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This report comprisesa short-vergon of the mativation for my PhD work, a brief overview of the
current outlook of the conterts of the [future] thess, a summary of the progress in the resaich so
far and a strategy for getting the red of it done (in time).

1 Project Motivation

One of the greates challenges faced by auonomous robotics today is gereraing (ard
underganding) robots that can adaptively modify their behaviour according to changesin their
ervironmert. The mativation for my work is to evolve ard aralyse agents that learnduring their
lifetime without introducing learring mecharisms a priori into the agentOsstructure or internal
mecharnisms. In my work, that which is to be learred is a featire within a continuum from the
ernvironmert. The taks are loosely inspired on imprinting behaviour (in for examgde C. elegans,
birds, etc.) and they are cognitively relevart because they involve memaizaton and decision-
making in very simple models. The intered in the synthess of such agertsisin the amalysis of the
evolutionary dynamics aswell asthe evolved mechansmsard interactons using the language of
dynamicd systemstheary. The main outcome of this thess will be to provide anunderganding of
learnng and memory behaviour that helps shift the focus from ‘accurately representing' the
ernvironmert to dynamicaly engagng it (with a body) so asto gererat coordinated patterns of
behaviour.

2 Current Thesis Outlook

1. Introduction: wherel describe whatthe theds of the work is, its mativation ard the layout.

2. Background and Related Work: where | give an overview of the study of learring ard
memory. From neuwroscierces (eg. Marder et al., 1996; Kandel et al., 2000; Major &
Tark, 2004), psychology (eg. Thorndike, 1898), Al and evolutionary robotics (eg.
Yamauwhi and Beer, 1994; Tuci etal., 2002; Phattanagi etal., in press) to philosophy and
other area such ascyberretics (e.g. Ashby, 1952; Maturana, 1970; Maturara & Varela
1973). Thislist of referencesis not mear to cover the whole spectrum but only atade.

Part |. Abstract Learning Scerario: the theds will be divided into two parts: in the first a
disemhodied and non-situated dynamical systemwill be studiedin atak that requiresthe
acen to learna feature from a continuum and long after the signal hasdisappearedto be
able to recanise whether a preented featre is the same or differernt than the first
learred one. The system hasto be alle to do this for a number of succesive teds. This
behaviour is loosely inspired in filial imprinting in, for examgde, birds, as studied by
Konrad Lorerz. This corregonds to a form of irreversible learring. However, the same
situation will be exterded to include the case when the system has also to re-learnnew
signals, all during its lifetime (reverdble learring). The interes in this abstractdynamical
systemsand discretly tokerised learring scerario is to explore the internal dynamics as
in-depth as possible in scerarios that closely resemble convertional psychologistsO
learring taks.

3. Evolution of Abstract Learning Agents: secion where | describe the experimertal setup,
including the evolutionary tecique and all of the OticksOthat evertually helped, also
where | layout the ewvolutionary runs that were caried out and an amalysis of the



evolutionary dynamics, including which OticksO helped and which didnOt what
paranmetersgave better reqults and why.

4. Dynamical Systems Analysis of Abstract Learning Agent: secion wherel amalyse one bed
evolved agent that performs the learring task in the abstract scerario in-depth. This will
prove to be hardfor atleas two rea®ns: (1) to avoid falling into smple correlations and
representationalist-style-vague talk and (2) becawse of the sheersize of the circuits that
currently solve the tak (e.g. 20 nodes.

Part Il. Stuated Learning Scerario: The secand big experimertal part of the thess deak with the
simpled embodied and situated verdon of the sametask. The agernt/ervironmert/tak in
this cae is loosely inspired on behavioural plagicity observedin C. elegans Dwhichis a
similar form of learring to imprinting (i.e. animals that were cultivated normally with
food attemperauresranging from 15C to 25C migrate to the cultivaton temperaure on a
temperature gradent and move isothermally at that temperaure. By contrag, the animals
migrate away from the temperature at which they were previously starved). They don't
call it imprinting, but it is a very appropriate behavioural paradgm to continue to study
learring and memory in the embodiedversion.

5. Evolution of Situated Learning Agents: similar to chaper 3 but with the emlodied
experimertal set-up. Emphass here will be made on the similaritiesand the differences
of these two experimerts. One diff ererce is the continuity of the sensory stimulation (as
opposedto the experimerter tokerised stimuli in the abstractcas) and another one is the
activerole in choosing the stimuli to be sensed arising from sensori-motor coordination.

