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Autonomous system including an observer, illustrating dynamic

instability of individual microtubles.
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ABSTRACT. A model system including an observer is constructed by
reentrant form using Brownian algebra. It is connected with =z
universe:through the observer’s motivations which are formlized as
modulator and oscillator functions. Due to the interaction between
them the systems behave autonomously. The instability of microtubulse

in vitro is explained as an example of this model.
INTRODUCTION

In the present paper, we succeedéthe‘ooncept of autonomy in the
form of Self—reference (i.e. reentry, self-identity), and point out
the weakpoint taken after Spencer-Brown (1961) and Varela (1979).
They established the'descriptive perspective from the viewpoint of an
observer. Strictly speaking, observed systems can be behaved as the

autopoiesis through observer’s brain. However Varela’s motivation 1is

the formaliZation of the system including an observer, observer’s
language is not observer himself. Hence, it is bound on a universe.
The concept of the autopoiesis is originated from the openness and/or
connection with a universe, and any formal language is closed. With
respect to living or autcopoietic systems, we have to appreciate the
connection between language and a universe,

In, this perspective for living systems, results of simulations do
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not refer tc organisms, but probably approximate organisms in vitro.

We contend with this restriction, because reentrant form extended
semantically is regarded as autonomous unit illustrzting the property

of microtubules. It is the first step to show what the living or

It has previously been shown that only microtubles in vitro is in
self-crganizing prccess (Mitchison & Kirschner, 1884a,b; Horic &
Hotani, 1886; Walker et =21. 1888). Horic & Hotzni demonstrated that
growing and shortening populations of microtubles coexisted in.
steady-state condition, by visualization of the dynamic behaviour of
individual microtubles in vitro by dark-field microscopy. It was
reported that both ends of a microtuble existed in either the growing
or the shortening phase and alternate quite frequently between the two
phases in a stochastic manner. This phenomenon is regarded as the
basic property of self-organizing and/or autonomous unit, and we
emphasize that the mechanism of the microtuble assembly can be a
minimul model of autonomy in the extended sense of Varelas (1979).

The previous models of microtuble are constituted where this
biolecgical phenomenon is recognized as critical one. Therefore, the
phase transition itself is thought to be resulted from the thermal
fluctuation. In the present paper, what is regarded as fluctuation is
included in deterministic system, called reentrant forms. We explian
reentrant forms by Brownian algebra at first, and its theoretical
extension especially the interpretation as modulators. At 1last we
show the behaviour of this system, illustrating dynamic instability if

microtubules.
OSCILLATOR-MODULATOR COMPLEMENTARY

Using Brownian algebra (Spencer—Brwon, 1969), I have proposed a
few models on morphogenesis (Gunji, 1989a,b,c). Here, I extend the
same type of models based on Brownian algebra in a broad sense, and

construct biological space and time, illustrating autonomous behaviocur
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of microtubules in vitro. .
Gunji (198%a) interpreted self-referential forms as the form of

observation itself including both an observer and an object.  Hence,
we. can invent an intrinsic observer within an object (e.g. living

system). As long as we hold this perspective, namely, we construct
the stance that a object involves an observer ({subject}. we can
behave as if we observed from the inside of the object.

Even though we describe —organisms taking the stance of the
intrinsic observer, the subject 1s arbitrarily constructed or
invented. In other words, the relatiocnship between the cbserver and
the cobject in the form ¢f Brownian algebra contributes to axioms. The
self-referetial form in the form with an intrinsic cbserver is not
opened to a universe, and is nothing but =a specific language. We
would consider the way to overcome this limit, turning back to the

principle of the self-reference.
Self-referential Forms as Intrinsic Observers

Spencer-Brown’s algebra (Spencer-Brown, 1369), which is called
Primary algebra by Varela (1979) is basically a dual valued logic, and
can be compared to Boolean algébra (see Appendix). We find the
following two- significant arguments in  Spencer-Brown’s algebra
suggesting to biology and/or cognitive science. The first is
indistinction between operand and observer. It represents that what
we indicate, names or values are nothing but our indications
themselves. Hence we can interpret an object as what we observe.
Anything do not exist till they are indicated.

