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TRACKING AND TRAILING: ADAPTATION IN MOVEMENT STRATEGIES
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TRACKING AND AND TRAILING: ADAPTATION IN MOVEMENT STRATEGIES

Introduction

"e4-ure to Call creatures], without profusion, kind,
The oroper organ, proper powers assigned;
Eecn seeming want compensated of course,
e:e with egree of sittness, there of force
Ali in exact 7ro7ortion to the state ..."(l)

Scientists and engineers can, I suppose, take heart from ?one's
opti7is7; and Tathematicians can revel in his promise of linearit7,
"force/11 in exact Proportion." To discover what are the proPer
organs and taa proper powers, and at has been the nature of the
compensation, we need to deal with the complexity of organization
and feedback. This may seem to fly in the face of Occam's razor,
but sim7)le strategies can produce complex behavior, and some simple
behavior may in fact be the not so simple product of interactin7
strategies. There there are common processes at ,woCk we should find
and (r_:escrie them.

This monograph studies the adaptive nature of tracking -- following
tracs and trails. It 7,s'ks what an organism needs to know in order
to trac, conjectures how the strategy of tracking can develop an
evolve, and tries to snow that complex behavior can follow in
comPrenersible ways from simpler behavior.

It also asks how an organism tracks its parameters and strategies of
beaavio: to follow the moving optima of a cnanging environment full
of other developing organisms, even as they resoond to adaptation:3
to them. In some way, I argue, this tracing by interacting
organiss on a cosmic scale is responsible for much of tne
creativity we see.

Overview

In the first section various forms of guide' movement are examine''
witft respect to their effectiveness in .fteauing the moving organisms
to acme kind of goal: for example, bacteria to their food, moths to
their mates, ants to their nests. The path to be followed is a track
or trail, and the organism must first Je able to find it, and then
to tollow it; if the trail is lost, it must oe recovered.

(1) Pope, Alexander, "An 7-ssay of from "The 3est of Pope,"
Sherburn, S., onall ?ress, 1929, p. 121, lines 179-134.

CGS Chapter 0.3 23:45; =7/25/1''47=
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In tbe seconc section, I •-iiscus= tae equivalent actions witn respect
to the control :evices thenselves; in Ahich, for example, a sensory

organ or a steering .4nsel tracks its oPtimum setting. Evolution is a
special CDSe o: constant tuning of fitness.

In the thir 4 section, the various aspects of trails and folloing
then considered in lore detail, esoecially as they interact :Aitn

tre otner parceptions ana goals of tne organisms. Trails are usually
folle not just by using the scent of one Kind of molecule, fcr
example, but by using other clues as well, like gravity, sky
polarization, ann si;nt.

The fourth section discusses a number of related topics and exam212s

in 7,0re taiI, showing the relationships teteen the simple
orilitive strategies of trail followinq an.1 tna coalolex ones ealf,te::.

3y higher animals and man himself. I claim that many of the actions

of intelligence are essentially tracking -- the opti,aum settin:7 of

an auditory filter, tne control tnat moves a iilb with an unknon
load, the changing interactions of goals an,1 subcoals.

nr,s Chaoter 0.3
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1.0 Movement for a Purpose

Adaptation is such a funamental feature of life that it ties been
cons ere: as one of its distinctive features. There is observable

in nature an enormous variation in the kinds and expressions of
adantive behavior.

This monograph discusses the process of a77,aptive behavior as
expressed in strategies of movement by animals. In most animals,
moveent is concerned with nutrition, anti-nutrition, or procreation

(by anti-nutrition I mean avoiding being something else's nutrition,
by mein'= of flight or schooling, for example). These higher puroses
have guid the development of strategies of all kinds of movement
by aaapting those strategies to the changing expression of those
purposes in highly complex environments. The purposes are usually
implicit, especially in lower animals, and must be inferred from
their behavior or deduced from analyzing the mechanisms of behavior.
They exPress themselves in the behavior of single animals and
interacting large groups, like mating swarms or packs of hounds
pursuino game.

--fere I .:ant to discuss these strategies and how they have been
adapted -- how the information the organisms get from their
experiences change their behavior in future experiences. `Auch is
known, of course, but far more is not; a great many questions seen
not even to have been asked. Some conjectures and analyses will be
related to models simulated on 3 computer.

I snail be constantly drawing a parallel between Physical movement,
with its adaptive characteristics, and movement in control or
strategy space, with its adaptive characteristics. It seems to me
that 3 control mechanism does not infterently care wnetner what it is
controlling are organs of motion or other controls.

There is one special kind of adaptation that ought to nave special
attention, and that is the process of biological evolution.
7volution is presumably the adaptive mechanism by which adaptations
arose. Thalyses that treat evolution as a form of adaptation are
rare; notable among tnem is a recent book by 1olland.(1) I shall
treat evolution separately in section 2.2.

(1) F'ollan ,.; (1975).

CGS Section 1.0 29:45; 5/25/1;7?
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:.,ost of the movement strategies I am concerned which are from phyla
far c,:;lo.4 1- ndeed, the initial example is not even 3 metazoan.
The starting point, therefore, is tne adaptive benavior of creatures
that occur lowest on the phylogehetic scale.

1.1 Elementary Strategies: Run and Twiddle (RT)

!ost animals enjoy movement of some kind. Often tnis movement may
appear to be random, but usually there are adaptive or purposeful
elements to it. '-ovement itself may be directly adaptive, that is,
responsive to a particular coal structure, like a search for food,
or it m3y eregarjed as part of a larger adaptive control strate7y,
like evolution or schooling..

In a :a -;er in ,ature in 1'375, later summarized and extended in tae
Scientific Imerican (1375), 3erg at the University of Colorado
C.ISCUS.7d the motive habits of EfiajaeZiZ1212_70111 3 very common
bacterium found in tne human gut, and of Salmonelll  TvohiTurijn,
anotner unpleasant bacterium. Fach of those has a flagellum that
rotates like a free saaft -- wheels and shafts had been thougnt to
be absent from living organisms -- and each uses its flagellum in
one of t-::o modes of action: it is either moving, roughly in a
straig.nt line, or else it is 't74iddling', by which per; means
spinning around in tne same place. The effect of twiidling is to
change the direction of motion. The combination of the two modec
makes the tracks of Z. Coll look like steps in roucnly straight
lines connected by nodes which are tne sites of twiddling.

In fact, there had been many observations before those of the late
1360's 37d 1970's that might have led to similar interpretations.
Stinier and Conan-2azire described how purple bacteria (e.g.,
2acterium photametricum) exhibit pnototaxisl

Their phototactic response consists of a sudden
complete reversal of the direction of movement
('Schreckbewegung') when the light intensity is
abruotly diminished ... In consequence, a local area of
ni7n lignt intensity acts as 3 light trap ...(1)

This kind of movement is more than random walk behavior,(2) whi7h is
not by itself adaptive. 73ut Per; (and others) found out tnat tne
probability of twiddling varies with the environmental concentration
of attractants (like light, or certain amino acids that might

- 7 ------ 7 ------------------------------------------ 7 - 7 -- 7 - 77--------
(i) Stanier and Cohen-2azire (1?57), P. 34. The original discovery
was apparently made by 7ngelmann (1332).
(2) Pan.Thm walk is the term used by mathematical analysts to
describe 3 step-by-step movement in which tne steps have random
characteristics, in length or direction.

OGS Chapter 1.1 5/7)5/197?
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indicate loci). The initial observations concluded that the

sequence', of running end twiddlinc seemed to lead the bacterium into
regions of nion attractance, as if tne creature could detect the
gradient of the attractant concentration. But Berg shoed that that
probability does not depend on spatial distributions, but only on

changes in time. If tne attractant has been recently increasinc in
concentration, then tne probability of twiddling is markedly less.
That is, the bacterium appears to be dealing only with the temporal
distribution of attractant 33 it ?erceived it, and not with the
spatial distribution at all.

Bremermann (L974) reports on 3o7.?. analysis and simulations with a
rather simplified version of the phenomenon. In particular, the
tenavior in his model is not probability driven, as 31ra reports it
is, but almost algorithmic:

If the direction is one of increasing concentration,
the ornanism continues until the concentration starts
to decline... fter sensing tne decline, the organism
tumbles again and as a result dashes off in a new
ran.nc.1

If the direction is one of declining concentration ...
then the simming stops, the organism tumbles for a
while and dasnes off in a new random direction.(1)

The general effect is Obvious - 3 tendency to keep climbing up a
nutritional gradient, if there is one. can think of this as the
most simple control strategy — kee2 coin l tde same way if ttings are

no By BY "move around is
meant to vary the values of the control parameters implicitly or
explicitly. The control Parameters may be directions of motion, as
with the bacteria; but they may also be other kinds of control.

When 3 drop of some attractant is placed on a cover slide or petri
dish(2) filled with F. Coll, they soon cluster around, presumably
tasting its delights, and growing enough to fission.

Computer simulation verifies that this simple strategy works, though
in the real case there may be more to it than we can guess. I do

(1) Bremermann (1974), po. 393-399. It might be noted here that in
nature the change in direction is far from completely random, and
certainly not uniformly distributed. See Perg (1975A) and Yoshl and
(1957).
(2) The nature of the attractant need not concern us here, but
typical ones represent sources of nutrient, like galactose,
L—aspartate, and 1,—serine. Attractants are recognized directly, ani
not merely through metabolic action, for D—fucose is an attractant
for, but not metabolizable by, Coll. Further descriptions 7ay he
fount in Adler (1;75).

CCS Chapter 1.1 2945; 5171511979
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not kno .,: of publisned work describing such simulation, beyond the
modelin,g by -remermann mentioned above; my own rough simulations
(discussed in section 1.4) have used only probabilities of
twiddling, 71 and P2, and a threshold concentration at which the
orgenism chan7es from P1 to P1. Tt may well be the case that the
probability D; t..liddling is a continuous function of sone recent
history of attractant concentration, but the data to not seem to
rich emou7n to allow us to make that discrimination.

ts,

rhis strategy may be regarded as directly equivalent to the second
kind of elementary continuous adaptive mechanism to be discussed in
section 2.5. Essentially, tne various possibilities are tried, and
the successful ones tend to be kept up until they fail. If the
possibilities are directions of movement, then the movement that
results iron this kind of control strategy can be considered
adaptive.

shall go further, and assert that this primitive control strate7y
forms one of the two basic strategies of movement and control that
are found in living organisms. I shall refer to it as the RT
strategy (for and r -aiddle). The other strategy is more complex,
and usue.11y involves vision or hearing -- the long-range senses --
tnat is, seeing where one wants to go; a reasonable name for that is

an A3 strategy (fro-.11 point A to point 3).

Parenthetically, it seems not to have been pointed out now prevalent

?r movement strategies are in life. In Scientific American(1) it
was described now mosquitoes fl' towarUs sources of blood using 7,7
on the attractants of water vaoor and carbon dioxide. For anotner
example, '.igglesworth described how the louse adopts an P:T strategy
in order to agproach SOne attractive nutrient.(2) T_Ine of his
figures, taen from life, has a startling resemblance to figure 1.A

nere, pro!uced by the simulations described in section 1.4.

1.2 Other Expressions of RT -- The Use of Directionality

I suggest that many strategies of movealent in animals will be foun:
to be 7r strategies. The essence of 71T is determining a local
gradient of attractiveness of an environment by taking sequential
samples in tine. In sone sense, that is of course equivalent to
takin7 saziples si.multaneously in time, but dispersed in space. It
the organism is small, like a bacterium about a micron across, tnen
its spatial sensitivity will not be very oreat, and it will no '4011:),_

be more profitable to intearate over tile, as it were.(3) Since
most motile protozoans move many body widths in a second, this

-------- ------------------- ---------------------------------------
(1) See ricnt (1975); and 3130 7)aykin (1957).
(2) . i.oclesworth (1941), 7. 105.
(3) in fact it ould be essential, given the sensitivities rs?orte:
in 4ac:ao andoshlan,i (1972) and Adler (1943).

OGS Chapter 1.' 19:45; =72-371:!
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exchange of time end spece affords a much larger baseline for
measurement than 3 mere simultaneous soatial comparison.

Several researchers have asserted that 3073 single cells car
spatially lerive directionality, but tnere is apparently doubt -about

exactly how. In a review on slime molds, Konijn remarks that
"?robatly an amoeba moves towards an aggregate by measuring a
sPatial cradient of tna attractant over its total length (ato,

reosade, Janlundieh and Konijn, unpublisned)."(1) 'Iilkinson echoes
this almost exactly in taling about leucocytes: ":leucocyte
probably sense gradients by detecting concentration differences
across taeir own length.11(2) rhere seems to be no published
evidence for either claim.

As creatures become larger, the simultaneous sensing of attractants
at comearatively remote sites enables the organism to respone: fester

and more accurately. Th3 sensitivity in the dawn of life *ilas
probably primarily chemical; soon after primitive life became
sensitive to pnotons, neat directionality started to play a role in
that sensitivity. Detecting this directionality requires distinct
responsive sites, in effect. 3ut since light quanta do not diffuse
in the same way that molecules do, directions can be established in
but a few microns; subject of course to the diffraction effects that
are the ootical eeeuivalent of aoerture-beamwidth relationships.

Even witnout directionality, lower animals (sucn as tne pur?le
bacteria mentioned above) use sensitivity to light to control their
relationships with their environments. Nultsch describes a very
simple examPle whose mechanism has still not been adequately
understood or explained:

Ure'er diffuse light, blue-oreen algae of the family
Ociliatoriaceae (Draws, 1957, 1959; Muitscft, 1951) and
diatoms (hiltsch, 1956) display an alternating bacKwerd
and 'forward movement without preferring any direction.
On the onset of unilateral illumination the organisms
do not cnange tneir movement direction actively.
:iowever, in individuals which are in a more or less
parallel position to the light beam the movement toward
tne light source is prolonged wnile movement away is
shortened resulting in positive photo-tr000taxis
In organisms which are oriented perpendicularly to the
light beam no phototactic effect can be observed.
Aowever, since tne movement of the organisms is never
completely straight, all individuals of a population
come, sooner or later, for 3 long or short time into a
position .more or less 'Parallel' to tne direction of

(1) 'Konin (1747F:), p. 113.
(2) Wilkinson (1975), p. 239.

OGS Chpter 1.2 29:4F; 5/2:-.1179
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iigit.(1)

This behavior i7 a ind of one-dimensional ??, with the additional
complication that tie step size is modified instead of the
direction.

partly irectional intermediate step can be found in various
maggots, nion as a rule don't like lignt. In 1911, A. -ast
how a maggot, fleeing light, sweeps its head, which has a miid17
directional light spot on its forehead, left and richt so as to
equalize the illumination on each sweep.(2) The directionality of

the light spot is low/ but it is aided by the onacity of the bulk of
the body posterior.

Similarly, :McLane orocresses towards a lignt source in a spiral,
which moves the shadow of an opaque stigma around a light sensitive
spot.(3) ':uglena is mostly transparent, except for the embedded

stigma, a if the shadow covers the spot, a correction is .KiCK-3:
in. Tne procedure is almost identical to that of conical scan
radars:

The been was conically scanned by rotating toe
reflector about an axis which r-32'.::2 an angle oz 2.5'
with its cym. 7ommutators were mounted on the snaft of
toe antenna rotation mechanism so tact signals from toe
uprer half of the scan could be integrated and compared
with thoe fro: the lower half; similarly, signals from
the left half of the scan were compared with those from
tne rignt. Tne resulting error voltages were used to
deflect toe soot of a CR7 used As an error
indicator. (4)

This procedure represents en imPortant modification of 77. The basic

RT strategy invokes An essentially random twiitle(5) when thing 7 ere

not going As well as wanted. Put here the geo.m.etry of the sensors

allows toe organism to make corrections in the right direction;
figure 1.2A shows the operation in a highly schematic way, with one

of !est's maggots. The strength of each swing is vary roughly
proportional to the light tnat nes just impinged on the lignt
sensitive spot. This keeps the maggot pointing away from toe light.

(1) %ultsch (1975), Pp. 47-43.
(2) ?ast (i?11).
(3) The original observations Aiere apparently first reported by '.est

(1911); rueneral reviews of the suoject nay be found in Feinleio

Curry (1971), and in `fultsch (1975), pp. 45-16.
(1) (7i_',enour (1947), p. 207).
(5) F.ven if, as was remarked on page 3, toe directions are not

unitor71L ran.40m.

nr7 Charter 1.2 5/25/1?73



bip.12 7)77.1. 5. T 7372 1

The same thine hapoens with iuglana, except that, instead of a
binary reciprocating sweeo, there is a circular see d resulting
the spiral or helical orward progress.

rOT

If one takes the radar analogy seriously, one might look for more
deliberate: scanning mechanisms in iivinc7 beings; tae scanning
mentioned above involved essentially the whole beast, and the intent
was aoparently to track towards or away from some integration of the
field of light as a whole. The copepod :ooilla is reported to do
that, at least for the females, which seem to have two eves that
scan towards the center of tne beast.(1) I make some guesses about
the operation of these scanning eyes in Appendix XXX.

