matel.y the same in 
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both closures. Thus the . closed-loop s~rs.tem describing 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 teri.­

sion dependent ) as well · as the ext~rna.l mechan-ical element (inertia ) . 

This is compatible with 'the . Ref . . 4 results of Fig. 2. However, the degree 

of pole 1 zero_ cancell~tion w?-il _be .. af'i'ec~ed by · the. proximity of the qua­

dratic terms .. · some .of -the different. responses a.re . sho:wn in Fig. 1. In 

Fig. 1b the resPc>nse . seems -to c~tain sane .. of th~- ~ f'irst-order pole, 

whereas in , Fig. 1 a the response. · i~ neS!lY a Pure second~order transient. 
. . . - ~ 

Now _examine . the consequence.s of . assuming that the spindles feed -back 
' - ' ·, . 

x instead of x 1 (in Fig. 5 let Ke ~m). Carrying this throagh the eque~- · 

tions reveals that the numerator of the xjF · response no longer contains 

CfGs. Now the pole/zero near-cancellation will not take place, and the 

transient response will appear trd.rd-order. This will be more evident at 

the: higher tensions since the increased loop gain drives the 1/Tf root to 

lower frequency away from the numerator singularity at -(Ke + Km)/Bm· This 

trend is just the opposite af -that in Fig. 1b, whicb becanes _more like a 

second-order system at higher tensions. 

A number of theories have been advanced to account for tremor oscil­

lations. The se include: - ( 1 ) periodically fluctuati.ng activity in supra~ 

spinal centers; ( 2) rhytbmicity arising fran neuronal circuits within the 

spinal cord itself; ( 3) resonance of the moving parts of. the limbs; 

(4) oscillations arising f'ran the stretch-reflex loop itself'. 

At present, the evidence very much favors the last hypothesis, since 

( 1 ) in tabetic patients with loss of dorsal root fibers .. the· tremor fre­

quency (6-10Hz) peak is absent; 16 (2) there are no substantive reports· 

indicating any corre.lation of EEG activity (alpha rhytlm:l) with limb tremor; 

{ 3) tremor . disappears with section of . the dorsal roots; 16, 17 ( 4) there is 

no evidence of inherent rhythmicity of spinal alpha or gamma motor neurons 

in the absence .of sensory input. Also, tremor occurs primarily under 



• 

80 

conditions Where fine control of position is involved; much less tremor 

is produced und,er rest conditions qr when a gross, rapid (,;ballistic") 

type of movement is ex~cuted. 18 This also tends to support the stretch­

reflex ( closed-loop) explanation. 

The "tremor peak" in the frequency spectrum is said by some l3 to be 

indifferent to changes in the ·load, but ·. the data 10- 12 of Figs. 3 and 4 

clearly contradict this, and in ad.di tion indicate that the . peak frequency 

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

The data cited above and earlier indicate that a;n:y 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 de~cribed by Eq. 6 with F = 0. In addi­

tion, 0-c and re are ncminally zero, althbugh they will exhibit randcm 

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 j~axis. Both of these trends are compatible 

w~th the data in Fig. 4. 

For the data given in Fig. 3 a load spring, KF, was present. Thus, 

using Eq. 3 for the approximate roots of ~ 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 shif't f'rom the time delay e -ra,s. 

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 ~~axis. Thus increases in spring rate 

yield an instability fre~ency that is less than the. frequency_ of the 
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z·ero, -and this .difference increases at the hig;her frequenc ies. This 

effect can ·be seen in the flattening of the curves in Fig. 3 for the 

larger spring rates which fudicates that the root is near a limit. 

Attempting to put the above explanation . on a quanti:tati ve basis by . . 

estimating tpe inertia involved in the Fig. _3 d~ta, using reasonable 

values of Ke, and then' calculating the effect -~f- KF, . yields predicted m 

values for the quadratic zeros of betwe~n 1 and 14 Hz. · These are 

"infinite loop gain" tremor ·frequencies, _· as ,·cOI;lPared· to the actual tre.'Il.or 

frequency range from 7 to 11 hz given -in Fig. :;. 

A time delay ·on the order of 25 ms is compatible With ,nerve conduction 

time from per:i,phe;y tc;> spinal_~ cord t .o periphery •14' 15 Such a value would 

contribute 90 deg phase . s,hift at 10Hz, leavirig •90 degto be contributed 

by the other ioop dynamics to produce ·the l8o deg instability frequency. 

The loop gain function {Eq. 8) Can be compatible With phase shifts of 

90 deg near 10Hz.* Thus the tremor data is .compatible with ambient 

noise excitation of_ a closed-loop neuromuscular sy·stem mode. 

Finally, the power spectra of :t:inger 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 indicate:s 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 w-ith the root 

at 1/aTK (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 (muscl-es and muscle spindles) for 

torque disturbance regulation and limb tremor. 

*For the special case of an isometric manipulator (Kp -eo), 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. · 
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The more specific conclusions are: 

• Changes in the transient reSJ?Onse to a torque impulse input 

as a function of muscle tension (large-inertia, no-spring 

manipulator) ~pport the model's muscle spindle feedback of 

an internal muscle length. The effect of this feedback is 

to produce a cla.sed.-loop numerator zero which approximately 

cancels a denominator ~oot since both are influenced by 

operating point tension. The resulting dominant seco~d sys­

tem response closely describes the torque disturbance data. 

