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The authors @Qescribe the simulation
human vertical posture at the same t

city of the resultant mathematical
analyzed.

ime} by methods of the theoxy of finite automata.

“he capa-
model (finite automaton) for self-

correction of errcrs is

One of the mathematical models (MM) of data
nite automaton (Fa) [1].
the analysis and synthesis of simple
ct we have chosen to simulate
motion control while the huma

Pply the theory of finite automat
biomechanical systems [2]. Tn this paper, the ob-~
by methods of finite-automata theory is the human system

n being is maintaining a vertical peosture,

1. It is pointed in [3] that a
It the central nervous system {CNS)
5cle. This indicates that the syste
sequent state depends not only on t
0 on the preceding state,
. been estimated from the

muiscle has differing responses to the same signal
dpennding on the state, length, and tensicn of the
m in question has a "memory" in the sense that a
he input signal (control signal from the CNS) but
The state of a FA which simulates a biological system (BS)

tonograms (TG) of the muscles involved in maintaining vertical
tures. Tonograms have been recorced by the method of continuous local tonometry [47,

re the transverse muscle hardness was measured; this yielded an indirect estimate for

- mwecle tension (since under low effort these parameters are pProporticnal to one
'L'.S;‘]'.'] - .

It is known [5] that interference electromyograms (EMG) carr
1 signals from the CNS. These signals are input signals
ce the muscles change state acceordingly,
=d was evaluated from the

Y information on the con-

for the corresponding muscles,

Thus the input signal for the Fa heing simu-
ensemble of EMG of the corresponding muscles,

It is natural to take the
1 of the projection of the g
Lzontal support plane., This

output signal of the BS under investgation to be
eneral center of gravity (GCG) of a human
pParameter has been recorded by a tensomet

the posi-
being onto the
ric stabilograph

-

processed not to exceed the capacities of
the number of variables of the B3,

For the amount of data to be advanced compu-
;s 1t 1s necessary to reduce

Hence we used a special

involved in main-

ing vertical posture. To construct ou ded the parameters of

r MM we continuously recor
anding human being that were chosen

for chservations.

2. Simultaneous recording of six EMG, six TG,
ttal) of the projection of the GCG we used 3 s
ing of two arrays, a measurement array and a r
ains 12 fcur-channel U~-34 3 biopotential ampli

5, and 24 operaticnal amplifiers (OA) of a MN-7 simulation device. The EMG signals
pPicked up by means of skin electrodes with a three-point (with subsequent addition)
le-point pickup and were amplified by the BPA. It was pPossible to obtain the average

a*{“envelcpe“i of the EMG. To measure the TG and preojection of the GCG, we used ten-
Sensors whose signals were amplified by the TU-12M, .

and two components (horizontal angd
pecial multichannel device {Fig. 2) con-
ecording array. The measurement array
fiers, (PRA), 18 TU-12M tensometric ampli-

The biomechanical picture of the motion under consideration is reflected in changes

@ Joint angles, which were also measured by means of tension Sensors, The rates of

¢ Oof the corresponding parameters and their acceleration were determined by differen-
on for which the OA were used.

- Pl o =

a

L

Ll i
el

[} . -1
- '-.__':"'-"..'tll:-:'-'l :.' s T f

o F
s

[ 1 L.
- II . -
L} ) . -
.....-.a.'-_..l-.-......._ll..-ql...._.ﬂu.'l_. by Ll L 1
- i - e e . .

B .
Lo G
.'. .- s
- _ '
5 ! -
. ' N Er
—. ‘-J '
— . E
1 e =
- — b e
- oLl -
. 1.,
R — -

Ty A
Bt el el e gl LA RN

s o it

yipeEat,
iy iy

. =
ot i i, Sl

b T e Wi
LR 2 i sl ot

. v
", .

o i

by = Y

o e iyl Uiy

[
e
i

_ e
. !

A

el e

: r
S PREN e T L Ry
T Mo e e 2

. LI
Iy v e .“.';_'l S
PRl - i et bl kel b e

T ST
e L N AR
pin iy ol bl e Korrdelt

- LT S
Al bl e ol Sl o - e, e

LA R i e O Y A L,
S I R R R r TR

r, —

A
M W e tetm e o
Rr iy ey oy .y

P

o e r AL e
ot o l..vl - - .

i




—_—m et e e e " e il -1 - -, a i o o et e el il n o — ——ty a1
-4 ae.

O L S e e m.= B ..