Let me discuss the transverse sweep of the maggot, crustacean, or
protozoan in more detail, because it is such a fundamental part of
most strategies of following trails. The point of tne sweep is to
keep the peak of the concentration in the mildle  of the seem. I
defer discussino the oroblems of the noisiness of the simnel, which
can easily produce multiple peaks during 3 sweep, and of the actual
detection of the signal that is the concentration.

For ill7Istration, consider a clean signal and a smooth sweep. Tor
the moment ignoring the forward progress, I can evaluate the sweep
as the decree to 7Thich the peafk does lie in the middle. If the
value of the sweep drops, then some kind of change of parameter
should take place -- a control twiddle -- to sea if the value can De
made to rise again. In fact, of course, that change is usually
directed, by which side of the center the peak occurred, but that
only .makes the twiddle ratner :,ore constrained than it is with 7.
Coll— This twi]dle is not a spatial twiddle, it should be
understood, but a twiddle in 'control space,' so to speak. The
that twiddle is established and the parameters of its action may
have a let to do with the efficiency of tracking. It can also be
regarded as some Ir.i7d of spatial twiddle, for certain kinds of
motion, an. I shall argue that trail following and trail recovery
procedures in moths have much more of an RT nature than the se.:eep of
- ast's maggots or the rotation of Euglena. As I mentioned be fore,
the use of parallel sensors, especially in larger animals, is only
convenience; to some extent, space and time are interchangeable in
position finding.

Carlile makes a point of referring to the spatial sensitivities as
"taxes" (plural of "taxis", a singular noun) and he regards them as
essentially being more accurate than ?; or 'elinokinesis.(2) The
information ahout direction :las to be gathered by sampling in snace,
whether simultaneously or not, and that accuracy is determined by

(1) Exner (1331), Wolken and Florida (1969), and 3regory et
(19E4). I am indebted to Professor Neville ,!ioray for these
references.
(2) Carlile (1375).

:7. 1 •

CGS Chapter 1.2 29:45; 5/75/1977,
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the amount of information tnat can be gatnered in the ambient noise.

One can S32 that for a hile now there has been a recognition that

basic 37 strategies have any modifications involving

directionality. Inc confusing terminol37y is indicative of the

complexity and variety of RT behavior. 7hus Carlile describes

Fraenkel and 7unn(1) distinguish between 'kinsses and 'taxes':

Ti-icy classifiec tna oriental Esic] movements of animals

into kineses, taxes and transverse orientations ...

Kinese ,, are dis1ayed when organisms are incapable of

detecting tne direction of a gradient or of tne source

ot a stimulus. Instead, they respond to 2 change in the

intensity of the stimulus by a changed rate of

1oco7ction (orthokinesis) or turning (klinokinesis) in

such a way as to lead to net movement towards or away

from the source of the stimulus, even thougn the

organism is incapable of ')recisely oriented

movements. (2)

emphasize these aspects and the terminology, because they refer to

the earliest expression in lice of what in 737 reaches its highest

practice as tree will. 7,erg's germs, acting individually entirely

automatically, that is, not goal directed, are nevertheless in

concert acting in a goal-seekin; way. It must seen clear that a

germ in wnicn the probabilities nave somehow been reversed (tnat is,

which tl,iddles when things are getting good, and runs when they are

not) is at an evolutionary disadvantage (see section 2.2). It xist

be stresseC, however, tnat tnat conclusion deoenas on a particular

kind of assumption out the distribution of nutrition. For example,

if the clues to food do not form a smooth gradient, it might may to

twiddle on any contact with some attractant, 'knowing that nutrition

is close by; tnat is, relying on a ticint random walk to tit the real

eatable concentrations. There are some botflies that apparently

follow this strategy.(3)

Thus besides the basic 7: strategy, there are modifications that

incorporate uses of directionality of movement and of spatial

distribution of attractant.

1.3 Search and Climb - Integration of Strategies

In this section, I shall concentrate on following the trail, in

contrast to the previous section, where I emphasized the searcher

recovery asoects; tnat is, are I shall deal witn tna control_ot

running instead of twiddling. "he alternation between two different

(1) Fraenkel and Dunn (1?:51).
(2) Carlile (197'5), p. 2.
(3) See a full discussion in Detnier (1?75).

nrS Chapter 1.3 19:4"i; _r51137;
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forms of",erch" strategies, the first When there are no signs of
attractants, tne second !4hen taere are signs, is prevalent in the
animal Ki7g1,M71. emohasis on low forms of life, like germs,
should not lead the reader to believe that these strategies are n t
biologically ubiquitous, for I believe tney are.)

This in of mo.2ification of I' strategies is extraordinarily
prevalent: it is exemplified by a bloodhound. e can consi -:er the
general pro!7iem of the tr.:lc:king of trails as 3 kind of ahisotropic
RT procedure. 7esearchers have been more impressed with the
selectivity of dogs' olfactory faculties that with the actual
process of tracking. Even the astronomer Carl Sacan is amazed bv

which track a particular smell among "a bewil-lerinc anf
noisy bacground of other molecules."(1) 'be'wildering'? In any
case, silk moths do several orders of magnitude better. 3Pt Seo-.n
never questions what tl- agkihl is. If a dog loses the scant, he
enters a 'scent-recovery' mode until he finds it again. As he
follows tne trail, 2 3'sfilS a lateral jitter motion to his nose, to
make sure that he is following tne peak of the scent concentration.
The case of hounds following the trail of, say, a fox is so
interesting and comolex that I will discuss it separately later, in
section 4.2.

One might reasonably infer tnet silk moths jo the S3172 thing, while
they are exercising their unoelievable sensitivity to the female
pneromone (3s low as one or two molecules a second!).(2) rhe
procedure followej by a male silk moth as he goes a-courting is
approximately:

1. ';-iait for arousal, which is triggered by the female oheromone.
z. Fly upina, so long as the pheromone can be detectet. Typically

the path uowind is not straight, but zigzags. It is not known
wnetner tne.zizags tend to guide the insect towards the higher
concentration of attractant, although it seems li1ely.(3)

1. If the trail is lost, fly back and forth across the wind until it
is found acain.(4) If it is not, give up, and return to sten 1.

4. when the moth gets close to its target, other forms of behavior
take over; sometimes the switch to visual guidance requires a
continuing nign concentration of attractant.()

Questions immediately present themselves from this account:

(1) Sagan (1977), p. 155. any kinds of dogs, including
bloodhounds, can follow the scant of individual people; seealmus
(1955).
(2) See Schneider (1975) and Jacobson (1972).
(3) Daterman (1972).
(4) Kennedy ant -!arsn (1974).
(5) Erown (1972).

OGS Chapter 1.3 23:45; 5/25/1c7,7
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1. :iow does the insect now which way is upw
Answer: alt:Iough it has been ciaimef tna
blac'Kest night, that is nrobably not true
orients his fiignt until the motion detec
system detect no sideways componant.(1)
correcting his orienting is 7T, it is 3
aotn flies upwin.4 37:1 not do%rnwind.

2. 'f;hv doesn't the insect just fly up the cr

ind (or crosswind)?
t moths can fly in the
. Instead th.e moth
tors in nis visual
If the mechanism of
iased one, since the

adient of the
concentration? lnswer: the gradient is far too
corrupted by turbulence in tne atmosphere; and
molecular concentrations cause the signal from

‘. LCn c

small; it is
furthermore, tne
its antennae to

arrive at the moth's train in bursts -- each molecule can trigger
an i7npu1se or 3 burst.(2)

3. 'iow 'oes the motn .i.710w when it is close enougn to mate, or to
start to switch its aonroach procedures? Answer: when the
attractant concentration exceeds some thresho13.., the insect
becomes ready to switcn tactics (e.g., to use signt, as above).
Sometimes the forward Progress diminishes also as the
concentration rlses.(3)

4. 'iow often does the moth fail in following the n eromone trail
upwind? .I.nswer: nobody seems to 'Know.

5. ',!h•-at hapnens when e -'sale moth finds another male elreeriv there?
Inswer: The female stops emittin7 pheromone very quickly on heinc

serviced ny 3 male. Furtnermore, males themselves emit a
pheromone in tlagrante  delicto that seems to say "no room."()

As another
but as far
strategies
describes
pheromone
polarized

instance, tne following of trails by ants is well-'<nown,
I have been able to determine, the particular

have not been studied in detail.() ':iancartner (11t7)
something rather liKe 3 lateral sweep across 3 soli.d
trail, aided in the daylight by orienting with the aid
s'i:y light.

as

Michener and ichener claim that scent trails left
directional:

ants are

Of course, a simple, uniformly scented trail would give
no guide to direction, an: the ants must Csic3 nave
some means of telling whether they are coin; or coming
... If you allow them to travel over a road made of
narrow Paper strips laid end to end ... :and then 3 turn
one ... tnrougn 130' ... This will sometimes cause tne

(1) Kenney and .!ersh (1)74).
(2) :1/4aissling and Priener (1)73)
(3) FarKas et 31. (1374).
(4) Sebsok (1975) and Shorey (l*Y7'5).
(5) -0ii307 (171) reviews tna olaer literature about tne
of the trail-following: it is Knon that the antennae are the
sensors, and that if they are crossed, or example, the ant i--12s 2

much harder time. lut the parameters of tne strategies are unKnon.

1' C'
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ants from botn directions to stop and 3now pewilderment

...(1)

jlson - 0P -3 not believe that haoPens, at least in the ants be is
concerne..t wita:

In a set of ingenious experiments, ... 'iangartner
(1367) as 7,ble to demonstrate the basis of
osmotropotaxis in anotaer trail-following ant species.
L.asius fulicinosus. The method of following odor trails
disclosed by tnese experiments makes it very unlikely
that directional signals can be built into the trails.
In other words, the odor streaks may or mav not be
tapered :1 »ill return to this in section 3.4] or
snaped in some way so as to point tne way none -- as
discovered for example in  rmica  rugino.iis trails by
racgregor (194) -- but it would be difficult for tne
follower ant to "read" this information.(2)

iilson claims that ant trails tyPically have a duration of 100
seconds, so tnat a gradient of concentration along tne at is
obviously possiOle, although the geometry M3K2S it seem extremely
unlikely. In certain cases, where the length of the trails, etc.,
may be more favorable, it may be easier to creait gradients. 7albot
(1967) maintains that trails laid by some slave-making ants can last
for over half an hour.

Tne literature rarely reports actual data on polarization of trails.
:rites:

Information can be gleaned by a snail from a mucous
trail ... Cas] 133 been discovered by Hail (personal
communication). '.;hen Littorina encounters a trail made
by another member of its species, it turns to follow
the trail. Surprisingly, however, it does not turn in
both directions along the trail with the same
likelihood. Instead, it turns to follow the
traii-making snaii in e statistically significant
percentage ... nthough the sensory mechanism
underlying this process is unknown, observation 046
suggests that an odour gradient along the 1-cm.
distance sampled by the two tentacles may be used. (3)

Walls and Liuckley (1972) find the same thing, although the :71er'hni7 -7
for tae directionality of tae trail seems not to be known. o ata
are given.

(1) '.-icnener and ',',ichener (1951), po. 17-11.
(2) 'Ailson (1971), p. 20.
(3) 'Aillows (1973)1 p. 215.

0GS Chapter 1.1 29:45;
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The question of indicating direction on a trail may be examined

theoretically. "egariing it as 3 problem in communication theory,

one notices that it requires three symbols (not just two) to

indicate direction -- a m..r. alternation, either of chenical or its

concentration, is symmetrical., and a gab or ienqta variation is

another way of expressing or coding 3 third symbol. ?,insky is

preparing a ,.eneral theory on this cuestion (see .ppendix 2).

Otner artarogoos follow trails in tie same way. .-lamner and emner

(1377) show that certain shrimp follow trails of chemicals left in

the water by descending food; they assert that they follow it 'own

rather than up Oy being sensitive to gravity, out they present no

data to support that assertion. They add:

9roatly the ebility to track scent trails is

wiesprea .s throucnout planktonic taxa. Copepoos
elliptica) and a reef lagoon mysid both

follow scent trails in our aouaria.(1)

':;otice taat tne tiac'King here involves two dimensions rather then

just one. That is, the shrimp cannot merely go back and forth across

the trail or spoor, but have to check in botn horizontal directions.

It would be interesting to see whether the shrimp use conical

like tne Tholena mentioned aoove, or some other tactic. It may also

be that the sharply defined trails of amino acids afford a 7,re isnt

easily detectable across the spread of the animals sensors

allowing tnem to integrate over space as well as tine. "3ut tnere is

always some diffusion, and, especially in the ocean, the

disturbances due to waves and surges must ensure that trails have a

comparatively short life. Other animals are known to follow scent

trails in the open ocean, certain sharks in Particular.(2)

The general procedure is an alternation of strategies:

1. :ove in some direction, maintaining a jitter more or less at

right angles to the direction of progress, to be sure of

continuin7 to follow the maximum (usually of some chemical

concentration). (3)

4. It, nevertheless, the concentration 'ells below some threshold,

then perform 3 search for the trail, until the concentration

rises above the threshold.

The anisotro7y nay be established in any of several ways: for ant--;,

it may be primarily inertial -- that is, when they lose the trail. .

they look at ri7mt angles to it, at least initially, usinq so:le kin2

of orientational memory; sil-K moths track up wind, which they can

(1) Hamner an (1?77), p. 833.

(2) Shulenterger, a. (1?77).
(3) See Kennedy and :-Iarsh (1974).

CGS Ctn.-ter 1.3 29:45; 5/.75/1';
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determine by sint; an.1 shrimps trac'k downwards, end search

norizontaiiy, oy sensing gravity.

In these argu7ents there is an underlying assumption of continuit

the trail should have no breas ir it. In practice, all trails '13

breaks an: irre7ularities of V3710US sizes and frequencies. 711e

trail following organism has to adjust his sensing filters an.J

integration times so as to follow the trail over the breaks an.]

irregularities; tne exact ways tnat is tone will have much to -10

with its success.

13

The complexities of argument tnat follow these simple strategies -Ire

typical of situations involving real beasts. There is a Cistincti=

elaborated on in the previous paragraPhs that is worth maikin:,

sPecifit. I nave tran the distinction between hill-climbing an

peak-tracking, as it were. Fut there are many instances where the

primary job is to find a hill, for climbing it may be easy. In ra,=ar

engineering, that is termed target acquisition, as opposed to r?..

tracking. There is no reason to suppose that the strategies for
climbin7 a mill anC tracking its (maybe moving) peak are necessarily

any goof for finding the hill in the first place.

There are at least three parts to trail-following:

1. Find the hill of attractant, that is, the trail; this

termed trail acquisition.
can be

2. olio' the trail by tracking the peak of the concentration,

scanning across the trail, in either time or space.

3. acover tne trail when it is lost, by embarking on a search that
usuallyProtably lifters in detail if not kind from 1.

Higher forms of life often use a much more sophisticated form of

movement using vision directly, with impliec! or explicit moels of

the environTent. I have termed the long-range vision-guide.1
strategy a point-1.-to-point-, or AP, strategy. Dogs, for ea 1,,

usually switch between an RT strategy, usaa witn tneir sense of

smell, an.:: an A3 strategy when the Prey comes into view.(1)

1.4 Run and Twiddle - Some Simulations

In this subsection I will report on some simple simulation

experiments aboutT strategies and their performance in a variety

of environments. Consistent with an experimental approach,

avoid analysis and theorems; not that they are impractically

(1) Though not always: note that retrievers as a class do exactly
,

the opposite, using a general visual directioon and pinpointing

smell.

3C7S Chapter 1.4 2):47; -7/2.:3/137-?
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The point of these simple simulations is Partly to verify a ,.-erbai
arTument -- that 7? strategies do climb hills. ::any c:uestions sam
be rai--- ec about the assantions maae by the programmer. Do L.
really . ork with just to different probabilities, or is the
proability of t7widdling more or less a continuous function of tne
recent history? The letter would seem more likely on physiological
grounds.

