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TRACXING AND TRAILING: ADAPTATION IN MOVEMENT STRATEGIES
Introduction
Nratyre to C2il creaturesl, without nrofusion, kKind,

T™ha prooer organ, 2rodar 20€ars assignad;

Tazp s22aing want coac2nsatad of course,

ilara yith dlegrae o0f swiftness, there of for

*11 in ex3ct srosortion to the state (1)
3ciantists and 2nainears can, I suspose, tak2 hzart [rom Pove’s
optimis=w,; and rathenmaticians can ra2vzl in nis pronise of ilinesaritv,
He€nrca/r1l in exact prozortion.™ 7o discovar what ars th2 pronsr
organs and ta2 sroper DoOwW=2rs, and 4nat has 2n the naturz2 927 tnae
ccmpensationn, we nead to deal with the "omnlaxlty 0f organiza*ticn
and f22icack. This 1ay seam to flv in the face 0f dccan’s razor,
but sinsle stratzagias <can produce <¢omdlax beahavior, and somes sinagsle
henavior @av in fact He the not so simple oroduct of interactincg
strategissz. “here there are coamon D2rocess?2s at worx W#e shoull Zinz
and c¢ascrib2 them.
This nonograrh studiass the adaptive nature or tracking -- follouing
trackxs and trails. Tt 2s¥4s what an organism n=2eds to ¥now 1in ordar
to tracv, coniecturas how the strategy of tracking can develos ans
avolya, and trizz to snow tﬂat comdlex benaviocr can foilow in
comnranansiple ways from simplar behavior,
Tt also 2s%s5 how =n organism tracks its paraleters and stratzcies of
seaxavior to IZIollow the moving optiama of a cnanaing =savironment full
of other Z2eveloning crganisms, even as they respcond to adaptations

to tasn. In som2 wav, I arjue, this trac¥ing by interacting
organisms np 2 coskic scale is rasponsinla for much 27 tne
QD

Overview

In tne first section various forms of guided movement are examina“
witn ressect to their vffectlv ness in nheading tha moving organisas
to scne xind cf goal: for examole, bacteria to their food, motas to
their matas, ants to their nasts. The path to be followed 1is 2 %trach
or trail, =2nd the organisa aust fl;:* 2e ablz t2 £ind it, ani thzn
to follow ity if the tr=ail is lost, it must oe recovered.

(1) ®n2a, Alexander, "An Tssay o:f #an," from "The 2ast of Pgza," a2z
Sharburn, 5., tonalid 9ress, H.¥., 1929, p. 121, lines 1735-134.

CG3 Chapter 0.3 23245, I/25/1%97°




In tn2 s32c0n7 sectinn, I 3iszuss tae eguivalant actions witn r2s5a3ct
to tha contrel levices themselves; in wnich, for example, @ 3enscry
orgen Or a =tosring Jihsal tracXs its ostimunm setting. Zvolution 13 =
s53cial cas2 o0f cnnstant tuniny 0% fitn=s5:.

In *tha tnird secticn, the various aspacts ¢f trails and following
than are consicderad in anca d2t21l, 2so=3cially a3s they int2rast xish
tra ostaer sacrtestions and goals of tne organisms. Trails are usuzily
follewe? no* 3just bv using the scent of one kind of molacule, Zcot
exampiz, hut v using other clues as w2'l1l, lik2 gravity, skv
colarization, and signt.

Tha fourth section discusses a nuamdar of relzted tooics and exzmpiss
ir mora 2:2ta2il, showing tha ralationshins batuwaen the sianle
oriaitive strategias of trail fallowing ana tnes coapdlsx onas aznstad
sy higher 3animals znd man nimself. I claim that many of the actioens
0f inteliigsnce are 2s5santially tracking =-- the optiaum s2tting cf
an auwditorv filtar, ta2 control tnat noves a iiabk wita an un<noun
loz23d, the cherging interactions of goals and sudbgoals,
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~
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v
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Din.l DRAFT - 2T32. IsF2. 2x3C. 23ige 1
1.0 Yovement for a Purpose

Adaptation is suca 2 fundamental fesature of life that it nas >:3320
consliiered as one of its distinctive features. There is o>servzacle
in natur2s zn enormous variation in the Xinds and exprassions oi
adantive bhehavinr,

This monogrash 2iscusses thz2 process of ailarctive behavior as
exzrassag in strategiss of movanment bv zninals. In aost animzls,
movanant 13 concernad with nutrition, anti-nutrition, or 3rocreati3*
(3y anti-nutrition I n2an avoiding being som2tning els2’s nutrition,
S5y means of flicnt or schoolingy, for example). These higher purnoses
hava guided the devalopmant of strataagizs of zall kinds of movamant
oy azasting tnoss stratagies to the changing expression of tnos:
surooses in highly comzlex envirenments, Th2 Dur"oseC 3re usualiy
inplicit, 2ssecizilvy in lower anlmcla, 2nd must be inferred fren
thair >2havior or daaucad fron analvzing the nccnaqlavs of be aVvior.
Thay ax>ress themseives in the behavior o single animals and
interacting large groups, like mating swaras or »a3acks of hounds
2ursuing Jams.

Jera T want to Jfiscuss these strategies and howd they have Deaen
adapted -- how tne information the organisas get from their
aypariances change their bdahavior in future 2xparisnces. Much is
Xnown, of course, dut far more i3 not; a great aany qua2stions s22n
not even to have Heen asked. Some conjectures and znalvses will 52
ralzte? to andels sizulated on 3 computar.

T s5n2il 52 constantly drawing 3 parallel betwesen physical movemant,
with irts =zdaptive characteristics, and movaﬂant in control or
stratsqy s3pac2, with its a:aptive charactaristics. It seems to n2
that 2 control mechanisa does not inherentiv care whetha=r wnhat it 1is
controlling 2cre organs of antion or other controls.

Tharz i35 nn2 3¢
attantion, 2
“volution is
arossz. *nalyss
D

izl kind of adaztation that ouzght to nave special
at is the process of biological evolution.

urmably the zdantive mechanism by which zdaptations
hat treat svolution as a form of adaptation ar2
a0nc tﬁoﬁ 1: a r cejt hoox by Holland.{(l) I shall

————— . ————————— —— ———— — T —————— —— — W S T ———— —— ———— v—

CCGS Saction 1.9 231455 5/2z/15773




g2 2 D2AFT - 3I0. INTI. PROC. Sin.d

#0038t oI t(h2 ncovement strategias I am concarned which are frow pavia
far 2:zlow =men. Inde2d, the initial! axarmple i35 not aven 3 12tz70z27.
Tn2 starting goint, taerzforz, 15 tne adantive benavior of craaturss
that cccur lowest on the rthyiogenetic scale.
1.1 Elementary Strategies: Run and Twiddle (RT)
o3t aniuzls enjov movenant of zome Xind. Oftaen tais movemant g2y
appear tc ve random, dut usualliy there 3are adaotive or ourcosaiul
elemants to it., “Yovemant itself mav he directly adaptive, taat is,
resporsivae to a carticular coal structure, like a search for fooz,
or it miay ove r2gardad as part of 3 larger adaotive control stratarsy,
live »volution or schooling..
In 32 s222r in Yatur2 in 1973, Later sumaarizad and extendad in ta-=
Sciantific Ymericaen (1375), 2erg &t the Yniversity of Colorads
discus=z2< the motive habits of Cscherichia_Z2li, 3 verv coalen
sactarium fcund in tn2 numan gut, and of 3almeoneliz Tvphirurium,
znotnar uncleasant hacterium. Tach of those has a flagallun that
rotatas lize a fra2e snaft -- wWn22ls and shafts had nean thouant to
Ce agsert rrom living organisms =-- an”d each uses its flagellur in
one of twe mofes of actiont it is =2ither moving, roughly in a2
straitint line, or elsa it is “twidiling”, Sy 4hich Rerg means
spinniny around in th2 s3me olacz2. Tha efiect 0f twiidling is to
cnang2 thne direction of asotion. Th2 combination of the two modes
makes the tracxs nf Z. Coli look li%=2 steds in rouchly strainht
lines connected bv noiles which are tne sites of twidldling.
In fact, there nzd been ny o>servations before thosa 0f the 1212
1330°s and 1¢70°s th=t 1 ht hava led to similar interpratations.
Staniar 3and Conzn~2azir2 described how purnla bacteria (2.5.,
2acteriur photuretricum) exnibit phototaxis

Thair phototactic r23pons: consists nf a sudden

compizte raversal of the dZirection of wmovement

("Schreckbewagung’) whan the light intensitvy is

ahruotly divinishel ... In consaguence, 2 local area of

niza lignt intansity acts as a light trac ...(1)
This %ind of novement is more than random walk sehavior,(2) whi-h Is
not oy 1ts21f ziaptiva. %ut Perg (and others) found out tnat tns
crodza>iliity of twiddling varies with the environmentzl concentration
of attractzants (lixe light, or certain amino acids taat aizht
(1) Stanier zrd Conhen-2azire (1257), o. 34. The originai discovery
Wwas z22z2rantlv ma2de 5y Tngelaann (1332).
(2) Zanion walk is the term used by nathenmatical 2n3lysis to
Gescrid2 a stzp-by=-stz2p aovameat in whiech the ste D3 nhava ranaon
charactaristics, in length or Firection.

L

dJGS Chapter 1.1 23143, 3/23/1°
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t

ant, 1f there is one. 2 can think of this as tx

trol strat2qgy - X2ep_7290ing_the sama_wWay_if_thinzs_2
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Wl (D

Q
H O M
ct

g_otharxi i_‘_.}.QMv_?I.QJ”‘d 3y “move around” i3
values of the control parameters implicitly or

T control parameters wmay be directions of motion, 32
w;-h the hacteria; »ut thay may 31so e other xinds of control.

ayniicitlivy.

1

f so

e attractant is placed on a cover slile or petri
h <. Coli, thev soon cluster around, >resumably
Nts, and growing enough to fission.

m
; A1t
o4

s 2=11

Computar sirtul=zation verifies that this simple strategy works, thouah
in thie r2al case there mav be @more to it than w2 can guass. I ZJo

——— — — — ———————— —— — — " — — — — —— o ——————— —— — — — — - — ——— - —— — - —— — ——— T — — —— — _—— ——— — —— o —

(1) =remermann {(1974), »o. 288-393, It might De noted here tha*t i
natur2 the caan3z2 in Jdir=ction is far from completely random, ani
certzinly not uniformly 2distributed. S22 RBerg (1973A) and ¥Yoshland
(1%27).

{2) The nature 9f the attractant n=ed not concern us here, hut
typical onses reprasart sourc2s of nutrient, like calactoss,
L-aspartate, ani L-serin=. \ttractants are racognized directly, an:
not meraly through m2t anollc actien, for D-=-fucose is an attractant
for, but not n22takholizable dy, =. Coli. Turther descriptions ~ay “e
found in Azler (1373).

£G3 Chaptar 1.1 29:145; E&/23/197°3
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0f oyslisnad wor¢ descriting sucn siaulation, 2zvond ths

oy iramermann mentiona2d above; my own rough sinulations

Fin egaction l.4) nhave used onliy two orodabilities of

; 21 and P2, z2nd a thrasnol? concentration 2%t which the

crannes “ron P21 to 22. Tt nay well ps the casz2 that the

*v 37 t4iddling is 2 continuous function of some recant

f attractant concantration, bHut the datz Zo no*t seaa to T2

10 to aliosw us to make that discriaination.
This stratagy Tav He rejarded as dirvactly 2guivalant to ths sacond
xini nf eslamantary continuous azZaptiva machanisn to b2 discuss:zd in
saction 2.5. Iss2ntiaily, tne various zossivilitiss ar=2 tri=i, anz
the successful ons2s tand to be kent up until they fail. If the ‘
possitilitias 3re diractions of movaenent, than tna2 “OV°1€Pt thzat
resul*ts fron this &kind ¢of control strategy can bLe considerad
adantivse.
T 37211l g0 furthzr, 2nd 2s5s2rt taat this priaitiva control straztany
foras o2r2 05 ta2 two Hasic strategies o7 movzaent and control that
are -ound in living organisms. I snzll refa2r to it as the RT
stratayv (for xun and Twiddle). The other strateqy is nore comclex,
arné usuz=ily irvaolves vision or hearing -- th2 ilong-ranj2 sans3es --
tnat i3, seeing wh2re ona wants to go) 2 reasonabla name for tnzt is
an AZ strategv (froq n2o0int A to »oint 3)Y,.
“arantneticalily, it 32235 not to nive 2223n pointed out aow prevasent
°T novamnent s3%tratagies zre in iife. Yo Sciantific imerican(l) it
448 Zescribed now mosquitoes flv toudaras sources of biood using R7T
on tha attractants of water vasor and carbon dioxids. TOor anotnar
axamrole, Viggieswerth Zdescribes how the louse aidonts an 2T stratezy
in or2er to z227voach son? attractive nutrizant.(Z) OSne of his
figurss, takan “com 1if2, has 2 startling resemblance to figure 1.%3
Nere, oroiluczs by the siwmulations 3escriped in section l.é4.
1.2 Other Expressions of RT -- The Use of Directionality
I suggast ths3t a2ny stritaegies »f movaaant in aniamals will be Iounz
to be 27 stratedgies. The es3snca of 27 is Jdetermining a local
gradient of attractivanaess of an 2nvironm nt 2y taking sequantiai
samples in tize. Tn som2 sense, that is of courss2 eguivalent to
takint samzles siaultanzously in tine, Sut disgersad in space. 7%
the orgapism is sm2ll, like a osacterium 2%out a3 micren across, itnsn
its soatial sensitivity will not »a vary areat, and it w€ill n»o Zoudct
D2 a0r2 2rofitshla to integrate ovar tine, as it weare.(2) 3Since
mcst motile protcozoans move mary bocy widths in 3 seconi, this
(1) 322 rizat (iS73); an: aiso lay<in (1257).
(2) ¥igslesworta (1%941), r. 1553.
(3) Ia fzct it would e essential, given the ssnsitivities raported
in Hzciao and Xosaland (1372) and Adler (198%573).

{
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ag>2 = noLleT - 215, THURO. PR2C. 2iz.iz

iitant. (1)
This H23avior ic 2 ¥ind of one-dimensional o7, with the additionz!
coaplication that tne stas s3ize 13 mocifiad instead of the
diresction.
Y zartiy “irsctiona2l intermadiata sta23 can H2 found in various
aajTots, wnisth zs 2 rule don’t like ligat. In 12311, rast descrinac
how 2 mzTcgot, fieeing lionht, sweens its head, which has a aiidlv
fdiractionai lizht soot on its forehead, left ancd richt 50 23 to
equalizz tne illuwmination on 2aca swe=23.(2) 7Tnae directionality of
the light 320t i35 low, but it is aicdes by the crzacity of the bulg ol
th2 Loly posterior.
Sinilarly, Zuclana orogresses towards a lignt source in 3 s»irai,
which moves the zhadcow ofi an ooacue stigma zround a light sensitive
spot. (3 Zuglenz is nmostly transcarent, axcest for the emoa2died
stigmz, ard if thes shaiow covars the 320t, 2 correction i3 xicka:
in. Th= »rocadurs is aiwmost identical to that of conical scan
radars:

The 222321 w23 conicaliy scanned 2v rotating tne

reflector about an axis waich made an 3ngle of Z.37

with its own. ZTongsutators wer2 nounted on the snait of

th2 artepna rotation machanisa so taat siznals £rom the

ucrar helf of the scan coull bDe intecrated and combared

with those fror th2 lowar half; similarlv, signals fron

the laft half nf tha scan wara ceomnpared with thoss fromx

tne rigat. Ta2 ra2sulting error- voltages Were used to

deflact tne snot 0f a CRT used 2 an error

indicator.(3)
This procedura rapresants an imsortant molification of “7. The baslc
RT strateay invokas zn essantizllv randon twiicla(3) when things =2
not goin3 as well as wantad. Put hara the geomatry of ths s=2ns0rs
allows tn2 croanisa to mace corractions in the rigat direction;
Iigqure 1.2 shows the oreration in a highly schermatic w2y, with one
of ast”s nzggots. The strenath of a23ch swing is vary roughly
proportional to the light tnat nas just iapingad on the lignt
sensitive scot. This Xeecs the maggot pointing away from tne lisht,
(1) tultsch (1%7%), pn. 47-13,
(2) »z2st (1211).
(2) The orizinal obsarvations ware apparantly first raoortad Dy 33T
(1911); 4a=nsral reviaws of the subdjact may oe found in Feinleid and
Curry (1%71), zn¢ in “ultsch (1397%5), po. 43-18.
(%) (RiZenour (1¢47), 2. 207).
(5) Zv2a if, 25 w23 remarked on »aje 3, tae directicns ars Not
uplicrziy randonm.
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ge B8 JRAFT - 2TD, THFZ. PxIC. oiz.lc
tha anount ¢ inforamation that zan »2 j3atperad in the amdlent nolse.
Cna can sas that for a whnila now there has b2en a recognition that
hasic 3T strateniass have many rnodifications involving
cirectionalitv. Tn2 coniusing tarminolony 13 indicative of ths
comnlaxity znl varisty oi RT behavior. Thus lariile dascrioses nhow
Fraenxel zns dunn(i) 3distincuish betwesn ‘kineses” and “taxas”:

Tnay classifisz tn2 oriental £3icl novauaents 2f animais

into <ineses, *axes and transverse orientations ...