L)
-
L
1
1
f
e ey e e ki ity -

Cliferentiation, for wnich the 02 were used. . TU-12M4 :
: “Torpe™ 7
: . SEmYOTE ] ] :
e sty
. E nels . MN-7-01 ' ';I . - 4!
# [ Autoers- DP-\H\_E channets T f
. ton of amp. - s
v turdt Gl % b HEE
TU--12M4 v ‘5
"Tone' e
e . . -sensors | Tension unit £ channets T T
r-ﬁ“_'-*, DL B TR I e ‘-‘j O] X [ | - A i
3 T AT e T 6 chan-| (T.U-02) - g g
S T U nels . " MN-7-02 A
i . fq m.m_r[x_n;-_' O channels E*‘;}
: e maf - g
5 {sunt 00 a L3y
" et
.. ) I A -;.r
'1 ' Angle 8vanCh Ll
t SELSOTE | ension unit! & channels E - d
L Chan A3 Y
A §chand  ¢TlU-03) _I MN-7-03 MR--04 :‘ LE
; = o by
A Automas 5 Lo
F : o of - TR
i t tamt 03 - e
;o [ - S |
% | ~ T
g 'l-."' . '.:
- U344 & channels -':';_'. g
< ' Biopat. - o
s T AT SRR
_ i C 2 BPAO 06 lordation S
ji—_ - = 5 = E i & chan, ‘umﬂf 5 channels R
s 3 Ay 2 < 22 < (E) - Behe
-* < b 5[5, 23 BRI h Xt
“x . iyt =R E = ca i
: - s d — T il
" I ol B I. 1:?1 :%
¥ : . o
f o . ¥4
4 : S inpoi.] el
. E | N : p < zl amp. - R .L
" ' FIRICR T sy E Eg BPAG7-12 i iﬂdﬂa - m“!i “nri & channels .
I:a L ) _,_._.'_'.. e g r : E 1:‘:: _u e -C,‘:: ' ],EI i _-_.a !: .:j,
EL : ag fﬁ D_EF-E i i . :EE"--:::‘
: o i L
3  rm— - e o
i— Fig. 1. {General view of special restrain- Fig, 2. Block diagram of device (measure- 3
. ing suit. ment array). SR
I'ré'. ..;-i:'_'g
5.3
?f The recording array made it possible to record signals on magnetic tape in analog and f%-
- digital form. In the first case we used the lé-channel recorder of the Uran system. A& = .3
Y specially developed device was used for recording in digital code and subsequent computer e
input. | | i
| £
; 3. To analyze a BS in terms of the thecry of finite automata, i1t is necessary to jﬁ
* quantize the processes being recorded. Given our computer capacity for processing experi- 77
* mental results, we selected three gquantization levels for each process. The levels were s
. fixed such that they divided the interval of change of the prebability distribution den- | &
¥ sity into three equal parts, 3
£ The output signals were taken to be the two projections of the-GCG and the derivatives v
: of the components, which were quantized with respect to two levels. As discrete time in- ¢ ;
. gstants of the FA, we took the instants of change of the levels of the quantized processes, -
: L _ _ + . P
P The guantization algorithm was implemented on a M~20 computer for 12 five-minute ex- . . |
! periments with a BS. As a result we obtained tapes of the input signals, FA states, and T4
1. output signals [7]; the over-all tape length was 75,000. The mathematical expectaticn of ¢
i the discreteness interval was 50 msec. .
5 i
g We are then faced with the problem of constructing a transition graph for the Fa from . i
. its tapes. The BS under study responds stochastically to the input signals and, moreover, .
" the experimental results contain measurement and guantization errors, Thus a finite prﬂb&-rgj

||_-|l'_ 1.

[8] describing the functioning of a BS, once it is in state

* bilistic automaton (FPA) Apr |
: a, can change under an input signal Xg to any state a, and have any output signal ¥y, with .7
probability P{al’yt/ak'xs}' %i

. ey T
The probabilistic mapping (PM) of the set of input words onto the set Of DutpuvE WOXES A

i Tor a FPA Apr in state g, has a section point X [8] for woxrds of length d 3o tar 407 :
_ ed
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X(d] from the set {X{dl}af all possible words of length 4 in the alilphabet of input signals

éd} from the set {Y{d}

alphabet ¢f output signals Y such that

¥y there exists a word Y } of all possible words of length d in the

PUY (XY 205 PY 07X 4y (1)

for all Y(d] # Yédj.
A deterministic automaton A and a FPA A

det » R&ving identical input andooutput alpha-
bets are called Pj-equivalent if the PM induced by A, has a section point A for all words

of length ¢ < d and the conditional partial mapping of the subset of input words {K(c}}

(¢ < d} onto the subset of ocutput words {Y{C}} (¢ < d} coincides with the mapping induced
by As_ . for all words of length ¢ < 4.
A deterministic MM of a BS can be represented as a FA Adet for which the Pd—equivalent

FEPA hpr is specified by the tapes obtained in experiments with the BS. In comparing ﬂdet

and Apr we naturally encounter the problem of evaluating their "similarity.” The similarity

measure 1s M[m=;ﬁP{F“”"’I{’”}PlM"1} for the output function; M[j.}- Y Plenxe)P(X*) for the transition

I e

abilities of appearance of an
(d) of length @ is

function, where P(Y{d}fxid}] and P(a[d}/x[d)) are the prob

. a . .
output signal E{ ) and of state a{d} respectively when an input word X
fed to the FA input.