• Variations in muscle tremor frequency for various spring, 

inertia, Bnd average muscle tension values . support a closed­

loop neurarruscular systeni model. The trends ·'8.nd limits of the 

tremor data provide further evidence of spindle feedback .of an 

· internal muscle length rather than a le'ngth directly proportional 

to l~b length. The series elastic element coupled with limb/ 

manipulator inertias produces zeros which, constrain the closed­

_loop characteristic equation roots and provide an upper limi for 

tremor frequency. 
SDBQLS· 

Equivalent damper for contractile cc:m.ponent 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 function 

Imaginary part of the canplex variable, s 

Series elastic component of muscle 

Load spring 

C1 + jw 

Equivalent spring graQient for contractile component of 
muscle system 

Operating point length of muscle 

Millisecond 

Limb plus load inertia 

Meters 



N 

X 

1. 

2. 

3. 
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Newtons 

Operating point tension in agonist ·or antagonist ni.u scle 

Ccmplex variable, s = -<1 + j mi Laplace transform variable 

Open-lbop spindle model zero 

Open-loop spindle m~el pole 

Limb length in muscle /manipulatOr model 

Internal· :tnu.scle ·. length 

·Alpha inotor ne~on camnand 

Gamma ccmn:and· follOWing gamma motor :neuron delay 

Gamna bi~ input to .spindle model 

Gamma camnand inp_u.t to spindle model 

Gamma input 7dne to ·dynamic gamma motor neuron 

Ganma. in~t dv.e to- static gamma motor neuron 

Charac~eris:tic - equs.tion 

Damping ratio of second ... order ccmponent· of the neurcmuscular 
system ·· · 

Ga~ of spindle _de:scribing ~function, Gs 

Real part of the ccmplex variable s = a + jm 

Net time del.ay in the alpha. motor neuron pat~way 

Undamped na;bura:J. frequency . of second-order part of the 
neurcmuscular system 

Approximately equal to 

Degrees 

In;rinity 
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.A STUDY OF THE DYNAMICS OF· PLAS1v1A 
PROTEIN METABO_LISM. 

C.D. :Barr, E.R. Carson, L. Fi.nkelstein 
Department of Autollla.tion En&ineerinc, 
The City University~ London E.C.l., U.K. 
E.,A. Jones, 
Department of Medicine, 
.Boyal. Free .Hospi.:t&l, London W.C.l., U.K. 

l. INTRODUCTION 

Recent years have seen an -increase in tb.e application of the methods or 

dynamic systems, analysics to biol.Jgical problems. The reasons. for this devel~ 

opment are twofold: ~irstly, the. methods of the systems ·eDg.ineer can be of 

assistance in biological. _ i.nv~tiga"liiions; end secondly, a study of bioloey 

11J&Y well yiel.d imporlmt clues to · the principles of o:t-ga.nisati.on or complex 

systems in generaJ.. 'ftlese· QOiuii.derationa s~ated the present study in 

which. the JDe:tl»d.tt ~· of. -~e&rin&' dynamic ana,Jysis we.re applied. to a metabolic 

process. 
. . . 

ProteinS · ~ -orPztic COIIPOund..il wbicb ~- essential constituents of all 
. ·.-. ' -- ·- ' -·· . '· " . ... 

li tin&' organisu~c It · is thUefo~ IID&t important . to ~erstand the dynamic 
·-. -

~~ecbani~~~t ·. of·· ti::Wd~ a'e:taboli~ and the -way :~ ~eh these substances are 

fol.'JileQ -~ :~~ .~ in. the ,~ •.. 

The ·. 'prelien:t . study is part of Md.ical _ reseUch into the metabolism of 

linr-produced p~~_,8uch a8 al~. wbich ·a.re deJ:ive.red to the plaSIII&. 

The objective is ~ 'cia.ril'y tlie' ~tabo:lic pathways in the body and to deter-­

. mine rates of _roma.tion ·and b.rea.laio~. Urea metabolism was also studied.. 

The processes ·are: essentially ~c and the i~te:rpretation of the observed. 

data requi.l:e an understa.nd:inc of the d.ynamics. 

The experimental iaetbod .involved . the injection of :radioa.Cti ve tracers 

into the· bci'd.7 at va,xious points of the me-tabolism and tb.e Jilea.sureljlent of . tbe 

labe~ at other points at iiltervals over a subsequent period.. The experiments 

gave basically illpulse resporuies of the system between the points ·Of inject­

ion and. obaervati()n • 

... number . of cenera.lly similar investigations into the dynamics' of 

M'\abolisa have been -.de.l..;4 
In this work, use was IIS.de of a mathematical mod~l fol.'lllll.ated. f'rom bio­

lo~cal. considerations, giving in our view a clearer comprehension of the 

d.yna:mics of the ;process and the approximations involved. .Uso the aethods 

ot~ !itting responses to the model will make fuller use of the experimental 

data, since the whole - and. not only, say, th~ latter-~ of the .response 

curves Wa.s considered. 

2. FUNCTIONAL MODEL OF THE MErABOLIC SYSTD! 

As a first step to the formulation of the mathematical model of the 
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metabolic system it was necessari to arrive at a descriptive functional model. 

The basic concept of this model is that of the ~ompartment or pool, that 

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 b~ood vessels. 

· From biological considerations, the followinc is considered to represent 

the system of albumin and urea metabolism, starting from labelled carbonate 

injected into the blood. (Fig 1) 

After injection of the labelled carbon&:~ into the bloodstr~am, most is 

lost thrOugh the lungs and some thro~h the gut, and the remainder of the 

labelled carbon passes into the liver where bo\h albumin and urea are synth~ 

si sed. 
In the liver many complex- biochemical reactions take place in the course 

of which labelled carbon is incorporated into many inteJ:m~al.7 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 arginine5 is produced in -~hl' liver it is used to ~thesise 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 cell have a 

varying life span. Their catabolism liberates .arginine into the liver arsi­

nine pool. 