6. Dynamical Systems Analysis of Situated Learning Agent: similar to chapter 4 but with a
different agent and ervironmert altogether. Although the circuits needed here may be
slightly smaller than in the abstract scerario the aralysis will include complex sersori-
mator loops.

7. The role of the agent’s embodiment and situatedness for learning behavior: where |
discuss in-depth the differencesbetweenthe Oslutionstto learring and memorisation for
the different scerarios from both an evolutionary pergpecive (eg. how easy werethey to
synthedse?)and from a dynamical systemspergective on the evolved mechanisms (eg.
how complex do they needto be?)

8. Philosophical considerations: learning as the basis for homeostasis, autopoiesis and
adaptativity. In both of these scerarios, but particularly the embodied one, it is very
clear that succesfully ewolved agents are capable of maintaining certain interral
organisation in the form of the self-regulation of some internal variables The original
idea of studying dynamical systemsthat can learn during their lifetime was to study
systems with ultragahility such as AshbyOsHomeostat © but without the need to
incorporate the Qadptive rulega priori, In this chapter | hope to come araund to this, my
original mativation, and discuss the philosophical implicaions to the underganding of
situated emhodied and dynamical system agerts that canlearn in the light of very inter-
relatedideassuch asthe onesin the title of the chapter.

9. Physical implementation of learning agent:. where | show a simple Ohardware
implemenationOof the agert described in chapter 6 D this is dedrabe for my overal
doctoral training but it currertly seemsto contribute little to the actual thess.

10. Concluding Remarks: where the contributions of my work are summarised and made
concise. Also where an outlook of the work that my thedss opens up to explore is
ovenviewed

3 Strategy

Most of the work in the PhD so far hasbeenin obtaining the experimertal reaults (desribedin
the outline above). The strategy hasbeenthe following:



1. Implement and debug abstract and embodied scerarios. Play around with paranetersand
evolutionary and set-up tricks until | can consistertly evolve agerts for abstract and
emlodied scenarios. This tak hasbeentakenincrementally: evolving simple versons of
the taks first and growing in complexity as| marage to ewvolve them consistertly. The
path takenis desribedin the table bellow:

1 Abstract Scerario
1/1 Irreversible learring (wherethe agent learns only once during the begnning)
1/1/1 Discrete features
1/1/1/1 One ted (where the agert is teged only once to see whether it
rememkers the leanedfeature).
1/1/1/2 Seweral succesive teds (wherethe agent is teged several times
for how well it remembersthe leanedfeature).
1/1/2 Featireson a Continuum
1/1/2/1 Oneted (similarto 1/1/1/1)
1/1/2/2 Seweralsuccesive teds (similar to 1/1/1/2)
1/2 Rewerdble Learring (only with featureson a continuum and several successive tegs).
2 Embodied and situated scerario (only feaureson a continuum)
2/1 Irreversible learring
2/1/1 Oneted
2/1/2 Seweral succesive teds
2/2 Revergbleleaning (only for severalsuccesive tegs).

The ideaof thes incremental stagesis to serve asan exercise and teding bed for eachgererally

harder task to follow. Idealy for the thess | will aralyse in-depth only the lag Omet capatl e Cof

evolved agerts in both the abstract and embodied scerarios. Idealy, the aralysed agents will be

camble of reversble learring of featureson a continuum with random delays and Ogod/decen®
memorisation performarceover several succesive teds.

2. Analysethe bed evolvedagentsin the most complex task reacted for eachof the alstract
and embodied scerarios. The plan hereis to get asmuch help from Dr. Randall Beeras
possible. This is the main rea®n for sperding the following 3 months in Indiana
Universty (from June to Ausgust 2006).

3. If everything goesaccading to planthen| should have the third yearof the PhD to write
eachof the chaptersof the theds based on the experimertal reaults from this current year
of research. In order to accanplish this, | hope to treat the theds as the writing of 5
journal papers | will dexribe aheadhow they areinitially arrarged

a. The combination of chapters 3 ard 4, about the evolution and aralysis of the
dynamical systemsfor the abstractlearring scerario should make for anin-depth
Journal of Adaptive Behavior paper.

b. 1 would like to aim the combination of chapters5 and 6, about the evolution and
aralysis of embodied agerts in a learning scerario, towards a more biological
audience. Although | know this could prove harder than it sounds.

c. | would like to aim chaper 7, about the role of embodimen, situatedness, and
sensori-motor coordinations in leaning and memory towards the cognitive
scienceand psychology audiernce.

d. Chapter 8 is one of the most importart for me | am not sure where it would be
aporopriate to aim at, but | know | would like to work with Ezequiel in this
gereralendeavour.




e. If there were such a thing as chapter 9 then its obvious place would be a
RoboticgHardwareoriertedjournal.