Xinesas ars 3ispolaved when organisms ars incapadls of

detectina tne diraction of 2 gradient or oI tne source

0f a stinulus. Instzad, thay responi to 2 change in the

intansity of the sti-uluz by s changad rate ol

locometionr (eorthoxin2sis) or turning (%xlinoxinesis) in

such a wzv a3 to l2ad to net movemant towards Or 3IWay

from the source of the stinulus, even thougn the

orcanisa is incazabls of sracisaly orientad

aovemants.(2)
I ermzhasize these asgacts znd the terminology, beczus=s they r2far 1O
the 2arliest ex-rassion in 1ifz of wnat in man raaches its hizhast
cractiszz 2s frea will. 227375 geras, acting indivicdually antircely
automatic=1llv, that is, not 5021 Zirected, are naverthaiass in
concert zcting in a gcal-seexinj; wave. It must 322D claar thzt 2
germ in waica ths 2rod3anilitizs nave som2how pean raversed {that is,
whicn twiiiles whan things ara getting good, and runs whan thay zTe
not) is at &n evolutionary disadvantage (se22 szactiion 2.2). Tt aust
be 3trasse<, howevar, taat tnat conclusion dez2nas on 13 carticular
kins of aasunnticn =osut the Jdistribution of nutrition. For exawpls,
if the ciues to food Jo not form 2 smooth gradisnt, it nignt zav to
+xidéle nn =2ny contact with son2 attractant, ¥nowing that nutrition
is close ny; taat is, relving on a tignt ranion dalk to hit tha ra3l
eatasle conceantratians. There are some dotflies that aprarantly
follow this stratagv.(3)
Thus besides the bsasic 27 strategy, there ar2 modifications tazt
incorocrate usss of Zirectionalityv of movemesnt and of scatial
distribution of attractant.
1.3 Search and Climb - Integration of Strategies
In this saction, T shall concentrats on fcllowing the trail, in
contrast to the orevious sactinn, whera I 2mphasized th2 sszrch or
recovery 23sd>2cts; taat is, a2re I shall d2a3l witnh ta: controi of
running instead of twiddéling. T™he alternation S2%tween w0 2jf¥erant
(1) Fraenxel and 3unn (1251). ——————————— e

2) Carlile (1%7%), . 2.

(3) S22 z rfull diszcussion in Jetniar (12373).
€G3 Chastar 1.3 29143 /3371377




o
[y
(%)
1-—
AJ
g
+)
o]
4
(W9
[t ]
[0
»
[t ]
D]
[§8]
.
Q
i
(%]
(99
.
Ry
(YY)
i
Y]
i

foras of 'eszrcn! stratecias, the first whan there ar2 no signs of

attractants, tae sscond wWwhan taeTe 202 signs, i3 2ravalant in taz

animil Kirgdiom. (¥v emnhasis on low forms of 1ife, lik2 germs,
should not lezd the rezcfer to beliasve that thes:2 strataetiss srs not

Hiologzicallv ubiguitous, for I "z2liave tiasy ara.)

Tis <ind of meclification 0f KT strategies 13 extrazordinarily

crevalants:s i+t is exeaplifiad by 2 bHloodhoundi. ¥e can cansilar o2

gensral srotisd of tne tracking of trails as a xind of anisotroric

T proceliure. Jesearchers have Deen nore imlressed with the

selectivity of Zogs” olifactory faculties thzat with the actuzi

oroca233 of trackinc. Svan th2 astronomer Carl Sacan is aznazed Hv
nwloodnounds, which track a parcticular smell among "a pewilderina an?
ncisv Szackground of othar molacules " (1) ‘way “bewildaring’? In any
case, Sil¥ moths <o sevaral orders of mzgnitulis better, 2t Zi3gan
nevar guestions what tracxing is. T a dog losas the scant, he
anters 2 “scent-racovary’ mode until h2 finds it again. As he
follows tne traii, n2 3dds a lateral jitter =motion to his anosz2, to
make sure that he is following tae neax of the scent concentration.
mha casz 0of nounds follcwing the trail of, say, a fox i3 =o
interastinc and coxnlex that I <ill discuss it ssparataly later, in
saction £.2.

One micht rezcsonably infer tnat sii¥% noths 30 the sara2 thing, =whils

they 3are exarcising their unoelizvable sensitivity to the {amale

oharomona (25 16w 35 on2 or twd molecules a seconil).(2) The
procedure followel Dy a male silk =moth as he goss a-courting is
approximataly:

1. Wait ©fnr arous=2l, =walch 15 trigjered by tae Zemale pheromone.

Z. Flv u>wing, so lons as the pneromons can be detectec. Tyniczllvy
tha o=2th ucwind is not straicht, but zigzzzzs. It is nct kXnowr
wnetner tne . ziszags tand to guide the insect towards the higher
concentration o attractant, although it s322ms likelv. (3D

2, If the traii is lost, fly bHack and forth across the #ind until i+
is foung acain.(4) TIf it is not, give up, and raturn to stac 1.

4, When t:e moth c2ts close to its targzet, other forms of H»ehavior
tik2 over; somatinas the swWwitch to visual cuidance raqguirzs =
continuing aign concantration of attractant.(3)

Questions immec<iately »nresent thamxselves from this account:

—— — —— - — ——— ———

(1) Sagzan (1277), 2. 1
Eloordhounds, czn ‘01‘0
(1353).

——— e — - ——— - —_ ———— - - —— " o

. Yany <inds 0f dogs, including
the scant of individual peopla; sa2e Kalmus

(2) S52e 5chn2ider (1575) =2ni Jacobtson (1372).
(2) Baternan (1972).

(4) Xa2nnedy znc darsn (1974).

(5) Zrewn (1372).
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1. 0% “oes the irnsact «now which wxav i3 upwind (or crosswini)?
Answer: zitiiough it hzs bDeen ciziged thzat moths can f1ly in tne
5lackest night, that is5 cro2anly not truz. Inst=2ad ths 1oth
oriasnts nis “iignt until th2 motion Jdetectors in nis visusil
systen Jetact nc siiewzvs conponant.(l) If the machanisnm of
corractirs his eorienting is °7, it i35 2 »iasad on2, since tha2
a0tn £lies upwinid and not downwsind.

2. whv Jc2sn®t ta2 insect just rly up the graljient of the attracten?
concantration? Ynswer: tre griadient is far too small; it is
corruztad hy tursSulencz in th2 atmosshare; and furtherwmore, tas
nolecular cercentraticns cause the signal from 1its antennze to
arrive at th2 2oth s >rain in bursts -- ezch molacule can trigaac
an ivw>ulsa or 3 hurst.(2)

3. How d0es the a0tn ¥now whan it is closa e2nougn to aats, or o
start to switch its =zonrosch procaiures? Answer: when tne
attractant concantration exceelds soxe thrasnold, the insact
Decon23 r=2acv to sWitcn tactics (2436, to us=2 sicnt, 23s 3lxova).
Sometimes the fcrward orogress diminishes also as the
conc=ntration risass,.(3)

4, HOoWN o0f*ten “023 the aoth fail! in following the theromone trail
uswina? inswar: no>ody se2as to XnoW.

5. ®hat hapraers whaen 2 ma2la noth finds another nale z2lreadv thera?
inswer?: Ths fomzle stons 2mitting pharoxon2 vary guickly on »2inz
servicad nv 3 aale. Furtnerior2, mai2as tha2aszlives emit 2
phercomene in_£fl23gcante_J2licty that sea2ms to say 'no rocm." (1)

A3 anntner instance, tna followinzg of trails Sy ants is wall=-%Xnouwn,

but 3as far =25 I have deen aple to determine, the rmarticular

strategies hava not been studied in detzil.(3) Hangartner (1227)

descripes sowm2thing rathar like2 a latsral sw22p across a solil

chercmone trail, ailz2i in the ¢aylight Dy corienting with the 213 of
npolarized skv 1ight,.

Michanar 2nd “icn2nar claia tnat scant trails left by ants ara

diractional:

Cf coursa2, & sianla, unifsoraly scantad trail wWoulld give
no guide to diraction, 2ana the ants must Csicl aavs
some mezns of *talling whether they 2are going or coning
see I vou allow then to traval over a road znade of
narrow~ 222er strizcs 1aid 2né to end ... c23nd thanl turn
one se. tarouln 1397 ... This will sometinzs cause tne

(1) Xennedy and ‘arsh (1374). ,

(2) xaissling ans Prienar (19373)

(3) rarkxas et 2l. (137%).

(4) Sebso¥ (197%) ani Shorey (137%).

(5) w“ilson (1€71) reviews tna oicer litaratures a2dout tnas 12ch2pis’s

of th2 trail-‘followings it is xnown that *he antenna2 arz the

sensors, and that if thay =2rs crossel, for axampla:, the ant fas 2

AMuca harder tizn2. ut tha parazstars of tne strategies 2ar2 unkNdwi.

355 Chantar 1.3 25145 3/25/1¢97°




bin.13 CAAST - Z2I0. IdFZ. 2RO, Tzrma 11
ants fron 2otn diractions to ston 2nd snowWw dewilderaant
: eees (1)
N
wilson <023 not Saliava that hasstens, 3%t l22st in the ants ha 13
| concern2a witn:
e in 2 set ¢? incenious axzarinents, ... d3ngartner
(12R7) was z%l2 to Ja2monstrate tha basis of
‘ osnotropotaxis in anotner trail-folliowing ant soz2cies,
Lasiuws_fuliziposus. The method of foilowinjs oder trails
disclos23 -y tnhess experinments aagces it vary unlixely
! that directionzl signals can pe pbuilt into the trailse.
In other words, the odor streaks may or mav not bhe
tavered CI wil! raturn to %this in section 3.43 or
‘ snapzad in soT2 way S0 3as to point tne Way home == as
discovared fcr examrle in Myrmiza_ruginodis trails oy
‘vtacgragor (1923) -- Hut it would ne gifficult for the
followsr 3nt to "read” this iniormation.(2)
ailson ciazins that ant trails tyoically have 3 duratinn of 100
saconis, sn tnat 3 gracdiant of concentration along tans pata is
ooviously nossinle, 21though the geometry makes it seem extremaly
unll?ol". In certain cases, whnere the length of the trails, =2%tc.,
nay D2 more favoradble, it Day 2e easier to creait gradients. Taldot
(1967) alrt:ins that trails 12i2 Dy some slave-maxinc ants can Lact
for ove: helf an aour.
The Yitaraturs rarelv rezorts actual data on polarization of trazils.
willows writes:
Iinfermation cz2n k2 gla=zn=d by 2 snail from a aucous
traii .¢. L[23] nas d2en discovarad by Hall (parsonail
comrunicaticon). Fhen Littorina encounters a trail made
by another maaber of 1%ts spaclies, it turns to feollow
the tra2il. Surorisingliy, however, it Zdoces not turn in
hotia directions along th2 trail «with the sane
likelinooZ., Tnstead, it turns to follow the
traii-az2xing sn2ii in 2 statistically significant
percantage ... ~lthough the sensory mechanisnm
underiving this proc2ss is unknown, obssrvation ...
sugg2csts that an odour ”r34ient ilong the 1l-ca.
iistzance samplad by the two tentacies may 2e uszd. (3)
Walls and 2ucklay (1972) find ths sz2as thing, although the nec=3n151
for tne Firectionality of taz trail se=2as not to Ye known. o “ata
are givan.
(1) %ichener and “Yich2aner (1931), 2p. 17-13.
(2) wilson (1571), ». 2%52.
(3) 2illows (1573), 2. 21i%.
aGsS Chanter 1.3 29145; S/725/167°3




Q2agz2 12 2TAFTT = 2TC. T
The guasticn c¢f indicating diraction
theoraticallv, “z3a3riiny it as 2 2ro
onz notices that it reguires three s
indicate diraction =-- a =2Pre 2ajitarni
concantration, 1is svametrical, and 2
another way oI exora2ssing or coling
creparing a <a2naral thsorv on this g
Jtner artarozecls follow traits in ta
(1377) snhow that certain shring Ioll
the watar by Zescending food; they a
rather than u> 5y bSa2ing sz2nsitivs to
fata tgo suzcort that assarticn.  The
Srobably ... the aRility to track
4idespread tarcustnout slanktonic
(Sazlancoia ellinptica) and 2 raef
foilow scent trzils in our <27uari
“otice taat tas tracxking nsr2 iavolvy
just one. That is, the shriry c22anot
tha trail or spoor, but have to chzc
It woul? Sa intarasting to se2 wWa2tn
iikxe tns Tuclianz xe2ntionad acova, Or
pe that t=e sharply defined trails o
2z3ily datactable across the ssrzad
allowins tnaix to intagrate ovsar s2ac
alwavs sore ZJiifusion, and, especial
disturbznces due to wavas and surgdes
comsarativaly short life. Otaer 2ni
tra2ils in the onepr ocean, certain sh
Tha ceneral srocedure is an 3alternat
1. Yove in zone directisn, maintaini
riznt znglass to the direction of

continuingt to ‘ollow the maxinmun

concantration).(2)

Z. If, naverthelass, the concentrati
then verforx 3 s2arch for tha tra
rises =2-ova the taresnoli.

The anisotrocy rmav Se estzblisnsd in
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it may b2 orinarily inertial -- that
they 100X 3t riznt angles to it, at
of oriertaticnal memory; silk moths
(1) Zamnar and Yamner (1377), 2. 8353
(2) Shulanbhsergar, Z. (1277).

(2) 322 Yannsziy ans Marsh (1374).




Cetarnine 5y sicht; 3ni shriaos track Jown«=rds, and sazrch
norizonta2iiv, ov 3ansinc gravitye.
In thess eargurents tasre ig an underiving assuantion of cont inuity;
tha trail should hzyva na hresks ir it. In fractice, all traiis nhave
Nre3<s 3ni i-re-ularities 2f various sizes ani fraguencies. Toe
+rail folliowing organism hias to adjust his sensing filtsrs =nd
integratinn tiwas 59 as to falloa tha trail ovar ths Hr2axs zn.
irregularitias; tne exact ways tnat 1s 2on2 vill havs auch to 1o
with 1its success.
The comolaxitiss of arcumant taat follow thess simple strategies ars
tvpical of situations 11volv1nc real »easts. There is a distinction
alaporztel cn in *he »revious pozxr23jranhs that is worth wakine
ssecific. I nzve drawn tn2 listinction Hetwean hill=clinoing an!?
peax~-tracxing, 3s it were. Zut thers 2rz Rany instancas wharcta the
srimary 3ob is to find a hill, Ior clinmbing it may de e3sy. in radar
ancineering, that iz tersed target zcauisition, &s orposed to rzlar
trackinrg. Thars i3 no ra2son to suppos2 that the stratajzies for
clianing a nill and tracking its (maybe moving) peax are necassariiv
any gooli for Finding the nill in the first pliace.
"hare =are 3t l2ast tar=22 carts to trail-following:
1. Finsd the ~ilil of attractant, *hat is, the trzil; this can 22
tarmad trzil z-cguisition.
2, Toliow tha trail bv tracking the peak of the concentration,
scanning acrocs the trzil, in either tim2 or space.
3., Recovar tas trail wnen it i3 lost, v 2mbarxing on 2 ssarch tazt
usuzllyorsbhably 3iffers in dateil i not <ind from 1.
Higher forms of lifa o<tan us2 2 much nore sophisticated iorn o
moveaent using vision directly, with implied or exzlicit modals of
the 2rnvironrent. I have tefﬂei the long-r3nge vision- gqlcef
stratecy 2 coint-y-to-noint-s, or 27, stratejv. Dogs, Ior axaTnli~y,
ysually switch betwsen 2an RT stratecy, used w~itn taeir s2nse c¢f
sa2ll, 2nd 21 A3 strategy when tihe prey comes into view.(1)

In this subsection I wWwill renort on sone simple sinulation
eyxoerimants acout 2T strategiss and their zeriormance 1n a variaty
of environaents. <Consistent with zn axperimental approach, 1 «ill
avnid aralysis 2and thecr2as; not that they are impractically

(1) Though not azlwavs: note that retriesvars as a class 720 2xactly
the o5o33site, using a garnarzl visual directioon and zinpointing wit:
smaell.
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2ig.l4 DOATT - 215. TNFC. PROC. Taz2 17
The goint 97 these simpole simulations i3 nartly to verify 2 wvarzal
ariu-ent == thet 77 sir=2tzgiss Fo cliak hills. llany questisns ~z-
“e raizzs zHout tine assulistiosns gmaze Dy tha 2roqgramizr. Do . Z0:ii
really worx with 3ust tuc diZferent nrodabilities, or 15 the
crozsapility of twiddling =more or 1255 a continuous function of tna»
racant history? The latter would s2ea aore likzly on phvsiolosiczai
Jrounds.,

Tha T7T »recadure, evan in this simple fnrn, 20S32s393 3 rama2rc<ahlea
rasiztznze to interfsr=snce, Hotn rancon and crganizaed. Th2 rasul*s
of anotiher sizulztion z2r2 shown in figure 1.40; here the traces
Satwaan tuiddles wera not straisht lines, but arcs of circlas; +to»
cencentration of tas attractant as tas organisms perceivad it n=c
added to it a uniforrm randonm variascle whose mezn was ten times taa
ciffersnce in concantration exzeriencad aftar & sten in the right
directicn. Zvzn 350, 23 the figure shows, ths 30 such organisas
proar=2ss2d upnill slowly ani sursly. In other words, the aill
climcing rower ¢Z these strategies is exceadingly gpobust, to use
contreol tha2orv 3argon. The Jensralization abova of 2T to incluad»
runninT in pat;s that ares not straight iines 13 not entiraly
frivoious. Pommervilla nas 4descrined the mating of furngal gznstas
(of gllg:xggé_gjggﬂ:;:gg); h2 male gametz is tha saekar cliabinrg
tne hill of ccaczntration of “sirenin,”’ eritted by the fzamale. 0~2
acsvia2try in the male c3uses it to travel in arcs of circles =-- or
30 they 232rcear under the nicrosco;e -- 2and the twiddling is zuch
reduc2? in ta=2 prasence 0 incr=asing concentrations of attractant
from tha much slower moving fzsmele.(l)

Vayartnaless, tha ozhavior has some deqreas of sensitivity to the
various parametars; 3nd in sa2ction 2.2 T dascrine the resuit ol a
simplz evolutionary experiment in which those paraaeters are
changed.

Section 1.2 ciscussed the first siaple modifications of T into
Airecticnality, 2y introducing an anisotropy into the behavior.
Yere 2r2 soma simple comruter simulations showing some experinesnts
~ith so0m2 ©0f the parameters of such benavior.