The labelled urea and albumin then pass into the plasma. A time dei~ 

exists betw~en the appearance of urea and that of albumin in the plasma. One 

explanation is that albumin followilJ&' synthesis is passed to some sort of 

storage pool located in the liver, before entering the plasma. 

Once .;.n the plasma the al. bum1n 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 compartment.6 Amino acids includinr arcinine, 

liberated by the catabolism of the proteins, either recirculate or are passed 

into -the bladder. The reciraulation 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 bloodstream. This pool equilibrates with another pool ou~side 

the qloodstream. Urea is lost from the initial mixin& pool, either travel­

ling into the gut where it is catabolised, or beill&' filtered by the kidneys 

and hence passed to the bladder. 
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Much previous work on urea meu.bolism in particular, has assumed that the 

kidneys act either as a mixinc pool or mechanical delay. Here an attempt has 

been made to consider the action of the kidneys in creater 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 _ inva&inated (Fig.2). The remainder of the tube is 

tenned the tubule. The glomerulus acts as a filter for plasma, aJ.lowi.ng 

subst&nces of lower molecular weicht such as urea and ~ginine to pass int_o 

the tubules, while the proteins remain in the capillaries. After the blood 

has passed tbrouch the ~omerulus it enters the efferent arteriole which leads 

to another capillary netwo:rlt :t'OUlJd the tubule. At this stqe the tubule cells 

selectively reabsorb the consti.tuents of the filtrate as they pass along the 

tubule, preferentially absorbiiJc · arcinine compared with urea. Once selective 

reabsorption has occurred giving rise to an interstitial pool of substances, 

the constituents will either be secreted back into the tubules or secreted 

into the "blood capillaries and hence into the circulation. 1,B,9. 

The only · other path to be considered is that taken by labelled plasma 

proteins, other tba.i:l · al.~, synthesised in the liver. In general these too 

are distributed and are catabolisecl. 

3. MATBEMA.TIC1L MODEL OF THE MI!fi!ABOLIC SYS'filoi 

.id:. General 
The metabolic system described. in the previous section thus consists of 

a series of intercOJmeeted. pools. 

To fozmUlate the mathematical model it is assumed that the rate of change 

0~ the quantity of a particular substance in each pool is. equal to the summa­

tion o.f two effects. The first is the loss of substance from the pool to other 

sites and is a function of the quantity of the substance in the pool. The 

other effect is the sa1n of the substance from other pools. 

The functions concerned are in ceneral non linear. On biological crounds 

it can be assumed that a labelled substance behaves in the same manner as the 

same ·substance unlabelled.. 

·_hl Model notation 
Variables 

A - mass of unlabelled. al. bgmin. 

a - mass of labelled albumin. 

C - mass of unlabelled carbon. 

c - mass of labelled catbon. 

f - general futiction. 

:a - mass of unlabelled arcinine. 

r - JI&SS of labelled. arcinine• 

T - delay in albumin pool. 

t - time. 

U - mass of unlabelled urea. 

M - mass of unlabelled liver proteins. . u - mass of labelled urea. 

m - mass of labelled liver proteins. 

Q - fluid mass fl.ow:ra.ted(k:idney tublles). 
q - blood mass flow rates. 

Z- mass of unlabelLed· plasma protein 
other than albumin. 

z - ma.ss of labelled protem other than albmti.n. 
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All pool sizes are in general functions of time. 

E - shi.ft operator. ]t-l£( t) • f( t -T) 

Subscripts:- (indicating location o£ substance) 

a - l iver albumin synthesis pool. 

b - blood. 

n - extra-bloodstream urea pool. 

0 - bladder loss or urine. 

c - ea tabolic site of albumin to SJ:gi.nine. p .- al. bumin plasma, pool. 

d - liver albumin storage pool . 

e - entra-vascular albumin pool. 

g - glomerulus, kidneys. 

h - arginine catabolic.pool. 

i - interstitial pool, kidneys. 

j - catabolic site o£ other proteins 
to arginine. 

k - other protein paths. 

1 - liver carbon pool. 

m - liver cell protein pool. 

q- urea initial ~xing pool. 

r - liver arginine pool. 

s - bladder storage pool. 

t - kidney tubules. 

u - liver urea pool. 

v --:. catabolic pathways of urea :t'.ran gut. 

w - catabolic si te o.f urea in gut. 

x - other pathways for carbon in liver. 

y - liver carbon recyclinc pool. 
z - synthesis site of proteins other 

tb&n albumin. 

eg. Cy - mass o£ unlabelled carbon in -liver recycliiJB pool. 

Ui - mass of urea in kidney intersti tual pool. 

Double subscripts have the same meaninBs as above bu.t indicate transfer from 

one location to another. 

f ap ( ... .. ) albumin liver - plasma 
ru <.. .. J kidney tubules- kidney interati tial. pool. 

hl Genera,], Bate Fnuations 

3.3.1 Quantity of carbon in the liver carbon pool. 

ft lC, ~"c.d ·f61 ((c, +c.6),;..,) +I~ CC.,t-c.~) -f~ CC, +c,.):- f,.. cc,+ c.,) 

3.3.2 Quantity o.f carbon in liver recycling pool. 

;t (C~.c:.,)~f~ ('-f .. 't)-f,c. (~.,c:,J -f.,._{~·~) 
3.3.3 Quantity o.f arginine in liver. 

