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Abst ract

Thi s paper discusses research into whether the nmenories of adaptive
aut ononmobus agents can be nade to spontaneously evol ve spacing effects.
Experinments invol ving human nenory have shown that learning trials nassed
closely intinme elicit slower |earning than the equival ent nunber trials
spaced apart in time. These "spacing effects" have been observed across a
wi de array of conditions. The experinental results detailed here show that
such effects can be nmade to evol ve spontaneously in autononous agents. The
results al so suggest that the greater learning difficulty hunmans experience
fromclosely spaced trials nay not be the result of a defect of biology, but
rather may be a consequence of a need to give only the appropriate weight to

each | earni ng experience.



1 Introduction

The purpose here is to simulate the evolution of menory and by doing so
to di scover how human nenory is organi zed, and why it is organized the way it
is.

The specific topic under consideration will be the evolution of human
| earning. The nethod enployed will require that autononbus agents with
menori es nove, perceive, reproduce and evolve in a computer sinulated
envi ronnent . This technique is suggested by the work of Landauer (1975) and
Dawki ns (1976); and has been nore recently used by MacLennan (1992) and al so
Ackl ey and Littman (1992).

After this evolutionary process has had an opportunity to act, the
menories of the evolved population will be "dissected" to discover what if
anyt hi ng they have in common with human nmenories, and what light, if any, they

may shed on human cognitive organi zati on and devel opnent.

2 Overview

2.1 The Rationale for this Sinulation of the Evolution of Menory

Let us start with the following 3 X 3 grid, populated by nunbers rangi ng

froml to 4:
C 1 1 2
B 3 4 3
A 1 2 3
a b c

The upper and lower case letters will serve as coordi nates.



If an agent starts at Aa, it mght nake the following trip
Aa -> Bb -> Bc -> Cb,
in which case its nenory will have "seen" in turn 1, 4, 3, and 1.
In keeping score of what it has seen it mght create the follow ng

menory array:

Menory:
hj ect 1: Seen: 2 tinme(s)
hj ect 2: Seen: 0 tinme(s)
hj ect 3: Seen: 1 tinme(s)
hj ect 4: Seen: 1 tinme(s)

If on a subsequent trip through the grid it anbiguously "saw' that cel
Ca contai ned an odd nunber, the agent could then consult this nenory and nake
a guess that 1 rather than 3 is the odd nunber that it saw, on the grounds
that within its experience 1 has occurred twice and 3 has occurred only once.
The agent could then nmove to this cell and verify the correctness (or
i ncorrectness) of its guess.

In saying that an agent anbi guously sees sonething, we nean that the
agent sees sonet hing about the object (perhaps that it is odd, or that its
lower two bits are 11, or that it is yellow, etc.), but it does not have
enough infornation to positively identify it. |In what follows the act of
resol ving this anbi guous perception through guessing will be referred to as
di sanbi guati on.

Natural |y agents that can resolve anbiguities nore accurately than
ot hers should have an edge in surviving. This follows because sone
anbiguities are best resolved at a distance: for instance, the distinction

bet ween food and a predator



Accordingly, a conputer program night sinulate the evolution of hunan
menory by populating a grid with nunbers (where these nunbers represent food
predators, objects, etc.), and then letting a group of agents nobve about this
grid, with the conputer programall the while keeping a running tally of which
agents performnore effectively in resolving anbi guously seen nunbers. The
conputer programcould then see to it that agents that do a better job of
di sanbiguating are nore likely to reproduce and nore likely to survive, and
that top scoring agents are nore likely to breed with other top scorers than
with low scorers. In this way a generic test environnment could be exploited
to evaluate the plausibility of a wide range of theories of human nenory.

The above is a rough overview of the rationale and justification behind
the sinulation described by this paper. Naturally, there are nmany possible
starting points for exploiting the nethodol ogy descri bed above and nmany
unresol ved i ssues of detail regarding the inplenentation. There are in
particular three key issues of inplenentation

*  \Wat property of nenory should be investigated?