1 comrared somne simplified tracking strategies: a target mnovael in 2
sinuscizial curve leaving an attractant that disperses laterally 20z
unifornlye. Two ortanisms follow ths track witn different transvarz:
sweening policiess Th2 first governs its step size by tihe recant
changze in concentration, liks Nultsch” bYlue-green algas; the s2conz
governs the prohadility of raversing diraction on ths same grounis,
23 ap eyoression of 3 ture 1-3dimensional 2T, II the perceived

(1) comzmervillz (1975).
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{7ure 1.4 2T 3Itratacgv, 49 Orcgyanisns, Noisy 3vsten
oncentration is not corruptaed »y interferance or "noisz2," than the
racvins seems to be fairly efficient, as is shown in figure 1.:2%.
ste that tha tarrat curves aras the sane, du* displacad for th
econd target for clarity.

 the zerceiveld concentration is corrupted, in our exampie DV cdizz
3ussian noiss, the the tracking is still evidant, as 15 shown in
izure 1.47. The mean of th2 aci2d noise in tnat exaagis i3 th2 s272
5 the avar=zge stap siza.
na c¢ifference hetwean the two stratacias is that in tae first, 1iX
n2 arror is large, then the stap size can be large too, walle 1n
he seconé the =te> size is alwavs the saze, and only the dirsctinn
5 chanqgad. That is reflectad in tabla 1.4%, which shows the 2varz:2
[ror for the two strateciss as 2 function of tha ma2zn size ¢If Tua?
éies noise.
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Sio.l1% DRAFT - 3I0. INFU. 2200, Paje 21
Strateqy Strateagy

23an “oisa Amciituda 1 2

Sl i.1 1.4
D.2% 1.1 t.4

Je3 1.2 1.5
5675 1.4 1.5

1.0 1.7 2.0

1.5 2.1 2.3
2.0 3.5 3.2

2.0 547 1.8

50\) 10'5 7)03
1.8 T72.2 15,7
Tahlse 1.42 Two 3tratagiest Average Irror in Yolise.

1.3 The Development of Strategies

T+ i35 vary ezsy for p202le to inspect 2 cra2ature’s trail-foliowinr
2na nili cliating ané attribute their managenent to intelligence in
tha creature. The trues nature of its intelligence, and tne divarc
meanjings we attach to the word, are bevond m=2 here; but the
jateiligesnce surely dezands on tne interactions i wide domains of
snace 3nd timei, and evolution is on2 of the prime mechanisws (sz2e
saction 2.2). I heliave anthropowmorphic notions of intz2lligenca arz
~ountar=-nroductiva., Lorenz Writes:

Ths process of “lesarning -y success” cznnot evolve in

unicallular or lower multicallular creaturas which have

ac cantralized nervous systems; for 3 system that is

cazzble of exploiting the success or failure of a

carticular behavior pattern 3s a source2 of knowladge

and of using tais <nowledge as fesadback to achieve an

adaptive moditication in the macninery of that pattern,

ohviously assumes the existence of various complex and

nighly organized sudsystams.(l)
ymart from the gratuitous and suspect "obviousliy", it is not cl=ar
why innerently simple beasts cannot adapt their benav1or, aither by
avolution or cdirectlvy. 2ehavior @aay bz simply directed dy
strategies, ard cne of my Dpoints here is that simple modificztions
0f strategies can be easily responsivs to need, and hence adantiva.
A simole adjustment of Zirsction of movemant can quida 3 bacteriunm
ts foold. ) simple and similar adjustmant oi strategies can guids zny

AN

ET) orznz (1%73), 5. 5%,
CCS Chaoter 1.5 2914%; 5/23/157%
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tar now ~oadlex the bhshavior.
re the ways of adjusting
aly a formal set of rules for
ulated in the trevious sactiocn
£1 and P2 of twiidcdiing whan *he
eantration 4did or 4id not =2xca22d
rasnoid itself; and the
cinulation unifora. Thoses uwar2
. 2yt there wWare 3 number of
rocram’s structure. For ex2mple,
2d a2 comnletely randoa new
hazoans in naturz.(1l) Thz chan3z
Jecisisn tnat some taresnold nal
bly nature exhinits 2 more
ang2 in concentration was 23
12 otner time dedancance;
to integrate the previous
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2.2 Movement and Tracking in Control Parameters

‘hapn we turn on a faucet or a car radio, we set the control to
512252 us: if the w«atsar is too hot or cold, or tha radio too leouc or
soft, W2 use corractions to set it wnere we want it. TIf we don“t
know wsnich wav to turn tie control, we us2 what 1s obviously an =7
~acknicue to sat it.

Tf sther p2o0dl2 are taking snowers, or i the rzdio signal is
<iuctuating as we drive, then we track the o3tinun nositicn of the
contrel with small corrections svery now 2and than. All living
creaturas us2 such tachniques £or control in one way or anotn=zr.

jn this section, I discuss the wavs in <hich some siasle controls
can ha classifisd and examined. A control is part of a feedhack 1nod
itseif, in nature, and I shall try to show parallels ba2tween what 1s
controlled in a movement, and what is controlled in 2 control.

2.1 Classical Adaptation

Jna nf the primarvy controls of sansory systeas 3ets the sensitivity
in tne r2nge ¢i innut intensity being experiznced at the current
sonent. In this section I trv to ralate thz tera “adaptation” as I
us2 it to th2 way it is used in the fields nf psychophysics and
nauroonysioiogy. In thozz fislds, it has a diffzrent a2aning frox
that used nhers.

It i5 of ﬂoursn our common exparisnce that we becoma acsustonzd o
rhanging environments with grace and ease with all of our s2nsss; a
steacy loud n01se bDecomes less oprnressive, 2 warm swimming pool
~ecomes tolerahly cool, offensiva smells seea tn vanish quickly, =n-=
S0 0N Acaptation in tnis senses taus servas to track tnhe
appropriate level of sensory 1nouf handling: we need to xnow the
sicsnificance oI our senses’® aessages, far more than, say, their
absolute lavel. Since shapes are more significant to peonle tnin
cverzil orlj itness, in Zim light the human visual system, {or
axanclz, Secomes a Jrz2at deal apore sensitive to light, so 2s t0 22
akle to distincuish shapas at light levals waich amignt otnarwisa 52
ton icw for the 3ensitivities that work ir sunlight.

relcéard(l) attricutes this first use of the word adaptation %o

—— — ———— -

(1) 3a2liard (1583), 2. 33.
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lusert f13252), whno Zescribed adzstz2tion to *tae darkx. In this

T wusz tne tarm in tha context of some ovarall a2valuation ol W

22113vios, s¢ taat I s3ay tazt 3 systan ajasts wasn it 2alters i

nDehavior (or 2c¢s3ition, ©T whatever) so as to improve 1ts rels

witd its envircnmtent. In »svcholodvy ani nsurochysiology it 1

~ith 2 nuch merz linitad mazning, sa2na2rally without tha imput

of any ur2032 or Z22s5ign; not onlv without —-urrTosz2, out withe
jJuigmant ¢f imorovenent. Indead, Hilgard and *arguils Zefine
3Za0t2aticn 25 “Tha dacrzmant in 3 resnonse Which 1s a consagu
its3 rezzated 21licitation. (1) Thus, sves “adast” to thzs carck

increasing tpeir sensitivity many times. On the other az2nd, 1

liznt intensity rises, tihsn the output of tha indivicduzl rati

zin7tlion c2lils rises, Zut tazn fzlts.

Such 2 ~henorenon i3 weil=-nich universzzl in nervous svstens:
I: tr2 3stizulus is rarc2atad in a regular, aonotonnus
35aries, *the evok2? ra23tonse dininishes to =2 low, staple
isvsi, o0ftan not evan detactaole. Th=2 rass0nse has
nibituzteqa. (2)

40w %he pechzrisms for tnis <xind of adaotation have bDeen hall

uncovera2a is 2z long, fzscinating, 2nd still dsavaloding stary

raszarcn, full of excitemant and neroes. One o2f tnem is clear

‘Zirian, wnho explcocred X0W Lerves ~oTXK:

ZeJe Adrizn discovarad this colirng of stisulus
intansity into iaguise freguzncy in tne 17222075 at
c2nbriiqe. wecrking at first «ith aoparatus that now
Sz27s rather prinitive znd cuwbarsone, ne racordad iron
saveral xinZs »2f sansory nerve fibrz in 2iZferant
aninals, while applying 2apcrocriste stinuili to the
r2cast0rs. A& stretchad *the receaptors in the nusclias of
frocs, zpd>lizi pressure to ra2c2ptors in ta2 2243 of
c3ts angd ziscilayed 1igats (2ani =2van hiaself) in €front
ci the eyes 0I copnger eslse. “nat he recorded in each
cezze wzs trezins of inpulses,

“e 2stanhlisned tnat tns coda2s ia singlz axons fronm
cecedtors end thos2 sent to muscles wer2 exactly the
3émeé. Fe 3lso found two major varietices of rzacentor.
3n2 tyse resuvnnded to 2 stinulus by firing rsoatitivaly
and stezadily, r2flacting tne ccntinue? pnrasence 9f the
stimulus 5v 3 continuous secu2nca of iwpulses, ™n
other ty22s of rzcaptor whan tha stimulus anseared (or
tisapsearac) it was radortz2d 2y a durst of impulsas
wnlch Zield awaye. In thesz fidbres the sicnal #as said to
underso eidzgtation. In f2ct, avan continuoucsly

(1) dilgard znd rguis (13%1), 2. £77.

(2) “ilazré znc Zower, (1385), . 443.
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If the Lwosquitol puna is not Jdisturbed, it remains
cuiztly floating just telow the surface 7o tha waters,
Jut if a shzdow falls on it, it will quicxkly dive
towarcds thea bo*to“. If snadows rapeatedly €z211 on it,
nowevear, it gquickly adapts and stoos diving.(3)

resunaniy, a single shadow might Se some pradator, whils re:
hadows 2robadly reosrasent 2 changing environaznt tha*t 4o0es n
ustify tne netapolic resources needad to divea ronti1u=lly to
otton. That is, the acartation might be coasilerei as rapres
om2 sort of julgnent 0f cost-effactiveness ov the bHsast

In fact, taer2 2ara many ressarcn2rs(4) wno ragard nanituation 2: 2

(1) 20c¥ (134%), no. 13-14. "~ —°°77° T

(2) CZvyal (1973), -. 242,

(32) denas (1272), ». 133.

(%) S2e LiX and LX.
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28 ODPAFT - ZIl. THF0. 2x3C. o0in.22

Tha 3a3sic concezts and cradinility of zvolution are well
:2stzslished.s  Young (1271) coaments:

1, Ths zfficiency of szlactivae Z22ath for aZaptation.

TTharas ns=acs to Del an elaborate methci Ifor monitoring

sToszactive zanetic chang2s in order to dstarmine tasir

vianility, Thara i3 inde24 suzh 2 naonitoring cevice,

Sut it is 27 sucreme siaglicity. any detailed plan feor

testing the oropabie 2fiectsz of ange in instruction

4goulZ surely run into imnsnss con Dllcatlnns Iut 2

sarfact and siaple tast is always availadls --

viability ... 211 that arzs unsuitanls will die,. (1)
Tt i5 zn355ib)2 with sonme fairly siaole nenetis siaulations to 322
30n2 0¢ tna sa2nonana “Zescrined in evolutionary studies. The
sacterizl cenavior Jdiscussed in section 1.1 Zerends a great <22l on
the paramaters, 2ven if their ewzct natur2 and values are not “ncwn.
2na can easilv enounnh inagine that taey ware s2t Hy evolution in
ranionm «4alk orecesses, rather lixke the PT strategiaes oi the =motion
that they govern. Th2 parameters need not b2 thought 0f 3S
mofifiz2nl2s only by autatinn or <cenztis variation, although that will
ha tne Saszis for our adstract moc2l. Spuagicn ana Xosnland (1373)
2vyapn cl=zim that sonm2 ﬁiff rences znong b‘"t ria are reflecticns ol
Hngn-5enetic individuality,"™ caused, s2y, by a Poisson Zdistritutinn
in tne nunder of molecu;-s of <ay d2navioral esnzyames. Th2y 2arzue
that this may helo nressrve the 302cies through saort-lived violent
chzngas in tihe environment »etter than genetic variztion:

3anetic variation woul” not accomplisn th2 sanm=

~urnsose, since selection in 2 rare toxic zituation

ouls produce 2 amutant zsoeorly ada2pted to ta2 more

conaon concitions of tae environzment. Tn2 population,

ncwever, w2s selected cver avolutionary tine for

survival in 2il of thz widaly varying conditicns oI the

anvironment. Thus non-genstic variabiliity wWould H2 3

sr farre? mechenisy for zaccommodation to rtanionm

luctustions in the environment, and ¢2netic

var*abl‘lt\ tha nraferred mschanisa Ior 2ccoammodation

ty loag-lasting environmeantal changes.(2)
Dresum3civ ianlicit in the argumzant is the notisn that bacteria ars
tno priaitivs: to have bzen anlzs to develop tne nierarcnical adaoptive
controls that micht enable the single organism to alter itz pehavior
in tne racuirsd wav.
2ut presunably, at least scme aspects of tns zechanisn are
jenetica2lly cecntrollzole, and those can de modeled very simply.
(1) Youna (1%71), 2.333.
(2) S2ulica and ¥oshlanid (1975), ». &7C.
a:55s Thaptar 2.2 29:45; 3/23/71%7°
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2in.22 DPMLFT - 31I0. INFG. PRCC. a2 &7
Suppo0sa that 21 is the onreozoility per wunit time of twiddling wnen
*%a loczl chznges in attractivensss exceseds some thresnold; and that
-' 22 is the corres»?»anding oropability when it Znesn”t.
Tigure Z.-% Shows the results 1.C +
-j of a zinsle exzerizent aiong i x
thoss lines. ! 2opdulation of ] * +
fourt=223n organisns was | * +
” moieled, =cnsuming nutrition i
accorlinc to their distznce ir O o+ +
fron 2 sourcz, 2ying winsan | *x
‘ starving, anu fissioning when ] +
-l renplete. The twN0 axes show | I +
21 ani 22, ths crobadbilitiec 1 *
9f twiddling «h2n the z2nviron- De3 + +
-l Asnt nas been, an? has not !
- zeen, izvorzdle, rasoectively. | x
‘ Tha offsoring o2 the organisms |
-] nave paramstars, taat is, 21 ] + +
) znd P2, perturbed from their 22 1 +
parents”’ It will be noted | + +
that the drift is clearly and | +
-l unmistakaply towards the upper | +
1e€t, where = verdzal zanaivysis |
wouls sugcest. The organisas Dem——— ————t e ————— + 7?1
-] in tne lower risht nai 13ss .5 1.0
g success in finding fcod, =2and
nence fewer offs»>ring. ne Figure 2.22 (522 taxt)
-'! fi7ur= snows ten generations. + Ancestors
£ * Jescendants
That examslae must ba considered far morz2 as an example than as an
-l axperiment. The perturbations in tne propanilities tnat governa2Z tn:z
cehavior were smz2ll; the tnreshold of changing from P2 to Pl was set
at zero, anc¢ ther2 were other zssumptions. Thus, in real life, it iz
not a2t =all clear that “sm2ll” mutations la2zd to saall chenges 1n tn2
orobadilitias. 2ut it is propaoly imgortant to simulate enough
examcles to check the consistency 3znd applicability oI onz2°s
- reasoning. TIf one can check z7zinst ra2zl data 2nd real crganisns,
30 Aaucn tne detter,
| These noints have been tacen seriously among recsearchers in
- ingustrial cvntrol. Tn 20x and Draper (1%69), for =sxzmpls, the
' orincinles of evolutionary d42velopasnt are ta<en seriously =nouqn,
cut in some s5en32 tha amphasis is on local olanning and the design
” 0f afficient exderiments, rathar than also on the overali gozls zni
' ¢iractians. ctual industrial) asolications s5till seam to D=2
infrequsnt. aftar a srava beginning, which stressas natural
-I variztisn 2nd the selection of favorable variations, the actual
& technique recomnended to industrial engineers anounts to a local an~
faw-Cimensionai gradisnt measurement; wailcn is coupled wita stress
] cen 3tat 1sf1cs znd the human rel=a Llo:“ Aifficulty of persuading ra2l
! factorv managegent to take it all seriously in cractice.
-;, GCc3 Cnapter 2.2 22145, 5/723/127°2
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CRAFT - 3IC. INFJ3. 2ROT, 2ipe22
nc th2 mathematical genaticists ars noere interastal
ing 2voiutionarv sroceszsas tnzn in using thair
~3yY X2 are herz, “ollzant (137%5) zroso0sas an

clutionary meczel, in wnai~zh some fairiy <223

e interzction o0f mechanisms cen 52 carried out, Tha=
ad oy 3 concantration on theorans an? natheaztical
3 corpiete lack of r=2a3l and2is or sinulations.

2iscus3es many 0L wnAat ncw sear t0o Za the cruciazal
ses imsortant concentual stz2rs beyond those othars

taven., In a sznse he i3 tavinzg svolutinn seriously

Ye Stekhins suts it:

ion dir=zcts evoiution ... 5V sorting new

n3ations out of a cens 209l o0f variazdbility

es OV2Tr many genearations. Tor the most

conca2ot ... fits in with our nodern

2rsction bDstwean z2volutionzary nrocesses,

24 24ad2tiva comnination is 3 moaification

20 to 3 ©revious environment.'"(1)

lezins ascrooriataly abaut tha 2difficulty of
creiit" to ailleles or higzazar sudb=-3tructurzs.

ornlaxities come ahout Secsadse tae

ferent erzymnes zre not additiva - 2

WNn A3 22i3t3asis «.. Th2 Main soint is

t 0f each 2llele dz2z22nds strongly ucon

alas are praesent and small cnhanges can

large 2{fects ...

stasis therz is no s3i7pl=s way to

it to individual allesiasz for the
the resulting shenotyne. *Yhat may bpe a

2n coordinatel with an eporogsriate set of

ner genszs, can 2e disastrous in 3

tic cont*text. Thus acaptation cannot be

v salecting among tne allelas for one

ntly of #sh3t 31la2iles aopear for other

"The fitness of z gene thus Zenends on ani iz
totality of 1i%s genetic Hackground.”(3) This 13
point in tae practical analysis of complexity 2ni
2 3daptive technigues. Indz2d, it makes 2 mosxerv
worZ "comolaexity" in the €i213 callad "eonplexity
2 contribution oI tne siaglz comsonents c3n -2

£).