4. Finally, | would Ocpy and pageGhe papersinto the theds and write up the Introduction,
Related work and Conclusion chapters to submit for September 2007 (fingerscrossed).

4 Progress

In relation to the previously outlined strategy, | have spert the lag 3 months working on [1],
evolving agerts on both alstractand embodied scerarios. Fortunately, by now | have maraged to
evolve agents towards the lagd stagesfor each of the versions. | will describe briefly ahead

4.1 Abstract Learning Scenario

The overall ideais that of anagent who is exposed to its parert during the begnning of its life,
the paren is in-charge of bringing the food during this initial growth/imprinting phase. After a
certain period the parert goesaway, ard after some time, anindividual approachesthe agert, the
agent hasthe option to approachthis individual and ultimately openits mouth to receve potertial
food from this individual for the caswhenthis individual is the paren (the sameindividual who
brought the food during the initial stage), or to maintain the mouth closed and awoid this
individual in the case that it is any other individual who is not the parert. Whenrever the agert
chooses correctly its reonse it is given a reward, which canbe thought of as either nutritious
food or avoid being eatn in both of the scerarios above regectively. Wherever the agernt
regponds incorrecty, either by acceping food from a stranger or by refusing food from its parert
it receives a punishmert, which can be thought of as either eatng rotten/poisonous food or
starving, regecively. As an extension of this scerario, we will deal with the case when the
parert goesoff to holidays or diesand a formerly stranger individual becanesthe new carerand
food bringer for the agert. In this case, the agent hasto be able to re-learna new parent ard
accadingly, associate food with the new individual.

As regards the defails of the experimertal set-up. The feature that the agert hasto rememberis a
signal between[1, 2] provided for a fixed length of time (10 units of time). Thereis a secand
signal sersed by the agert that is related to food (i.e. rewardpunishmert) that can be -1, 1
deperding on the case. There are random delays between presentations of different individuals

The agert is a fully connected CTRNN. The feature of the individual and the food arefed to all
nodesin the CTRNN via a set of weights that are evolved along with the reg of the CTRNN
paraneters The agert hasone output node. The regponse of a circuit is interpreted as Oaproach
and open mouthOwhen the average actvation of the output node over the evaluation period
exceed 0.5 ard as @woid and close mouthOwhen it is bellow 0.5. The agert is evaluated after
eachted individual is presented and a successful agent must produce the correct output for any
number of individuals preserted after the Oprernt®

A minimal microbial geretic algorithm is emdoyed. An agert is evaluated every timeit is chosen
for a tournamert in the artificial evolution algorithm. A fitness evaluation consists of a rather
large number of trials. In each trial the parert signal is drawn randomly. As for the ted
individuals to follow, thereOs 50% chanceto presert parert or non-parert teg individual. In the
cag of a differernt signal a random signal is chosen. The fitness of an agert is its average
performarce on all presntedtrials.



ThereOs range of tricks ard that have made evolution of the latter (more diffi cult) tass possible
| will mertion them here briefly in categories
1. Tas set-up
a. Gaussian-weightedevaluation of agentOsutput
b. Mouth opening mechansm is binary and depends on the accunulation of
activation of the output node over aperiod of time.
2. GA ard CTRNN parameters
a. Genotype-phenotype mapping:
i. Weights: mapedlinealy from [0,1] to someting like [-6, 6].
ii. Time-parameters Map exponertially from [0,1] to [e°€’].
iii. Biases mappedlinealy from [0,1] to[-10,10] .
b. Number of trials per fitness (this is related to the inter-trial variahility): 100-500.
c. Evolutionary operabrs. Gaussianvecbor mutation and no recanbination.
d. Number of nodesin the CTRNN: from 2 to 20.
3. Evolutionary OticksO
a. Gradual incremert from noise-less to noise-full simulations.
b. Gradualincremen from one teg individual to N ted individuals.
c. Gradual incremert from one leaning scerario to N learnng scerarios
(reverghility).
d. Non-parert teg individuals that are Qo similarGo the actual parerts arenot used
during evolutionary training.

The trajeciory from simple to harder learning taks in this abstract scerario has been very
intereging. The simpleg verdon of the tak maraged to evolve using only 3 node circuits while
the current harded task seansto require betweenl15 and 20 nodes

ThereOs rarge of interesing quedions that arise from the evolution of these agerts that | have
explored with the evolved agerts for the previous versions and hope to do so more in-depth for
thelag evolvedone.