Th. 7T ,Drocedure, even in this simple form, possesses a remarhle
resistance to interference, both random and organized. The resul`s
of another simulation are shon in figure 1.43; here the tr.:c
between ti dles were not straight lines, but arcs of circles; the
concentration of tie attractant as the organisms perceived it nad
s,12,1''- to it a uniform random variable whose mean was ten times the
difference in concentration experienced after a step in the right
direction. 2ven so, as the figure shows, the 40 such organisms
progressed uphill slowly and surely. Ti other words, the hill
cliTc in 7ower of these strategies is exceedingly robust, to use
control theory largon. The generalization above of ?..7 to inclu,je
runnin7 in paths that are not straight lines is not entirely
ifivolous. Pommerville 'ri3F described the mating of fungal ca7.7-te
(of .t.lic.77v.cs mlc7vnus); the male gamete is the seeker climbing
tne hill of concentration of 'sirenin,' emitted by the female. '-ome
acsymetry in the male causes it to travel in arcs of circles -- or
so tney appear under the microscope -- and the twiddling is much
reured in the presence of increasing concentrations of attractant
from the much slower moving female.(1)

Nv.rtheless, the behavior has some degrees of sensitivity to the
various parameters; and in section 2.2 T describe the result oZ
simple evolutionary experiment in which those parameters are
changed.

Section 1.2 discussed the first simple modifications of 31' into
directionality, by introducing an anisotropy into the behavior.
Here are some simple computer simulations showing some experi:lents
with some of the parameters of such behavior.

com7arej, some simplified tracking strategies: a target move -3 in
sinusci -lal curve leaving an attractant that disperses laterally anf:
uniformly. 7wo organisms follow the track with different transverse
seeming Policies. The first governs its step size by the recent
chsnge in concentration, like Illtsch' blue-green algae; the second
governs the probability of reversing direction on the same grounbs,
as an eypression of a pure 1-dimensional T. If the perceive

(1) Pommerville (1976).

OS- Chapter 1.4 29:45; '3/2511(7.77)
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Figure 1.4'2, RT Stratecy, 40 Organisms, .Noisy System

concentration is not corrupted 5y interference or "noise," then the

tracing seems to be fairly efficient, as is shown in figure

lote that the terr,et curves are the sane, but displaced tor the

second target for clarity.

If tne ;erceived concentration is corrupted, in our example by
Gaussian noise, the the tracking is still evident, as is shn in

ficure I.4F. The mean of the acded noise in tnat example is the .-337e

as the -average step size.

fl dif'ererice between the two strategies is that in tae first,

the error is large, then the step size can be large too, while in

the second the step size is always the same, and only the :direction

is changed. That is reflected in table 1.4.!,, which shos the evere.7e

error for the two stratecies as a function of the 7lean size of 1-_he

added noise.

S Chapter 1.5 2(1:45; 7272f/1.'7.7-'
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Strategy Strategy
piitude

• 1.1
1.1

1.4
1.4

0.5
1
.1 • -4

(;.75 1.4 1.5
1.0 1.7 2.0
1.5 3.1 2.?

.7%.0 3.5 3.2
3.0 5.9 4.8
5.0 10.6 5.3
10.0 7")., 1 5.6

Table 1 .4 Two Strategies: Average L'rror in 'Ioise.

1.5 The Development of Strategies

Tt is very easy for people to inspect a creature's trail—followin7
and nili ciLating and attribute their management to intelligence ia
the creature. The true nature of its intelligence, and tae diver!:
meanings !we attach to the word, are beyonc7 me here; but the
intelligence surely depends on tie interactions in wide domains of
space and ti7ei, and evolution is one of the prime mechanisms (see
section 2.2). T believe anthropomorphic notions of intelligence are
counter—productive. Lorenz writes:

The process of 'learning by success' cannot evolve in
unicellular or lower multicellular creatures which have
no centralized nervous systems; for a system that is
capable of exploiting the success or failure of a
particular behavior pattern as a source of knowledge,
and of using tnis knowledge as feedback to achieve an
ar'aptive modification in the machinery of that pattern,
obviously assumes the existence of various complex and
highly organized subsystems.(1)

A.77'.rt from the gratuitous and suspect "obviously", it is not clear

why inaerently simple beasts cannot adapt their behavior, eiter by
evolution or directly. 9ehavior may oa simply directed by
strategies, and one of my points here is that simple modifications

of strategies can be easily responsive to need, and hence adaptive.

A simple adjustment of direction of movement can guide a bacterium

to food. A simple and similar adjustment of strategies can guide any

(1) Loran: (1073), D. SE.

CC'• Chapter 1.5 29:4E; 5125M72
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or-;ani31:1 tc better behavior, no matter how complex the behavior.

,;hat ,n.-1 what are the ways of a]justing
st,,,t,9gii.s? 1 strategy here is merely a formal set of rules for
,'irectinq behavior.

The7arameters of the organisms simulate] in the previous section
c;ere four in numbr: srobabilities Fl an] 22 of twi]diing when the

clTan -__7e in perceiv] attractant concentration dicl or di] not axca-

the thresnoll, respectively; tne threshold itself; an the
rlistrihution of stes sizes, in the simulation uniform. Those were

the explicit an] obvious sarameters. That there were a number of

implicit 7arameters hic]eh in the program's structure. For example,

in the simulation, twi]]ling sro]uced a completely random ne,4
irection, contrary to what really hasnans in nature.(1) The change

in behavior was governed by a snarp oecision that some thresholi ha]

or not teen excee]e], out probably nature exhibits a more

gra]ual cnanoe. Furthermore, the change in concentration -was a
strai7ht subtraction with very little other time ,iesnr,ence;
prooabiy it woul] be more realistic to integrate the previous

concentration with a kernel function of greater complexitv.

(1) :12,7-; (17..7;A), 391.

rem^ Chapter 1.5 5/s5/17,72



2.? Movement and Tracking in Control Parameters

',henie turn on a faucet or a car radio, we set the control to

pleese us: if the hater is too hot or cold, or the radio too loud or

soft, we use corrections to set it wnere we want it. If we don't

know 4bich wee/ to turn the control, 7.7e use what is obviously an ,

teetnicue to set it.

If other people are taking snowers, or if the radio signal is

fluctuating as we drive, then we track the optimum position of the

control with small corrections every now and then. All living

creatures use such techniques for control in one way or another.

In this section, I discuss the ways in which some simple controls

can HP classified and examined. A control is part of a feedback l000

itseif, in nature, and I shall try to show parallels between what is

controlled in a movement, and what is controlled in a control.

2.1 Classical Adaptation

Ore of the primary controls of sensory systems sets the sensitivity

in the range of input intensity jeing experienced at the current
moment. In this section I try to relate tae term 'adaptation' as I

use it to the way it is used in the fields of Psychophysics and
neuropnysiology. In those fields, it has a different meaning from

that used here.

It is of course our common experience that we become accustomed to
changin7 environments with grace ana ease with all of our senses; a

steady loud noise becomes less oppressive, a warm swimming pool
becomes tolerably cool, offensive smells seem to vanish quickly, and

so on. Adaptation in tnis sense taus serves to track the
?opropriate level of sensory input handling: we need to Know the
significance of our senses' messages, far more than, say, their
absolute level. Since shapes are more significant to people tnan
overell brightness, in dim light the human visual system, for
example, becomes a great deal more sensitive to light, so as to be
able to distinguish shapes at light levels which mignt otnerwise be
too low for the sensitivities that work in sunlight.

Celderd(1) attributes this first use of the word adaptation to

----------- ---------

(1) ,]eliaro (lei), p. 35.
- -- -------- ------- ------

Thapter 2.1 29:45; 5/25/1?79
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.:„usert '1365), who described adaptation to tne (ark. In this
I use the term in the context of some overall evaluation of worth of
belevior, so that I say taat a system adapts wnen it alters its
behavior (or position, or whatever) so as to improve its relation
vitn it environment. In psychology anJ neurophysiology it is used

a much more limited meaning, generally without the imputation
of any purpose or design; not only without PurPose, but without any
ju -:gment of improvement. Indeed, F.ilgerd and arquis define
adaptation as 'The lecrerTlent in a response wnich is a consequence of
its repeate71. elicitation. '(1) Thus, eyes 'a:4.apt" to the dark by
increasing their sensitivity many times. On tne other nand, if tne
light intensity rises, then the output of tha individual retinal
pahglion cells rises, but tnan falls.

pnenom.enon is weil-ni:n universal in nervous svstems:

t're stimulus is repeated in a regular, -monotonous
series, the evoked response diminishes to a low, staple
level, often not even detectaple. The resoonse has
aa5ituated.(2)

.:tow the mechanisms for tais kind of adaptation have been half
uncovereO is a long, fascinatin7, and still developing story of
research, full of excitement and heroes. The of them is clearly
drian, who explored how nerves or:

;5rian discovered this coding of stimulus
intensity into impulse frequency in tne 1)23's at

',,orking at first with apparotus that now
seems rather primitive and cumbersome, ne recorded from
several ..:i71:ds of sensory nerve flora in different
animals, while applying appropriate stimuli to the
receptors. stretched the receptors in the muscles of
frocs, applied pressure to receptors in tne paws of
cats and displayed flints (ahl even hLaself) in front
of the eyes of conger eels. -, hat he recorded in each
case was trains of impulses.

*7ie establisned tat the codes in single axons from
receotors and those sent to muscles were exactly the
same. Fe also found two major varieties of receptor.
The type responded to a stimulus by firing repetitively
and steadily, reflecting the continued presence of the
stimulus by a continuous sequence of impulses. In
other types of receptor when the stimulus appeared (or
lisaopeared) it was reported by a burst of impulses
which died away. In these fibres the signal was said to
undergo adaptation. In fact, even continuously

(1) .iilgard an,„:'.-arquis (1951), p. 477.
(2) Filgard and Eower, (196), 7. 4-'13.

Cnapter 2.1 24 /27-,71(37?
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responding receptors adaot partially in that the
maintained presence of a stimulus is re2orted by a
lower rate of firing than its arrival.(1)

,"drian himself describes it this way:

All living cells tend to come into equilibrium wita
their surroundings ... and therefore a sudden change
will cause far more disturbance than one which is
establishe-f! gradually. The cells of the nervous system
snow tnis property in a :lion begree. A slowly
increasing current passed into a nerve-fibre will not
excite it, whereas a sudden increase to 3 much smaller
final value will do so; and at the other and of tne
scale we must all be aware of the way in which the
whole organism can adapt its life to discomforts ...
the adaptation of the sense organs is therefore an
example of a general property of cells ens organisms...
in the eye particularly, and in all sense organs to
some extent, the range of stimuli which can be
distinguished is greatly increased by the power of
ada7tation, although the ability to signal absolute
intensities is lost.(7)

Ajaotation in tnis sense applies especially to perceptual pro;
since there is no feedback loop, such a control is called an open
:Loop orocess in control theory. It may appear, however, that the
7c4,aptation is for the purpose of restoring accuracy of perception of
r-nanges in the environment. Thus Wallach says:

modification of the perceptual processes ... I then,
serves to compensate for the misinformation reaching
the eve or ear ... There are two types of explanation

•
1. Some sensory indication of the misinformation

lust be available to tne subject, or
2. The misinformation must concern sensory data
that are connected witn a normative perceptual
process, i.e., one that tends toward some distinct
state ...(3)

It is widely recognized that this kind of adaptation is not
unarguably 'adaptive,' in itself. Indeed, it is sometimes
interchangeably termed 'ftabituation', 'equilibration, or
'oerceptual compensation.' 3ut of course it represents an adaptive
evolutionary answer to a whole set of problems.

(1) Catley (1972), PP. 53-53-
(2) Adrian (1246), op. 33-84.

(2) ',:allach (1952).

CGS Chapter 2.1 29:4; 5/25/1S12
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considers this question quite explicitly:

In the case of classical sensory adaptation, there is 3
diminution of sensation based on 3 fatiguing of

sensory cells stimulated. In the case ot an optically
altered image, what is presumed to occur is not 70 much
a diminution of sensation as diminution of the
perceived distortion. :lassical adaptation is perhaps
more nearly the same as the kind of normalization
effects studied by 7ibson Tne term "adaptation,"
threfore, mi7nt be appropriate in tne sense of chanoe
in the direction of effectively coping with the
environment. (1)

bip.)1

There is some overlap, tnerefore, in the usage of tna term
'adaptation' in psychophysics and in this monograph; but hare the
roles of sensing the favorable directions of change and exercisino
the control are stressed over the actual sensory distortions. Of
course one can see habituation as adaptation wnere the valued
relation to the environment is maintaining some sort of status ouo.

There is no doubt that in the larger evolutionary sense habituation
is adaptive benavior (see section 3.5). Dyal (1373) writes:

A worm which failed to habituate its reflexive
Aithdrawal response would run the risk of starvation
and Epernaps] suffocation. Habituation of the
withdrawal response is thus a biologically adaptive
technique to reconcile the need to eat against the
threat of being eaten.(2)

In the same way,

If the [mosquito] pupa is not disturbed, it remains
quietly floating just below the surface :of the water],
but if a shadow falls on it, it will quickly dive
towards the bottom. If shadows repeatedly fall on it,
nowever, it quic'kly adapts and stops diving.(3)

Fresunably, a single shadow might be some predator, while repeated
shadows probably represent a changing environment that does not
justify the metabolic resources needed to dive continually to the.
bottom. That is, the adaptation might be considered as representing
SOTS sort of judgment of cost—effectiveness oy tne beast.

In fact, there are many researcaers(4) wno regard haoituation as 2

(1) Poc (136). Po. 13-14.
(2) 2yal (1S-73), p. 243.
(3) Jones (1378), p. 13g.
(4) See XXX and X:(X.

C€.;3 Chapter 2.1 29145; 5/25/1973
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kind of lirst step to,4ards learning in its full glory. Our e,717hasis
here is on habituation (and the otner steps) considered as reaction:

control loops, that is, of adaptation. Razran (1971) regards it
almost fundamental to life:

Habituation is ... tne lowest ... level of learning,
functionin(7 and oreviling in its functioning at the
very da..-;n of life and under the most drastic
experimental restriction of its neural substratum in
higner animais."(1)

Further discussion and application of habituation as adaptation, and
examles of its simulation in simple noels dill be found in section
2.4.

2.2 Adaptive Control of Behavior - Evolution

Qegardle,,s of whether individual organisms act adaptively or not
a benvioral sense, it is clear tnat they do in a genetic sense.
The nature of this control is peculiarly hard to study, oecause,
however 71,UC:1 are finding out about the genetic code, we know
almost nothing of how that code is translated into tenavior. it
m-stbe understood that genetic adaptation is mediated by
!-,iocrtmicai mechanisms that we know almost nothing about in this
context. Cptimistic claims have been made: for example, Alloway
says:

It Cr,ppears3 likely that the molecular processes
underlying this form of learning may soon be discovered
...(2)

u, chicken is one egg's ,,lay of making another egg"(') is a facetious
but d -,..e; truth. 'ispecially in lower animals, the adaptive control
loops at tne species level are exercised genetically. It is only in
animals that take care of their young that there is much continuity
of learned experience apart from the genetic code.

Fvolutionary adaptation is a very attractive way of achieving
progresr, if only because it has already worked, albeit slowly.
Focz1 et al. (195E) had an intriguing title -- "Artificial
Intelligence Tnrougn Simulated Fvoiution" -- but the results were
unimorssive. F.volution is much more complicated a process than is
colmonly understood; the mathematics is difficult, an the
applications are nerd. ariy promises(1) seem not to nave been ',.ept.

(1) P-,.7ran (1?71), 7. 40.
(2) Alloway (1973), P. 157. The form of learning raferres to is
conditioning ot leg flexion in the cockroach Periplaneta Americana.
(3) Samuel 7_,utler XXX
(A) See 2ox (1777).