4 . 
~ ( 1{,. .. r,.) ·f~ .. ( c, +-c.c) "f~.r [/(,. ,.r,.) "ftr CRt + f"t)..f_. (11'"' •"'..,.)-/-., lR.. trr) 

-l,...l~+r,.)-fr-1 ((,.+r,.) 

3.3.4 Quantity o.f arginine in catabolic pool. 

!i:(~ .. tf'4J:. fcl (A,+ tt,)•lj" ('l.,+ la)·l,.,, ((,. +r1.) -f...,. ~R4+r1.) 
3.3.5 Quantity o.f liver cell proteins in liver. 

1fC11'"'.,""") :f""'{~tr,.J-f"'~ {11-.1'"'~) 
;.;.6 Quantity o£ arginine in tubules. 

ttl~t +r~J 1: f,t (R,.. .. .,.,.)-In. (Rt •rt)- fta (/4 trt) 

fhr • fgt since glomerulus acts as a filter no~ as a pool. 

;.;. 7 Quantity o£ albumin in liver synthesis pool. 

j (A._+Q.._) ,.f"'-(Rr+r,.)- ta.(Att +A&) 
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3.3.8 Quantity of albumin in liver storage pool. 

1t CA., .. Q.,.) "= f-..l (A, t-Q.A.- flip CA.I ~a.d) 
3. 3. 9 Quantity .of ·al. bumin in plasma. 

St lA,tQ.p~ : ,·c'f_., lA.l ~a.tJ., fe.p CAe.t.ae_)- f,'" {AptQ, )-fpe. CAp ~fl,) 

3.3.10 · Quantity _of albumin in eatra vascular pool ~ 

1f. ( Ae. .. _Cl,.)_. c t,e CA, t-a.,J -fe, lA e. ,.qc:J 
3. 3.11 Qwl.ntity 6£ other proteins synthesised. 

-it<z~ .. ! . )= ~r:z <~r~: r,;.) -faj CZ,,.-ae)-fd CZ,-t !~ ) 
3. 3.12 Quantity ·or urea in the liver. 

~{u"' .. ~C..J_ =frt.~. . :lt.r•r,.) ~ f"'i-lU,~,.u"' J 
3.3.13 Q;ua.ntitY" ·of 11rea ~ the initial mixing pool . 

5t cu,. .. ...,J: _f~ l~·ic... )+F..,_ CUnHL,)-f,r\ £u.,_,.u, J-f,s c;,,cu,,.lls),{L{'J i' LL .. J} 

~~ liJ,~~' t-Ll$)• (Lt,_ t-~J) -f,_, (ij.
9 

J.U,_ '""'-t.)J • f,, (;_i ~~&t-r.tJ,(U~t~J) 
. "-f,_.., ("f,+~) .. f..,CJ,l u."i t-&4..,) 

3. 3 .14 Quantity -of UJ:ea in the ea tabolic site (gu. t) • 
1t (LL..,t-c.t 111):: f,_..; {U. •Ucj.)-f..,_ (u.., t&t..,) -f..,14 (~"'tu.._~) 

). 3.15 Q)lanti ty of. ·Ul.'ea in the e-xtra-bloodstream pool. 

~! u"' .. ""'-)~ f,_"' (U, ,. ~)-f""' (U.,..tu.,..) 

3.3.16 Quantity of w;ea in tubules. 

t (ut .. "-t-):: F-,..<;.;.{u., "",_)),.fa <~t,(L{t-... "t:).<ui f'"'-i >) 

-f.ti (~t.t(f4. .-ut-),~~ t'te.J) -fts (L{t-H4t-) 

fgt = fq&' since .the glameru.lus acts as a filter a.nd not as a pool e 

3.3.17 Quantity of urea in the interstitial p6ol. 

~t (Ui t-te.i.J ': ft-i {~t I.(U., tc.r.J,@.it HttJ) -fit ( q~ I (Ul t :.t. .. J.(Ut- ""t )) 
- fl.., (ci.i. ,(Ui, ~ui.J,(U~ tu,.)) 

3.3.18 ~tity of urea in the bladder store . 

·It ( Ltst-u.): fts CL4,.ut) ,.f~ (~"'(Uc;.""'J,(U5 .,us))- fs,_ (cj.1 .. (u,.,.u,.J,(u,,.",J) 
-f~ l~~- "s) 

4• DYNAMIC TESTS 

~ Test Method 

The experiments carried out ali i nvolved 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 

i n the body, yielding impulse responses for sections o.f the metabolic system. 

The experiments were perfomed on volunteers at the Royal Free Hospital. 

Data was obtained from ten such patients; some have a no:r:mal me-tabolism 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 o! blood extract-
ion are restrictecl.. 
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At the present time, five separate experiments are being carried out. 

l(a) Sodium Carbonate labelled with 14c is injected into the bl -oodstream and 

labelled albumin concentration in the plasma is measured. 

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

i n the mixin& pool. 

2. · Al. bumin labelled with l3li or 125I is inj.eoted into the bloodstream and. 

measurment of the label concentration made in the plasma. 

3 • . Urea l abel l ed with 13c is injected into the bloodstream and the label 

concentration in the initial mixinc pool measured. 

4• Sodium carbonate labelled with 14c is injected into the blood and the 

label concent ration in blood carbonate- bicarbonate measured. 