)’ Ce 1G.

> 253%.

Shanter 2.2 23345, 572371372
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assisned witn sore uniformity znd usa2fulne2ss. (1)
{t snoula %2 soinzted out tnat “survival,” or natural sa2lzction, iz
not 2 tarribly directed principle; tanat i3, thne 4details ¢f wnst ~=3
2volvez zre not cre2-establisasd or oraordainad. Ther2 is zoma
f221lina trhat avolution is an unr2liabla zroc2ss5, and that fasling
€2n N2 trzces gcack to the enoracus ocuoclic outcry at Darwin an? his
theorv. izcentlv, Jacob (1377) hes udiatad ths argunent:
In contrast to ... svolution, tne =2n7inszer wWorks
accoriipg to_s_rregconzeival 21zn ... £50 thatl odjacts
profduced 5y thz2 2ngineer .. 222roach tha ...
s2riection masce possible sy tna t=chnoloqy. In
ccontrast, evcliution i3 far from perfection. Carwin
emohzsizas ... th2 structurzl or functinonal
iag2riections of the living worldee.
“atursl selection has no 2nalogv with any aspect of
auman banavior ... natural selaction dozs not Work 2as
an a2nqgines=r %0rxXs. It works lik2 a3 tinkerar =-- 2
tingerer who_does_nol_xnos_exactly_ «3___k§_L§-zgla;_zg
S0 _se. lika2_3a_tinkarar_who_uses_sverythinia_zi_his
disnosal.imry stressd(2)
To me, tnose worcs sound deprecatory in tone; but in content %nay
cirry =ncourag2ment and insviration. I will argue that “tinkering”’
1s 2 n=2eded and necessary source of richness and flexibility.
Tinkering, one aiqht say, is a €orm of conceptual twidiling.
In fact, ol course, the real enginzser, lice the raal proqgrammar,
raraly follows nrecisaly his praconceived plzn; whetnar or not
current engincering and programning hava too much tinkering, tha;
certainly have tn2ir snare of it. lMoreover, the real sngineer <0¢s
nct generate-his olan in 2z preconceived ‘correct” way either.
furtharmore, the plans of any real encgineer ar2 not gsnarated in =2
pra2concaivsad ‘corract’ way esitaer.
cne might describe the differencz betwean debugging zn inforzation
systam 2nd evolving one as tha differencs batw22n tuning 3 systaa to
me2t 3 rreviously specified goal and adapting it to 2 new or newlvy
reaiized goal or subcoal. I shall argue that "constructive
serendipity™ arises most readilv when svsteas zre built not with =zn
ovar-tidy design, but with certain lonsa ends and discerninsle >ut
ir2ffactivs interactions; so that there are always aiternativs mo-es
0f action and fesdback available for adaptation as circumstanceas
chanca,

(1) See Piznznger (19373).
(2) Jacoos (1277), p. 1152,
ang ~haster 2.2 23245 5/75/1577
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is thus not a tidy and seli-contained example,
W#ith its loose ends anc interactions, gJivas the
2 flaxibility of possipnilitias that zan always
22chanisms of bacterial 2ill climpoing =-- the 27
on molecular concentrzations tnat azffact the c
thus interact with every porocess 5¢ the or<an
axampie, sucn cnemicals may be dyes whosa
matic action m2y be aifected by light density; =n1i
e, the bacteria have a sensitivity to licht taz
12ted profitably. Variations in such
nrovide a sa2nsitivity ~ith =2 Zirectional
« Thus the zactuzl =na2chanisas of implemantation
3 into »20s3ibilitias for extansions of control,
ide tne actual modality originally practiczad.
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2 34 D2AFT - 373. INFQ. 22177, o2ic.22
"IZ zn animnzl crawls from 2 cold to a 4arm zone, W2 can
n2var getarain2 od%jectively wnethar it is =23233ing_froa
L2z_colg or lipoxins_Zor_1ibe_n3r3ii ... In HSoth cases,
it i3 clzarc that the crganism has seen irritats2." Cay
3tressl(l)
Th2 0332ction to “irritatad” is not that Loranz m2ans it in ths
numan sense rather than the niological, but tnat it begs the
Gysstion.

I regard these peints z2s imz orfant, because they 3ar2 the naturzl
science ecquivalent of certain failacious views widely neld in
computar science.(2) It is of cour:a cartly ay hope hare that *the
contrel nocei aiaed at 2lucidating adaptive machanisms may nzls to
crovide insignts into the morphclos y of behavioral phenom2noniogyv,
an% vice wvarsa,

2. Adaptation, Habituation, and Learning

The rezdzsr wiil no doudt nave already noticel the interesting
parallel hetween the hzbituation Ziscussed in section 2.1 and sons
0f the zttributes about guidsd aovemant in s22tion 1. In section 1,
42 renarxed tnat spatial nili-climoing prolanly mace use originaily
or temdoral (seguential) qradiznt Zetection; switching to par=ilel
semzling technigues when osrcanisms and sensitivities becamz larse
2nougn. In tne zame way, thne "canter=-surrouna® zroc2ss is a iater
35patial “Jevelooment of the notion that the temporal change in
genercl 1s nore imoortant than ite level on an absolute scale., Tt is
tina to examine thess rotions and tH ir anzliz2tions witn mnore
thorouzhnass.

Ir. section 1.1, @2 Jescrihed and discussed thzs adaptive sehavior of
microb23, which 2-zot thair movatent to the distribution nof
nutrition. 1t seeus most agoropriate tnat on2 taink of aicrosas as
neving Sut a single strategy of pehavior. Tor higher animals it is
increacsingly hard to think of the beast as following but a singlz
stratsagy. It maxkas more sanse, and is mo-2 zconvenient, as in thz
latar 2arts of section 1.1, to think also of the behavior itsalf a3
adanting znd chanszing.

In the last fow dacadas, it nas Hecoma aimost a matter of
cemeetition among biologists to recognize and descrine adaptztion of
penavior in phylogen=2tically lower and lower animals. For exzmzle,

n 1932, %2lbher assarted that Paramecia foul" he conditioned. Thzat
zaoa2r, anl the sunsaguent ones she publishe?, s»par<ed 3 vijgorous
controvarsy over tine next decads 2nd a hzlf, wnich is still not
aGaquataly rasolvad. Corning and VYon RBurcg (1373) concluda:

(1) Lor=snz (1¢73), ». 91.
(2) For =2 critiqus, sz VMcDaraott (1375).
G335 Chanter 2.4 23145, S/2575137¢%
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Attanmzts zt ZI230ns5trating siaslz fnorms o2f l22arning e..
Cin 2rotoznal hava 2220 only molaratelv convine ing, ani
aszoclative l2arning ramains a higzhly questionable
onanomanor. (1)

3ut Ior our zurzesas this i3 an idle dehate. It loes not matter ~are
whzre lin2s can ba drawn, or 2ven if they can b2 drawn at al..

Therz 15 clearly some prodrassion of agaptivas capanilitiss, in wrizn
resrocnsas arae 2ltared by exposure ts more suotle clues, over longer

time periods, znd with nore tenuous and Jlobal -elationsnins to thsz

stiauli. 2ut in fact the concapt of “resconse” is itsell equivocal.
Shylock as<s:

eee 1% you zrick us, dc w2 not Hlaad? if you tickls
Us, 30 w2 not i3uzh? if you poison us, 4o w2 not dis?
ard 1I you wrong us, shall we not revenge?(z)

Those Iour instzancas -- 2re they [2spo9nsS2s in the bz2havioral sansa?
sha<2s2z2ara2 ~£overs a nicse snactrum with thesa four, each Fifferant
in level znd reanins, though for 2 saquence of nhvlogenatic
behaviorzl consistency the sz220nd and third shoul? hHe 2ychzngad,

Therz s22ms to be littls zgreement amonn ressarchers about tha
T2aning of taese terms and how tney should »2 z3pplied. An extrznma
axamzle is5 2ush znd Yostaller:

iny systematic chance in deahavior Tisl learning whether

or not th2 chznge is 2a2da»ntive, desirzble for certain

nursnses, or in accordance with any other such criteria

ee e (3)
The Snazxespe2are instances above are not meant to %e merelv dranatic.
They illustrate inportant diffarances amnong r2actions, as oooasad Tn
responsz2s. It seens clear tnat a stimulus anil 2 resz2ons:e musSt o2
elements of control loops to 52 meaningful, 3t least in the senss o<
the <Ziccussion hera., After 211, to extand Shakespears”s first
inztance, 1if an abominatls pickpockaet iz to »2 junisned by navin:
fils Zigits excised one 2t a time, nodody would sumposa that rinaing
a2 ball dafore zact save ring cut would come to cause a fincer to d¢rso
off 2zt the socund of 2 b»ell witnout the cut. (%)

(1) Corning ard Von Puro (1973), ». 117.

(2) %2rznant of Vanluw, ITI, i, 50-52.

(3) Zusa and Yostaller (1955) o. XAX.

(4) Ther2 2r2 beasts that rassond to suitabla srovocation oy
snediing azren<£ages; 2.35., crans their claws a2nd leqs, some lizaris
their tzils. I 4o not Xnow whnether these res»onses can ha
conditinned; tha difficul+ty would Ha in conductinc enoushn
conaitioning triais, I sugpose.
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The =23352nc2 0f gaorntrol is the f=z2z2doack loop, whosz sinmplicity; =ay b2
s22n in figure 2.%2Y. Th2 three blocxs of figure 2X 223ch need some
csepar2te descriction. The control 1itself ics just that; it is the
axzscutor of sone control nlan built into 1t, 2ither =2uxoplicitly or
implicitiv. Tt iz also itself zossibly sudiact to controls o2
varicus «Kinds. Its 2assigned task is to manipulate its output, *taz
continl_saxtina, 30 as, for 2xanplz, to maxinlzes suzgess or to
minimize 2rrcr.  (Nen2 of those terms is5 capnacle of zrecise
Zafinitior a2t this zoint in the discussion.)
The cgystem itsell represents the interaction of the control with <the
entire 2nvirnonrant. Hota that w2 3o not in 7a2naral rzqguira 20y
particuliar characteristics of the system; certainly nont linearity,
nor any of tne other restricticons that ara to oe sezn in currant
anilys23z 0f contrnl tnsorye.
The nature of the third block, wnich evaluatzs nerfornance, i3 oftan
confusing. The evaluztion of success is the azdiator of f=a2dz2ce,
" +«ee¢ 10 order to return 2 r220rt to tn: on2 that sa2nt nia.n(l) Ta
simzl2 systaenms, its outout may e an actual error signzl, azs in the
sovarnor, or 3 feszling nf hunqger, 2s in nacola. In 2anginearinc
applizations, it reprasents 2 crucial dacisisne. As %alaman soints
out:

Tha choic2 ¢f an ootinz2l contrnller is larcely

arbitrary, dspz2anding on waat aspect of sy;tam r2so0nse

(1) From *The ais?on o0f Xnenznod2,’ c2, 1720 bH.c.
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continuous controls, that i3, controls which involve
inuous variabls or paraaster, ana not naking a
« The distinction T draw betwaen servonech=2ais-~s
controls is that in s=rvomechanisas tnere is &«
s5icral, a4 it has a ¥nown sign.
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1 pure tone, or elsa a to
aust D2 swung in a horizontal plan
xinum or minimum (the Yatter is callad

usually turns out to he mor=s sensitiva). Ta=

10t ¥now wWnich wav %o rotate *the RDF yhen ne turns
dare is just to move it left and right far anosush t
nt of th2 signal strength. That is, nhe adds to to
signal (the noving left or risht), which n=2
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BrOC,
na tae 19093 to Zdetact
n of the procasses
s2ction on J2aje 23.(
inctions in tnz2 followina
i z2aptive mechanisms
22arforce)
Continuous
Sa rIOﬂecn311 a3 (tazat is, witn a signed =2rror)
Coptinveous Eill-Climbers in ge2ner=zl(2)
It a3t be confessad that that {5 not an entirely satisfzctory
taxonoav. “or one thing, tne 4distinguisaing attributss ara dif
for the tuwec major categories. Zetween Jiscrete units the disti
i3 exclusive, while 210ng th2 ¢cHntinuous nHnN2as, sSarvo.aachanisss
m2re2.v 3 33=2ciai c3se of ta2 ganer3l hiil clianar.
The tarn “hiil clinbing” has obeen used to describe the zntire
07 32nerz2l optizization, and Aerivas froxa tha i1wage o0f ~<lizdin
contours in zcom2 da23criotive pniase space. Thas ig23 is to  1ax
seme =erformance; 1f w2 reprasent perfcrnaance 1s some elevatio
qzins3, then thera i3 a parallel with topogranhy, and the 370r
Aountain cliading, in wnizn w2 are trving to clias to tnes nisn
2cint.
That eénziogv car be fzirlv axact if we are trying to maxinaize
syst=2mn taat z23z2nd3 on tas valuss of two varianlszss, for tnzn «
recresent paricormeéence with contours on 3 srach in wailszh the v=
0f tns two variasles are the coordinates. Thus, in figure ?2.%
contours of zsarforaance uvponn to HDe xore or less straisnt lin
The svsten i35 at the starting zoint, and tnhe Aill climping zro
i to tzke 131 step &rJltLa”llY -- that is, to try the systex =zt
diffarant s=t of wvalues for the r”o variabhlaes. If tnat stex
produsca2s 2 opatter pariormince, reneat the process from the nayg
veiuzs; if not, then return to tre starting »oint znd try 3 n32
stap. In the figure, the first staep coes downnill and is ther=
rejactad. Taz sa2cond nera2ly stays at tae s33n2 eievation and is
likewise rejecte?. Th2 third is successiul.
The drocess ¢f T can be r2aorasa2nt2d by ngt raturning to the
startiny 2oint if tn2 3t2n is5 not upnilly; out if it i3, then X«
going in the sz7e2 gdirsection.
(1) Tnere nzs deen far less literature on this genersal aro*la-
on »>recdhi2ms more amanabl2 to strict analysis. A comdsarativsly
reviey a2y 52 fsuna in Younag (1239).
(2) 7cr exzmnle, se2 4inscy 2nd Selfrilge (1351).
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In one Zirension, that is, with just onas wvariablz, the »oroc=ass
3i2r, baceuse s%ted?s can b2 taken in just tuo Airections, ins
i“‘i"itﬂly #3nve.e In thres ana more Jimensions, me3suring t-
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eft cf ste=s 1in different directions (that is, estimatinz
2iant”) b2c91=2s increasingly difficult.
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Tizure ?.5C Parformance of ZIvstam as Function of Control
tarfornance Tunction is Honotonic away froa Jatimun *
In tn2 usual ~232, wWe navs som2 notion, aldeit vagus, of the rian3: _
of interest, 2n?l we start py selecting two points, trials 1 ani <,
corresocnding to the control values x! 2nd 12, in figur=s 2.7C. 1720
we sv=mluate the systea for thoses sattings, finaing tne yaluas 7(.11) '
ana V(42). T{ we sunpose that we selected Xi<XZ, 2and a2 fiad trat 1
VK1)V (X2), then we xnow oniy that the oztiaua is not la2ss_tozn
sosition X1 of tas control. If we find that ¥(X1)>7(X2), thsn w2 -
Know only that the cztimunm is not greater taan sosition X2 cf ta2
contrel. Yote thz2t in the latter case, @e 20 not '<'xo>4 wnicn si‘e o2 ‘
{1 thz ontinun wav lie. The two general nassiosilities ars snown 1in ~
the tuo curves in figure Z.5C. Th2 n2xt trial at X3 <an resolve %oz '
apbiguity. r2 salsct X3<¢X!, say (the choice 1is arhitrary, z=xcez~
that it woulcq oe “pnlisn to selact X3>X2, for w2 xnow the optinum 1S ~
not thared). I€ Y(Y3)>VY(X1), then we Know tbat the optimum coes not
axcazd 1. TI "(\’ 27(%1), than we know that thas »2ptinun 2%ce3:3s 73
2ind so one. _
Tven in cre Aizension, problems with fals2 p2ars 2rise ezszily anc
fraquently, for we c2n rarely be assursd of nonotoanicity zwa3y ffon ’
063 Chanter 2.5 25:45; 5/23/1:75
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Jdhatever time is ne2l2ag to inteqgrate what cones in. Taat
integration time mzy hava to be 3ddad to the 1000 aelay mantinn»
ahoava (tnhat i1is, to tne 2fifective systen rasponse time), i< »Hna2
wlshes to eyamine some eaguation representing the control
Tratnenaticsalliv,.
A Dors suntle form of control consists of spacifying or resceciiyinag
tre 2ya2liuation function. In the lone run it is 9rodably tre 2925t
cowarfuliy 3nle to direct what we call “learning.” It i3 oftan not
recosnizz2d as a form of control, and it has neot Deen =2nalyzaz varv
de231Y in taes control litaratura.
Zer2 is a iist of these control carameters of a2 trackinnt ar coantronl
svitsn, with 3nort ra2narks about them:
1. Czin or sensitivity; this is not a sepnarable parameter, in the
sensa of its 221in7 measurabls without considering othar fartnrs,
In sone wav it m23sura2s tine 3iz2 0of the correction, as I sai?
acove, ~ith tw0 systems, otherwise the same, 1f o2ne anclies
lzrger corrections thzn the other, it Tust 22 said that the Sirst
133 a larger g52in. It snould also He not2d tnat tane timint oF
cerrections is crucielly important.
If the gain is sat too high, then instz bl‘lt{ will oftan resulre,
c3ausing :ivar"erce. Tnhis might b2 illustrated in tracking: an ant
foiinwing 2 tra2il of pnheromones 3cvlientallv daviates to tne rizTht,
253 in c=ction 1,3. Thne l1aft antenna is stinulated much morse than t..2
tight, =rnd so0 the ant corrects to the laft., If the gain is ton =i,
tnat ne2ans tnat the ant qoes further to the left of tha traili th2n
he wzs5 c¢ricineglly to the right. Then a larger correction swuwings =2v7v2n
Tnr2 to tre right, and so on.
Tnis is not the tlace to go intc control theory, waich is
with the <Zecsiagn and study of control systems so as to avoid
divergaence, intar alia.(l) It might be haloful, howavar,
that tne ovarall c2in around tne control looo shculd be less o
one, to 2void diverganc2e. “hat that means is this: considsepr = =nn~pl
deviztion irmsarted at any point in *the loop, in the contrel, 3:zv.
Tnat ceviation will cause a deviation in the systen, whaizch wilil
czuse = resultinc error signzl, whicnh will through the control
mechanisx cause another iev1at10n in the control. The final

D

deviation 1n th2 control aust not b2 gra2atser than the originai on
or else, zs the Jdeviations co round and round the loorn, they «il

2. Pesponse time or gzain; to somne daviations froam a trac< ons wust -
rescernd very cuickly, and to sone slowly. "otice that this iz rnot
the zaz2 3c saving that tae corrections nust be largz. For

CGS Zhapter 2.