The second point is the emplacement of self-reference. Logical
contradiction is generalilly regarded as impropriety. However, -
Spencer-Brown suggested the logic that positively includes
contradiction. Actually there might be many ways and logics in order
to include contradiction. -On the one hand Spencer-Brown constructed
the concept of time for this prupose, on the other hand Varela (1979)
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constituted extended algebra with the introduction of the third value
newly invented. ‘ »

Gunji (198%a,c) xtended Spencer-Brown’s notion that every
perception is dependent on self-reference, coriginated from the concept
that content is also operzational. Where Spencer-Brown interpreted
tautological propositicn 2=a as g‘EW, which involves two reflections

tween cbserver and object, Gunji adds a symbol of subject in this
form, and constructed the self-referential forms that object =subject
sess an object.’

In his context, the subject (observer) is represented by an
alphabet, and the cbject is described as the relationship between the
object and the observer. For exemple, let b and a be the subject and
the object, respectively. Indeed, supposing that a is expliciltly
distinguiéhed from b {i.e. there is a cross tween a and b). Hence,
we describe a as the relationship of a-cross-b-cross (cross represents

the distinction between two);

(1)

I
1]
#]
o’

Actually this form represents the infinite reentries like regressus in
infinitum. Even when you circulate along the observational circle

(Fig.' 1) twioe,~you obtain,

a=a|o]g]| b} [ j (2)

Hence, the circulation at infinite times is written as the same fom as

eq{(l). The simplest relationship between a and b is classified to
three types, namely explicit distinction, g:éﬁiﬂ, implicit one,> a=
éﬁ], and fusion, azb (Gunji in preparation). Hence, generally
speaking, the relationship between a and b is written in the
cannonical form as,

=1.]

a = AlaB| C
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b.= b A'lb’ B, (3)

i
|

where b. ( i ¢ {1,..,N}, N is natural number) represents a component

n

which constituts the observer b. Symbols A, B and ( represent any

‘expressions involving any symbels in {b;, .. bs}, A:, B; and C. are
expressions gvand by, .., bx}, excluding b,. In the sense of Primery
algsbra, the forms (3} generally involve self—contra&icticn. Wwe can
arbitrarily ccnstruct ancther axiom, and can invent ancther algebra %o

resolve the self-contrediction. The simplest method to resolve the

N

iy

self-contradiction is the distincticn a in right ha rom a 1in the

b

left hand, dencting 2’ and a. . This is the primary

orm generating
time {Spencer-Brown 13868).

In the discussiocns mentioned above, there are two essentisl
problems. (1) Time is originated from the reentrant form, why space
is generated in the same manner ? {2) Spencer-Brown positively allowed
the modification of the meaning of the equational symbol. Then the
reentrant forms are arbitrarily constructed and modified through
observation. In this sense there are double observers; the one is
included in the reentrant form itself and the other appear at the
moment of the construction of the form, strictly in the appearance of
equational symbol. Does it take any time for observation itself?

We think thét these two points are dependent on the connection
between observer and a universe, and would extend the reentrant forms

to improve them.

The Motivation of Language; Modulator
and Oscillator

There are maﬁy models that realize the distinction in order to
resplve self-contradiction in‘self-referential forms, and the kind of
model depends on the moﬁivation of the wuser of this language.
Essentially this motivation exists out of logic. iet consider

addition, 1+1=2. What is the substance of symbol 1?7 What is indicated
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by symbol -1 is deﬁendent on referent,'and what determines the referent
is nothing but user’s motivation. The number 1 might represent an
apple or a pern. The way of resclution in reentrant forms, which is
illustrated by the way of lébeling suffices is understood on a similar

interpretation. For example, in the formulas,

"w
g
I
o 1o

o |
1%
lli
Ifu

)y (1)

we can interpret them as

ai-i=f(at, bt)
bt“:g(?jr ;Q&:)y {3)

and also as,

bti.=glaty,bt). (6)