MrC Chapter 2.2 29:4c-; 5/25/1?73
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The -basic concepts and credibility of evolution are well
.- staLliched. Young (1971) comments:

'!• The efficiency of selective death for aaotation.

rTnerP need
prosbective
Vi ability.
but it is o
testing the
would surel
perfect and
viability .

s to bel an elaborate method for monitoring
oenetic changes in order to determine their

There is indeed such a monitoring device,
t supreme simplicity. Any detailed plan for
prooable effects of change in instruction

y run into immense comolications. 3ut a
simple test is always available --

all that are unsuitable will die.(1)

Tt is possible with some fairly sinple oenetic simulations to see
some of the Pnenomena escribed in evolutionary studies. The
bacterial oehavior discussed in section 1.1 depends a great deal on
the ar :nter5, even if their exact nature and values are not 'Known.
Cne can easily enouon imagine that they ware set by evolution in
ranom A4a1A Processes, rather like the :DT strategies of the motion

th
mo
at they gove
difiale onl
tne basis f

rn. The parameters need not be thought of as
y by mutation or oenatic variation, although that ill
or our abstract motel. Soudicn ana Kosnland (1975)

even Cl%31T, that some differences among bacteria are reflections of
"non-qenetic cause,-1, say, by a Poisson distribution

in tne number of molecules of key Oanavioral enzymes. may argue
that this may help nrps=3rve the species through snort-lived violent
changes in the environment better than genetic variation:

',3enetic variation woult not accomPlisn tne same
7urpose, since selection in a rare toxic situation
would produce a mutant poorly adapted to the more
common contitions of tne environment. Tile population,
however, was selected over evolutionary tine for
survival in ail of the widely varying conditions of the

environment. Thus non-oenetic variability would be a
preferred mechanism for accommodation to random
fluctuations in the environment, and genetic
variability the preferred mechanism for accommodation
to long-lasting environmental changes.(2)

Presu7atly implicit in the
too primitive to have been
controls that might enable
in tne required way.

argument is the notion that bacteria are
able to develop tae nierarcnical adaptive
the single organism to alter its behavior

2ut presumably, at least some aspects of tne mecnanism are

genetically controllable, and those can be modeled very simply.

(1) Younc (1';;71), p.333.
(2) E711.2.ich anc2 Koshlan 4 (1975)z
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Suppose that Di is the probability per unit time of twid,Iling when

the local changes in attractiveness exceeds some threshold; and that
?2 is the corresponding probabiliti when it doesn't.

Figure 2.2A shows the results 1.0
of a simple experiment along
those lines. population of
fourteen organisms was
modeled, consuming nutrition
accor2inc to their distance
from a source, dying when
starving, anu fissionino when
replete. The two axes show
21 and ?2, the Probabilities
of tiddling when the environ-
ment nes been, an has not
been, favorable, respectively.
The offspring o the organisms
have Parameters, tnat is, Pl
and P2, perturbed from their
parents'. It will be noted
that tne drift is clearly and
unmistakably towards the upper
left, where a verbal analysis
would sugcest. The organisms
in the lower right nad lass
success in finding food, and
hence fewer offspring. The
fisure snows ten generations.

4.

1

0.5 +

?2

4.

0.5

Figure 2.2A (see text)
+ Ancestors
* Descendants

That example must be considered far more as an example than as an

experiment. The perturbations in tne probabilities that governed tne
behavior were small; the threshold of changing from P2 to P1 was set

at zero, and there were other assumptions. Thus, in real life, it is
not at all clear that 'smell' mutations lead to small changes in the
probabilities. 3ut it is probably important to simulate enough
examples to check the consistency and applicability of one's

reasoning. If one can check a7ainst real data and real organisms,
so EUCfl the better.

These points have been taken seriously among researchers in
industrial control. Tn 2ox and Draper (1969), for example, the
principles of evolutionary development are taken seriously enougn,
but in some sense the emphasis is on local planning and the design
of efficient experiments, rather than also on the overall goals and
directions. 1.ctual industrial aPolications still seem to be

infrequent. ;,.fter a brave beginning, which stresses natural
variation and the selection of favorable variations, the actual
technique recommended to industrial engineers amounts to a local and

few-dimensionai gradient measurement; which is coupled with stress
on statistics and the human relations difficulty of persuading reel

factory management to take it all seriously in practice.
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The geneticists and the mathematical geneticists are more interested
in -lotelin; existing evolutionary processes tnan in using their
mechanisms in the way we are here. 7olland (13i7F,) proposes an
analysis of an evolutionary model, in which some fairly feep
examination of the interaction of mechanisms can be carried out. The
wor is handicapPed by a concentration on theorems an.. mathematicel
arguments, ens by a complete lack of real models or simulations.
evertheless, he discusses many of what now seem to Le the crucial
issues, and pr000ses important conceptual steps 'beyond those others
researchers nave taken. In a sense he is taing evolution seriously
and constructively. Stebbins puts it:

"!fetural selection directs evolution ... by sorting new
adapti7e combinations out of a gene pool of variatility
... built ur ... over many generations. For the most
p.art Sarin's concept ... fits in with our modern
concett of interaction between evolutionary processes,

C3112e each new adaptive comoination is a modification
at an adaptation to a previous environment."(1)

:-iolland also complains apPropriately about the difficulty of
"apportionment of credit" to alleles or higner suo-structures.

The greatest complexities come about because the
effects of different enzymes are not additive - a
phenomenon known as ePiatasis ... The main point is
that the effect of each allele depens strongly upon
what °trier alleles are present and small cnanges can
often prof:uce large effects ...

2ecauce of epistasis there is no simple way to
apportion credit to individual alleles for t -ie
performance of the resulting phenoty0e. what may be a
good allele when coordinated with an appropriate set of
alleles for otfter genes, can te disastrous in
different genetic context. Thus adaptation cannot be
ecco7mplished by selecting among the alleles For one
gene indeoendently of what alleles appear for other
genes. (2)

As Y.avr puts it, The fitness of a gene thus depends on and is
controlled by the totality of its genetic tackground."(3) This is
an absolutely key point in tne practical analysis of complexity eni
the application of adaptive techniques. Indeed, it makes a mockery
of the use of the word "complexity" in the field cane. "complexity
theory," where tne contribution of tne simple components can be

(1) Ste'obias (175f).
(2) Hiolland (1975), p. 10.
(3) Yayr (1?(.1), p 235.
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assigned !,;itn SO:7e uniformity and useulness.(1)

It shoulo be pointed out that .SUrVilai,' or natural selection, is
not a terribly directed principle; that is, the details of what
evolveH are not pre—estaOlisned or preordained. There is some
feeling that evolution is an unreliable process, and that fealinT
can he traced oack to the enormous public outcry at Darwin and his
theory. 1- ecently, Jacob (1)77) has upiated the argument:

In contrast to ... evolution, tne engineer works
accor -=ing to s Preconceivel  nlan rso that3 oojects
produced oy the engineer ... approach the ...
perfection mace possible by tne technology. In
contrast, evolution is far from perfection. Darwin
emphasizes ... the structural or functional
i:n;erfections of the livino world...

'Taturai selection has no analogy any aspect of
human behavior ... natural selection does not work as
an engineer works. It works like a tinkerer --
tinkerer c:oes not no exactly w'aflt Ile is coiac to

disnosal.Emy stress3(2)

To me, tnose words sound deprecatory in tone; but in content they
carry encouragement and inspiration. I will argue that 'tinkering'
is a needed and necessary source of richness and flexibility.
Tinkering, one might say, is a form of conceptual twiddling.

3 1

In fact, or course, the real engineer, like the real programmer,
rareiy follows precisely his preconceived plan; wnetner or not
current engineering and programming have to much tinkering, they
certainly have tneir snare of it. Moreover, the real engineer coes
not cenerate-his Plan in a preconceived 'correct' way either.
Furthermore, the plans of any real engineer are not generated in
preconceived 'correct' way either.

LThe might describe the difference between debugging an information
system end evolving one as the difference between tuning a system to
meet a previously specified goal and adapting it to a new or newly
realized goal or suOgoal. I shall argue that "constructive
serendipity" arises most readily when systems are built not with an
over—tidy design, but with certain loose ends and discernible 'out
ineffective interactions; so that there are always alternative mo'7Les.
of action and feedback available for adaptation as circumstances
change.

(1) See Pippenger (1973).
(2) Jacoo (1977), p. 1153.
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In f7r .7enic evolution, it is obviously nard to get a quantitative
measure of progress, although rates of change can sometimes b ,e
usefully describe d by evaluating a.aino acid populations in the

Is there evil but on earth? or pain in every peopled sphere?
.ell, be grateful for tne sounding watcnwora 'Evolution here,
Evolution ever climbing after some ideal goo,' ...(1)

2.3 Mechanisms of Implementation

In comparing adaptation in lice and in computer systems with their
simulations of life, we are constantly reminded of the difference in
how they do everything. Computer programs have an algorithmic
simplicity EfT.71 purity that male design comparatively direct;
analysis often feasible; and modularity desirable and usually
possible. ',lying systems are mostly modular only in a conceptual
sense, since resources are always shared and metabolically dear;
analysis almost never can be accurate, to say nothing of botn
accurate and precise; and design is so hard and uncertain as to
require hundreds of millions of years without even a set of
requirements.

TI:2 living system is thus not a tidy and self-contained example.
3ut the untidiness, with its loose ends and interactions, gives the
system a richness and flexibility of possibilities that can always
suriJrise us. The mecnanisms of bacterial hill climbing -- the RT
strategy -- depend on molecular concentrations that affect the cell
membranes and that thus interact with every process of the organism.
In real life, for example, sucn chemicals may be dyes whose
breakdown or enzymatic action may be affected by light density; and
gratis, as it were, the bacteria have a sensitivity to light that
can also he manipulated Profitably. Variations in such
concentrations can provide a sensitivity with a directional
component, and so on. Thus the actual mechanisms of implementation
in living system lead into possibilities for extensions of control,
moth inside and outside the actual modality originally practiced.

Evidence is arising how widespread this is in nature:

So we start with an organism that senses temperature
en 2 has sore form or thermoregulatory behavior... later

(1) :itred, Lord Tennyson, "Loc<sley ali, Sixty Years After," limes
197-199. ".3ut note Carruth's res7onse in 1303: "Some call it
evolution, and others call it ,;01." ("Each in is Own Tongue, a
ether Poems")
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on it 7Levelops another form of thermorsgulatory
behavior ... in parallel witn tae first. In cnangino
its posture it accidentally develops a system for
producin heat. 7ventu=,Ily the temperature sensors gain
control over tnis ne,4 form of heat production ant tnat
is yet another integrating system... The same
principle of new controls over an already existing
mechanism for a new function can be used to 'understand
the nervous organization of many forms of motivated
behavior. (1)

That is rare, apparently, witn computer systems. Living systems
exhibit what might term constructive serendipity; but most
computer orogrammers do not find that new possibilities arise
accidentally. 7artly tis is because a progran is designed and
written for a given purpose, and tae specifications are generally
limited to that purpose. 'Clean design and economy of coding are
not corucive to tha loose ends and interaction of mechanism that 4e
have argued enricn tne evolutionary possibilities of living systems.
This is of course not good or bad in itself; but it helps to exPlain
why computer programs are often very hard to modify so that they
have ne1 faculties, or satisfy new ends.

The realities of the physical worla are confusing enough to its
inhabitants; trying to analy7,e them to determine the actual control
variables may be narder. There are traps everywnere, often
arthropomorPhic ones, as we mentioned. For example, 3retherton an
7othschild (12,31) claim that a range of mammalian spermatozoa
exnibit 'raeotaxls' by swimming upstream in a uniform current. in
human terms, swimming upstream is natural enough. 3ut for Protozoa,
there is really no conceivable way for the organism to tell which
way 2 uniform current flows if it is embedoei in it. If tnere is
observable behavior, it is not in response to the uniform current.

Similarly, 7:ultsch describes research of the last century:

tifferent type of reaction was described by Tingelmann
(1.232). 'c:,e found that in tne so-called QacteLiu2
-11ta7:12ILif.-J71, probably a species of the purple suipnur
bacterium genus ChzoLatium, an abrupt bac4ward movement
as caused oy a sudcen decrease in light intensity.

Since the organisms behaved as if they were frightened,
he called this reaction a phobic response
('Schreckbewecung').(2)

Other examples abound. The naturalist Lorenz is notorious in
imputing to animals human ways of dealing with intent. Thus,

(1) Satino'f (127) • -A ;..r 'I•
• (2) l':ultsch (1975), p. 30.
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"/4 ananimal crawls from a cold to a warm zone, we can
never cetarmine objectively wnether it is Id:120ind_fzom

or In both cases,
it is clear that the organism has been irritate." :my
stress](1)

The obection to 'irritated' is not that Lorenz means it in the
human sense rather than the biological, but tnat it begs the
question.

I rear d these Points as important, because they are the natural
science equivalent of certain fallacious views widely held in
computer science.(2) It is of course partly my hope here that te
control mocel aimed at elucidating adaptive mechanisms may help to
provide insights into the morphology of behavioral phenomenology,
an: vice versa.

2.4 Adaptation, Habituation, and Learning

The reader will no doubt have already noticed the interesting
,arallel between the habituation -discussed in section 2.1 and some
of the attributes about guided movement in section 1. In section 1,
we remarkeo tnat spatial nill-climbing probably mace use originally
at temporal (sequential) gradient detection; switching to par cud
sampling techniques when orcanisms and sensitivities became large
enougn. In tne same way, tne "center-surrounc" process is a later
spatial development of the notion that the temporal change in
general is more important than its level on an absolute scale. Tt is
time to examine these notions and their applications witn more
thoroughness.

In section 1.1, we Jescribed and discussed the adaptive behavior of
microbes, which adaPt their movement to the distribution of
nutrition. it seems most appropriate tnat one tnink of microbes as
having but a single strategy ot behavior. For higher animals it is
increasingly hard to think of the beast as following but a single
strategy. It makes more sense, and is more convenient, as in the
later Parts of section 1.1, to think also of the behavior itself 25
adapting and changing.

In the last few decades, it has become almost a matter of
competition among biologists to recognize and describe adaptation of
behavior in phylogenetically lower and lower animals. For example.
in 1Y-772, ..elber asserted that Paramecia coult be conditioned. rnat
paper, an the subsequent ones she oublishe2, sparked a vigorous
controversy over the next decade and a half, wnich is still not
adequately resolved. Corning and Von Burg (1973) conclude:

(1) Lorenz (1373), p. 91.
(2) For a critique, sea McDermott (175).

OS Chapter 2.4 13:45; 5/25/137?
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Att.empts at]e:Ionstratine simple forms of learning . • •
Elm -:rotozoa.] have been only 7olerate1y convincing, and
associative leerning remain= a highly questionable
pnenomenon.(1)

.3ut ior our purposes this is an idle debate. rt does not matter here
where lines can be drawn, or even if they can be drawn at all.

There is clearly some progression of adaptive capabilities, in ',7nicn
responses are altered by exposure to more subtle clues, over longer
time periods, and with more tenuous and global relationships to the
stimuli. 2ut in fact the concept of 'response is itself eguivocal.
Shylock asks:

... If you ?rick us, do we not bleed? if you tickle
us, lo We not laugh? if you poison us, do we not die?
er you wrong us, shall We not revenge?()

Those four instances -- are they rlsbnzses in the behavioral sense?
Shakespeare covers a nice soectrum with those four, each different
in level and meaning, though for 3 sequence of phylogenetic
behavioral consistency the second and third should be eychanged.

There seems to be little agreement among researchers about the
meaning of these terms and now they should be applied. An extreme
example is Push and !4osteller:

ny systematic chance in behavior Eis3 learning whether
or not the change is adaptive, desirable for certain
eurposes, or in accordance with any other such criteria
...(3)

The Shakespeare instances above are not meant to be merely dramatic.
They illustrate important differences among reactions' as opposed to
responses. It seems clear tnat a stimulus an a response must be
elements al-, control loops to be meaningful, at least in the sense of
the discussion here. After all, to extend Shekespeare's first
instance, it an abominable pickpocket is to be punished by naving
his digits excised one at a time, nobody would suopose that ringing
a bell before each severing cut would come to cause a fincer to drop
off at the sound of a bell without the cut.(4)

(1) Corning and Von Purg (1973), p. 117.
(2) !.iercnent of Venice, III, i, 30-52.
(3) :::usn and osteller (1955) p. XXX.
(4) There beasts that respond to suitable provocation by
snedding appendages; e.g., crabs their claws and legs, some lizards
their tails. I do not know whether these responses can be
conditioned; the difficulty would be in conducting enough
conditioning trials, I suppose.
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2.-3 Some Theoretical Aspects of Adaptive Control

+ + + +
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ZTgure 75 Single A]apting Unit; 7onceptual Structure

17.

The essrce of cor'troi is the feedoack loop, -4nose sinlicit may
seen in figure The three blocks of figure 2A each need some
separate description. The control itself is just that; it is the
executor of (.'o7. control olan built into it, either explicitly or
im:Dlicitiv. It is also itself possibly subject to controls of
various kin,ds. Its assigned task is to manipulate its output,
conI:ol_sel-Iin,-2, so as, for example, to maximize 211,Izes or to
minimize error. (None of those terms is capable of Drecise
•.definition at this point in the discussion.)

The ::ystem itself represents the interaction of the control ;.ith +.„

entire environment. :;cite that we -.2o not in oeneral require aav
particular characteristics of the system; certainly not linearity,
nor any of tne other restrictions that are to be seen in current
analyses of control tneory.