* |n what ways shoul d agents differ in their disanbiguation strategi es?

* |f the agents are to reproduce, how should their strategies be
represented genetically?

In order to keep things sinple, | have chosen to answer these questions
as follows:

* The subject of investigation will be the evolution of spacing effects
in menory. This effect is well known, and relatively easy to simulate. (See
bel ow for a description.)

* Al agents will begin by using no spacing effects. Through

subsequent reproduction, agents will have the opportunity to evol ve spacing



effects or not as the case may be. 1In addition creatures may evolve the
i nverse of spacing effects.

* Each agent's spacing effects will be represented by an array of
nunbers, and the evolution of this array will be carried out by a genetic
al gorithm (see Holland 1975; and Gol dberg 1989).

The overall objective will be to determne if spacing effects evol ved
for the purpose of inproving the perception (or to be nore specific the

di sanbi guation) of hunman bei ngs.

2.2 What Are Spacing Effects?

Experinments invol ving human nenory have shown that learning trials
massed closely in tine elicit slower |earning than the equival ent nunber
trials spaced apart in tinme. In addition studies have shown that nmassed
learning trials elicit poorer retention than spaced trials. This effect has
been observed across a wide array of conditions. This phenonenon is referred
tointhe literature as "spacing effects.” See Wckelgren (1977) for
di scussi on.

Many theories are possible to explain why this should be so. For
exanpl e, one m ght assune that spacing of learning trials allows a period of
rehearsal between the trials. O one mght assune that unconsci ous
consolidation of the first trial nay take place between the trials. O that
trials separated in tine mght in sone way be "differentially encoded" (that
is to say encoded differently) with the consequence that there are nore ways
of recalling the itemlearned. And lastly, sone studies (e.g. H ntzman, Bl ock
and Sumers 1973) suggest the effect may be a consequence of a | ower |evel of

acqui sition of the second occurrence.



Though this programm ng experi nent cannot resolve the above issues, it
may shed sone light on them |t can shed Iight on them by answering the
guestion: Do spacing effects help or hinder human di sanbi guati on, or perhaps
have no effect at all?

On the one hand, if they help, this mght offer an explanation of why
t he phenonenon of spacing may be so pervasive across such a w de range of
| earning experinents: Spacing effects nay be built into | earning at a root
| evel as a neans of aiding perception and di sanbi guati on

On the other hand, if they hinder disanbiguation, then this has the
maki ngs of a profound puzzle: Wy should humans evolve an trait that
apparently hinders their ability to survive?

And, lastly, if spacing effects neither hel p nor hinder disanbiguation
t hen perhaps spacing effects are an experinental quirk, maybe the result of
unconsci ous consol idation between trials, or increased tine of rehearsal for

the first |earning episode.

3 I nplenentation

3.1 Spacing Effects Arrays

In this experiment autononous agents randomly wander as a group around a
toroidal grid. This rectangular grid has within each of its cells a randonly
assi gned nunber that nmay be thought of as an "object."

Al of the agents see these objects as they nmove fromcell to cell in
the grid. Each agent has his own nenory of what he has seen. And each has
his own Spacing Effects Array that enables himto sinulate human spaci ng
effects.

For exanple, the group nay observe the foll ow ng objects:

Time O: 1



Time 1: 4
Time 2: 3
Time 3: 1
Each agent in the group will register in nenory that 1, 4 and 3 have

been seen for the first tine by setting the followi ng values in Long Term
Menory (the nunber 100000 is an arbitrary nunber; so long as this nunber is
above zero it does not affect the experinent):

Time O: LongTer mvenory[ 1 ]

100000;

Time 1: LongTer mvenory[ 4 ] 100000;
Time 2: LongTer mvenory[ 3 ] = 100000;
However, upon seeing 1 for the second tine, Long Term Menory will

register this by incrementing LongTernmMenory[1l] by an anount equal to

Spaci ngEffects[3 - 0], which is to say SpacingEffects[3]. |In other words,

LongTermvenory will be increnented by an anount that depends, firstly, on how

long ago it was that 1 was |last seen (in this case the two sightings of 1 were

three units of tine apart); and secondly it depends on what is in elenent 3
the Spacing Effects Array for that agent.