[OA)
o
L
LX)
oS
Ui
s
921
\
i~d
ot
~
b
O
~J
P




T2 44 2RAFT - ZIG0. INFO. P33T, 2
zx2mnle, 1€ con2 straves into the path of an onconing car, on-=
act r“‘rfly, out tha corrzction will zrobanly b2 yary snail.

Thz r2snens2 tc a signal, an error, say, is always in poractica

weljntad averige over 3 r2acent nhistorv. In r22i lifs, =zs oznoan

comnzutser 3inmlations, avzants do not take 2lacs at points in tia
an2tnars evenly spaca22d or not, put over intervals, short c¢r lcns
tan2 <ignel is corruntad bv interfarance, Oor Dy somne rantom °roc
tn2n it may 22 necessary to listen to it for some tine just io

good 1222 of wnerz 1t realilly is.

IZ the response time is long, it will mean that & perturdation

2 lon~ tizme to go around the 1o002. Tf the zain is tno hizh, tre

o3ciliaticens wili 22 siow, Sut arowing. Ther2 zre nics relatian

Jetxeann the setting of the gain ani the sa2tting o0f tha resoonse

tigse. The resconse tims is its3elf not a3 single dalay, as I rex

asove, sut a weignted avarangs, Yatnsmaticaily, tnat i3 2xprasz:

»Ifiting 1t as an integral of the signal (nplus noise) ~uitisli=Z

th2 weignting function, often callad a "kernel.” Prozerly, taan

i3 that function, tne karnel, that is thae paraamater.

2. Zvaluation function: this ic concentuzllv z very coaplex
czravstar. Tur analysis 9f its usa2 apohasizes the fact that
r2aal svstem ther2 1is usualiy no sinjle coal, tut a alzararzay
ther. Tn following =z trail, for examnla, the cturncse of tha
22roendiculer swing is to keep the maxiaum of tha scent
conceantration in tae middls 2f the cwing, 32 that tne trzil
not lost. 3ut that purrose is followad only secause it «ill
to tihz eni of the trail, 2nd satisfy whatever aignhar iavei ;5
i3 tn B: found ther=a.

In fact, the complax hierarchies orf geoals that manage hurman
2xistenc2 cemnonly exert their effects in tnis wav. The srincis
control paramstar of simzle controal looos is the “sa2t zoint,” t
i3, ths particular value o0f th2 variable beingy controlled that
zre trying to x2ep it on. In 4driving, it migat be the l=2n2 of ¢t
turnpi¥s; When We Dp3ss arother car, the instruction, as 1t «xara
to resat wnere w2 wiant the sta2ering to n2ad to the acdiacent ian
the leit.

4, sxplor3atory jitter: this includaes the control nmotion 23524 t
axolorcz tas effects o thne2 control. Therz mnayv 5e several way
sreciiv such a motion, but the spcecifications must includa ¢
ireanency 2nd its amplituda if tha srror In2s not con2 aitk
sian; trat 2x~ludes tas classical case of sarvonacnznisas.
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2 Tracks and Trails

1 s2action I sa3ll discuss ohysical trails in nore c22%tn, usin:
the irameworx already set un, z2nd reliating the controls o‘ th2
tracxing srocecdur=2s to those tnat can be infarrd froam lifs. In
section 1, T discusse? various aspacts of tracking a *trail, Hy

lowing 2 local (transverse) maximum of a chamical concentr=tic:,
an& I distinguicshed between 2-D c2ses (e2.g9., >loodhounds) ains 2-2
(2.¢., shrinn).

In this secticn, T exnlors complex 2daptive systems =-- conplex tc
difZerent degrees =-=- whose structures incorzorate what amount to
rulas o thwusb, and hance are at lz2ast in p2art heuristize. Tyuicallv
ti232 rules nave paramaters that can be adantad. 3Such 1 rule =mig-s
2e the one thzt cyitchas the node of ocerztion from
accuisition/racovery to tracking. Jne can nayar Le 3yrs that *ns
Tules ozeratsz in a nice Sinary wav. For exaacle, th2 switcn froaa
acjulsition to tracking often seems fto bhe almost nanifestlvy urivan
by peattern-aatching of a sensor outout: Hut the ravarss s.Hitzh is
0ftan a slow der2neration, a continuous modification 2¢ tha
carareters ol behavicr.

ed Dy siacla coaputar

S¢cne 0f the zoints will He illustrat
sisulatiorns.

2.1 Tracking a Trail - Elementary Heuristic Search

Tha essznce 0f 2 trail itself is its ona-Zimpansicnality =-- or z*
l2ast an extremsz anisotrozy in one dimension; trails diffuse in toa
other twc dimensions 1:f they are chemical, 2lthough some «inds -av
not, li%s IZootzrints. 2ut all trails sur2ly d2cay in one WJay or
a2nother in any case.

Trails zre also oiten esvtremely uneven. “hen ants maie *trails, thzv
20 so by occasiorally touching their abZomens to the jround, se 33
to deposit some cn2aical tnat can He scanted.(l) 2An oroanisa tnat
is acting 3s a rrey to a nredator leaves its actual che2aical 57007

bv accidental contacts, as well perhaps as direct cheaical
2hanations frox its 20dv. All taat xz=2ans that the actuzl
cencentration of the chemical is going to be an uneven one, zna the
dnazvennass will 22 ex3carbated by diffarent exposures of diffarens

T L M e T i S . L i D T — —— — ——— — — —— ———— ——— T — — —— —— — —_— ———— ——— — ——— i ol gV — — S — —— ——
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22rts of tn2 trail to taz2 diffusing mediume.e Turthernmora, the
crhamical comorising the trail or s»oor diffusses 2way; the rats 2t
which that hzocens aijht bHe axdaectad to affact the nptiaun trac:i-co
Jarazatars.
cresunstlv, a3is0, there is at lza2st soaetizes a background of
iZ?antic2l or interfaring chanaicals tnat can osrovide some2 risz 5°¢
io5ing ta= traii.
or crzanisns wheose nutrition ds25ends on tracking orev, much must
“ezand on the efficiency «#ith which traecks ars discovarad in tha
first tl2c2 -- thnat is, on ta2 s=2arca stratejy. 3 Xey guesticn i3
obvicusly hos r2nv Jdimansions ara tn »e searchaed. If We consizsr =
trail 27 2 long thin nill with tae 23k at aAan=2 end, in 2-su2c2 any
Z3ndoa F22ron 23atn is 7oing to cross tne nill, oy ana lara=; tast is
net trus in Z-soace.(l) In any case, *rails are to son2 extert
zzn2x2ril 3anid greztly affectad by unknown history and trands, a-~?
2ne cinndt D2 cartain 3A_2riaril wnat is tn: H2st searcna stratexsy for
tazT,

T2 mndal IZeor treil-following that was drasanted in saction 1.3 on
zage 12 rejulres a transverse swaep to 3aaintain tne 523k 0f tns
concantration in the mi<dlle of the sueepn, coudlagé ~ith a more or
1233 stz2dyv forward moveaent. Th2re are a2 nusbar of oarameters thzt
control =asx: y how tas aodal 32cuid b2 orerated “Zuring thn2 actuzxl
trackiny, &s oozosed to the searchirg. First cf all, how widc2
shouid the tranzverse eep ne? ,idle 2nougn, oresumasnly, 30 that a2
Z3clines in zencsantration at 2ach 2nd can srovide the controi s5i;-2al
te xeep tne trail cz2nt=2rz24 on th2 sw2ed. 32c¢cond, wWwhat “irectice-
cshould tne trac¥er head in? Also, ther2 ~must He 2 certain in-~riis
in =035t tracking, s»n that the orsanism can continue ovar
interrcustions in the traiil; yet that inartia must not 22 30 Lowar- il
as to csrry the tracker too far from the trail if it has bean i-n
fzct 10st. Hounds often ovarrun tae scent of the fox, T an toii.
Thay nust then find the trail angain.
i3 [ nointed out, instead of trav<1nq DY 35weacing across it, 1t iz
aguivalant to ucse cpatial integration bv taking advantzje of
3imultanzous Jdetaction at sites reﬁote from 22ch other, that is,
remote 2noucn to Se anle to 3ense ditferances in goncantration,.
Certain ants follow trails o0y o3lancing the sensory inputs to the
t40 zntennaz., If the detecting capabilities 07 one zantenna are
r=iucad, say bty amputatine it, the ant will tand to one 35icd2 o¢f thz
traii.(2) Tasr2 se2n to ne no data to estirite any of tne
carameters of tr=zil-Zollowing in our sense.
(1) *s a2 mattar o0f fact, 2 random walk in Z-snace will aporoach arny
arjat arbitrarily closaly with prodability 1; in 3-space that is
not at all true.
(2) 522 Zancartnar (13A7) dascrined in “ilson (1571), . 2352.
7ns3 Thapter 3.1 23:43;  S/23/1373
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Tn2 trail recoverv 2>roca2dur2s ne2a not loox lika acguisition
trocedures, a2t least to begjin ~ith. it so~e point, of course, i:
trzil rscovery proceels unsuccassfuily, it should degrade intn
raraal zearcn. D2thisr (1573) describes noa the dlow fly racovary
trecelure is slcwly modifield into general search: the originzi
tisatly wound s2irzlzs hacome looser a2nd wider. Th2 actual
carferrsance 1s orasumasly adapted to th2 2xpactad Or axl2riznc:s
Tistributions of fooal or orey, tne niture of the snmiace, the 2hys3izcs
ot th2 tra2il 2nd so on, lthoush in orinciple trail=-€oilowine is
trzil-Zfollowing, in oractices the strateTies tend to be Aiffarant “ar
sra2y zatching an2, s3v, aate finding. In th2 latter 1t can Ha2
reascnably sup2osa2d that the nate is not activelv 0D20S2¢ to
consunmaticn; in the forwar it is w21l ¥nown that, €or axamols,
woths take 2vasive actiosn on tneir hearinn t13t Dats ar2 23dout to
devour trnem.(1l) Zne early review(2) suggests that *he scals o-
turbuiance found in woving air streams cannot orovide useful
Adiractionzl suifanca further away from the source than = fay
cantineters. In our taras, tnat is orobadly wrong, and would "=2an
orly that integration take rlace over 3distancas long =2nouch ts
smo0th out tihe noise. The strategies discussed in section 1.2 --
involving ootical cues to datermine the direction of air flow --
23ve been observad in Drosoz2niia,(3) mosquito, (<) and the aoth
2i0213(%) a3and $2020212r3.(8) There ara few guantitativa Aatz on *as
Riil-climbing tactics in nost such instances. Tor moscuitoes, -rizat
(7Y Zismisses vision 23 on2rating at a rangs of zore than =z toy
inchas, re2lying inste2ad on the attractivaness of carnsnn dioxias ani
vatar vapor, Sut Jonas claims that

Ta2 adult noscuito nas good wvision and Wwill auickly

track 2 aoving numan hand. It is clear that tne priwarv

factor that attricts the ledes moscuito to a Auman

peing fron a3 distznce, however, i3 ofor ... Pracisaly

wnat odors 3ttract mosgquitoes from a distinca are

UNANOWND eese''(3)
Jonas is, hewsver, talkina about the vallow faver bearinc Zcoyotizn
mosgquito, 22323_233gv2ri, wnils Vrignt is talking adout nativz ort,
imerican mosquitoes, of ssveral diffarent spacies.

The use of oztical cues to oriant tha aniaal into tanz wind has Heoan
terzz: “anemotaxis” -- another taxis -- and it i3 clearly mo=t
apgsreoosriate in finding 2 stationarv emittar, like 3 aate. Tzarik=zs
(1) €22, for examrle, Treat (1957), and Rosder (1253), op. 52-73.
(2) Cethiar (1857).

(3) ¥elloog =t 21, (1952).

(1) ¥ennacv (1339).

(2) ¥annedy and Marsh (1374)

(2) ¥urlis ané Zettany (1277).

(7) “riant (197%).

(32) Jdones (1373), v. 140.

0C5 Chapter 3.1 29145, S5/7I5/1%73




322 44 O°ATT - 3T3., IYRQ. 2PRQC. Div.dl
2ns Zhorey neint out that anemotaxis is often assumed and not
2rovai:

Contrary to oravious bheliafs, tae aecnanisa dy wWnicn

the melas steer toward the odor source do2s not renuire

3 se2ns3sing of wind direction.(l)
2t thav z2cait tnhat "ye stili 2o not undaerstand hox the {otna
fistinguisnhes the “upwind® from the “Fownwind® “Zirection.™(2) I
cource, thst is evactly where znemotavis con2s in. 3rubdbd (1°572)
s2oints 2ut that their rasults &o not ma2an that noths ion”"t us:2
an=2ao0taxis, only that hill clirbirg is nossibie without it, a
conclusion thaet Farizas and 3Shorav ac:eyt.(’) It will b= ci=szr “ron
th2 sirulatiorns in tha naxt faw sudsactions that ansmotaxis, «whan it
is pessioti2, 1z enormously advantagaous, and hance would prodacly 22
ziooted 2y evolutionary 2dastation. The advantage comes frog not
nzving to integrate 3 non-unifora track along its zath, so0 to 52224,
wnile tne aninal is 51r41ta anuysly integratinz at rigat anglaes to
£eez on the trail. ifter 2li, the 2ssential Zirectionality o1 2
Z2iffusion trzil in air, whether or not it is turbulent, i3 verv
31light at z2ny gra22t distanca dounstrean.
Th2 zuesticr 220ut the directiconality of trzils on the ground is
anotinar Tattar, whicon was mentioned in section 2.1. Siven toe
noisiness of naturzl a2nvironnents, it is hard to imaqgina tazt =
sncoth dezositing and some xind of sxponential decay wouild nroviia
enougnh information for the Zirectionzlity of Zirzction Ziscusse” in
“ichenar and Yichanar(4) 2nd Yillows.(3)
The naxt threa sections €4ill ¢describe in scomewhat more letajl the
thr22 shases, <zarch, tracking, 2nd recoverv, discussing how
zdaptive rfon*rols nay have 2vnlvad, and now tanev mignt wor<. Tne
tourtn wiil Za2scribe sore simulations and conjsctures zbout the
diresctionality o treils.

5.2 Searching for a Trail

It is oronatbiv ODIIOU\, and it can 2 35hown rijsorousivy, that in 13
corpi ’t>iy unifor— desert, tﬁe fastast wayv to find a2 trail, 1< %n
is a2 uniforn jistrlbut1on of tham, is to trzval indefinitely in 3
straignt lina. Tnera are not very many assuadtions naeded for tne
croci, wnich involves showing that 1i{ you don’t traveli in a3 str=z
line a trail wvou might hit vou would already have hit; that is, you
are €a2stirg sra2 ot your effort.

(1) Far<zs and Saor2v (1572), 2>stract, p. 57.
(2) inis, 2. ZtE.

(3) Farkzs and Sherayv (1673).