The nature of the third block, waich evaluates performance, is often
confusing. The evaluation of success is the mediator of fee,dbac',,
... in or -der to return a report to tne one that sent ni.m."(1) Tn

simple systems, its output may be an actual error signal, as in the
governor, or a feeling of hunger, as in people. In engineerin7
applications, it represents a crucial decision. As Kalman points
out:

The choice of an optimal controller is largely
arbitrary, depending on wnat aspect of system response

(1) From 'T isoi of .r,:lenenope, ca. 1750 D.C.' 
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is to be optimized.(1)

7

3ut in complex systems, especially those witn :lumen components, it
Tay represent a very complex computation indeed, and its outputs ma7
be com:lex also. It should be noted that on of the parameters of
control is tne i -ientification of tne particular success evaluation
tunction. That is, the evaluation function itself should n(? sujject
to adaptation, accortina to some higher level evaluation; in living
organisms, that higher level evaluation might be survival.

I might propose a simole taxonomy of adaptive controls. This is not
Linnsedn one; rather it differentiates on the basic of the for -,

of the adaotive control action taken, or of tne evaluation function
or the rance of responses.

For tnis purpose the notion of adaptation must be defined a little
more precisely than nas been done so far. I mean here a control
whose function (or the Purpose of whose builder) is to optimize
(xaximize or minimize) some function of the system that is being
controllec. In a strict sense, we snouid imagine tnat tais is an
'as if' detinition, so that we do not worry about whose purpose it
is to whicn bacteria adapt.

Perhaps the simlest kind of elementary adaptive control is the
discrete selection of a 'goo.,-1' choice, the simplest example oeing a
binary cnoice. In some sense, of course, there is nothing to :Jo Out
try them both, and pick the better one. In practice tnis is a great
deal more difficult than milht be imagined, oecause the 'simple'
problem is invariably embedded in a host of narder ones. The binary
choice can be illustrated, in RT behavior with whether to twiddle or
not.

Then there are continuous controls, that is, controls which involve
settina a continuous variable or parameter, and not making a
decision at all. The distinction T draw between servomechanisms
other kinds of controls is that in servomechanisms tnere is an
exPlicit error signal, and it has a known sign.

A human example of a continuous adaptation that is not a
servomechanism is the use of the ?adio Direction Finder (7) oy
people on small boats to Find the bearing of some radio station.
The ratio signal is usually a pure tone, or else a tone in separate
beeps, and the RDF must be swung in a horizontal plane until the
signal is at a maximum or minimum (the latter is called
null-seeking, and usually turns out to be more sensitive). Te
human user does not know which way to rotate the RD? when he turns
it on; his procedure is just to move it left and right far enough to
detect tne gradient of the signal strength. That is, :le adds to tne
control some extra signal (the moving left or right), which he

(1) Kal7an (1353), 2. .
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correlates tne signal returning around tne loop to cetect its
sense. This is aut a detailed description of tne processes
mentioned in the first paragrapns of this section on os -je 23.(1)

Cne :lay summarize tnese simple distinctions in the following
primitive taxonomy of the sbaces in which adaotive mecnahisms

Discrete
Iniee:enceat (includes binary choices, perforce)
::on-inenerdent, or quasi-metric

Continuous
Servomecnanisms (taat is, witn 3 signet error)
Continuous 1-iill-C1imbers in genera1(2)

It must be confessed that that is not an entirely satisfactory
taxonomy. For one tning, the distinguisning attributes are different
for the two major categories. 3et!,leen discrete units the distinction
is exclusive, while aliong the continuous ones, servomechaniss ere
merely 3 speciai case of the general hill clii-aber.

The term 'hill climbing has been used to describe the entire class
of general optinizetion, and derives from the image of climbing
contours in ro:,13 descriptive pnase space. Tne idea is to maximi7e
some nerforme.nce; if We represent performance as some elevation
gained, then there is a parallel with topography, and the sPort of
mountain climbing, in wnicn we are trying to climb to tne higne ,7t
point.

That analogy can he fairly exact if we are trying to maximize a
system that depends on tne values of two variables, for tnen we can
represent performance with contours on a graph in which the values
of the t,..7o variables are the coordinates. Thus, in figure 2.7, the
contours of performance happen to be more or less straight lines.
The system is at the starting point, and the hill climbing procedure
is to take 3 step arbitrarily -- that is, to try the system at a
different set of values for the two variables. If that step
pro.juces a better performance, repeat the process from the ne.;
values; if not, then return to the starting point and try a
step. In the figure, the first step goes downhill and is thereby
relected. m -a2 second merely stays at the same elevation and is
likeAise rej:ecte.4. The third is successful.

The process of 7T can be represanted by noI returning to the
starting point if tne step is not upnill; but if it is, then keep
going in the saTe direction.

(1) Tnere has been far less literature on this general problem than
on problems more amenable to strict analysis. A comParatively recent
revie,4 may be founa in young (1?-59).
(2) For example, see 4.ins.Ky and Selfridge (1)51).
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\12 \14 \1-5 \l3 \20 \22
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\ \ \ \ \ \
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\ \ \ \ \ \
\ Second step * \ \ \ \
\ \ \ *\ \ \
\ \ \ Third step success! \
\ \ \ \ \ \
\ \ \ \ \ \
\ \ \ \ \ \
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\ \ \ \ \ \
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\ \ \ \ \ \
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\ \ * \ \ \ \
\ \ First step \ \ \
\ \ \ \ \ \
\ \ \ \ \ \

Contour lines of perfor:,lance - arbitrary units

Figure 2.5] The ill-Climbing Aetaphor

It can he argued that all this is rather like a blind an trying to
climb a hill or mountain. He cannot see which way to -10/ but he
Knows wnen a step he nes taken is nigher or lower.

In one di7ension, that is, with just one variable, the process is
easier, because staos can be taken in just two directions, in .-st?.e 2.
of infinitely oany. In three ano more dimensions, measurin; the
effect of stecs in different directions (that is, estimatingtne
'gradient') becomes increasingly difficult.

In examining si7ple cases of hill climbing, one can state SOA9
simple truths; for example, in one dimension, given certain
2r0.7,erties like monotonicity away from a maximum, we can guarantee
that a wicle range of hill climbing units will find their way to that
maximum.

The point can be simply illustrated. Suppose tnat we know, fro:1
other considerations, that the Performance function of some system
is monotonic decreasing away from the optimum position of its singia
controlling variable. See figure 2.5C. Ey what procedure shoul
test the system and find out the best position to set its control'

Chapter 2.3 29:4=; r-72E/11'7;
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Figure 72.5C ?erformance of ::ystem as Function of Control

Performance Function is :onotonic away from ]ptimum

-

In the 1.13113i case, we nave some notion, albeit vacua, of tne ran;:i

of interest, an we start oy selecting two points, trials 1 an: 1,

corresponding to the control values X1 enc.' X2, in figure 2.7-77C. 1-7,3n

eval%ate the system for those settincs, finding tne values V(:1)

anC V(.42). If we suppose that we selected X1<X2, an we fin.7! that

V(X.1)<V(X2), then we know only that the optimum is not 11,:_tH2n

position X1 of tne control. If we find that V(X1)>7(X2), then Re

know only that the optimurn is not 7.1.1eateL than position X2 of the

control. 7:ote that in the latter case, we Oo not know wnicn site o:

X1 the opti7um may lie. The two general 73ssibilities are 37101..71 i24

the two curves in figure 2.C. The next trial at X3 can resolve th-.

select X3a1, say (the choice is arbitrary, except

that it woult be foolisn to select X3)X2, for we know the optil ,am is

not there). If 7(73)>V(X1), then we know that the optimum does not

exceed Xl. If V(X3)<V(X1), than we know that the opti7um exceets

Ani so on.

Fven in one riimension, problems with false peaks arise easily an:

frequently, for we Can rarely be assure,-2 of monotonicity away fro,

fl,̂ Chapter 2.5 2):45; 5/23/1 .;7;
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2.FD Converging on a 1-Dimensional Optimum

A

A

the optimum. Other Pathologies may obtrude in the way of the
optimum-seeker. Tf the slope is small, that might suggest that we

take small steps, lest we overleap the summit; yet the summit 7i;ht
ecually well be a long oiay off, so that the steps should be ire.

Tnere is no general way to deal with such matters except by leashing

from experience what is the best thing to try.(1)

The crucial point about the ftill climbing metapnor is tnat tne

surface ct the performance function is reasonably smooth in the
phase space; that is, that the mapping function from the variables
to tt!e performance is continuous or at least well-behaved.(2)

Also, the general problem is far harder. For example, in two
dimensions, mere sampling cannot find a stationary maximum iti ani

point-sampling techniques -- even if all the contours in tae seasca

(1) jarvis (1975) presents a review of many of the current
optimization techniques in control tneory.
(2) Discontinuities need not be bothersome by themselves, if thPv

are few in number, and consistent in direction with the topogra ,2hy
as a whole.
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e-nca ara oonveY.(1)

2.5 The Controllable Parameters of Control

rear ._ all the trail following procedures, whether trail folloind
spatially or in control space, as adaptive, in the sense that the':
are advancinj tns organism to some explicit or implicit goal. Igein,
3C7e of the perameters that set the behavior are explicit, sone
implicit. ?4ere will be discussed some of those parameters.

In most cases, it is oossible to characterize adaptive units by
their resPonse tine; that is, the delay around the control loo.
!cscertaining this in oractice may be hard. Tt may take ten or twenty
seconds before the helmsman of a large oil tanker can observe any
response to a change in the rudder Position. The response of a
racing car may be faster tnan most people can handle. Furthermore
the response time depends itself vary strongly on the speed.
racind car's control loop tor steering reacts a great deal fester
when the car is going faster, for example. For the animal ?X37:77iS
that have been mentioned, the response tines are far less; P.
bacterial twiddle takes a fraction of a second, ants ma:ce
corrections in trail following in times on the order of a tentn of a
second. '-oths, on the other hand, flying upwind to find a mate 'sin7
anemotaxis, make corrections whose effect must take tans of seson:s
to estimate, especially at low concentrations of the attractant.

Closely connected with the response time is the sensitivity or
That means, wnen an error occurs, wnat size of correction is to Dc
imParted to the control? The easiest way to have a control system
over—respond is to set the gain too high. That is true no matter
whether we are dealing with a servo—mechanism, with tae more general
signless error—minimizer, or with any of the extraordinarily comoley
Fystens that proliferate throughout our societies.

in many of tne examples tne animals exnibited a constrained
sometimes transverse, sometimes rotational, whose characteristics
form another set of parameters of control. The can discuss ,4hat
might ask of them. First, the sweep should have enough amplitude to
sense the real gradient through whatever noise might be present.
Second, it should not, as it is in our example, be present more than
is needed to sense; that is, if its environment is changing but
slowly, it should be adding fluctuations to the control slowly also.

host observations have some noise associated with them. That is, a
sinole tit of observed information may contain a good deal less than
one bit of information useful in correcting and guiding a system. :f
ore r.PP,M a certain amount of information to make a decision --
whicn way to Tove a control and by how much -- then one has to spen -2

(I) The simple proof is shown in appendix 1.
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whatever time is neede to integrate what comes in. That
integration time may have to be added to the loop oelay ention
above (that is, tp the effective system response time), i ohe
wishes to examine some equation representing the control
mathematically.

A more subtle form of control consists of specifyino or res7;ecifyin7
the evaluation function. In the long run it is Probably the 7ost
poerfuily able to direct what 7..ze call 'learning.' :t is often not
recognized as a form of control, and it has not been analyzed very
deeply in the control literature.

7ere is a list of these control oaraaeters of a tracking or control
system, with short remarks about them:

1. Cain or sensitivity; this is not a separable parameter, in the
sense of its being measurable without considering, other fegtgrs.
In some way it measures the size of tne correction, as I sai7'.
ar.iove. - ith two systems, otherwise the same, if one applies
larger corrections than the other, it must be said that the first
nas a larger gain. It should also he noted that the timing of
corrections is crucially important.

If the gain is set too high, then instability will often result,
causing tivergence. Tnis might be illustrated in tracking: an ant
following a trail of pheromones accidentally deviates to tne
as in section 1.3. The left antenna is stimulated Tuch more than t...e
right, and so the ant corrects to the left. If the gain is too nirh,
tnat means that the ant goes further to the left of the trail than
he was originally to the riaht. Then a larger correction swin73 e7?71
more to the right, and so on.

This is not the place to go into control theory, which is co:Icerna
with the design and study of control systems so as to 370i.:1
divergence, inter alia.(1) it might be helpful, however/ to reveal
that tne overall cain around the control loop should be less than
one, to avoid divergence. ',.nat that means is this: consider ;1 777 1
deviation inserted at any point in the loop, in the control, say.
That deviation will cause a deviation in the system, wnich wili
cause 3 resulting error signal, which will through the control
mechanism cause another deviation in the control. The final
deviation in the control must not be greater than the original one,
or else, as the deviations go round and round the l000, they will
constantly get larger.

.esponse time or gain; to some deviations from a track one must
res7cr;-: very cuickly, and to some slowly. 7otice that this i= not
the same as saying that the corrections must be large. For

(1) Two excellent books are Padulo and rbib (1974) and Fortmann an
Hitz (1977).

flr.C.
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e.xemTle, if one strays into the path of an oncoming car, one .:1117t

-.2Ct guickly, but the correctipn will probably be very small.

The resnonse tc a signal, an error, say, is always in practice 3b-e
%;ei;hte-J, average over a recent history. In real life, as oo to
computer si7ulations, events do not take place at points in
-Anethe: evenly spaced or not, out over intervals, short or lon7. rr

tae signal is corrupted by interference, or by some random 7rocs7,
then it nay re necessary to listen to it for some time just to 7e*:
goat ii!ea of -.mere it really is.

If the res7onse time is long, it will mean that a pertur-pation t11.7e7
2 Ion'- tine to 7c arounl the boo?. 7f the ,17ain is too high, than tne
osc1ll3tions wili be slow, but orowing. There are nice relations:lis
between the setting of the gain and the setting of the response
tine. The response time is itself not a single delay, as I
above, but aweignte,-1 average. '-!atnematicaily, tnat is exresse iy
ritinc it as an integral of the signal (olus noise) multiplied L7

the .,:eignting function, often calle,d a 'kernel.' ?roperly, then,
is tnat function, tne <ernel, that is tne .,)ara,rieter.

3.:]valuation function: this is conceotuallv a very complex
para7eter. rTur analysis of its use emphasi7es the fact tf.at In
real system there is usually no single oal, but a aierarchy
them. In following a trail, for examnle, the curpose pc the
perpendicular swing is to keep the maximum of the scent
concentration in tae middle of tne owing, so that tne trail is
not lost. -lut that purpose is followed only because it will Ie
to the en _d of the trail, and satisfy whatever higher level goal
is to be found there.

In fact, the coriplex hierarchies of goals that manage human
existence coninonly exert their effects in tnis way. The princip:21
control paraeter of simple control boos is the 'set point, tat
is, tne particular value of the variable being controlled that we
are trying to k2ep it on. In driving, it 7lignt be the lane of te
turni)ike; when we pass another car, the instruction, as it were, is
to reset where we want the steering to need to the adjacent lahe to
the left.

.7.xp1oratory jitter: this includes the control notion alde,' to
ex,)1072 tae effects of tne control. There nay be several ways to
snecify such a motion, but the specifications must include the
frer:uency ,n•4. its an7litude if the error _does not cone
sicn; tnat excludes the classical case of servonechanis.
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3 Tracks and Trails

In tnis section I snail Aiscuss physical trails in more ae2th, ustn
the framework already set up, and relating the controls of the
tracking procedures to those that can be inferrd froil life. in
section 1, I discussed various aspects of tracking a trail, 5y
folloY.ing a local (transverse) 7.3YirlUM of a chemical concentratio,
and I distinguished between 2-D cases (e.g., bloodhounds) an'. 3-D

shrimp).

In this section, 1 explore complex adaptive systems -- complex 17...-;
different degrees -- whose structures incoroorate what amount to
rules of thumb, and hence are at least in part heuristic. 7y72lcally
tnese rules nave parameters that can be adapted. Such a rule mi;ht
be the one that switches the mode of operation from
acquisition/recovery to trackinc. One can never be sure that the
rules o.L:erate in 2 nice binary way. For example, taa switch from
acquisition to tracxinc often seems to be almost manifestly Lriven
by pattern-matching of a sensor output; but the reverse switch is
often a slow deoeneration, a continuous modification of the
parameters oi behavior.

Eome of the points will be illustrated by simple computer

2.1 Tracking a Trail - Elementary Heuristic Search

The essence of a trail itself is its one-dimensionality -- or at.
least an extreme anisotropy in one dimension; trails diffuse in tne
other t,,,x dimensions it they are chemical, although some Kinds,
not, lie footprints. 2ut all trails surely decay in one ',lay Or
another in any case.