In order to clarify the mo~el of the metabolism, further experimental 

data would be required. 

hl Test Besul ts 

The experiments are typified by the curves shown in F'iB•5• 

.Ul the results exhibited considerable scatter, this being most pronounced 

in the albumin data. This_ is attributable to the e~fect of background l:'adia­

tion, the low J.evels of radiation involved and · fluctuations in the bodily 

functions. 

5• MODEL REDUCTION 

With the very restricted methods of dynamic testing ~oh 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. Elctezisive · work has 

recently. been carried out into methods o~ model reduotion.lO,ll,l2• In this 

case, it was decided in the first instance to adopt the simplest approach. The 
.~eneral rate equations were linearised and further reductions carried out on 

the linearised model to remove the less sianifioant ~odes. The resultant model 

is not ri&"Orously accurate but it is hoped that it will give useful biological 

information. It is . hoped in ~he future to improve the technique as under­

standing ·of the ~iology improves. 

hl. Linearisation of rate equations. 

In the evaluation of the tests we are only concerned with the labell.ed 

substances. Since the quantity of -labelled substance in any pool is smal.l 

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 5.1.1. 

5.1.~ Carbon in liver carbon pool. 

~~ : lf.._ c. + '!fw. ;, + ~"~' c. - ~.f.~ • c.• - ~.,,. ·c.( 
cit ~~ • • ~"" ' 1e, · ., )Ct :.c, 

3.3.2 to 3.3.18 then are of similar form. 
. . . 

After investigating the ft.4'(ther 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 foDI ami that this 

would not introduce any _difficulties. 

The transfer function block diagrams representing the linearised rate 

equations are shown in Fi&.3 and 4• 
hl · Dynamic reduction 

5.2.0 Principles. 

The linearised rate relations in transfer function fo:m were then exam­

ined. From biological info~tion & table waa prepared of the time constants 

associated with the various -pools. 

Pool '!Sme-C'Amstant(Ibml) 

Liver Carbon lo-3 

Liver . Recycling~ 3 ro-2 

Liver Arge:cinel4 lo-3. 
Liver Cell Protein 1o2-1o3 · 

Liver Albwnin53nthesiJ.5 lo-3 
Liver .Albumin Storapl6 1o-l 

Plasma Albumin Pool lo-1 

Extra-vascular .!J.hmli.n2 10° 

Catabolic Pooll 102 

Arcenine Tubules 

"Other Protein"l7 

Liver Urea 

- ure .. . initial mi:xin« poell3 

Extra bloodstream pooll3 

Gut -catabolic pooll8 

Ki~y Intersti tia19,19 · 

Ure~ Tubules9 

- Bl.Bdd.~~ . Storel9 

100 

.T.ems . v~ch invol vt!d ~e eonst~ts o£ -- the order ot lo-2 hours or less 

were reduced to pure gains. In addition pathways wherein very .small quanti ties 

of substance were being fed aloDB paths with time constants of the order of 

1o2 hours or more · were also neglected since they would have bad li tUe effect 

over the period of observation. 

The dynamics or the liver carbon, arcinine, al bum:in synthesis ami urea 

synthesis pools were thus ne&lected ·as 1'a.St. The effect ef the paths of 

arginine from the catabolic to the liver pool and gf other plasma proteins 

from the liv~r ar&inine to the catabolic pool were taken as necJ,igible. 

Similarly, feedback of urea from the bladder and the interstitial pool were 

neglected as smeJ.l. 

~ Simplified model 

The linearised simplified model is shown in Fig.6. n has been reduced. 

to those gains and time constants which can be identified-from the exper.Ul­

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 ' 20,2l, 22 • It was decided, to adopt ·a 



3i mple ~ptive fit t ing t echnique minimis i ng t otal square error. The f itt i ng 

,~·as carried out on a d.'igi tal compu t e:r u sing Ros enbrock ' s hill· climbing 

t echnique , 23 arld confining t he search to t he ne~ghbourhood of initial pa.:ra­

::leter values estimated graphically. 2 . 

The dynamic r esponses for t hree pa t i ents have been analysed i n this 

'"ay. 
The responses are f ound to fi t the predictions of the simpli fied model 

with an accuracy of t he o:r:der of 4% (r em. B o error of observation), which is 

t he same order as experimental accuracy. 

7. CONCLUSIONS 

A mathematical model .o:t albumin and urea metabolism consistent wi t h 

curren t biological concepts has beeJ;t derl ved. 

In carrying out this interdisci plinary investi gation a fresh l ook had 

t o be taken at some of t he biol ogical p~blems invol ved and a clearer com­

prehension of the process has been obtained. 

It is considered from this experience t hat the application o£ . dynamic 

analysis methods to pool dynamics problems can be generally helpful in 

clarifying concepts and assumptionso 

The ;investigation is s till in progress. Furt her test data are being 

analysed and other response fitting methods are being investigated. The 

future programme envisages, as mentioned before, addi tio:cal. bi ological tests 

and detai led analysis of the· biological significance of the estimat ed parameter 

values. The model obtained mu.st thus be vieWed only as a first approach -eo the 

truth• 
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OC1_l LOUOTOR PLANT DYNAMICS: 
ELECTROMYOGRAPHiC AND T~ANSIENT 

RESPONSES IK THE CAT~ 

B~ L. Zuber , Ph. D. 