(&) “ichenar &nd ‘'ichan2r (13Z1), po. 17-13.
(%) ~illows (1373), ». 21%.
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There 1s =rothsr 2nd derhaps anr2 zrofouns soint. The natura o a
triii is taat it Zivides space into two sets, success (osing nn tha
tra2il) and f3ilure (not bteing so). If vou ar= in the succaess sot,
YO arCe n2z2r othar 20ints of success: that means succaess is
corr=lated wita success, ani failurz2 with failure. i2nca, if vou ar
not on 2 trail, snd have not bean recently, you_w2ant_to_-move_23_far
242¥_2s5_203533321l2. This arcument has Hean apoliad to adaptive
contrels a2ni lzarning by insky and Selfrigge (19%1).
in practice, oI coursa, ragions J4here tnere ar2 fey clu2s ansout
nutrition zre seldom uniform. Thera is nearly 21ways sone
,ulaottopy, 2van 1f it is onlv sravitation; and apart frox tast,
than, on2 mitht 2xpect that the mean frae path of an orgdanism «ill
exteni (throu~n 2volution) to 52 comparabls to tne iaciicit or
expiicit becundaries c¢f uniformity in real life. [ have fcun? li*tlos
2nousn zanelvsis of this question in the literatura. Jathizr (1)
J1scussas the problem in 2 g2neral way for tas Dlowfiy. Tna goa2n2rai
quasticn c¢rl the alaptive possipilities for s2arch stratsgies hzas
inde2d Dsz2n 2zrily ever raised, let alon2 attacked. <CTethier szvs:
"Taw guantitative studies dear on this tosic. Casuai

otsarvation succests that flight fin insects searching

for f£00d3 is rzndon insofar as direction is concernzid

ess Or2 dr2cise stuiies ... sudvort this conclusion in

72neral ... 7Y2locity and altitude are ragulated by

visu2l cu=23 and 3re related to wind velocity. The

crucial point is that the flight of foond-iaprivald

insects is 2asically nondirasctional. This is a jo9=

stratecy ror searching Decause it is one wav of

ensuring that large areas will be axpiored."(2)
2ut, Dethisr sa3ys, quantitative da3ata ars rare inaesd, and it woul:
Ce =2xdactad that search strategies woull tend to avoid norevicusly
exoiored spaca. Certainly that is true in animals that qraze, anc
that case will L2 discussad in section 4.3.
Tha realer will romamber m section 1 that Z. Coli has 3 nositive
cronzhility of twviddling avan if the environaent is no*t changing in
the s3lishtast. 0On2 can imagine savaral reasors for this. First of
2ll, there are variations in tne parceived attractivenass of tnat
environmenrt due to variations as a consequence of the orgunis~”-
size. 3econd, evolution may have allowed for 3 possivla

insensitivity to slow long-range zhanges in bSacxground

attractiveness. 4nd third, evolution has prooadly concluded thzt
Coii is seldon indeed in an isotronzic and uniforam environmant.
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3.2 Following the Trail
Th2 77 stratzzias are ciearly the immediate 2recursors of trail
s23arching zanl following. Tnised, if the trail is smocth enrouya, =.
Coili cén orocazly net onlv find it, but tracv it. it lezst, ta=
2rocran that ~ereratsd the s5imole2 simulations in fizures 1.44 ana
1e%3 i35 D2ariz2ctly capanla of finding 2an? following 2 trail. ~iszurs
2.2A SDOwWS the trajectories of three organisas following a =izpla
trail, using th2 sane 2rorr3n, modifyins only 39232 paranaters arg
ta2 attractiveness function.
Cf course, tine unierlying assunotions about a trail ares that aither
the sourc2 15 nmoving through tha 3m24iua, or the madiun is wnovin-s
zround Tta2 source; 3nd thz avarasge arogrea: cf the searcning
2rgznism must excael that motion. 2robably organisms as lowly 23
bacteriz do not find thznmselves custowarlxy in such an environmant,
Sut, 33 1 nava 3lready 2ointa2d out, Heasts not muzn aigher in tae
vaylot2netic zcz2le ray.
=2 Wouls exmact t*2 pzarametars of trail-following to hawve bHaen
avolutionarily tunzd. Indeed, we can eaploy tne biolocirally
tariliar concertuzl ravarsal, and estimate the evolutionary forces
from the current state 0f th2 adistations. The 3ifficulty is that
tha Z22%2 on tracking abilities and stratenises s221 to de for tns
most nart laciing in the literature.
The cetzils 0f nmoths” stratacies in following 2 trail upwind (lica
sil< notas 24iz23av nentionzd) are not to be {ouna in or deiluced fronx
the literature. The supnort for our ZJescription of the strategies is
31703t 2neccotal. X2nnedy and #arsn (1973) verifi=2 thst some 30rt
0f znemotaxis w3s onarating, Whan the anoth flaw upwini; wasn it iost
tne track its zigzags Secame paroendicular to the wind. It should oo
noted that of coursa the neading of the moth woulid not “»a
S>arzandicular to tha a4ird, if th2 dascrintion wers accurate, “ecauss
its upwindd -componzant would nave to compansate £for tane downwind
Jrilt.
The oroblzms 0f invasticating the stratecies usa2d in trailing ca2n 5e
2xaaine? by first noticing Wwn2tner the sensor is singlz2 or wultisi=.
! single serscr must make sone Xxind of 2 swean across the track
unla2ss it is to perfora 2T trac%ing, live the bscteria or the untrs
S aultizls sensor (like an array) can direct the tracking so taat
the maximum res»onrse occurs in the middle of 2n arrav., ch a
senscr needs no 3weep at all, 0f course. ‘fanv beasts usa two szts of
52n30rs in parallal, 2spacially eyes and ears.(1) I am not awar=2 of
any 1arz7e ci1s3 oI arimalis that erploy more than %40 parallel
(1) In so0x2 Ways, O0{ cours2, 2acn paaatidiun orf a coanound _y=2 is a
Sserarate sansor; dut so is5 each retinal rod or cone in vertecratacz.
Th2 point is that such nultipla sensors act as single intejratel
S$2n150rs.
2GS Chanter 2.3 29445; 325112772
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senscrs in thnt way. ULne exancle is of course animals that trasg
2iong tunnels tv means of whiskers that simultaneousiv brush 25a3inst
both «21ls and th2 ceilirc and floor of the tunnel; nut I dousbt that
3 tunnel counts as 2 track or trail in the usual sense.

The two sensors may b2 antennae, 2as in woths or =2nts, whiskers, 23
in ci3ts =nd ~2tfishas, or 2ars, 2s in »ats or szals. In tas
slowily, Tetihisr »oints out that in trac<ing a thin trail of suztar
water, conzuxing it as it goes, the f£lv uses the same technigue, Sut
the s2nsors 2re in tha tn2s5.(1)
Tha usuzli method of tracking, then, takes cne o0f two forms. Irn the
rirst, tvsified Sv hounds, a cinjle sansor novac ovar ths traiil
transversaly 2s the hound 2rograssas, maintaining tha trzil in *h=
center 0I tn2 swe2p, Wita due rzgard for vha“ge; in intansity ani
directicn; in the cecond, tvpified by ants, the sansory inouts frona
t40 sensors, the antennas, 2are halancad,
3.4 Recovering the Trail
Since the lixely distribution of trails =2fter one has just lost one
is presurnably éifferent fron when one is startiﬁg out, thers is no
Fe3dason to sudnosa that the bast strategzy to fcocllow in ordar to
racovar it is the s2a2 as tnat to find it in tne first placs. Y
courss, 2fter a cert2in Z2uration oi fruitless searching, the Sest
thing to 2o no Jdoubt degenerates to the initial casz of sasarch.
Tnis can 22 illustratad by wnat a captain of 2 dastroyar is supnose?d
to 1o when the submarine he has 2ean deoth charging seexs to have
escaza? his attack: he should spiral around tha last known Dosition
of tn2 sudzarine in suca a way tnat nis radial velocity is tas saaz
as that of the submarine, while of course his true s2e2e3i ané his
tangjential speed are far ¢greater. In this way, if his estiaate of
the subnarinz“s snead is correct, nis course will intarsect that »of
tne sudmarine’”s, and ne can resume the attack; this case is expiored
futrher in s:=ction 4.4.
Therz 153 in seneral no r2ason to suppose tihat such drodleas ars
suscenticie to an2lysis, Decause in general the avoidance strategias
are not even xnown in detail. For example, it is known that moths
take fzirly cexplicated avoidance on their hearing tas bYsaps of 2
s23arcaing pat;(2) that avoidance takes at le2ast two iforas, whose
2fficacy we cen hardly quess at.(3) The two cases, and thair
(1) Dathiar (1378), Fig. 14, . 25.

(2) Sae Crlffln et al. (1985) and Roesdar (1953).
(3) iprarantly, if both ears of tha moth (thars are two) are worxiag
weil, the noth has some Jiractional information adbout the >at, so
that zanisctroric z2voidance strategies can be usefullv selected, ind
i{ neot, others turn out to b2 ontimal. It is renarkablz that tha
3G3 Chapter 3.4 2531435, £/22/197°2
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relative fraoiuerciss, must suraly influance the optimal strata3zvy for
tne punory hat, if ha2 losas the sonar trail from tne avoidance
maneuvers. Strictly speaxing, o coursa2, the Hat 1s attacking «ith
tha 33 ctratsgy, rz*her than the trail-folilowina techniquas I havs:
3sen iiscussing ner=. Tha2re has 2ez2n littis discussion of traii
racovety vrocedures in the literature, 2xcept Ior Dethier, ani 2is
40r% on tne Hlow flvy that I have referred tc several tines. Tt iz
sinpls 2nough to model such juestions on computers; the proqrazs ant!
xnat they 572w ar2e interesting but not startiing. Wwhat is n2elel =272
gata from 1ifa,
Anacdntzl eviidsnce can He found in abundance in cases interesting
Jirectly to oeorle, 1like fox-huntingo, cor>1dvred in section Z...
There are cases of aconowniczl importance that T can find no data in
the litaratur2 s2out: for examnla, salmnon in 2£ffzct follow 23
chenical trail back up the stream at whoss haad they ware
hatch=3,(1) 1if thev los2 the trail, wnat recovery procadures <o
thev follow, if any? Since salaon dn find their w3y up szlann-lo3s
rivers, 1t aust 2e far {rox perfact in any case.
3.3 0On the Directionality of Trails
Tn cconciderins the 3irectionality of trails, w2 should Zistinguish
“etwasn trails in a fluii like air or sea water, wnher2 cdiffusion zani
turbula"ce corrupt the trail, and *rails Zenosited on the grcunid,

he latter can be expactad to maintain their shaps of darosition Zor
anNDr, and in addition are inharentlv motioniess. In my initizl
siTulstiors U had supoosed that the trail was deposited uniicrzly,
with variations that were smooth, and that the scent was diffused
away at 2 mere or lass constant rate. Undar taose circunastances, it
turned out to ce hard to imagine how 3 gradient would exist zlong
the trzii that amight indicate the direction in which it was laid.
Qor a syhsesauent *est, T supposad that the scant was datositsl 20re

ealistically,(?) bv tnhe insa2ct’s3, say, touching tae gsround With its
aaio:en, and laving a small olob oI scent that then decayed
axsonantially 2s thz abdoasn dragead, aaking a tapered streaak in
wilson®s wordse Tha tra2il therasuoon slowly spr2acs out, in sucn 2
way that each unit of the chemical scent disperses into neishboring
areas. 3Such z dispercal is illucstrated in figure 3.53. Th2 scent
blohs ware given 2a2n unraalistic dut coamputatisnally convenien
7ites that render zn ear of a moth inoperative never siaultzansousty
cccupy hoth ears of a motn (fFrederick «ebster, personal
communication). I Suppose that the new mite must follow scme kini
of ~heronome trail to the correct ear.
(1) 1t has n2en shown that =ach 3tream has some kind of a flaveoer
2etactacle bv the salmon, and the flavor is apparently
distinjuishable all the way to the ocean (XXX); we know 1ittis adout
whathar other sanses 2i73 this process, like g20graphical ones.

(2) XXX
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Aftar 0 <cacay steps, pest filter scores 59 out of £¢0.
L3 ] :’..C 11 it 1" 50 11 :O o
n '23 1 " 11 _‘:3 1t Cg -
n ’_‘: C 1 1" " 1,5 1t 5 0 .
1 :g‘) " 1t 1 “.:_) k] 5\: -
i ",'5 i 13 1 37 1 2:0 -
n l)o 1 7" 1" 36 1" EJ.
Tasle 3.%2) Success 0f 3est Filter for 2ecaving Trails
Tnis iliustrztion is of course over-sinaplified, and thare is littls
to b2 concludad avout how aucn further acdaptation coula 5o in
Jiscrimipating the Jdirecticnality of decaving trails. Cther
naranetsrs znld sensitivities are ohvious, and thay migat oroviage “ar
bettar rarfeormance, For axamdle, the particular shap2 of zadasted
nabituation night L2 optirmally 2iffierent Irom aardling meraly a
ratio of s2nsation to current levai (taz lofarithmic assumptiond. I
shoul?2 3lsc 22int out that 311 this reprasants Hut a3 condacturz, “or
I n3ave not €foun? anv data in tn2 literatur2 to support or controvart
trhe mechzrlsm o2rcorosed.
Succassiul Suesses out of T) Trials,
Yor ¢, 10, 23, 22, 89, 73, 100 Z=2cay Stazs
J .1 2 «3 o ) & .7 e 3 o3 1.0
43 53 50 S0 590 50 50 50 50 30 50 50 50 350 30 30 48 4% 353 23 29
10 31 30 €0 =0 30 =9 20 50 50 50 30 35 45 423 43 45 45 41 35 23 22
20 25 4R 43 45 45 45 44 44 43 43 47 40 39 35 33 37 353 30 253 Z3 12
30 25 42 4o 42 42 41 40 42 40 22 33 37 23 30 23 27 23 283 23 23 7i
S0 2% 41 42 40 23R 35 33 35 37 32 34 32 30 3C 30 31 21 29 2za 2% 32
75 27 37 31 33 21 23 23 22 21 20 20 20 20 23 2% 27 23 2% 20 24 23
100 23 33 35 24 31 31 23 283 25 26 27 27 27 27 23 23 25 30 25 22 23
Table 2.5 2o0larity Zstimation for Decaying Trails
Yilscn®s 2isSalief alraady rafarrad to on 2ags 12,(1) is not claarly
directz? a3t 211 trail-following Dv ants; 23nd 2ven if his argunent
is diresctad oniy =zt his favorits S9l2n03sis_s22yissina, simui2tion
(1) wilson (1¢71), ». 2%¢C.
C3S Chanter 3.% 22145, 5/23/71¢73
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witnh 2 ~ocdificzation of the »orogranm that producad the tahles zhova

#11) show that fha polarization 1s =asily Jdetactable for approzriat:

znoices ol tias parameters. This Joes not s3hov, 0oL cours2, that the

trzils actually are2 polarizad, or that if thav ar2 thas nolzarization
is Jetactad,

i3 argumant is that the lateral swaen 0f the two antennae ra<es it

"difficult €or tha2 follower ant to "read” this information, (1)

meaning to ascertain tha shape of the taperad fron. 3ut the 53303

rise of tne attractant at the front of the 3rep, compared to tiae

gentle 3lop2 3t the Dack woulid Y2 detected no natter wnich wav tne
an*anra swa22t over 1it, Ziagonally or not; at la23st, it is not cloear
that it coula not ba. Tna snoulsd be renindad that tnaz2re are no Fata.
! Tha argusnants need a slowness of diffusion that s2¢ns not to apoivw
-l to nl"‘-hcrne trails. I have already in sactions 1.3 and 3.1 alluada’
— to aneaotaxis, ana tne arauaents ahout its macniznisa.
- The ¢en~ral ccnclusions a>out the directionality of trzils can h»e
| summarizad:

1. D2rositaed trails can de nmolarized by shaping the deposition
droziets; tnis probadly occurs in nature.(2) Theoretically, thev
can 3also bes polarized by using different chemnicalsy; I havs not
found any Zatz tnat remotely suggest that such 3 thing ~apco2ns.

-lI 2. Air-bcrne (or water-borne) trails ars prodably too noisy to =z21low
for mer=s 3differantial diffusion to sarva2 as a ra2liadlz clus o
- directiorzlity; some cther directional guide is needei, lixe
. anhemotaexis, or gravity.
3. It shoulz da remenberad taat aven if the directionalitv is not
_ lecally evident, there is alwavs a 593 chiarce of maxing th2 right
Jdeciszion.
3.5 Trail Following - Integration of Strategies
w There is a general vroblem that has alrealy been wmentioned in
another context, that of determining the worth of a module in =zn
assembly of mocdules, By ané large, it 3eemns rsasonable to assunma
| that batter tracking will 12a3 to better orey finding; bu* of course
! it may turn out that the 2ffort 2xpended in tracking hetter ougnt to

De expended in “etter sz2archine. That is, i* is not enouah dust to

optiaizs taa pa"ts, bacause thar2 are nearly always some trads-0f<s

among the rpart

S22 Xacgregor (XXX) X7

CGs Chacter 3.6 23:143; 5/25/1677
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The as=za2mbiv of 2 strategv that comprisas sevaral strategies of the
kind discusssd aknve =-- search, tracking, track racovery, sxitchinz
to octasr strategias =-- i35 3 complex process that has parametars of
its own. Soze of the obvious parama2ters are those that contrel the
transitions fron osns stratagy to another, as wall as those th=t
allocatz rasources to tans various stratagies tnat fora somathin-
like meciules in the whole. They are not entirely modular, cecausa of
ths intarderencanca on coxmaon resourcasy furthernors, they rav wall
Take coiaen usa oI certain otner functicns. Yevertneiess, an initial
launching roint might be to treat them as injepandent.

The transition 2aramaters c2n be exaninad if one considsrs tha othar
elem2nts z2s constant. Tnere is onviousliy no s23arp bYoundary of w~hzt
i5 the Lest way to b2have for, szy, 2 noth bant ¢n copulation. ~or
one taing, 17 thers are no other males around, then very sloa
Procrass uswind would 2r1aos D2 ta=2 bast thing;, aaking surs nsvars
to lecse the trzail. Eut if there are other males nearby, slouw and
st23cv =mz2y los2 ctatisticellv against nzsty and rash. As Was tha
thrust of sa2ction 2, tha 23rametars of the Sa2navioral optisz n~ave 1o
ce tracked Dy evclution in the 32me way that the transvarse sositior
cf the Hezst must track the attractant zaxirux.

Yore alobal rf=23turaes must also Y2 treated. It is5 net enougn for 2
bat to track any =2¢ho, no matter how cliear, 1Z it does net reorcasent
a targat yortn tnes =2ffort. Tor examnle, it J02s not pay the littl2
broaxn b2t te catch drosochila, for tne nourishasnt apparently co=2s
not provide the enerqgv for the extra flight neelel.(l)

£ 20warful consideration 1is always Wwhan to Sive up on heing facal
iitn failurs, and what to do tn=2n. In auman tarms, there are tao
cpeosing terptzticns: to do what cone has always done, and to =rov
sometning new. The former is usually safer, «nile ths latter nay ha2
the2 orizin 0f new bSehavior and n2w capabilities.