Trails are also often extremely uneven. when ants mak.fe trails, the
7.10 so by occasionally touching their abdomens to the ground, so as
to deposit some cnemical tnat can be scented.(1) An orclanism that
is acting as a Prey to 2 predator leaves its actual chemical spoor
by accidental contacts, as well perhaps as direct cheAical
emanations from its body. All taat means that tae actual
concentration of the chemical is going to be an uneven one, arc the
unevenness will be exacerbated by different exposures of different

(I) See, for examole, Sebeok (137.t:).
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parts of the trail to the infusing medium,. Furthermore, the
cherical comnrising the trail or spoor diffuses away; the rate at

that !7=7)::,=.MS li7ht be expected to affect the optimum trec':ing
parameters.

PresumaI•ly, also, there is at least so'metines a bacground of
ierticel or interfering chelicels that can provide some risk of
losing the trail.

For crganis:ls W‘71072 nutrition depends on tracking prey, much
r'...ecend on the efficiency with which tracks are discovered in the
first ;lace tnat is, on tne searcn strategy. A key question is
obviously ho.: many dimensions are to be searched. If we consir
trail 37 a lona thin hill with the peak at one end, in 2-space ::,ny
random searcn path is going to cross tne nil, by and large; t2at is
not true in 3-snace.(1) in any case, trails are to S072 extent
aphe,-,:lerai and greatly affected by unknown history and trends, en
one cannot be certain a_2zi2zi wnat is tie best searcn strate-y for
them.

rin,a model for trail-following that was presented in section 1.3 on
gage 12 requires 3 transverse sweep to maintain tne Peak of toe
concentration in the middle of the sweep, couoled with a r7.017ca or
1233 steady forward movement. There are 2 number of parameters that
control exactly how tne ,ilodel should be operated durina the ar.tual
tracking, as opposed to the sershirg. First of all, h.)7, wL,ie
should the transverse sweep De? ,ide enough, oresumably, so that the
declines in concentration at each en:l. can provide the control signal
to keep tne trail centered on the sweep. Second, what -i.irection
ghould the tracker head in? Also, there must be a certain ine.rti?
in most tracking, so that the organism can continue over
interruptions in the trail; yet that inertia must not be 30 '..J0*::3:7:'11

as to carry the tracker too tar from the trail if it has been in
fact lost. "ciounds often overrun the scent of the fox, I am, toi.
They lust then find the trail again.

As I pointe] out, instead of tracking Dy seeing across it, it in
equivalent to use spatial integration by taking advantage of
simultaneous detection at sites re:aote from each other, that is,
remote enouan to be able to sense differences in concentration.
certain ants follow trails by balancing the sensory inputs to the
t.,To antennae. 14 the detecting capabilities of one antenna are
reduced, say by amputatinc it, the ant will tend to one side of the
trail.(2) Mere seem to be no data to estimate any of tne
parameters of trail-following in our sense.

(1) a matter of fact, a random walk in 2-space will approach any
target arbitrarily closely itn probability 1; in 3-space that is
not at all true.
(2) See ,i3ngartner (1?67) described in .4ilson (1971), p. 251.
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The trail recovery ?rocedures need not look like acquisition
procedures, at least to begin with. 'tt. so ,,,e point, of course, if
trail recovery proceeis unsuccessfully, it should degrade intn
normal search. r'etnier (1375) describes now tne blo.4 fly recovery
procedure is slowly modified into general search: the original
tigntly ':lound spirals become looser and 'wider. The actual
perfor.marce is Presumably adapted to the expected or ex?erience -1
gistributions of food or Prey, the nature of the space, the .- hi7;is
of the trail 3nJ so on. Altnough in principle trail-following
trail-following, in practice the strategies tend to be different for
prey catching and, say, .aate finding. In tae latter it can be
reasonably supposed that the mate is not actively opposec to
consummation; in the former it is well known that, for examPle,
:,oths take evasive action on tneir nearing that bats are about to
devour them.(1) The early review(2) suggests that the scale air
turbulence found in moving air streams cannot provide useful
("fractional gui.f!ance further away from the source than a fe
centimeters. In our terms, tnat is Probably wrong, and would mean
only that integration take place over distances long enough to
smooth out the noise. The strategies discussed in section 1.3 --
involving optical cues to determine the direction of air flow --
nave been observed in Drosophila,(3) mosquito,(4) and the moths

and SPodonIez3.(6) There are few quantitative data or the
hill-climbing tactics in most such instances. For mosquitoes, riTnt
(7) dismisses vision 33 operating at a range of more than a few
inches, relying instead on the attractiveness of carbon dioxide dr1,1
water vapor; but .7ones claims that

Tn. 3c'ult mosquito has good vision and will guic'kly
track a moving numan nand. it is clear that tne pri:aary
factor that attracts the Ae2Les mosquito to a human
being from a distance, however, is odor ... Precisely
'what olors attract mosquitoes from a distance are
unknown ..."(3)

Jones is, however, talkino about the yellow fever bearing Egyptian
mosquito, ae.:22  aegvPti, wnile .wright is talking about native s,ort.1
.m.erican mosquitoes, of several different species.

The use of optical cues to orient the ani:aal into the wind has mean
ternei: 'anemotaxis' -- another taxis -- and it is clearly most
appropriate in finding a stationary emitter, like a mate. Far'.(7,7

(1) E,3, for exam7,1e, Treat (1957), and Roeder (1963), cp. 52-J3.
(2) Cethier (19757).
(3) F,ellogg et al. (1952).
(4) ',ennady (1339).
(5) 'ennedy and :rsil (1374)
(5) !lurlis and 7,ettany (1277).
(7) 7ignt (1975).
(3) Jones (1973), p. 140.
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and :Morey point out that anemotaxis is often assumed and not
proved:

Contrary to previous beliefs, the mecnanism by WhiCA
the males steer toward the odor source does not reouire
3 sensing of wind direction.(1)

Put they atxlit tnat we still do not understand how the moth
distinguishes the 'upwind from the 'downwind' direction."(2)
course, that is exactly where anemotaxis comes in. 7,rubb (1972)
points out that their results do not mean that moths don't use,
anemotaxis, only that hill climbing is nossible without it, a
conclusion that Farkas and Shorey accept.(3) It will be clear fro:A
the simul73tiors in the next few suosections that anemotaxis, when it
is possibie, is enormously advantageous, and nence would probably oe
aiooted by evolutionary a,iaptation. The advantage comes fro,i! not
havino to integrate a non-uniform track along its oath, so to spea

tne animal is simultaneously integrating at rignt angles to
keep on the trail. !_fter all, the essential directionality or_ a
diffusion trail in air, Y:hetner or not it is turbulent, is very
slight at any great distance do.,1nstream.

The g.uestior about the directionality of trails on the ground is
another matter, which was mentioned in section 3.1. i7iven the
noisiness of natural environments, it is hard to imagine tnat a
smooth depositing and some Kind of exponential decay would orovi]e
enougn information For the directionality of direction -]iSCUS7B'T: in
ichener and "ichener(4) and "i1lows.(5)

The next three sections will describe in somewhat more detail
three Phases, search, tracking, and recovery, discussing how
adaptive controls may have evolved, and now tney might work. The
fourth will describe some simulations and conjectures about the
directionality of trails.

3.2 Searching for a Trail

the

It is probably obvious, and it can e shown rigorously, that in
completely uniform desert, the fastest way to find a trail, if there
is a uniform distribution of them, is to travel indefinitely in a
straight line. Tnere are not very many assumptions needed for the
proof, which involves showing that if you don't travel in a straight
line a trail You might hit you -,:oul] already have hit; that if, you
are wasting snme of your effort.

(1) Farl<as and Shorey (1972), abstract, p. 57.
(2) Ibid, p. 58.
(3) Far:‹as and Shcray (1973).
(4) ichener and i!ichener (1351)/ pp. 17-18.
(7) illows (1973), p. 215.
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There is another and perhaps more profound Point. The nature of a
trail is that it divides space into two sets, success (being on the
trail) and failure (not being so). If you are in tne success set,
you are near other points of success: that means success is
correlateri. witn success, an failure with failure. lience, if you are
not on a trail, and have not been recently, Kou want  to move a=1 

as -se. This arqument has been applied to adaptive
controls and learning by icisky and Selfridge (191).

In practice, of course, regions where tnere are few clues about
nutrition are seldom uniform. There is nearly always some
enisotropy, even if it is only gravitation; and apart from that,
than, one mi7ht expect that the mean free path of an organisT.1 will
extend (tnrou7n evolution) to be comparable to tne iiplicit or
explicit boundaries of uniformity in real life. I have found little
enough analysis of this question in the literature. Dethiar(1)
discusses the problem in a general way for the blowfly. The general
question of the adaptive possibilities for search strategies has
indeed been hardly ever raised, let alone attacked. Cethier says:

"7ew quantitative studies bear on this topic. Casual
observation suqgests that flight Ein insects searching
for fooa3 is random insofar as direction is concerned
... ',ore precise studies support this conclusion in
7eneral 7elocity and altitude are regulated by
visual cues and are related to wind velocity. The
crucial point is that the flight of food-deprived
insects is basically noniirectional. This is a gooc
strategy tor searching because it is one way of
ensuring that large areas will be expiored."(2)

Detnier says, quantitative data are rare indeed, and it 4011:
cc expected that search strategies would tend to avoid Previously
explored space. Certainly that is true in animals that graze, anc
that case will be discussed in section 4.3.

The reader will remember from section 1 that F. Coli has a positive
probahility of twiddling even if the environment is not changing in
the slightest. flne can imagine several reasons for this. First of
all, there are variations in tne perceived attractiveness of tnat
environment due to variations as a consequence of the org'anism -7
size. Second, evolution may have allowed for a possible
insensitivity to slow long-range changes in bacKcround
attractiveness. And third, evolution has probably concluded that T.
Coil is seldom indeed in an isotropic and uniform environment.

(1) Dethier (1975).
(2) Ibid, p. 17.
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3.3 Following the Trail

Th a 77 strategies are clearly the immediate Precursors of trail
searching an following. Tn]eed, if the trail is smooth enough, E.
Coii can probably not only find it, but track it. At least, the
proPram that generated the sinple simulations in figures 1.4A an.
1.=173 is perfectly capable of finding and following a trail. 7iTure
3.3A shows the trajectories of three organisms following a simple
trail, using the same program, modifying only some parameters ad
taz attractiveness function.

12f course, tne underlying assumptions about a trail are that eit er
the source is moving through the medium, or the medium is novin7
around :he source; anj the average progress of the seercning
organism must exceed that motion. Probably organisms as lowly 33
bacteria do not find themselves customarily in such an environment,
but, as i nave already Pointed out, beasts not mucn higher in the
phylogenetic acale may.

woulej expect t!- e param.eters of trail-following to have been
evolutionarily tuned. Indeed, we can employ tne biologically
familiar corceptuel reversal, and estimate the evolutionary forces
from the current state of the Pdaptations. The difficulty is that
the data on tracking abilities and strategies seem to be for the
most mart lacking in the literature.

The details of moths' strategies in following a trail upwind (like
silk moths eireeuy Ilentioned) are not to be found in or deducej from
the literature. The supPort tor our description of the strategies is
almost anectotal. .e.rinedy and ::!.arsn (1974) verified that some sort
of anemotexis was operating, when the moth flew upwind; when it lost
the track its zigzags became Perpendicular to the wind. It should be
noted that of course the heajing of the moth would not be
perpendicular to the ird, if the description were accurate, because
its upwind component would nave to compensate for the downwind
drift.

The problems of investigating the strategies used in trailing can be
examined by first noticing whether the sensor is single or multiple.

single sensor must make some kind of a sweep across the track
unless it is to perform .P7 tracking, like the bacteria or the mots.
A multiple sensor (like an array) can direct the tracking so that
the maximum response occurs in the middle of an array. Such a
sensor needs no s-,7eep at all, of course. 'any beasts use two sets of
sensors in parallel, especially eyes and ears.(1) I 3111 not aware of
any large class of animals that employ more than two parallel

(1) in some ways, of course, eacn ommatidium of 3 co.mpoun:: eye is 3
serarate sensor; but so is each retinal rod or cone in vertebrates.
The point is that such multiple sensors act as single integrate::
sensors.
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▪ circumstances in which that could he expected to hen

in real life.

Figure 3.34 Three Organisms and a Trail
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sensors in that way. Cne example is of course animals that trao'k
along tunnels ty aeans of whiskers that stmultaneousiy brush aginst
both a1ls an the ceiling and floor of the tunnel; but I doubt that
3 tunnel counts as a track or trail in the usual sense.

The sensors may be antennae, as in moths or ants, whiskers, as
in cats end oatfishes, or ears, as in bats or seals. In tne
blowfly, Dethier noints out that in tracking a thin trail of suoar
water, consuming it as it goes, the fly uses the same technique, but
the sensors are in the toes.(1)

The usual method of tracking, then, takes ore of two forms. In the
first, t,Yoified by hounds, a single sensor loves over the trail
transversely as the hound orooresses, maintaining the trail in the
center of tne sweep, witn due reST37d for changes in intensity an.
direction; in the second, typified by ants, the sensory inputs fron
two sensors, the antennae are balanced.

3.4 Recovering the Trail

Since the likely distribution of trails after one has just lost one
is presumably different fron when one is starting out, there is no
reason to SUDOOSe that the best strategy to follow in order to
recover it is the same as tnat to find it in tne first place. Cf
course, after a certain duration of fruitless searching, the best
thing to do no doubt degenerates to the initial case of search.

This can be illustrated by what a captain of a destroyer is supnosed
to do when the submarine he has been deoth char7ing seems to have
escaper-1 his attack: he should spiral around the last known position
of tae submarine in suca a way tact his radial velocity is the same
as that of the submarine, while of course his true speed and his
tangential speed are far greater. In this way, if his estimate of
the submarine's seed is correct, his course will intersect that of
tne submarine's, and he can resume the attack, this case is explored
futrher in section 4.4.

There is in general no reason to suppose tact such problems are
susceptiie to analysis, because in general the avoidance strategies
are not even known in detail. For example, it is known that moths
take fairly complicated avoidance on their hearing tne beeps of a
searching bat;(2) that avoidance takes at least two forms, whose
efficacy we can hardly guess at.(3) The two cases, and their

(i) Sethier (1375), Fig. 14, 7. 25.
(2) See Criffin et al. (1955) and Roeder (1953).
(3) Apparently, if both ears of the moth (there are two) are working
well, the moth has some directional information about the bat, so
that anisotropic avoidance strategies can be usefully selected. ,!,nd
if not, others turn out to be optimal. It is remarkable that the
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relative fra7uencies, must surely influence the optimal strategy for
tne non7ry bat, if he loses the sonar trail from tne avoidance
maneuvers. Strictly speaking, of course, the bat is attacking siith
the 7,5 strategy, rather than the trail-following techniques : have
been iiscussing nere. There has been little discussion of trail

recovery procedures in the literature, except for Dethier, an his
work on the blow fly that I have referred to several times. Tt is
simple enough to model such questions on computers; the programs enl

wnat they show are interesting but not startling. 71hat is neede.i are
data from life.

Anecdotal evidence can he fount in abundance in cases interesting
directly to people, like fox-hunting, considered in section 4.2.
There are cases of economical imPortance that I can find no data in
the literature about: for example, salmon in effect follow a
cnemical trail back up the stream at whose head they were
hatchei;(1) if they lose the trail, what recovery procedures do
they follow, if any? Since salmon do find their way up salmon-less
rivers, it must be far from perfect in any case.

3.5 On the Directionality of Trails

In considering the directionality of trails, we should distinguish
between trails in a fluid like air or sea water, where diffusion an,1
turbulence corrupt the trail, and trails enosited on the groun:!.
The latter can be expected to maintain their shape of deposition for
longer, ant in addition are inherently motionless. In my initial
simulations I hod supposed that the trail was deposited uniformly,
with variations that were smooth, and that the scent was diffused
away at a more or less constant rate. Under taose circumstances, it
turned out to oe hard to imagine how a gradient would exist along
the trail that might indicate the direction in which it was laid.
For a subsequent test, I supposed that the scant was deposited more
realistically,(2) by the insect's, say, touching the ground with its
abdomen, and laying a small olob of scent that then decayed
exponentielly as the abdomen drag7ed, making a tapered streak in

i.l.son's words. The trail thereupon slowly spreets out, in such a
way that each unit of the chemical scent disperses into neighboring
areas. Such a dispersal is illustrated in figure 3.5A. The scent
blobs were given an unrealistic but computationally convenient

mites that render an ear of a moth inoperative never simultaneously
occupy both ears of a moth (Frederick -,:ebster, personal
communication). I suopose that the new mite must follow Some in
of pheronome trail to the correct ear.
(1) It has been shown that each stream has some kind of a flavor
detectable by the salmon, and the flavor is apparently
distinguishable all the way to the ocean (XXX); we know little about

whether other senses aid this process, like geographical ones.