Department of Information Engineering, University of Illinois at 
-Chicago Circle 

and 
Department of Biomedical Engineering, Presbytericin;;.St. luke•s Hospital 

Chicago, Illinois, 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 infonnation to -the organism. Con­

sidered by itself the eye movement control system· is an intri-guing . example of 
I . • 

a biological feedback ·control system. As such it exhibi-ts many of the prop-

erties of biological control systems in general. · lt is _ a multi-input system, 

operating on visual, vestibular and perhaps neck proprioceptor input inf~r­

mation ~ The oculomotor system is characterized by multiple output modes which 

are evi de.nced -by the various types of eye movements it produces, each with 

distinctive dynamic characteristics. · Finally the system is adaptive and non­

linear and non-minimun phase. 

In tenns 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 o~bital (~ocket of the eyeball.) struc-
1 

tures . The three nerves innervating the extraocular muscles may be consider-

ed as the infonmation channels between the controller and plant. A schematic 

configuration of the ocu lomotor controller and plant is shown in Fig . 1. 

Past studies of the eye movement systenL ~ave dealt with the intact system, 
2-9 . 

usually in the hunan 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 positi otf of the~ tracki ng 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 charact~ristics they uncover, 

byt also because they are perfonned on an intact nonnally ·operating biologi- _ 

cal system (i .e .. , no dissection) . These studies do not, however, allow 

specifi c dynamic elements to be unequivocally localized or associated with 

specific anatomical structures in the controller or p·lant. 

More recent studies of oculomotor control have emphasized interactions 

between the controller and plant and have attempted to detennine the plant 
. . 1,10,11 

dynamics as they are related to structural entities within the orbit _- . 

These experiments have involved detailed studies of eye movement trajec­

tories1'12, determination of active and passive propertie; ~f the extrao£ul~~ 

~ ~~:l~:d;:d;:::::::~.:::.i::t::::i:~:::::~·:.:: ::-a:·:~~i::::::::~~alAn 
interesting and valuable contribution of these studies has been and indication 

of the form of the controller output associated with the saccadic eye .move-
1 '1 0 ment . The saccadic eye movement is the basic step response of the visuaJ 

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
13 

All 

studies of the oculomotor plant dynamics indicate that the plant dynamics are 
1,10,14 

too slow to account for the dynamics represented by the saccade . There-

fore, it is concluded that the slow pl~t dynamics are overcome by using a 

non-stepwise controller output {plant input) to produce the saccadic eye 
1 '10 movement 

Because all types of eye movements are produced by the final common path­

ways of the oculomotor system (ocular motor nerves and extraocular muscles) 

their trajectories must refleCt the dynamic~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 
. . 14,15 

channels, the motor nerves servi-ng the extraocular muscles . This paper 

describes experiments based on this approach, involving breaking into the 
. -

_ oculomotor 11 black box .. of the anesthet:iz_ed cat. Frequency modulated pulse 

trains have been injected into the oculomotor nerve ·to cause eye movement due 

to changes in the contr.actiJe state _of themedial rectus muscle. Experiments 

have been designed to answer basic questions regarding system linearity and 

the degree to which events occurring ~n the muscle during stimulation resemble 

those which occur during muscle contractions under more physiological condi­

tions. Frequency response experiments hav.e been perfonned using a sinusoidal 

input while measuring an intennediate output, the electromyogram. Finally, 

eye movements resembling saccadic eye movements have been produced by assuming 

th f f th 1 t · t · 1 t db · stud1"es1' 10 . e orm o e p an 1npu s1gna .sugges e y prev1ous 

METHODS 

The Preparation. Cats were anesthetized with 30 mg/kg of sodilan 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 lid reflexes were absent. The animal 

was aligned in a stereotaxic frame, the scalp incised and retracted, and 

craniotomy was performed to allow i·nsertion 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 pu1se 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 modul ating wavefonn selected by tl:te experimenter-. Modu­

lating wavefonns used in the experiments described below .consisted of 

sinusoids, steps and pulse-step-combinations. 

Recording. Eye movements were recorded using a modification o·f a pre-
6,16 

vious ly described differential reflection technique In the present 

case infrared-sensiti ve llght sensors placed in a horizontal plane at the 

level af the center of the .pupi l, and arranged SYometdcally on either side 

of the pupi 1. The light sensors were arranged in a bridge-amplification 

circuit whi ch gave a voltage output proportional to eye p~sition • . The pupil 

of the measured eye was constricted with topical application of physostigmine. 

Eye velocity was obtained by analog differentiation of the eye 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 electrode through the 

cerebrum toward the location of the third nerve within the brain stam as 

selected from the sterotaxic atlas17 . As soon as the brain stem was entered 

the stimulus ~as applied for 2-5 sec after each -1 mm increase in depth of the 

electrode. The stimulus took the fo~ 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 mm above the target location the first effects of stimulat~on appeared. 

,These consisted of bi1 atera 1 pupi 11 ary -di lmti on and an increase of unsyn­

chronhed .EMG activity of the ipsilateral .edial rectus. At this point 
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penetration, and subsequent stimulation, was continued in 0.5 mm s t eps. By 

careful manipulation of electrode depth a position .could be found near t he 

ta·rget .. ~t whi_ch large stimulus synchronized muscle potenti als appear on the 

EMG· trace and, where horizontal eye movement was maximal , Pupillary dilation 

was not observ~d.. The electrode was left tn this po.:;ition and experimental 

runs.· c011111enced . . At this point ~ depending on the nature of the experiment, the 

modul ati ;on waveform eontro 11 i ng -stimulus pulse frequency was se 1 ected by · the 

experiments. 