(1) Srifiin, et al. (1¢563), and -.ebster ., Darsonal cemaunicaticn.
G3GSs Chantar 3.9 29345, £/257157¢

(AR EEREENEEEEESRSESES




Uy
[
'QJ
.
189
[ww)
v
L.
)
+3
|
(G
14
[S]
.
H
'n
)
.
9]
"o
(W]
(@)
.
U
fu
Q
w
(S]]
‘1)

£ Other Aspects of Tracks and Trails
In tnis s2ction I Giscuss so.ae more of the wWways in wnich tracking
can ce extracolatec to exhibpit nmore cemrlex and intecgrative
sehavior. In one of thes2, concerned with foxes and fox hounas, the
Primary zursos2 o7 the tracking is still the zhase; but in anothar,
the tracxing itseif 15 a0 2ntirsly subsarviant tool to 52 usad oy
the intellicent organisn or grogran.
In higher znimals eszacially, the tracxking of optimum zaranetar
s2ttincs f{cr contrel loors is all-parvasive; people are mostly ot
ven conscious oI it. An important parameter of an adaptive control
looz is its evaluation function or qeal. Th2ase days, tha fiz2ld 5¢
Artificial Intelligance is increasingly recosgnizing the ne2d to
im2reve ani track ootimum settings for coals. Schank and ibelron
Arfite:
M eee From time to time, the Ja2finition of a joal
chancesess “n2n thz specified goal cannot bHe
sztisfiad, hz substitutes a 2iffarent spacification ...
Candl finally substitutes a somewnat diffarent gjoal...
"ifter the ~rof2ssor succeeds with the substitute goal,
«ee he uniertakes further actions {whichl ares not in
tne service of tae oriaginal goal. Rather tnay haly to
impreove the value of the higher-leval 503l ..."(1)
I shall discuss the role of such tracking in section 4.4; pot
Sust Ifor aoals, of course, Zut aiso for the nany otner duties it
serves,

t«1 Aiming at a Goal - the AB Strategy

In section 1.1, I introduced the notion of 3T strategias, whica ars
acdaptations thzat exawin° local gradients in some behavior space,
changinj; behavior parameters (twiddling) if thev seem to 52 l2aiing
downnilili. I contrastad 3; strategias with taose that nad a view, 2as
it were, or ZJistznt goals, so that *he orcanism coulé head cirectly
from point : to point 2; I termed the contrasting strategies '3
strataqgies,

(1) Schank and belson (x)”?), 2. 103,
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ticz2l sa2nse, 220212 usuzlly can s2e what thay ars =2ining
r 2avsically or astapcnorically. “xceot at an unconscious
2%t 13, mcst peonle in their alult lives are not vary awsarte
: xl stratecies, There is & children”s gan2 in waizh +h2
locaticn of some hidden oSiect i3 ravealed to the cnild dv taliin-
nim whetaar hs is getting M"aotter™ or "coliar®™ artar some movement
on tnz ¢cnild’s 2art. That is odviouslv 2cuivalent to sowe loca
Sansine of z2ttractiveness gradisnt that is the 2ss2nce of 37
strataqgizs.
3ut 3% strategies are Gifferant in several ways. First and fore-wost,
they <ar sanss remote tnoography, ooth caysically and in more
abstract s-z2ces, Dhysically, for examzi2, cnce 3 hound has viawa3
the fox, he no lons2r ralias on scant, >ut can cut *he sornaers of
tha trzil, f:37ing directly for tha fox (it mizht b2 ranarkes that
foxhouns con’t s23x; to nave vary Jood eves). 2reviously, it zai-
the fox to corrclicate the treil with irresularities. Zut once +he
fox nas 2=2an sean, the hound switches from 27 trail-following to 3
oray-followinsg znd tna coaparitive values o0f tns various avoidanc:
strategies chanze drastically. Tn fzc*, in g2neral, unlass the 5%
cen re2ach sarfety f(1i%2 a burrow o0f sufficient complexitv) or it coan
run t2ster, it is pronadbly dooa2a¢. In that casz, ais bHast stratecy,
to delzy the eni 2s long as pcssiblz, i3 meraly toy flee in 2
straight lina,
SeconZ, zpart from fre2ing tne pradator from tne zarallel or
scanning process that maintaining the trail reguiras, the A3
stratsgyv 2nz22les hignsr sceedsz, beczus2 sudlsn changes in dirsctioen
are call22 for only whan the prav is very clase.
I use the prey=-nracator terrinology onlv aci3use that is 2 cor~mon
case, 2nd th2 ametzphor springs to maind. The re2adesr shoulld bhe
remindez of otner cases. If one is drivinz to some dastination, onz
has rrodably learned that on a particular highway such and such a
speac¢ is the bast, balancing speed limits, car’s czapabilitiss, zon
densitiss, znd sc¢ on. That is, in adaptincg one’s Jrivina to tha
destination g¢oal, one n2ed not experiment with speeds, but can
3ccelarate Zirectly up to the 323ired one.
Tha rapiz snoveamant of on2 part of tne bodv to a particular locatio"
in space recguires 2acceleration 2nd decaleration of a rather caraiul
kind. To catcih 2z thrown ball is not an easv task for a child +*o
learn. It is hard to s22 how that can »e 2lanned and sxacuts? with
a surs T strategy.
2rcozbly thie lz<t -oint has tne largest overall siznificzance; >y
enablin; vlanning in s32it2 of 1lncz2l discourzga2aant, the AT stratacy
in a vary real w3y aust have bH22n the initiator of tru2
intel ‘1’92C€. This vossibility of glocal viawpoints, and then
conceiving o tn2 $loh3l viswooint itself as cnlv one of nany, *his
aiming afar, inlzed remanbaring the ztymnology of “talaolozy”, tnisz
modelinz ¢f 2n¢ olanning Zor tha future that 13 strategies reqguire
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inhierently -- 21l tnese m3aga th2 intellicgence 213 »iri of man<irs
far more Zirsctive and osurcoseful than ?volu?lon, wnztevar certzin
202ts, 2nilscsodhers 2nd thenlocians hzave to s5av.(1)
alth our rcresent cultural ani conceptual heritages, i+t is hars *o
inagin2 hew thsss facultizs coulc have arisen without the nawar,
drocass-oriantz=< sensory ncialities of siznt 2nd h=arinI. The
diractional =n? action-at-z-distance nroperties are not oriy
cowaeriui in thsmsalves in their most orimitive forms, but =2xten?
22s5ily in envizonprents wheras orosagation 2n2d Aiscriaination ara
feasibiz. is I hava already said; T do not Deiieve in tne siizatast
that evolution cartaxes of i3 strategies at 211, Sut eves and ezars
Grew Yatter throuth evolution by workine hettar, that is, -y
2nadbling profitztiz2 3anc gorotactivs azaptations.
It is of course w211 %nown that these adantations reach th2ir
2pitomes i certain hijher 3ninals. Zousle? wWwith other social
reintorcaments, th2 planning ensouraged and 2naYlaa 2v A3 strategias
are 1llustratad py cooperative sredation Sy lions, cooparativa
2rotection by nusx oxen azainst tiaber wolves, territoriality in
birds, and tn2 =ntire range of behavior in psople.
2ut it must not 5= thought that i? and 2T strategies are usualiv
clearcut and secara%te in their zprplication. 3%tsr thav are Jointly
appliec¢, andc often sa2guentially, wita comslicatec contingsnciss,
depending on the larger contexts. Zven insacts nake this varv clazr.
(2) Inc2ed, Tinhergan rejserts on his own 2n2d othsrs” wWwork abhout tha
A3y tne ezx-30ll cajtures its zrey tne nonaybdae:

" ... CPrnilanthus Triangulun] finds the b22 with the =2i3

of ocliactory stinuli ... 1t can smell such 2 bes from

up to 2 Caeters]) ... (©ThenJd thes wasp mak%as a guick

dash or “rounce’ Irom agpr. 10 cmy this oounce is
guided bv visuial cues ..."(2)

Tinberqen rzcorts that olfactory cluses ara us2d as a3 kinc of trizzer
Ior the visually cuiled “tounce’. sometimas the pounce Jo0esn’t worv,
and the w3sz alighats nrecat O'llV and viciously on a tWwig; then th2
olfacteory aisaatcen caills off tne wnole attack. It i3 tais kins of
integration oI the inputs from the saveral sensorv =odalities that

typifies wnat we term nigher mental activity.

is a sudbstantial corous of mathematical study s-mout 13
strategiss unler the title of Pursuit Theory. 2 splendid reviesw 0%
the current status is Hajek (137<8).

Iy vy, T TTTTTTTTT T - T Tt
.L) vy i

(2) The “zvan’ in that sentence is a littls gratuitous, sinca
insects are orettv azvancad denaviorallys ss2 Nlloway (13723) for a
feVIV.v.

(2) Tinbsrgen (1672), o.144,

0Gs Chapter 4.1 29345, 3/237.¢7%
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The comolexi*ies that arica when A 3tratacias ara ajxad wi<h 37
stratesizs can 22 startiing and fascinating. Another oxamdis Wwiil D2
discussel Iin the next section. -
4,2 Foxes and Hounds -

Th2 oldsst z2ninal ralationsain is that of 3 zan and a

Jdo~ Ioilowing 2 Iuarry. 32, wa2n you anc vour houni

follow 2 f0x, ycu 50 2acxk to the beginning, the dasn

3Ge when T=n’s own cunning was Iircst supdlaspantald by

tne nosz 0of nis naw found friz2nd, tne doc. And the

unsolvei mvstary of 2 trail’s end is an old, 212

Slex L)

Fox aunting to tns aounis is a vastizge of tae neaiaval Aunt whos:
curncse w~as to surply meat; it was only 2 seconiary 2urnos2 to rti?
the countrvesidse of predators. The nunt original lv aOL,Ht J3me lixs
cdear, tut i%ts 2fficiency was so hiaoh that tha Z22r wer:2 neiariv
gxtinjuisnes svarvwhere it «2s 2n~loyed. 7F2ox hunting survives s3s 2
sport in the U.S., =naiend, and Ireland. "Tae unspazxabise in
cursuit of tha inacdibla,” s5a3id 2scar Vilde.(2)
Tr21il lzying oy foxes, znd trail following oy the R"ounds, arz2 varvy
compliczted srocszzas, about winich there 2arz2 almost no respectstio ,
¢2ta, z2nd th2 gansralities Z2riva from tradition and aneciota. 1D 13 -
commonly imazinad that foxhocunds follow the trail of a fox orimsrily !
individueliv, the wav a bioodhound no*oriously usecd to folliow |
ascarad prisoners fron the chain gang in tha J.5. Snutih a gesnarztion
2g0. J3uzlly, now2var, the trail is ZIoilowed collectively, by the
hounds =252 the huntszten; the latter plzvy 2z vital role 0¢ hiTher
level control! arnd in so0ome ca3sas coanuunication,
fven wita tn2se complications, this trail following can o2 fitte:
into the generzl structura2 [ havz bDeen tzikxing about, which I thinx
will be zcczrant.
Fox hounis are large and swift 30gs, carefully bdred Zor the vzlus2s
thzt ares thoujht to ba n2edad for ths hunt. Thesy foljiow the fox
orinarily oy scent, far aore than wolves (which ar=s closely ralzted
to hounds), ing sWitcna to the A3S strata2cy c¢cnly 4han necessary. ~ae
behavior of thes =scent éz2p2nds on wind and wesztaer, 2anont othar
factors. Th: hounds sne2lls the scant in the air, 2nd tha scant h2s5 2
life varyin~ up to about 3¢ ainutes in ideal circumstancas. The
ideszl circurs®znces are 27oparentlv 3 matter of »rofound Zedzte ani
cdiscussicn: "Too auch hunmidity Zeadenad the scent, z2nd malds it li:
(1) Zoushlzni (1832), po. 1-2. T
(2) “aviliz “oray talls m2 taat fox-nunting 1233 Just Heen daclarca:
illezal in Grezt 2ritain.
CG3 Chaptar 4.2 23345, S/2S/187°
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neaviliy,"(1) T Jo not Xnow waat is the Syramic ranzs of 3c2at that o
fox pound encourtars, but it i3 orovadly not 7Treat. Thas trail 124t
ty 3 fcov Zaczys irracularly, and hounds fresuantly loss it, 2aven if
it is5 cultz fra2sh, so that much of the hurt 15 tacen ud «ith *r=i?
r2CoVary.
The fox i=2vs 3 notoriousiv conrfusiny trail, azparantiv 22li~acacaly.
The evidence is zll aneciotzli, but it is very conviacing:
N7z orz thing to bazr in aind z2bout a2 fox is that he is
actuzl:v smart, ind n2 do3snt g2t drunk 10or usa
toszcce, so his head 15 freguently clearer than is t=-at
0f the Ceztains wno 2Ursu? NiTess
" ese The zry Chzartikine of th2 noundsl was 3 mile AaWAVeee
The {ox presaently ran right 5y us into tha -~asture and
tnen exscutel the nost amazing naneuver. Jnnurrisd, he
c¢eusled w2 in his line [ran h»ack over nis tracksl, than
M2d2 23 circls of about 3 hunire? vards in Ziamater
wnich clesecd near tne wall. The2n he 3jumped on the wall,
ran hsckuwarcés a faw vards, §ivae a creat la22an off on tha
otaer side, ani ran off at risat ancias to nis ori~inal
ccurse. Tt could onlv Rave bean a preneditated mova to
confuce hounds.'(2)
Simiiariy, tas hounds ar2 not stunid in following such 2 trail.
dcugnizn? contiruas:
T ... the za2ck Was abraast of us with “?ig 3Stride” in 23
snort la=2a33. ~ithout a check, h2 ran the circls just as
the fox hal trzaced it and reared uvpon the walil sniffing
for thes scent. At that instance, Ch. {Th2apionl "Cl=0%
123022 to the too of the wall, crie? the line CHarka
at th2 scant trackl 3long it, and leazped o0fi wheras the
fox nhzd Jumped. In 2 flasn, that great 53¢k ... warea
ovar znd a2xzy in full cry ... they never caught that
fox and nazvar wiil."(3)
x b * * x
In fisla triais, tae fox nounds ar2 not orovided with the humer
suzocrt o€ tne huntsmen, Lut ar2 ¢n th2ir owan. Four ~hases oF
bunting can »e “distinguishadi:

S . y — —— ———————- ——, ——— . ———

(1) “anniv (13£7), >. 130C.
(2) Houznlan? (1343), 22. 12-13.
CGE chapter 4.2 29:473;  5/23/197°
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=2rbivorzs s7enl mor2 of their tive eating than carnivores, 25 ~os:
cf us nust nave noticad, anid efficiency will dictate taz2t grazing
tracks usuzlliy followx z2leng the 2732 of old grazing arounss, *ar it
woulz D2 inelficiant to ls2ava ungrazad spcts to which 3ccess =2l 2
52 g3in2¢ bv croscsing grazed territories. T should resazt thzt thie
eanalyzis, such 25 1t is5, cannot 52 axpactas *to apnlv *o 4hat w2
ordinari.v tain% 2f as a=rpivores, lilte ncrsaz or cattia; foo taizs:e
2e23ts nave cownlex mamrmalian 3503l structuras, and cSesis2s nutrition
2130 3522l shale, better tastinz silags, and so on. Zathar, it
azplizs to lowar 2nim2is iika2 3n3ils:
" ... sediment f22<ing in banthonic invertabrates
srocduces tha most rejular 2atterns ... S23t fevalonerd
in dazg=<g23 Zes0s5its (hotn Racent an?d ancient) Ha2caus2
0l the aven Jdiztriscution of ocd onarticiss in nost
Zeap-ged sadinrents ... Thesa2 reguiresants have bdsan nat
27 2 multituZzs o9f two- ana thra2e-dimensional traii anu
DULCCW 2atterns. Yowavar, meancar systams 3re usaei most
coamonly == Zust 38 they ar= in humnan contour D>lo4inn
an? otroar 29ricultural activitieseee FicAtar eee
dpcinted out Tin 15231 that the trace fossil
Zeininthoifez_izdvrinihice nad its movement controlled
2y 2 32t 2I hasic reaction: i) stropaotaxis, tnat @mada
the arnimal turn zround 1307 at intervals; ii)
snobotzxis, tfhat H2pt it from crossing other tracks,
inzludin~ its own; a2nd 1iii) thigmotaxis, that mads it
<222 clos2 contact with former tracxs.'"(1)
Such strztegies maXe interestine »natterns which can 922 sean in tao
literature 25 211 2s in nature -- spir=2ls, zi9z295, sSw2223 oace 217
fortna, and so on.
In somne sense, ong night exo2ct that grz3zing strategies woulil T *nas
axact revers2 ¢ trail-following onas, sinca tha pursos= of grazin:
15 2xactly tae op20siter trail-avoiding. 3ut in fact most o0f +the
considerztlcns are the sane -- Zoilow the trail, dut zlong ths 27-»
0f tra crazsd trazil. Sensing arazed ground may hHe Jdons in ways nat
obvicus to us, 3s can b2 saa2n ov 1ifting up the bark cn a fa.lan
tree; lervse 0f vzrious species will have 22ten cambiux in tunns.s
that male charmine designs and hardly ever intersact.
ne zla2ptive saliection of non-crossing srazing stratecias ~as s22n
shown theoraticzlly by Panentin (1373), who ran evolutionarv
exgerinents on 3 conputar of 3 siTilzar naturz to tne “"1ﬂ1t1xa IN23
shown 2ahove in ficure 2.2%. These a2xperimants deriveld ZIronm
etholozical znalvsis of fauz and S2ilacher (13%82), who showas that =
Wice variaty nf f2e4ing 2and forazina trails could ba sinulatel
catiner precis=ely witn 2 nandful of banaviorai variables; lixe tae
turning radius, or the 13llowaple lower limit o0f the distance h2%ty23n
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N
e
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tne cdrrant 3nz sreexisting tracks. It was suprosz2d that the

simulated forzger was really rataer siailar to th2 common "turtlia® ‘
50 freqgusntly zreorcramned With the LCGC programning vlan;uace; tna -
four co=mzands ara to amove straignt 2an2a3q, turn toward or av Iton =
nreaxis*ing trzck, or make 2 fuil 13Q0” turn.