1. What s the role of slow and fag componens (eg. neurons, nodeg in the dynamics of
learnng? Preliminary reaults show that beg ewolved agents are comprised of around
30% slow acting components veraus 70% fag acting ones

2. For how long doesthe OmmoryQof a feature lag on the beg evolved agert? What affects
how good an agert will remember the feature? Will seeing the feature often during the
teds improve the agentOscharces of remembering it? Preiminary results point towards
the imminent decay of the memay of the feature as well as improved rememkbering
performarce whenthe previous ted individuals arethe paren.

3. What helps ewolve agents that can perform this tak? Although full experimerts teding
which of the OticksObeing used to evolve successful agerts helps and which doesOtthe
intuition is that several of the ones mertioned previously will prove to be quite helpful.
Parfcularly helpful seemsto be the mouth opening mechanism as a binary choice, as
opposed to trying to maximise the regponse of the output node towards 1 or O for the
evaluation period Bthis seansto prevert the agent from overgecialising on some part of
the task while doing the red of it poorly.

4.2 Embodied & Situated Learning Scenario
The overal ideaof thes experimerts is inspiredon aform of learning observedin C. elegans. It

hasbeenstudiedthat the animals that were cultivated normally with food at temperauresranging
from 15C to 25C migrate to the cultivation temperature on a temperature gradert and move



isothermaly at that temperature. By contrag, the animals migrate away from the temperatre at
which they were previously starved More or less thermatlimprinting. Also the canre-learnnew
preferedtemperauresafter along time of starvation in the currert preferred temperature. | think
this is a very appropriate behavioural paradgm to continue to study learring and memay in a
lightly embodied and situated verson of the previous albstract experimerts. | have dedgned the
experimerts for the situated (and lightly emtodied verdon of this memaisation tak loosely
inspired on such extraardinary behavioural plagicity observed in C. elegans. There are other
advartages of taking inspiration from observations in C. elegans, but mainly the simplicity and
current understanding of their nervous systemsard internal mechanismsin gereral.

The details of my experimert are asfollows. The scerario is basedin a 2D world. The agert is a
fully connected CTRNN. The agent hasa body and it can move forward at fixed speed () ard
canturn its headto the sides The direcion in which the headis facing determinesthe directon of
movement of the agert. Two opposing motors determine the position of the head An arhitrarily
determined node in the circuit controls each of the motors. The agent has two sensory
perturbations from the outside world (much as the previous abstract verson). One is the
temperature of its surroundings and the other is whether there is food or not. The feaure that the
agert hasto OrmemberQ's the temperature thatis on a continuum between[0,1].

The tak is asfollows. The agernt sperds the first units of time in an ervironmert where the
temperature is the same throughout. This temperature is picked at random between the range
[0,1]. There is food in this ervironmert. After some time, the agent is taken to a different
ernvironmert and placed at random. In this ervironmert thereis no food and the temperatureis no
longer uniform but has a linear themal gradert. A succesful agert will OwimOtowards the
gradert in searchfor its Ogowth temperatureOand then navigate isothermaly. If physically
displacedat ary time (or whatOghe same if the thermal gradert moves the agert hasto find its
way towards its growth temperaure again. This signals the succesful learning/imprinting of the
feature on the continuum (the temperaure). If placedin an environmert with food in a differert
temperature, then the agent should re-learnthis new prefered temperatre and swim towards it
later on.

Similar evolutionary teciiquesare being used for this cas and so far | have maragedto ewvolve
acents that canperform succesfully the thermalimprinting, swimming several timestowards the
prefered temperature after physical displacemerts. | have not yet evolved agerts towards the re-
learring ahility. Interegingly enough, less than half of the nodesin the CTRNN circuit areneeckd
to perform this task so far.

5. Concluding Remarks

This report has been deliberakly over-focused on the strategy for gererating a thegs.
Nevertheless, my PhD experience hasencompassed much more thanjust that The thing that| am
learring the most from is undenably teaching. Very fruitful hasbeenthe orgarising of sciertific
meetngs such asthe activated sessions, the ECAL workshop ard the workshop herein Sussex.
Also nourishing hasbeenthe involvemert in the edting of ajournal issue. Pregrting papers at
confererces has been very demarding but useful and also has beenthe making of a sciertific
poster. Finally, participating in the hiring of new faculty for the Cognitive Science program in
Indiana University asone of three cardidates including travelling to Bloomington for a talk and
over 10 separak internviews with facuty memlers has beena very rewarding experience, with
muchto be leant and improved for future applicatons.
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