Controls. It was important to show, 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 

transmi.tted to it over its motor nerve, the oculomotor nerve. The first step 

i n this process was to determine the location of the stimUlating electrode . 

After mos·t experiments the animals were sacrificed, the brains were removed 

and fix~d ';n fo~lin. Ten micron serial secti ons of the brain stem were 

stained and -mounted to ajd i'n localizing the electrode tract. Fig. 2 is a 

transverse section of the brain · from one ·animal showing the tip of the elec­

trode t -r·act {broken ·ova 1 on right hand si de). The entire tract· does not 

appear because the section is not truly parallel to the tract. On the opposite 

side of the b·rain the oculomotor nerve may be seen emerging from the brain 

stem (smaller circle). The actual poi nt 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 f orm the complete nerve in prep­

aration for exit from the brain stem. In some sections they may be seen to 

have collected into discrete bundle? within the brain stem. Fig. 2 confirms 

the location of the stimulati ng e l ectrode to be among oculomotor nerve fibers. 

·since the oculomotor nerve i nne rvates four of the six extraocular muscles 

it is important to show t hat the medi al rectus i s the on ly muscle responding 

to the stimulus. Gross obse rvati on 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 

me~ial rectus contracted in response to stimulation. The other five muscles 

were apparent~y unaffected by the stimulus. 

Finally • to investigate the function of the neuromuscular junction during 

stimulation, ttae effect of neuromuscular blocking agents was studied. Both 

decamethoniUIJI bromide and gallillll arsenide were used to block neuromuscular 

transmission between the oculomotor nerve and the medial rectus muscle. Fig. 3 

shown the effect of injecting 0.5 mgm of decamethonillll 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. Sa. 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 

amplitude. 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 det~rmine 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 such experiment 

and represents the input-output characteristicof the system. In this experi­

ment the steady state position of the front of the eye was measured usi.ng a 
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microscope with a calibrated ocular while the nerve. was- stimulated with a 

constant RUlse frequency. The ordinate in · Fig. 4 represents ·eye position 

with res.pect to the primary. (str~i.ght ahead) position. Movement of the 

front of the· eye was converted to ocular rotation in de~rees by simple tri ­

angulation. _Fig. 4 indicates that .at stimulation frequencies at and above 200 

pps the sy_st~ was operating i-n a. non~li nea~ . ~ange of ·saturation. However, a 

very nearly linear operati.ng range existed ·for . stimurus· -pu_ l_~e 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/-pps18• 

Frequency Respons.e. Within the linear operating range of the system the 

use .of sinusoidally modulated stimulus .pulse frequencies · produced sinusoidal ' 

eye movements. For modulating wavefonn frequencies up to .about 25Hz the 

system may be characterized as linear first order with a time constant of 

about 64 msec. Th·e system cont:ains a non-minimtJD phase element equivalent to 

a pure delay of 12 to 15 msec. Since frequency response experiments ' have been 
14 

pr.eviously published they will not be reported in detail here. 

El ectrdmyogram. The e 1 ectromyogram represents an i.nt,ennedi ate process 

within the system. It prestJDably repres~nts the muscle p'otential propagated 

along the musCle fiber as a result of activation ofthe neuromuscular junction. 

Since the muscle potentialsrecorcted from this preparation were synchronized 

wi.th the stimulus pulses, it was relatively easy to detennine the dynamics of 

the process or processes underlying the generation of the muscle potential~. 

- Fig. Sa shows the typical fonn .of the musc~e potentials recorded from 

this preparation. The fi-gure shows superimposed traces of muscle potentials 

produced by single pulse stimuli of approximately 0.1 msec duration. The 

delay between the 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. Sb shows the EMG response to constant pulse frequency stimulus 
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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 interacted, as 

evidenced by the reduction in amplitude of 'the tratn 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. Sb 

(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 sane periodic responses 

were observed although this frequency must very nearly correspond to the 

absolute refractory period of the nerve. 

In order to detennine the contribution of this subsystem to the dynamics 

of the overall system (oculanotor nerv.e-eye position) sinusoidally modulated 

pulse trains were used. This input cQrresponded exactly to that used in the 
·~ . 

frequency response experfments mentioned above. Stimulus pulse . frequency .was 

sinusoidally modulated between 50 and 150 pps, with modulation wavefonn fre-
. triggeredstandard pulses 

quencies ranging from 0.5 to 20 Hz. EMG potentials/WE!re integrated using an 

ana 1 og integrator whi eh provided a DC vo 1 tage proportfona 1 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 the EMG subsystem 

dynami.cs. Some recorded responses and modulating waveform fran one experi­

ment are sbown 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 respons~ computations. 

The computer plotted one cycle of the average response and modulation waveform 

for each run at a given modulation wavefonn frequency. Notice that the 
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responses are sinusoidal, again ;ndicating linearity. The attenuation of the 

average response wavefonn and_ its -phase shift: w-ith ~res:pec.t to the modulating 

wavefonn as shown in Fig. 6 actually represent -the ·~ dy.nam1cs/ of the integrator . 

Once these dynamics were subtra~ted out the res:pons·es -s,howed - ~i:rtually no 

dynamics wi.th the exception of a· smal 1 phas.e lag -which iri~reased linearly with 

frequency, reflecting the small neuromusc.ula·r j!;.mcti'on :delay-mentioned above. 