Cther forws of 4gr3zing are s22n in thne narvasting tactics of farasrs -
and striz minsrs, and tn2 appz2arances ar2 siailar, and for th2 53112
re2sons; it is exnensive to go twice over grazasd grounde. -
2+4 Tracking a Submarine with Sonar -
This 3z2-ction is not concarned ~1itn tae d22p tecnnological d2tails of
tacticzl scrar overation, out rather with drawing carallels zZe*tu2en

thet 2n?d oth2sr ‘orxs of tracking. The c=pzasilitiss of sonar ars in -
sote wzv li%z thos2 o0f tha bat; the 2cho strangsth foliows 2 fourtn

cow2r 13w,(1) oultinla targets nreed careful discrimination, ani t==2
cradstor is zu<ible toc the target at far greater ranges tnan 7ica

varsz. ~furtnernore, doppler sffacts -~ c“anges in fraguancy oI -
signals that correscond to relative velocitd -- 312 discriminz-ior

for zoth. The zat in gen=ral is subiect to less intarference tnsn

the dastroyer with 1its sonar. For one thing, the 2rap2gation of -
souna in air is a@ucn lossier tnan it iz in water. Tor anotaer, the

cat mostly moliula*es his squeaxk in fraquency, so th3t tar3zats =t

2ifferant cistznces will ra*urn 2choes at Jdiffarent rfraguancias a3t 2 -
sincle instzat in tiae. Zut most sonar =zigdnals ara constant in

fraguency, 35 that s5ignals reflectzd from a Jistant sea Hottom «wil:l
interfare with those from a closar bhut sm2llsr submarina, in such 2

Wway tnzt 2 gross fraguency filter Will not a3id in discriaination. -
The m2athesatical znalvsis of optimal methods o0f datecting tarsgets is

far =zdvancad, The zlgorithas that d2cide where the target is hava -
hean provsd azthen ctl"ally te e the hest, ~iven certain reasonanle
assumptiors about the environment, like the s57eed of soundé and i:s
variztions, znd the behavior of tarasts, Tyrically, 2 ts3rocat is -
trackes, 30 tnat its position is kKnown fairlv accuratelv, anc tn2

current sonar signal is used only to up~fate or improve that

cosition. 3Since the upiate takes less information (in tae sens2 of -
informatinon theery), it can ne accurately gauqgsd wnen condlitions 1ire

wors2 tnan woulld =z2llow the same accuracy ior the total rositioca.

(1) Soth in r=2gar znd sonar, the target raflacted enargy racesiva? v -
th2 32n30rs is qganerally sixtean timas weaker ii the rance 13

doubled. -
ass Chraster 4.5 23:45; 5/25/7157%3 -
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2.3 Tracking in Artificial Intelligence

4ost crzctiticonars of the flalgling sciance of

artificial intslligance would considar tha siaulatic

£ suidinz,ozlancing, and raw survival ralatively

simpl2 comta2red to the prodlens aDOJt ta2 structure o1

nowiziga tnat they zre currentivy tackling.(l)
ind ye2t, I zr7us in this s2ctinn, taz functions of tracking
ontima ares 30 pervasive in the »oroolems that =2rtificial
inteiligence i3 tackling that the procadures and tools for
perforaing tnem d2s2rve to be examined and analyzed. I shall not
analyz2 tnex here; and it is not 3>1ng artusd that attempting to
reach 2 zroilita2rzi2 and nanipule tecresa2ntation lanaguage is not
werth “Zoirc. P3thar, the arqumen; is that just as pohysizcal trachs
and trails can =2xaainzd, analvzad, and siaulated orofitanly, sc¢
can znd oucnt te De the Iunction of tracking in concert and
Knowlecdca szzces., winzton has assertad that exploring this kind
of acantivaress canp datract Srom the effort at represantation:t

Infatustion with {guestions of afaptationd oiten

lezis to zi_hoc schem2s for tinkering with awkward

socacaes rataar tnan to findina soacas for wWaich

search 15 sirsle ¢r not relevant.(2)
I confeszs thzt T Co not sa22 the strancth of his argument; rathzr,
the giffzrant attacks ougnt to worx symbioticaliy. Ingez3, tner=
i1 2 ¢zanger, manir=st now, that looking solely at resrasentation
cToblens »av tenc to Hias the xinds of regresentation that ara %o
ne studisa, z2n2 tne Xinds of tnaninas that arz to Ye sudjact to
representzticrse.
Some 0f the z3zlizcations of tracking, 2oth physically and in
control 33acs, will 2e imamediataly apparent. 4any visual pattern
zroclems, or concerctually similar, like the sonar problem adbove,
require dvnaric trzcking, eithsr of targets, or of octiaun
sattingz.
It seems lixkely tc me that the agelications can go far Jeyond
such exzmp>le=.I mantion24 on page 39 the tracking and
Rodificztions ¢f 702ls an?d goal structurses that modern
researchers in AI are explorina. In the same way, lincuistic
items Rave t¢ De trackei, because in oractice peanings drift:

Y language 1is

aee lize 2 2iolo3ical organ ism, a bundle of

interactinc zystems “~1nfc1 ng3 a dynanmic

ecuilibriun “nown as nhomsostasis (footnot2: The term
(1) ~andlsr (1277), ». 1041,
(2) %inston (1S77), »n. 3%
0G3 Chapter 4.3 29:4%; 3/2=/1
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omeoctasis! seexs to hava heen used First in

lintuistics by Yartin Jo0S ee.)e Thars nust be a

netwosk 2% interactiosns tying all parts torataner,

2n? *tyin% evaery oair oi -arts togzther 1n a numder

0f wzvz. 1t iz oerhaps a2 reasonadle sweculation to

irsist +hzt lznguzags, 33 we ¥%noad it, with all its

conzl=2vitizs, iz verv close to tha s5iaplast possioiz

syster whlch c2n r1alntaln honzostasis in thas face of

the intrizats set of 2xtarnal forces that iapince on

it. -

3ut l=anguzg2 must do more tnan this. It aust

continuzlly =3c¢ius®t itself to nes neads. Yo lzanguals

can Y2 3 “ixz2d systex 9f words and zatteras. It aust

D¢ onen to raceive new #€ords and new structurses, and

tc chance taes old. Change is inevitabhle, =zince

lanouzte Zunctions in a sociaty in c23selass fiux.

The continuzl change in lansuase produces inevitapie

mzlaciustrents in the svsten. The languzge nust

rec23atelly r=zpzir itself, raestoring ané a2intaining

25qullibriua oy adeltionali chanaas to counterhalzancs

those ZIorczef u-~on it by chansed environment. (1)
I think it is not too fanciful to conceiva of “tracking” the
meznine 9% 2 word, of acguiring its meaning, and narrowing down
or. it, as metashorically eguivalent to physical tracking.
Chviousiy %tnes srocess is eaba2ddad in 2 host of other onas, to
Wwnicn it relatss in comdlicated ways, out often tahe a22n1ng auust
o2 modified in only small ways. Indzed, sore 0fi the o2arslleis in
the crocesses ara striking. The Zdifficuity of a computer
ocrecsran’s yrlezrpina soxzetaing taat it has erronsously learnsi 1is
very similar *to the cifficuity a computer nas in correcting
erroneous za*tching or targats and tracks.(2)
The aspects 0f trzcxing théat arise in A7 Aare ubiquitous dut nnt
croninent. Tn illustrativa exampoles thev tend to be onittei,
thareby savinc zt la2ast nne extra lavel of control. In one wayv,
it zan o 2ar~su2d taat thasir real power will 22 utilizea in
systems tnz2t are tco complicated to understand as analyzable
models. Consicer the A224 speech crogram, 1in which ths gurpnse
Wwas to :-roduce 3 comzuter based sysita2m tnat could understand
continuous soo%en speech. The Dasis for the internretatiorn was 2
(1) Gla23son (13%%.%), 22. 192-105
(Z) iAn exarnle 1s a computer progranm designed to lsarn words 2ni
their @zznircs frem using thea 2nd relating them to ths nszhavior
2f the worize Given tne 3trings SYIVTHNRTHERALL anag
PUTTUEZALLINTY220Y, anl some cther similar ones, the progran
inferred tnzt THZ2 wWas a >ropar substring or word. It 2rovad
axtreacsly cifficult to >2rsuade tna proaram 2wvantually to cedact
that inferarce. (3eliriigs, M., cersonal communication).
CGS Zhaster 4.5 29:4%; £/2%5/1
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- insaniie 1t a¥xima in Z-space
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DRAFT - 3TZ2, TLUF2. 2R37.

an222niix_ 1 waxipa in 2-3cace -
Zn paga 42, I assarteqd: -

" ... in two dimensions, mere zanpling cannot find a

staticrary maximun with any point-sampiing *achnigu2as

-~ 2yz2n if 211 the contours in the search space are -

convax.'t
I sa2ll *ustify tnaat by 2ressnting tae Fcliowing th=or2a, 212 tazn -
skatching 1%ts5 simplz nroof:

Siven znv set of YN Zoints inside the unit circlz, thars

avist two functisns, e2acn convex up in tn=2 unit circlse,

sithn iZentica2l vslues cver the M points, and whose

ma¥ina ars cegarated Dy a distznce of 2-e, ior any

pesitive 2, no mattar 20W 3031l -
Tn prove *tnis, corsider any set of M coints in thz unit circlie;
an? notics tnat i+t i3 claarly fezsinhle to placa 3n z21li252 30 =3 -
to anclose norne of tne 7 zoints, and such that its focil ar: ,
arbitrarily <lose t5 2 Jiameter oi the circle, and separated oy 2
distance zr>itrarily cliose to 2. -
™nes claszs 0f zllicses with tnos2 two points 2s foci <an 2e us2:
33 contours toe ZJefine a suitablz convex up fupction cutsila the
2lliz<s2., Insile the 211licse, =-3cikiconstruct conicel suriaczs,
£ith vortices at ezch of the two foci, an? 2xtenciniy to ths )
aliinpsa; thav can e made flat enouqn to satisiy ths convexity
reguiremants, so that the two functions ge2neratea are identicai -
on tha % zoints, 2nd have maxim2 arbitrarily close to the =24¢2 ni ;
tne circcle, on opzosite ends of 3 1iameter.
C0Gs Section Appl 22145, /23719674 '




Dic.zd2d DIAFT - 310, IN®3. 2272C. Paga 73
Ap22niix_ 3 3czanning Tya2s in Cozili=a
Th2 co2220d Copgilie sazms to haves a3 specific visual scanning
mechznism that Fo0as not invoive tha2 wnole body. Th2 ooservations
renortes in the literature(l) show that in 2 couple of species *the2
eve o0f tne fermzle consists of

"z nizalv -efractils lens ... [anil a tenuous

ccne=shzca2s memdrane extends backwards into the beodly

ess 22CuUut Nzif the l2ngth of the thorax, Cencdin3zJ in e

snz2ll hecihly refractile slenent, which obviously

corrzsoonis to the crystalline cone of 2n insect eys

ee T {2)
At the Hottom of tae con2e i3z "a single narrow structurs very likz
th2 rhaddomen 0f a single cmmatidium or a compound eye'(2) with
thras photoracentor <.(A) Iin fanmales of twec of the saec1es, Ce
quadratz and ©. Z2nticulata, the twc sets of nnotorecsepteors arse
modile, z2ni irequenfly "scan," that is, enjoy "a rapid ovoment
towaris the nicdline followed hv a slower, probab‘f 92551ve
racnil. Th2 [astest odsarved sw2eps hava a sWwaeg-time of =about SO
MS., ta2 siowest 2pout 4 s.,"(5) Moray suggests, and Downing
confirms, that this is a scanning svstem within the beast. ‘foray
and Cowning 2o0th coint out the »2havioral advantages such =
systam 2igat have, 3ngd Downing clzaims that limd movements ars
specially lixkely to occur after visuzl stinuiation. "The
dizcovery that lint xovements tand to be precadec by receptor
Movexsnt corroloratas tne interpretation of tane raceptor movemant
in terms orf scanning: it nmaxes sense for overt behavior to be
oreceded Ty the acceptanca of visual informztion.' (%) =Sut taat
ohservatinn 3erves littla to elucidats wxhat is realiy going on.
It i5 from dynanmic ceonsiderations, surely, that the 2ve2s are
moving in g2n0site Jdirections; so that, whatevar else ohtains,
the evas arz only looking in tne same diraction once per s5W2eD.
(1) Exn=r (1#«1), “olxen ani Florida (1963), anad Gregory et al.
(13€4). T zm 1indadbted to Professeor Neville Mdoray for thesz
rafersnces,
(2) ¥Yorey (1¢72), 2. 162,
(2) Cowninz (1¢72), » 243.
(4) Vzaissierz (15581),
(3) Yor=z2y (1372), z. 201.
(%) Downing, 95. cite, = 255.
£GS Section App?3 2543, =/23/71275 -
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d4lar, Je., "Cherotaxis in Z2acteria,” Sgiencz, Vol 133, 1¢€£5,
DCe 13533-1537. Mi4diln D4Z

7 Ce, "Thanotaxiz in B
3. 31-105. "i31n 23

idirizn, Z.C., Zhe_Paysizal_2aggground_ef Percention, Clzrendon
Drags, 2viori, Jete, 1%4%5.  UAQdC™ L2553

A\lloway, T.¥., "lLearning in Insects Zxcect ipoidez," in Corning
et 2., 1373 (s=22 infra), Wolumes 2, g5. 131-171, Mali" 7.7,
313

lutert, E., 2hrvzinlocia_Zar_la2iznaut, Zreslau, 1385. M"iud" [231

Jarg, d4.0., "3actarial 3enavior," dature, Yol 234, 3 ipril 13973y,
20. 235%=392, MZapin T2, 3, 221

Qarq, deTe, M"How Zactaria Swia," Sci._dagre., Yol 2353, No. 2, Ausust
19753[ TD e 35-440 "%‘3’[2" £z3

20%, 3+.%.2., "Tvyoiutionary OJperations, a 4d2tnod for Incr2a3asing
Iniustrial froductivity,” lopl._3:tat., ¥ol 5, 1937, cp. 3-23.
Wroxl™ 271

0X, 5.I.7., and Oraner, Y.2., _inELlQE::V_AEQL_:lQQI John alley
3 Scns, ‘ez

Bremermeann, ., "Chamotaxis and Jptimizaticen," J._9f_the_Cfranxlin
Instituta, vol 257, Yo. 35, #4ay 1974, po. 357-404. "2ra' L[]

3rether*on, F.2., znd Rothschild, Lord, "“heotaxis in Humzn and
2yll Sparratozoa,'" 2r2c._20y3l_Snge, Vol 173, 1551,
2D. 433-SGZ. M32rel" (333

Rrown, %.'., "=zting 32havier and Lifs YTabits of the Suwest-bay Silk
¥Yoth," 3zi=znge, Vol 175, 1572, pr. 73-7Z. "3ro2" [93

Sush, 2.2., 2nd Yostellar, %., Stochastic ¥ndels for Lesarping,
iiley, Yew Yor%, 1233. "zus" EES]

Lu
Kkn
~

Carlile, ¥.J., 2rizitivz_SZensorv_3ani_Zoaaunication Sysiz
fcafemic Fress, 42w Yorx, 1375. W"Zar" (7, 51

Tornina, “«le, y21, Jei., and “illows, A.J3.D., Iay2rptalrate ‘
Learnirs, in thrz2e volumes, Plenum Press, Yew YorX anc LONZIOM,
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Cornins, «7e, 2nd Yon Zurg3, R., "{Learning in3l Protozoa," in
Corninc =t =2l,, 1972 (se2 supra), 7ol 1, zp. 43-122. "Zohrln
Sz
[ N )

Datermzn, C.Z2., "lLaboratory Siciscay for Sex Pheromone of the
furonca2zn Fine Shoot Motn Zhracionia_Zunlizpz,™ Ann.
zniemelezizal Soc. 0f Aner., Yol 55, 1972, po. 119-123, "dat¢
L33

Sayxin, F.L., "Crientation oi iedes_Zovati in Vertical Air
Currants,” Zapadian_Znilonmelogisi, Yol 399, 1857, »3. 203-20°.
MZay" C42

£, VeGe, {a%, in Jurvayv_of Ziologigal_Prozrass, 5Slass,
: s, ol 2, icadenic Press, N.Y., 1937, o3 ( 8

Setniar, V.5., Zhza_Jungrv_Flv, Harvari University Press, CambriZgs,
tzzz, 1375, BB R :Q,, 47/ 19/ 52/ €21

Cowninz, A.C., "Cotical Scanning in the Lateral Eyes of the Copado?
Caz1iia,” Zergapiinn, 1372, Vol 1, po. 247-251. M"Douw" [7213

Syai, J.A., "Zehavior Modification in innelids,"™ in Corning ot al.,
1273 (s2e suzr2), Vel 1, o2p. 223-230. "Dva" L[25]

ey Eﬁl'"anx Azsh _3ss._2n¥siglaaiz, Vol 22, 1332,

Farvas, .., 2nZ shoray, d.id., "Chanical Traii-Following oy Fiving
Tnsactst 1 dechanisn for Orientation to a Distant 32or
Sourcz," gJciance, Vol 173, Cctober 1972, po. 57-f3, Hwgr!
Cs33

F3Ark2s, oe.x., 3nd Shorey, H,H4., cesconse to Srubd, 1573 (vide
infra2), 3ciencga, Vol 150, *ay 1373, 5. 1302. "Fapl" [423

farkz2s, .., 3horev, h.d., and Gaston, L.X., "Sex Pheromones of
L22idoztarze. Influsnce of Pharomone Concantrat 1on and Visual
CTuzz on i2rial Sdor-Trail <onilowing by ¥ales of Egggigg=lg;§
Zossy2i2113," ‘npnagls_of_ Eprorelogcical_Sogisiy of imarica, veo!
37, 1972, ©oo. 533-538, "Farz" [103

Teinlei>, “.Z.2., 2nd Curry, 5.Y., in Lowanstein, %W.R., see inrra,
Yol I, 52. 326-235, "rai2" 5]

fogel, L.ce, Jdwens, A.Jd., and dalsh, Y.J., Artificial_Intalligance
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