This kind of interpretation (model, mapping) is arbitrarily selected
by user’s motivation, and comes out of the language. We can give
other~explanations using suffices 1, m,.. . let us consider the
difference between (5) and (6). Here we call the form (5) oscillator
and the form (6) modulator. ' ’

On defailed examinations, Varela(1979) discussed the oscillator,
and proved that we can construct it with solutions 4of any periddio
sequence of values from { ,~}. Because modulators havé less
frequently been discussed, we focus on their features.

In modulators, we can interpret that waveforms in k-direction is
modulated in t ~direction. Any reentrant forms are interpreted as
modulators, using multi-dimensional suffices. ” To  examine  the

properties of modulators, let us consider such a simple case as
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substituting for the equation (2-6). Patterns generated by this

"eveolution equation are shown in Fig. 2. It is found that theres are

many white triangles whose apices =zre upward. This is invertible
function for a.t*iz{a;-.t+a:t) mod 2. In cellular =zutomata, the

pattern represents the propagaticn of information by interactions. In
‘modulators; it represents that there is spetial long-term correlation
which locks as if there were a long-range of interactions.

In addition, we can construct fractal patterns by modulators.
These modulators can articulate spesce by coscillators and interpret the
articulated pattern step by step. For exémple, let us consider the
case of Cantor set-type modulators. The Cantor set is defined as the
following. The closed interval {Q,1] is devided into three equal
parts, and open intervals (1/3, 2/3) are omitted. Call remained

-

intervals I:;:, I.,2 (n=1). When similar procedure is repeated, we

obtain,
20 _ =
cmuLFm, g%ﬁgﬁ, . (8)
i=1 n=1

In modulators, we define the process that closed interval is devided
into three parts and central subpart is omitted as the waveform
{2, ,—). Then, according to Varela (1979), we construct the

self-referential form producing this waveform as,

a= b|

b= alb]| . (9)

Substituting these forms for the switching function (Gunji, 1989c), we
cbtain the modulator,
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Patterns generated by this form is shown in Fig. 3. Actuzlly, we can
construct any modulators which produce any fractal-like sequences by
this procedure.

We emphasize the strong power of modulators, which can generate
space through articulation and interpretation. The most important
point of self-referential forms is not only the property of modulators
{or oscillators) but the ambiguous which; is regarded as diverse

motivations. There is no problem in .physical science when one

specific motivation is fixed ({implicitly). On the other hand in
bioclogy, diverse motivation is a central problem. Final cause in

organisms comes from the outside of a language, however an observer
provide a special language. Hence, an observer doubts that the
present language is not enough to describe them, and turns back to the
stance of observation (inerpretation). Because the interpretation is
chosen due to the motivation of. the observer, the language coupled

with diverse motivations are effifcient means to describe organisms,
OBSERVATION INCLUDING TIME

Here we would think about the construction of reentrant forms. As
discussed above, the observer in the second sense appear in this
attitude. The observational circle (Fig.l) is reconsidered. In the
previous section, we regard that circulation in the circle once equals
to twice circulation. However, it essentially depends on the
usage of the equational symbol. -

The observational circle is repeated by the sequence, juxtaposion
of a = cross = juxtaposition of b = cross = .. When we complete the
cbservation, constructed expression gAppendix) is connected with a by

the equational symbol. Because an observation here is represented by
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expression, it does_not include time. We cénnot generate time except
for reentrant form (the‘formf.'fHouever, doubt for the stance or the
motivation of an observer appear ‘at the moment of the construction of
the form. Therefore cbservations shuold be written as the form;, and
‘they include time. Now we have to take the equational symbol into the
observaticnal circle, in the sequece =juxtaposition of b =cross = the
construction of the form connecting "az" = ... :