- Paths in the transition graph formed by input signals that are encountered with fre-
quency f > § will be termed é-essential paths. Fixing § and choosing transition belonging
only to é~essential paths on the graph of Adet' wWe can construct the MM of the BS as an

asynchronous FA. This FA is weakly determined, since a convenient form for assigning it in
the computer memory is the set of tetrads of the form (2540, Tad+ 1y, i1 (12-digit vecteors) that
define the arcs and nodes of the transition graph. |

The basis of the algerithm for constructing the MM is sequential search on the FA tapes

and successive accumulation of differing tetrads. Then on the set of nodes of a 42-dimen—
sional cube of tetrads we mark the nodes belonging to d-essential paths; the remaining

nodes are eliminated from-further consideration. We should note that the the BS in guestion

the number of tetrads that do not lie on &-essential paths is relatively small ({less than
5% of the total number of tetrads for § = 0.001 and d = 25).

The MM constructed by this algorithm is an asychronous FA having 140 states, 315 in-

put signals and 36 cutput signals; the FA graph contains 3500 arcs. For input words of
length @ = 25 the following estimates were obtained: M[fy] = 0.87; M[fﬂ] = 0.85. Since

these values are close to unity, we can advance the hypothesis that there are deterministic
mechanics for data processing in the BS under study. -

4, Analysis of the MM that has been constructed reveals certain data processing
mechanisms in our BS. Let us briefly deal with the possibility of error correction. We
may assume that the functional synergy of the vertical posture [2] is somewhat redundant
even under our experimental conditions. This means that certain combinations of muscular
tension function identically in controlling the position of the projection of the ccg.
These combinations define sets of compatible states [10] of the model for an incompletely
defined FA. We used the Gill method to find the maximum sets of compatible states (MSCS)

for our FA. The number of such sets was 418, and the mathematical expectation of the num-
ber of elements in the MS8CS was 9.

i'[i = 1,2,...,418) we constructed the average distance bi' defined

L Om
bl_-ri] =M [1

For each MSCS A
by ‘the formula

NN - 1)
where 0.» is the Hamming distance [12] between the iz2-digit vectors of the FA states that
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Fig. 3. Empirical distribution densities Fig. 4. Error correction in tine; values
of MSCS: 1) with respect to b; 2) with of ¢ , the error multiplicity are 1) 1; 2)
respect to h. | | 2; 3) »2.

appear in A;; N; is the number of elements inA,: and 1B[ is the most proximate integer o
B. '

. ' . . .k
For A; we find the subset {A?} of MSCS that intersects A.. Similarly, we define b,
£y
3o

L} . ' k . \
for the set A?. The quantity p.= (&= ; where c; 18 the number of sets &., characterizes
[ agy . .

the degree Lo whichlhz intersects the remaining MSCS (Fig. 3}.

e define the correctable errxors in the states of the FA under consideration as fol-
lows. The state a; corresponding to A, will be called basic, while the remalining states

of this MSCS will be called distorted. Tyansition of the automaton from a state a% to

a basickstate a% yill he called a correct transition, while a transition to & distorted
state a, will Ee called an incorrect transition that arises as a result of some nolise.
Since a% and ay belong to the same MS5CS, Al' these correct and incorrect transitions vield
the same output signal. Therefore we will assume that in this case the FA corrects an

error of multiplicity eo# £12], where o is the Hamming distance between a? and a¥*.

The expectation of the distribution of b with respect to the MSCS is egual to three,

and this correspconds to the presence on average of single correctable errors in the mathe- -

matic model. As can be seen from Fig. 3, mOst of the MSCS intersect one another; this
intersection of compatible states fregquency makes possible a substantial decrease in the
smount of hardware required to synthesize reliable devices [11].

Let us consider errors of higher multiplicity in the MM and correction in time of

these errors. Assume that an input word X{d] of length d carries the FA from states al

[

and a% into states belonging to cone MSCS. Taen an €rror is corrected in eﬁéctly d cycles

{d)

ky the input word X . We dencte by wjefsy the ratio of the number of words that correct

errors of multiplicity e in state a? of the autcomaton in exactly d cycles to the total nus- -

ber of input words of length d. Figure 4 shows the ratlio oyeid as averaged on the set of
all kasic states a%. Wwe should note that double errors are corrected on average in a

shorter number of cycles than single errors. Arbitrary time errors are corrected on aver-
age over 50 cycles (Fig. 4, curve 3). Trerefore, we may &ssune that the FA under consider-
ation is self-adjusting.

e used a M-20 computer to construct an analyze the MM for the BS. The number of
instructions in all the programs was around 3500.

-

5. In this paper we have censidered a method of investigating certaln cata pros
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algorithms in a BS for contrelling human motion while maintaining a vertical posture,

by simulating this system as a finite automaton. Analysis of the automaton can help us to
understand the principles which are used in biolecgical systems for reliable control of a
large number of variables. For example, the weak determinacy of the algorithm and strong
intersection of the sets of compatible states indicate that control actions {as evaluated
from bicelectrical muscle actlvlhy} are important in changirg the system in guestion from
one state to another (the states being defined by corbinations of muscle tension). The
presence of single correctable errors indicates that the system remains operable under
certain major perturbations. Further investigations of the properties of this mathematical
model may be useful in the study of the mechanism of appearance of errors in systems, and
this of interest 1in cﬂnstructlng reliable discrete data processing devices.
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