The adjusted gain points -scattered ·_ randomly about uni -t,Y:·· gain .~ These dynamics 

are characteristic of a non-mini.11_1UOJ · Rh~se: element. , in _ th-i~s:-:casethe pure delay 
p ~ ' - • • ._ •• 

represented by the neu·roniuscular junction delay of ab()ut; r.o msec·. 
. ' 

. Transient Eye Movement Responses. The use of .transient- inputs ~llowed 

a confirmati-on of frequency response data 9btained with ·'sinusoidal inputs, 

and also provided a direct visual ization of the eff~ct .of·:t.he-non-minimum 

·phase element .(12-15-msec delay) in -the time dcD~in.: A.step change in stim­

ulus pulse frequency from 50 to. l5Qe-PJlS resulted · i~ a step- chimge in eye 

pos i tion ·with a time constant of about 64- msec as predi.cted by the frequency 

response data. The non-minimum phase element manifested itself as an apparent 
. - -

delay of 12 to 15 'msec between onset ~f stimulation ahd--.onset of eye movement. 

This again . confinns the observationofthe non-minimum phase 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 actua 1 change in stimiJl us pulse frequency. Fu~ther . 

support for the idea that the response delay was not p-roduced by an art ifact 

was seen in the control experiments described under the EM(; results. When the 

sinusoi dally modulated pulse train stimulus was integrated and the integral 

Fourier an_alyzed the resulting frequency response was that predicted by t he 
I 

integrator circui t ry . A delay be.tween modulating wavefonn. and stimulus pulse 

trai n woul d have shown up in this f r equency 'response . 

Eye 1110veonents resembl i ng saccades have been produced by us i ng as an ( 

i nput a combined pulse-step 1110du1at1 ng wavefo"". Bas i cally this i nput c<msi ( 
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of an i nitial 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 approxi_mate -duration of-human saccadiceye _movements. The pulse 

fr.equency was chosen for mi nimlill overshoot on the resulting ·-eye movement ·re- _ 

sponse. The pulse frequency of the steady 'train detennined the final pos_ition 

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 a.ssoci ated eye 

ve 1 oci ty traces and the bottom trace is the modulati-ng wavefonn representing 

stimulus pulse frequency. The oscilloscope was triggered at the ons~t .of the 

stimulus. The 12 to 15 msec delay is clearly evident in both eye position and 

velocity traces in t;hisfigure. Notice that the eye movements were completed 

in about forty milliseconds. This figure demonstrates that by manipulating 

the plant input a basically stepwise response, resembling a saccad-ic 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 neuroJogical 

pathways t ' partially "dissect" biological ·systems is considerably. enhanced if 

the system behaves linearly, and if the desired infonnation channels can be 

specificall~ stimulated. In some situations the nerves of interest can be dis­

sected out in the periphery and the stimulus applied more directly19 In the 

present case the results of various experiments all strongly suggest that the 

part of the o~ulomotor nerve innervating the medial rectus ·may be specifically 

stimulated within the bra1n stem, and that the system has an adequate linear 

operating range wi_thin which a dynamic description of the system may be ob-
f 

tained. 

In terms of the electromyographic response of the muscle the experiments 

would clearly indicate that the muscle is receivi-ng its activation nonnally. 
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Of particular interest in this connection is the phannacological block, the 

nonnal neuromuscular junction delay and the apparent refractor.iness observed 

in the experiments. The muscle potenti als the!llselves probably -reflect syn­

chronousstmmated potentials recorded from a number ofadjacent motor units. 

It may be that a suprathres.h~ld stimulus such as that used in these experiments 

'causes all motor units to fire syn_ctrron~usly~ . The extent of synchrony or re­

crucitment cannot be detennined by using a single electrode. 

The system having the s~jmul~$ to_ the oculomotor nerve as input and EMG of 

the medial rec~I,IS, as :output does not appear ito contribute to .the minimum phase 

dynamics of tlle overall system. There appear to be two non-minimum phase ele­

ments in the system, the . l.O msec delay of the neuromuscular junction and the 

longer delay of 12 to 15 msec between s.timulus 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 dynamics prevlously obse-rved are 

confined to that part of .the plant _whi-ch 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- _ 
1,10,11 

-ble . 

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-linear1 'lO, 11 • 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 oculomotor activity
20 

In .particular, 

using a combination pulse-step -change in stimulus frequently results in what 

is essentially a saccadic eye movement. Thus, inherently slow pl"ant dynamics 

may be overcome by using an initial burst of stimulus frequency as predicted 

by earlier studies 
1 

'
10

• The above results are the first actual demonstration 

that such a predicted i npu~ wi 11 actually produce the s·accadi c output. Fur­

thermore, in a digital simulation of the plant dynamics it has been observed 

\ ' 

I 



that small changes in the parameters describing the pulse-step input signifi­

. cantly affect the shape of the "saccadic" output
20

. This may suggest that 

small statistical variation in the controller o~tput may be responsible for 

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

EYE 
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I OUTPUT I .... · 
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Fig. 2 Photomicrograph sPI.i n! If&~~ of stimulating electrode tract (broken 
oval). Arrow shows approximate position of active bipolar electrodes. 
Contralateral oculomotor nerve is seen emerging from brain stem 
(circle). · 



. 116 

0 

1 

U') 
3 

w 
1-
::::J 
z 5 -
~ 

17 

·28 

39 

62 -

STIM/ ' 

. I 

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 blo'cking agent. 
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Fig. 4 Steady stat position of the eye relative to the primary position 

(ordinate) us 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 electranyograms (R) resulting from sinusoidal 
modulation of stimulus pulse frequency between 50 and 150 pps. All 
modulation waveforms (M) 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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