‘Now we have to deal with the equational symbol as the functional
‘symbol in - language. It ‘is’ elegant toc adopt the convention of
indiating the point at ‘which a form reenters by an‘ extension of a
cross that ocontains the whole eﬁpression: for example, the sSystem

=1
aza|b| with b=b|is written as,

g:]}h and” bzij : (11)
+then, f ‘

(12)

It is noted that extended cross itself" representsj the form. In
- equation (12) inner ‘extended cross represents the form 'involving b=.
Therefore, the circulation of observational circle twice is expressed

as (when b= I:]),

gzjgm R o ()

Any forms expressed by extended cross equal to relational equations,
whose number of variable is decided by the number of a reentering
cross. Now as the observation proceeds, the ‘observational’ form
continues to be modified. The observation is- expressed as the
reentrant form reentering itself. This type of observation is
illustrated as the form (14).  av représents nested reentrant form,
and n in‘§21§)'repreSents-the‘number of nests (i.e. ' the number of

observation, if N=t, the observation -proceeds with' 'the object
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generates time).

o= 2v]| | eveo)]l

]}

Patterns generated by modulators of the form {14) are shown in Fig. 4.

(14

1(
L
i

=1
= av(v-D] ]| aviy-1l ;[ av(y-D)] ] a1l

The improved points in reentrant form as observational system, (1)
ambiguous interpretation and (2) time in observation are connected
with the following sense; various interpretations for a unigue peint
do not appear at the same moment. Therefore, it takes finite time to
change the interpretation from oscillator to modulator (vice versaj}.
For example, consider the pattern generated by a modulator a=f{a?{N)},

and the case that at a point in the generated pattern (at the present

point modulator does not operate at the same time) a=f(av(N)) is
interpreted as an oscillator. Then if it is interpreted as a modulator
again at the present point, an emergent modulator is resulted from
giﬁ(gv(§+1)). If an emergent modulator is resulted from a=f{av(N)),
states of variables are at the time before the first modlator
operates. Hence the operation of the emergent modulator does not
modify the pattern. On the other hand the emergent modulator resulted
from a=f(av(N+1)) modified patterns, which looks like the propagation '
of signal. :

'~ Propagation of a signal in generated pattérns are deduced from
the time in observation. It is the central mechanism in the model of

microtubule discussed later.
THE MODEL OF MICROTUBULES

We extend the reentrant forms in the generation of both space and
time, and in the existence of double observers. In this section, we
illustrate this system to describe the  instability of microtuble

assemblages. At first we summarize what we have to explain about the
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phenomenon of the microtubles. (1) There are two phases, growing and
shrinking. (2) The velocity of growing or the éccretion of tuble-umit
at ends is much less slower than that of shrinking, and it is
constant. (3) The time-sequence of the phase transition locks 1like
‘random or chaotic. Plotting the length of a microtuble in time-iength
plane, we find irregular saw-like patterns. |

We now adopt the self-referencial form as rule, and construct both
space and time by the rule owing to the property of modulator. At the
saipe time self-exciting oscillator is constituted by the same rule due
to_the property of oscillator. We naturally illustrate the total
images of constructing petterns of self-referential forms in a simple
way. Remind that equation (5) represents the temporal oscillatcr or
self—excitihg oscillator and equation (8) represents modulator,
multiplication and/or generation of space. We find the essence of
self-referential forms in the diverse interpretations of them. To be
generalized, we consider the case of modulators of the form of (2-2).