(2) XXX
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Poisson distribution.(1) In tne fi7ure, the times of initiation
a blob of scent are indicated by ''''.

noJ supos that an organism ?assesses a habituating sensor. In a
crude way 'Ai 3 write tnat tne sensor output is the ratio of the local
or temnorary intensity to some average of recently received
intensities, although it ought to laintain some nonzero level, to
avoid dividing by zero. Such a sensor is clearly highly nonlinear.
If it is used on tne kind of trails generated above, and il1ustrate 4.
in the figure, the output is different depending on which way along
the trail it is applied.

In such a case, we can be certain that if it is profitable for
organisms to be able to detect tne directionality of trails, tney
will have evolved their tracking mechanisms to be able to do so,
since the pacic detectable differences are tnere in tne outputs.
Notice that we do not have to worry even about which putout is
greater or less, because the adeptation will adapt to the
evolutionary coal.

The directionality of the trail is detectable with such a filter(2)
for some time, according to the very crude model in the progra7.1 that
generated the figure. It is true that the discrimination possihie
fades slowly, but even in the third curve of tae figure the sensor
makes effective discrimination for most values of its control
parameter.

Table 3.7,7; shows tne degradation in performance with time, expressed
in arbitrary unit:. The score is the number of correct estimates
made by the filter out of 50 trials, eirIer the system has been tuned
for tnat delay. That is, it shows the nighest point 07 the success
curve for the parameter that describes the strategy; in the cesc% of
this Prooram, the parameter was the exponential weionting facto:.
In tnese figures, each decay step spreads just 1 percent of the
amount of chemical at each location among the two neighboring
location:.

The actual figures of success for the parameter of integration a
shown in table That table shows the success of the filter
with 20 different values of the gain, in arbitrary units. It
suggests that a value of that gain around 0.1 is tae best overall;
it can determine the directionality of a trail like the third one in
figure 7,..FA in over 70% of the trials.

(1) It is true that I castigate work in which unrealistic
assumotiors are made for computational convenience, but here I am
merely illustrating an argument.
(2) A habituating sensor of the kind already discussed can act a:
such a filter; it might work like an aircraft rate-of-climb
indicator, wnicn is usually a kind of leaky altimeter.

OS Chapter 3.5 29145; 5r=7197?
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Table 3. uccs of 3est Filter for Decaying Trails

This illustration is of course over-simplified, and there is 1 ttle
to be concluded a'oout how nucn further adaptation could go in
.4iscri7inating the directionality of decayini trails. ther
parameters and sensitivities are obvious, and they mignt provide '17:
better :'erformance. For example, the particular shape of adapted
nabituation it e optimally different from handling merely a
ratio of sensation to current level (the logarithmic assumption).
should also point out that all this represents but a conjecture, for
I nave not found any data in tne literature to support or controvert
the mechanism pro7osed.

Euccessful
For Cf 10,

0 49 SO
10 31 50
20 26 46
30 23 4
EC 2.9 41
75 27 37
100 29 33
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.1 .2

c.:,_,k., 50 50 50
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43 43
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23 32
/._:. 7-;,__ _-

2? ))

Table 3.5F- ?clarity Estimation for Decaying Trails

....istelief already referred to on page 121(1) is not clearly
r'irert ,,, d at all trail-following by ants; and even if his argument
is directed only at his favorite r4211:2s2psta_saeyissima, simulation

(1) ',ilson !1971), 2. 250.
-a
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with a modification of the program that produced the tables above
will show that the polarization is easily detectable for approz..riate
cnoices of the Parameters. This does not show, of course, that the
trails actually are polarized, or that if the',, are the polarization
is detected.

His argument is that the lateral sweep of the two antennae :raK ,es it
"difficult for the follower ant to 'read' this information,'(1)
meaning to ascertain the shape of the tapered drop. But the shar .,-;
rise of the attractant at the front of the drop, compared to t.-Ie
gentle slope at the back -,louid be detected no matter ,ihich way tne
antennae swept over it, diagonally or not; at least, it is not clear
that it could not be. Cne snould be reminded that tnere are no data.

The arguments need a slowness of diffusion that seems not to ap71,7
to wind-borne trails. I have already in sections 1.3 and 3.1 allue:7
to anemotaxis, and the arguments about its mecnanism.

The general conclusions about the directionality of trails can be
summarized:

1. Deposited trails canoe polarized by shaping the deposition
droplets; this probably occurs in nature.(2) Theoretically, they
can also be polarized by using different chemicals; I have not
found any data that remotely suggest that such 3 thing happens.

-. Air-borne (or water-borne) trails are probably too noisy to allow
for met.e differential diffusion to serve as a reliable clue to
directionality; some other directional guide  is needed, like
anemotaxis, or gravity.

3. It should be remembered that even if the directionality is not
locally evident, there is always a 50% chance of making the richt
decision.

3.6 Trail Following - Integration of Strategies

There is a general problem that has already been mentioned in
another context, that of determining the worth of a module in an
assembly of modules. By and large, it seems reasonable to assume
that better tracking will lead to better Prey finding; but of course
it may turn out that the effort expended in tracking better ought to
be expended in better searching. That is, it is not enough just to
optimize the parts, because tnere are nearly always some trade-offs
among the parts.

(1) Ibid.
(2) See Y.acgregor (XXX) XXX
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The as7e7F:5iy of a strategy that comprises several strategies of the
kind discussed above -- search, tracking, track recovery, switchim7
to other str3te71es -- is 3 complex process that has rs—r4-ylpf.ar,7 of
its own. some of the obvious parameters are those that control the
transitions from one strategy to another, as well as those that
allocate resources to toe various strategies tnat form sometnino
like mo'ules in the whole. TOey are not entirely modular, oecause of
the interdependence on common resources; furthermore, they may well
make comon use of certain otner functions. levertneiess, an initial
launching point might be to treat them as independent.

The transition Parameters can be examined if one considers the other
elements as constant. Tnere is obviously no sharp boundary of what
is the best way to behave tor, say, a moth bent on copulation. For
one tning, if there are no other males around, then very slow
progress uJwind would perhaps be toe best thing; making sure never
to lose the trail. 2ut if there are other males nearby, slow and
steady may lose statistically against hasty and rash. As was tne
thrust of section 2, the Parameters of the teoavioral optima have to
be tracked by evolution in the same way that the transverse Position
of the beast must track the attractant maximum.

olobal features must also be treated. It is not enouon for
bat to tracK any echo, no matter how clear, if it does not represent
a target ,,7orth the effort. For example, it does not bay the little
brown tat to catch drosophila, for toe nourishment apparently ooes
not provide the energy for the extra flight needed.(I)

; powerful consideration is always when to give up on being faced
witn failure, anc what to do then. In ouman terms, there are two
opposing temptations: to do what one has always done, and to try
something new. The former is usually safer, while the latter may
the origin of new behavior and new capabilities.

(1) griffin, et 31. (1953), and .,:ebster, 7• ir personal communication.
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Other Aspects of Tracks and Trails

In this section I QiSCUSS some more of tne ways in wnich trackin;
can be extrapolated to exhibit more comPlex and integrative
behavior. In one of these, concerned with foxes and fox hounds, the
primary purpose of the tracking is still the chase; but in another,
tne tracking itself is an entirely subservient tool to be used Dy
the intelligent organism or procram.

In higher animals especially, the tracking of optimum parameter
settincs for control loops is all-pervasive; people are mostly not
even conscious of it. ;LAn important parameter of an adaptive control
loop is its evaluation function or goal. These days, the field of
'Artificial Intelligence is increasingly recognizing the need to
improve en trac< optimum settings for goals. Schenk and Abel7on
write:

... From time to time, the definition of a goal
changes... '-hen the specified goal cannot be
satisfied, he substitutes a different specification ...
rand] finally substitutes a somewnat different goal...

"Afte- the crofessor succeeds .with the substitute goal,
... he undertakes further actions Cwhich] are not in
tne service of tne orioinal goal. ?ether tney held to
improve the value of the higher-level goal ..."(1)

shall discuss the role of such tracking in section 4.A; not
just for coals, of course, but also for the many otner duties it
serves.

1.1 Aiming at a Goal - the AS Strategy

In section 1.1, I introduced the notion of 7,,T strategies, whicn are
adabtations that examine local gradients in some behavior space,
changing behavior parameters (twiddling) if they seem to be leading
downhill. I contrasted RI' strategies with tnose that had 3 view, as
it were, ot distant goals, so that the organism could head directly
from point ; to point P.; I termed the contrasting strategies
strategies.

(1) Schank and ;belson (1)77), P.

COS Chanter 4.1 29:45; 5/2571'37?
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In a practical sense, people usually can see what they are ai7i7;
at, either p.lysically or metapaorically. 7xce3t at an unconscious
level, that is, most peoole in their adult lives are not very aare
of using 3.1' stratecies. There is a ch11--3ren's game in wnich the
location of S073 hidden object is revealed to tne child by tel1in7
nim whether he is getting "hotter" or "col 4er" atter some movement
on the child's oart. That is obviously equivalent to SO7t? 1.0CF.1
sensinr7 of attractiveness gradient that is the essence of
strategies.

Sut :47' strategies are different in several ways. First and foremost,
they can sense remote t000graphy, ooth pftysicaily and in more
abstract spaces. 'physically, for example, once a hound has viewed
the fox, he no longer relies on scent, but can cut the corners of
the trail, hee'fing directly for the fox (it might be re red that
foxhounds con't S23,11 to nave very  good eyes). Previously, it peit
the fox to complicate tne trail with irregularities. :ut once the
fox has been seen, the hound switches from RT trail-following to
prey-following and tne comparative values of the various avoidance
strategies change drastically. In fact, in general, unless the fox
can reach safety (li:‹e a burrow of sufficient complexity) or it can
run faster, it is probably (.100:12C1. In that case, nis best strategy,
to delay the end as long as possible, is merely to flee in a
straight line.

Second, apart from freeing tne predator from tne parallel or
scanning process that maintaining the trail requires, the AS
strategy enables higner speeds, because sudden changes in direction
are called for only when the prey is very close.

I use the prey-predator terminology onl,, because that is a common
case, and the met,--- phor springs to mind. The reader should be
reminde: of other cases. If one is driving to some destination, one
has probably learned that on a particular highway such and such a
speed is the best, balancing speed limits, car's capabilities, cop
densities, and so on. That is, in adapting one's driving to the
destination goal, one need not experiment with speeds, but c,n
accelerate directly up to the desired one.

The rapid movement of one part of the body to a particular location
in space recuires acceleration and deceleration of a rather careful
kind. To catch a thrown bill is not an easy task for a child to
learn. It is hard to see how that can be planned and execute. with
3 pure RT strategy.

Probably this last point has tne largest overall significance; by
enabling planning in spite of local discouragement, the A7 strategy
in a very real way must have been the initiator of true
intelligence. This possibility of global viewpoints, ar.;:' then
conceiving of tne global viewpoint itself as only one of many, this
aiming afar, indeed remembering the etymology of rt213010qY', tnis
modeling of and Planning for the future that strategies require

Or: Chapter 4.1 29: ' • 5/25 7';'•
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inherently -- all tnese rake the intelligence and min] of mankind
far Tore directive and purposeful than evolution, whatever certain
poets, Philosophers and theologians have to Say. (1)

'.;ith our present cultural and conceptual heriteges, it is hard to
imagine how these faculties coul have arisen without the newer,
process-oriented sensory modalities of siont and nearing. Tne
directional and action-at-a-distance Properties are not only
powerful in therselvas in their :lost primitive forms, but extend
easily in environments '.'here propagation and discrilination are
feasible. As I have already said; I do not Oeiieve in tne sligntest
that evolution partakes of 7,13 strateoies at all, but eyes and ears
grow better throuon evo]ution by working better, that is, by
enabling profitable and protective adaptations.

It is of course well known that these adaptations reach their
epitome in certain higher animals. Coupled with other social
reinforcements, the planning encouraged and enabled by ,k9 strategies
are illustrated by cooperative oredation by lions, cooperative
protection by musk oxen aoainst timser wolves, territoriality in
birds, and the entire range of behavior in people.

2ut it must not be thought that 71/4? and RT strateoies are usually
clearcut and separate in their application. 3ften they are jointly
applied, and often sequentially, with complicated contingencies,
depending on the larger contexts.'22ven insects ma:e this very clear.
(2) Indeed, Tinhergen reports on his own and others' work about the
way tne bee-wolf captures its prey tfte noney.bee:

fi EPhilanthus Triangulum3 finds the bee with the aid
of olfactory stimuli ... it can smell such a bee from
up to 2 Emeters] EThenj the wasp makes a quick
dash or 'Pounce' from appr. 13 cm; this pounce is
guided by visual cues ..."(.1)

Tinber7en reports that olfactory clues are used as a kint 3f trigcer
for the visually guided 'pounce'. Sometimes the pounce doesn't ,:;ork,
and the ':asp alights predatorily and viciously on a twig; then the
olfactory mismatcn calls off tne wnole attack. It is tnis kind of
integration of the inputs from the several sensory modalities that
typifies wnat we term higher mental activity.

There is a substantial corpus of mathematical study apout
strategies under the title of Pursuit Theory. 7. splendid
the current status is iia:!ek (1976).

7,3

(I) :?:;!.
(2) The 'even' in that sentence is a little gratuitous, since
insects are pretty advanced Oenaviorally: see 7,1loway (1973) for a
review.
(3) Tintercen (1972), p.144.
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The com.ilexities that arise when 2!.i: strategies are nixed with T-17
strategies can be startling an.:: fascinating. .71other exambie will b
discussed in the next section.

4.2 Foxes and Hounds

The oldest mni:1:41 relationship is that of a man and
.107 followinc a quarry. So, when you and your hound
follow 2 fox, you go back to the beginning, the da-,:n
age when 71,-,n's o.,:n cunning was first supplemented by
tne nose of nis ne',1 found friend, the doc. And tne
unsolved mystery of a trail's end is an old, old
pro..ole7 ..."(1)

Fox hunting to tna hounds is a vestige of tie meaieval iunt whose
purnose was to sunply meat; it was only a secondary purpose to ri
the countryside of predators. The hunt originally sought gene like
deer, but its efficiency was so high that the deer were nearly
extinguisnet everywhere it was emnloyed. Fox hunting survives as a
sport in the :.S., England/ and Ireland. "The unspea'kebis in
pursuit of the inedible," said Cscar 7:i1de.(2)

Trail laying by foxes, and trail following by the hounds, are very
complicated orocasses, about which there are almot no respecta'cle
data, and the generalities derive from tradition and anecdote. It is
commonly ima7ihed that foxhounds follow the trail of a fox orimarily
individually, the way a bloodhound notoriously used to follow
escared ::risoners from the ch=in cang in the J.3. South a generation
ago. Usually, however, the trail is followed collectively, by the
hounds and the huntsmen; the latter play a vital role of higher
level control and in some cases communication.

Even with these complications, this trail following can be fitted
into the general structure I have been talking about, which I thin,:
will be at;parent.

Fox hounds are large and swift dogs, carefully bred for the values
that are thought to be needed for the hunt. They folo the fox
primarily by scent, far more than wolves (which are closely related
to hounds), ano switcn to the ATI strategy only when necessary. The
behavior of the scent depends on wind and weather, amon7 other
factors. The hounds smells the scent in the air, end the scent bas2
life varyinr, up to about 30 minutes in ideal circumstances. The
ideal circu7stances are anparentl'! a matter of ?rofouna debate an_
discussion: "Too much humidity aeadend the scent, and made it lte

(1) Hou-;h 1,-.n, (1 933), ?b. 1-1.

(2) '!evill 'oray tells me taat fox-hunting las just
ille7a1 in great
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heavily,"(I) T t7o rot Know at is the dynamic range of scent that
fox nounf encounters, but it is probably not reat. 7ne trail le't
by a ftY der7sys irregularly, an hounds freluently lose it, even if
it is cults fresh, so that much of the hurt is taken u2 with trsil
recovery.