There are two states in tublulin units, namely GTP- (T) and
GDP-tubulin (D)(Mitchison & Kirschner, 1984b; Carlier et al., 1884).
However, the difference of this state may not be essential for the
phase transition. At the ends, (T) only adds, but the tubulin-end
soon hydrolyzes. Therefore, the most end of GTP-tubulin cap is either
GTP or GDP in any phase (shrinking/growing). Supposing  that '
shrinking/grwoing phase is dependent only on the state of end (Carlier
et al.), we suspect that the state of GTP/GDP is - independent of the
phase transition. Let us then assume that the states of deeper
interior tubulins influence the phase transition. In this case, we
may think that the total length and the length of cap determine the
phase. Even then we have the same problem that the temporal change of
a tubulin falls into a limit cycle, or roughly monotonous increase (or
decrease), because the number‘of sequence with binary value is finite
as long as the process is a Markov process.

Hence, we have to introduce other variables and spatial and/or

temporal memories. We assume that there is an other perameter with
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binary values which influences the phase transition. On the vphase

transition we only tske this parameter into account. In other words,
we regard the state of a microtubule as a sequence of symbols which
consists of binary values nzmely  and —. This state is different
from GTP/GDP. This zssumption allows us te introduce the model with
self-referential forms.

It is noted“that whenever we interpret the self-referential forms
as modulators, we can also interpret the forms as oscillators. In
origin this intsrpretation is ambiguous, and hence, we can adopt the
‘interpretation of some behaviocur as cscillators at any sites in space
which is generated by modulators. Details of the modulator-cscillator
model is the following.

Model. (1) We construct any self-referential forms (azh{a)) which
does not generate local patterns. Here the eq(14) with N=1 is chosen.
{2) We think that the site k=1 only is interpreted as the
self-exciting oscillator {(a;t*i=h{a;jt)).
(3) This oscillator is supposed as the spot which fires pulse
signals, propagating space generated by modulators. Note that a can
be expressed by several components. We choose two of them a’ and b,

and we interpret a=h(a) as a modulator expressed by a’(t+i=f(a’yt,

bgt, ..) and byg.it=g(art,byt, ..). A spatial pattern of waveform
which consists of-qand,_; as shown in Fig. 5, emerges from the
modulator. The modulator is interpreted to play two roles. - First,

the tubulin end at k-n grows at each time step, thus,

a’gtt1=f(a’et, bot, -.). | (15)

Second, the signal fired by the oscillation at k=1 propagates as a
waveform with the speed of v, thus

a,kt+1=£(a’kt’ M) t-) (l_{:p) Al ’E-F.Y)’ ‘"Tith }3:2 (16) -

where p is the propagation front of the wave. The reason of N=2 is
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resulted from finite time in observatin. In 'other positions of Kk,

a’ytriza’, t,
(4) When the signal reach the end (k=n), it works as a switch,

that is,
tubulin starts shrinking, if a’.:=_,
or (17)
tubulin continues to grow, if a’,t= o
{5) The tubulin end shrinks till it experiences a’,t*i= — for
N times. Site of a2’.*= - are assumed to stabilize tubulines.

Patterns generated by this model are shown in Fig. 6. When site
n is interpreted as the tubulin end, n represents the length of a
microtubule. These patterns are similar to the patterns of temporal
change of the length of a microtubule, observerd by Horio & hotani
(1986).

Tt should be noted that spatial and temporal memories are already
taken into consideration in this model. Suffix t does not indicate
the specific point on time-axis, but it represents only relative
discrimination in temporal direction. Consider the situation that
after the length of tubulin reaches the value of n=s, the tubulin ,
shrinks and then it grows again. While its length is less than s,
a’qt, bpt, ..of modulator (16) represent value of (t-1)-th step.
However, when the tubulin grows longer than the length s, a’,t may
represent the value of much older a’, when the length of tubulin was
greater than s, In this sense, the modulator holds temporal memories,
dependent on the length of sequence. It goes without saying that
spatial memories are taken into consideration because of the
formulation of modulators.