The tox ieys 3 notoriously confusin7 trail, ap)arentiy 71eliberate
The evidence is all enecjotai, but it is very convincing:

'-he ore thin., to bear in mind obout e for, is that he is
actueliy =mart. And ne doesn't qet drunk nor use
tobacco, so his head is frequently clearer then is that
of the Cstein= who Pursue him...

cry Eharking of the nounds3 W23 a mile away...
The fox Presently ran ri7ht by us into the Pasture and
tnen executed the most amazing maneuver. jnnurried, he
doubled uo in his lire [ran back over his tracks3, ter
made a circle of about a hundred yards in diameter
unich closed near the wall. 7hen he jumped on the
ran heckwar(f's a few yards, gave a great leap off on the
other side, and ran off at rignt anoles to his oripinal
course. It could only have been e premeditated move to
confuse hounds. 11(3)

Similarly, the hounds are not stuPid in following such a trail.
iloughlah 4 continues:

ri ... the peck was abreast of us with strife' in a
snort lead. :Athout a check, he ran the circle just as
the fox had traced it and reared upon the well sniffing
for the scent. At that instance, Ch. [Champion] "Cleo"
leaned to the top of the all, cried the line tberked
at the scent track] along it, and leaped off where the
fax had jumped. In a flasn, that great pack ... were
over and away in full cry ... they never caught that
fox and never wi1l."(3)

In field trials, tne fox nounds are not providec, with the human
support 34 the huntsmen, but are on their oYn. Four phases of
hunting can he distinguished:

(1) .'.annix (1?7), p. 130.
(2)'7ioughlan.-" (1353), pp. 12-15.
(3) Itif, 7.
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C:.:-;T 7 H3 t'ne hount.s 7'..o not have the scent, ,n3 are .,.anterin: to
try ant -cint it. During castinc, they may be led by the 707e
acventurous houn.fs.

71. the nounts are not 'givint tongue', but are aware of one
scan:; tTlev may be feathering their sterns, that is, ..-Tacging
their tails. he ('o not have the line yet, that is, they heve
no: faun: the actual trail, but only atones of tna attrac:ant.

7-,,ATJ.,:7G: the hounds have a positive scent, sufficient to
to rbarrK, in a more or less special anl recocnizabla way).if
there are no clues about the direction of the line, they revert
to 2. 7 .:1-7],.7 not found out what clues they might use to establish
the .- i:ection of the line.

the line is stront enough to enable them to follo it
nfle runninc; they tongue 7UCh faster, that is, OarK more

fretuentli.

Trail recovery 27-:7 De coalolicatett because for one thin; the fox
lavs a complex trail. T`ten hounds ',Jill execute a '1ollipo7:"
manenver, in tney stop deab ant tnen circle as fait as they
can ,xith a ra2ius of about 2 huntref yards. 1 coordinated pacK
often re -,:bin the trail tnis -nis tactic clearly resembles that
of the Thstroyer after the submarine that I mentioned on pate 5:.

"Yes, I Ken Jonn Peal, and out,/ too,
P.anter and ?sihcwood, -2e1inen and True,
F:07 a finf to e chec'::, from a ghec% to 1 view,
From a vie.,; to a teatn in tne morning."

4.3 Inverse Tracking - Grazing

Crazing beasts Thou1.2 tend to avoid ne741y .31'273:i territories, even
if - ust because it is a neetless waste of metabolic resources not to
to so. i 'grazing I -, 4o not restrict rzyself to oovines, for exa -171es,
but inclu -2:e snails, whales, and ter7ites; any creature, in fact,
wose deletes a slowly renewinc resource. 7ven preators
canoe inclued unae: some assum?tions. In ni.2ner ani.iais other
considerations often t -7-.ke priority over the use of metabolic
resources/ end re7int or browsing strategies may sal to be nore

This section discusses only those e7Dectq of grazing that seen 03
have s 4 ni1eriti.s to the trackiro and trailinc that is our -lain
topic. coo: revie:4 of tne state of the art of grazing models in
-enerel is 7yKe et al. (11:77).

Chapter 4.3 2'j:15;
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Herbivores snenf 7017?, of their time eatinsg than carnivores, as not
of us must nave noticed, an efficiency will dictate that grazin.;
tracks usually follow along the of old grazing groun,-!s, for
woulc be inefficient to leave ungrazed soots to 'zhich access ha to
be gained' by crossing grazed territories. T should rat that
analysis, such as it is, cannot be expected to apPly to ,ihet
ordinarily tnirY< of as herbivores, lie horse or cattle; for the:?
beasts nave comPlex mammalian goal structures, and besides nutrition
also seek silade, better tasting sileg, and so on. Rather, it
applies to lower animals ii(a snails:

” sediment fading in benthonic invertebrates
produces the most regular patterns ... test deve1o2e
in ',e2osits (botn Recent an. ancient) because
of the even distribution of fooJ particles in most

sediments ... These requirements have been net
by a multitude of two- and tnree-diaensional trail an..:
burrow patterns. ';'.owever, meander systems are used most
commonly -- just as they are in human contour ploi71,7
an other ecricultural activities... 7icnter
pointed out in 132.37 that the trace fossil
e1minthoidea ILburinthica ha: its movement controlled

by a set of basic reaction: i) stroonotaxis, that made
the animal turn around 130' at intervals; ii)
phototaxis, that :.ept it fron crossing otner tracks,
includin7 its or.; and iii) thigmotaxis, that ma ..!e it
keep close contact with former tracks."(1)

Such strategies nee interesting patterns which can be seen
literature as as in nature -- spirals, 7igzaqs, seeps
forth, and so on.

in tne

In some sense, one might expect that grazing strategies would be tne
exact reverse soc. trail-following ones, since the pur2ose of grazin
is exactly tne opposite: trail-avoiding. lut in fact most of the
considerations are the same -- follow the trail, but along the et:e
of tte crazed trail. Sensing grazed ground may be done in ways not
obvious to us, as can be seen DV lifting up the bark on a fallen
tree; larvae of various species will have eaten cambium in tunneis
that make charmin7 designs and hardly ever intersect.

The adaptive selection of non-crossing grazing strategies has ocan
shown theoretically by ?apentin (173), who ran evolutionary
experiments or a computer of a similar nature to the primitive onls
shown 30Ve in figure 2.2. These experiments derived from
ethological analysis of :.auo and Seilacher (195?), who show P that
wide variety of feeding and foragina trails could be sinulate]
rather precisely witn a nandful of benavioral variables; like tae
turning radius, or the allowable lower limit of the distance bet.,ien

(1) :laup an Seilacner (1959), 2. 994.
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DRAFT - 313. INFfl. ?ROC.

tna current an; preexictino trac<s. It was supposed that the
si-ulated forager ,,:as really rataPr similar to the corlmon "turtle"
so frecuently orocram:led with the LCG3 ProgramIling languace; the
four conT.ands are to move strait aneaa, turn toward or away on a
Preeyisting track, or make a full 130' turn.

Cther forms of grazing are seen in the harvesting tactics of far:le:5
and strip miners, an tne appearances are similar, and for tne 327,-3

reasons; it is exnensive to go twice over grazed ground.

4.4 Tracking a Submarine with Sonar

This section is not concerned witn tne deep technological details of
tactical sonar operation, but rather with drawing parallels bet -,:een
that and other forms of tracking. The capabilities of sonar are in
some way like those of the bat; the echo strength follows a fourtn
power law,(1) multiple targets need careful discrimination, and the

predator is audible to the target at far greater ranges than vice
versa. Furthermore, doppler effects -- charges in frequency of
signals tat correspond to relative velocities -- aid discrimination
for both. The bat in general is subject to less interference tnen
the destroyer with its sonar. For one thing, the propagation of
sound in air is mucn lossier tnan it is in water. For anotaer, the
bat mostly 777oulates his squeak in frequency, so that targets at
different distances will return echoes at different frequencies
single instant in time. 3ut most sonar signals are constant in
frequency, so that signals reflected from a distant sea botto7 ii 11
interfere with those from a closer but smaller submarine, in such .
way tact a gross frequency filter will not aid in discrimination.

The mathematical analysis of optimal methods of detecting targets is
far advanced. The algorithms that decide where the target is have
been proved mathematically to be the best, 7iven certain reasonable
assumptions about the environment, like the seed of sound and its
variations, and the behavior of targets. Typically, a target is
tracket, so tat its position is known fairly accurately, and tne
current sonar signal is used only to update or improve that
position. Since the update takes less information (in the sense of
information theory), it can be accurately gauged wnen conditions are
worse taan would allow the same accuracy for the total position.

(1) both in radar and sonar, the target reflected energy receive oy
the sensors is generally sixteen times weaker if the range is
doubled.
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4.5 Tracking in Artificial Intelligence

1."ost practitioners of the fle]gling science of
artificial intelligence would consider the simulation
of guidin;,.balancing, and raw survival relatively
simple com7ered to the problems about the structure of
knowle -]ge tnat they are currently tackling.(1)

yet, I aroue in this section, tne functions of tracking
optima are so Pervasive in the Problems that artificial
intelligence is tackling that the procedures and tools for
performing them deserve to be examined and analyzed. I shall not
analy7e them here; and it is not being ar7ued that attempting to
reach a profitable and manipulable reoresentation language is not
worth doing. 7'ather, the argument is that just as physical tracs
and trails can examined, analyzed, and simulated profitably, so
can and ought to be the function of tracking in concept and
knowledge spaces. 'eiinston has asserted that exploring this kind
of adaptiveress can detract from the effort at representation:

Infatuation with Eguestions of adaptation] often

11111 
leads to  hoc schemes for tinkering A.th awkward
snaces rather tnan to finding spaces for which
search is simple or not relevant.(2)

1111 
I confess that 7 do not see the strencth of his argument; rather,
the different attacks ought to work symbiotically. Indeed, there
i a ,,langer, manifest now, that looking solely at representation

111/1 
problems nay tend to bias the kinds of representation that are to
be studied, and tne kinds of things that are to be subject to
representations.

11111 Some of the applications of tracking, both physically and in
control space, will be immediately apparent. .any visual pattern
proclems, or conceptually similar, like the sonar problem above,

1101 
require dynamic tracking, either of targets, or of optimum
settings.

It seems likely to me that the applications can go far beyond
such examples.I mentioned on page 59 the tracking and
modifications of coals and goal structures that modern

111111 

researchers in AI are exploring. In the same way, linguistic
items have to be tracke -I., because in Practice meanings drift:

!. language is
... like a biological organism, a bundle of
interacting systems maintaining a dynamic
equilibrium known as homeostasis (footnote: The term

(1) !,.andler (1?77), p. 1011.
(2) "Ainston (1977), p.

Mill
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"homeosta'zis" -,7reem:: to have been used first in
linTuistics by !)artin Joos ...). There must be a
network of interactions tying all parts together,
and tying every pair of Parts together in a number
of Y"-=7'-7. It is Perhaps a reasonable speculation to
insist that language, as we kno.i it, with all its
complexities, is very close to the ;I.:ablest possible
system ,,hich can maintain homeostasis in the face of
the intricate set of external forces that imbinge on
it.

3ut language must do more tnan this. It must
continually adjust itself to new needs. 0 language
can be a fixed system of words and patterns. It must
be open to receive new words and new structures, and
to change the old. Change is inevitable, since
language 'unctions in a society in ceaseless flux.
me continual change in language produces inevitable
maladjustments in the system. The language must
re7e-7,ted1y repair itself, restorino and maintaining
eguilinrium by additional Ch31(7';aS to counterbalance
those forced upon it by changed environment.(1)

I tnink it is not too fanciful to conceive of 'trac'<ing' the
meaning of a word, of acquiring its leaning, and narrowino down
on it, as metaphorically equivalent to bhysical tracking.
Cbviously the process is embedded in a host of other ones, to
wnicn it relates in comolicated ways, out often the meaning must
be modified in only small ways. Indeed, Some of the Parallels in
the processes are striking. The difficulty of a computer
orcgram's LinieL:Ling something that it has erroneously learne71 is
very similar to the difficulty a computer has in correcting
erroneous matching or targets and tracks.(2)

The aspects of tracKing that arise in ,"AT are ubiquitous but not
prominent. In illustrative examples the" tend to be omitted,
thereby savin7 at least one extra level of control. In one way,
it can be argued that their real power will be utilized in
systems that are too complicated to understand as analyzable
models. Consider the AP.?A speech program, in which the purpose
was to produce 3 combuter based system tact could understand
continuous sPo'Ken speech. The basis for the interpretation was a

(I) Gleason (193.5), pp. 105—.136
(2) An example is a computer program designed to learn 4ord7 and
their meanings from using them and relating them to the behavior
of tae wori. Given tie strings GI777TiE7.!,Lr, and
PUTnE7ALLINT1i1.70Y, and some other similar ones, the program
inferred tnat T:iE2 was a proper substring or word. It proved
extremely difficult to persuaJe tne program eventually to :eject
that inference. (Selfridge, personal communication).
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set of features that were assemble ana1y7e,4 et the semantio
level, uTinc. a complex set of expectations ani knowlecJge rules.
The 'eatur-,s themselves were never optimizeJ for the resu1tin7
uses; in fact, one '1d suoPose from the reports that vary
little ex7erintetion was done iith the features (which
consiste,.f of thins like co=ant tracking, or the presence of. e
burst of ni7n fre7uency noise). Eo tare is no way of telling no.
the resIts are effectef y the quality of the features, or

ther better features would afford much better overall
perf_ormarce.

GC35 Chapter 4.5 29:45; 5/75.'1972
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eniix I ',-axiTa in 2-space

:r1 bage 4R, Iesserted:

... in t-zo dimensions, mere sampling cannot find a
stationery M3XiMUM with any point-sampling techniques

1,iJ=.n if all the contours in the search space are
convex."

I snail justify tnst by presenting tne following tfteorem, and tn_n
sketchinc its simple proof:

7,iven any set of ?; points inside the unit circle, there
exist two functions, eacn convex up in tne unit circle,
with identical values over the points, and whose
maxi7a are separated by a distance of 2-e, for any
positive e, no matte: how small.

To prove this, consider any set of ” points in the unit circle;
and notice tnat it is clearly feasible to place an elli s. so as
to enclose none of tne points, and such that its foci are
arbitrarily close to a diameter of the circle, an separated oy a
distance arbitrarily close to 2.

Tne class of ellipses with those two points as foci can be use:
as contours to define a suitable convex up function outside the
ellipse. Inside the ellipse, -5c:iconstruct conical surfaces,
with vertices at each of the two foci, and extendina to the
ellipse; they can be made flat enougn to satisfy the convexity
require7ents, so that the two functions generated are identical
on the Points, and have maxima arbitrarily close to the edce of
tne circle, on opposite ends of a liameter.

or

Section Appl 79:4; 5/27-3/1 c7c,
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kill

kill

kill A0- 7;a:['iY_3 3c ,..nninc F,yes in Copilia

11111 
The coo Copilia seems to have a specific visual scanning
mechanism that does not invoive the wnole body. The observations
re7)orter in the literature(1) show that in a couple of species the
eye of the female consists of

"a hinly refractile lens ... land] a tenuous
cone-sha7ed membrane exten2s backwards into the body
... about half the length of the thorax, Cending3 in a
small hgihly refractile element, which obviously
corres7ons to the crystalline cone of an insect eye

kill
At tne botto':a of the cone is "a single narrow structure very li'<e
the rha:Domen of a single ommatidium ox a compound eye"(2) with
three photo*-ece7Dtors..(4) In females of two of the species, C.
qua.lrata and C. 2enticulata, tfte two sets of pnotoreceptors are

and frequently "scan," that is, enjoy "a rapid movement
towards the mic:line followed by a slower, probably passive
recoil. The fastest observed sweeps have a sweep-time of about '-70
ms., the slowest about 4 s."(5) Moray suggests, and Downing

11111 
confirms, that this is a scanning system ithin the beast. "oray
and Co'ining both coint out the behavioral advantages such a
system might have, ant Downing claims that limb movements are
specially liKely to occur after visual stimulation. "The
discovery that limb movements tend to be precedet by receotor
movement corroborates tne interpretation of the receptor movement

precede ,! by the acceptance of visual information."(6) that
in terms of scanning: it ma .rces sense for overt behavior to be

observation serves little to elucidate what is really going on.
It is from dynamic considerations, surely, that the eves are
moving in oo,)o,--ite directions; so that, whatever else obtains,
the eves are only loo'<ing in tine same flrection once per sweep.

11111

1101 

(1) Exner ',:o1;<en and Florida (1969), and Gregory et al.
(19E4). T am indebted to Professor Neville 'Aoray for these
references.
(2) ray (1972), 0. 199.
(3) Downing (1972), p 243.
(4) Vaissiera (1961).
(5) oray (1972), p. 201.

1111 (f)) Downing, op. cit., p :59.

11111 
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