The models of self-referential forms or modulator-oscillaor
complemetary can be also regarded as holistic views of a system. They
include the time/space pefspective and arbitrarilly interpret it and

generate time and/or space. We camnot find 1locality in  this
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formulation (interactions are vnot. defined), but understand . that
locality is expressed in it. We empasize that it is one of the V
serious solutions in description of biological fime—space perspective,
as long as we cannot describe the gap between the speed of external
observer’s observation and that of the propagation of biological

interactions (Matsunc, 13989).
CONCLUSION

Extending the idea of reentrant forms, we propose the saytem
including double cbservers in order to urnderstand the behaviours of
living systems and/or self-organization. The one observer construct
the reentrant form and interpret them (modulator/ oscillator), and the
other who is positively described in the form generates time and/or
space according to the interpretation.

Oscillators are regarded as self-exciting oscillators and produce
periodic sequences of binary value. Modulators denerate space and
also produce time in interpreting articulated space. Unexpectability
can be generated in space/time perspective using both oscillators and
modulators. ,

We illustrate the application of this method in the case of the
instability of microtubule in vitro. However, behaviours of
microtubule in a cell can be understood only with this method, fixed
with the variety of interpretations on reentrant forms. The meaning

of the time in observation will be more taken in the approach.
Acknowledgements. We wold like to specially thank for Pr. Ifo, K.
who kindly read this manuscript, Dr. Ito, T., Pr. Hotani, H. ~ and
Nakamura, T. who gave us valuable suggestions. -

APPENDIX

According to Spencer-Brown (1969), we give the following Brownian
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language. The follwoing symbols are given;

variable: a, b, c,..(Latin letters), constant symbol: , —
functional symbol: —, juxtaposition {(no symbol)
relational symbol: = :

—
axiom: p rla ol=ddlr (J-1)
alal= (J-2)

Let us describe the concept of a2 propositional formulas.
{1) Lattin letters a, b, ¢, .. are called elementary formulas.
(2) If A and B are formulas, then expressions involving A and E
connected by juxtapcsition and/or — are also formula.
{(3) The constants and - are formulas.
(4) If A is a formula, one can substitute any formula B and write
A=B if;
(i) this expression is a formula or an axiom of Brownian
algebra (J-1) and (J-2), '
(ii) there is a finite chain of such substitutions transfering
A into B, and each substitute formula agrees with (i). We call this

finite chain a proof sequence.
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object a Cross - '5‘[ observer
al Cross
observation .
i
object

Fig. 1. The typical relationship bets=men an observer (b) and an
object (a). Symbols are here meaningless and a broad line {(cross, —).
represents explicit distinction between 2 and b. The formula (1) is
constructed following the direction of arrow. An observation is
written as the expression (Appendix), and T“observationzobject” is
regarded as the form. Starting from non-mark in object side, a appears
by the juxtaposition of a. Secondly, a crosses the cross then E] is
obtained. In observer side, ;E{ is accompenied with b by the
juxtaposition of b. After thet, 3] b crosses the cross egian aod
enters the object side. The observeticn circls (this dizgram) is
completed in this scheme. It represents "an observer sess an object

]

in which an obsérver an object in which ..."7.
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Fig. 4. Patterns g=merated by resntrent form (14) inluding the ime
tzken in observation. The value of N represents the number of nested
reentrant forms in the form (14). Dot reﬁresents 5, and spece

" represents . Vertical axis or horizontzl one represént's time end

space respectively.

AJ‘A‘.A‘.#JJ.A“JJ‘JLAAJJJ

~———> time

Fig. 6. Patterns generated by the model for instability of
microtubule. Parameters are set v=5 and N=3. Dot represents .o, and

. space represents __ . Vertical axis and borizontal one corresponds * to
external observer’s time and the length of microtubule, respectively.
See text for further discussions.
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Fig. 5. Schematic chagram of the model for the instability of
microtubule. It is based on modulator-oscillator complementary.
Modulators are used for both the growth at the end and the prope'gat/ionA
of svignalsv which are fired by an self-exciting oscillator at the
origin. The value of N represents the number of nested reentrant
forms in the form (14)_.