Accordingly, the weight given to these |ater observations w |l depend
what is in each agent's Spacing Effects Array. bservations cl ose together
time will cause a value fromthe | ower portion of the Spacing Effects Array
be added to Long Term Menory. And simlarly, observations spaced widely in
time will cause a value fromthe upper portion of the Spacing Effects Array
be added to Long Term Menory. As each agent explores the grid of objects,
each will develop a different Long Term Menory of what he has seen. (Note
t hat each agent does not renenber |ocations, only objects. So it is not
possi ble for a agent to di sanbiguate by renmenbering that a 1 once occupied

cell Aa, for instance.)
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Subsequently, the sane agents will wander the sane grid to test their

nmenori es agai nst the environnent. Before each nove, each agent will "see" the
| ower bits of the next nunber to occur. Rather than view just the | owest bit
as in the exanple fromthe introduction (which would tell merely whether the
nunber is even or odd), the agent instead sees several of the number's bits.
Each agent will then consult his Long Term Menory to try to guess the nunber.
In each case any of several nunbers fromits Long Term Menory will have the
requisite bits--so it nmust select fromthese that which it regards as nost
likely. A separate tally of correct predictions is kept for each agent.

Naturally predictions will differ only if the Spacing Effects Arrays
used by the agents differ. Initially, all of the Spacing Effects Arrays are
randomy initialized to constants--but not the sane constant. By way of
exanpl e, one agent's Spacing Effects Array may be initialized to be an array
containing only 34's. Another's night contain only 67's. After the
ef fecti veness of each agent's nenory is tested and their correct scores are
tallied, the top scorers are sorted to the top. Then the Spacing Effects
Arrays of top scorers swap data with each other by the nethod of the genetic
algorithm and the |lower scorers do |ikewise with each other. There is a
randonmly assigned crossover point that determ nes where this swap of data
begi ns (see Hol |l and 1975; and Gol dberg 1989 for a description of crossover
points).

Here is an exanple of two arrays (Al and Bl) conbining by crossover to
yield to new arrays (A2 and B2). The original arrays are overwitten and | ost

by this process.



Al Bl A2 B2
34 67 34 67
34 67 34 67
34 67 67 34 <-- crossover point

34 67 ==> 67 34
34 67 67 34
34 67 67 34
In this way the Spacing Effects Arrays evolve according to sinulated
natural selection. Notice that array A2 has to sone degree evol ved spaci ng
effects as it has | ower nunbers in the bottomof its array; these nunbers
signify that it will give correspondingly |less weight to sightings spaced
closely together in tine. Array B2 in contrast will give less weight to

sightings spaced closely together in tine.

3.2 Rules for Reproduction
In this simulation the follow ng rules guide evolution
1. Low scorers die without reproducing.
2. Mddle scorers die imediately after reproducing.
3. Top scorers reproduce w thout dying.
4. Top scorers always equal in number |ow scorers so as to keep the

popul ation at the sane |evel.

4 Execution of a Sanple Run
In running the programthe foll ow ng vari abl es nust be set:
1. How many generations will be run?

2. How many agents will popul ate the space?

10

3. How nmany learning steps will the agent take to | earn about the grid?



4.

| ear ned?

5.

bef ore reproduci ng?

arrangenent of their

How many test steps will

In how many differently populated grids wll

see that these effects average out

test his Spacing Effects Array agai nst

repr oduci ng.)

6.

7.

8.

9.

generation? This nunber, which will

nunbers be nore or

it take to test the validity of what it has

the agents be tested in
(The idea here is that sonme grids may by virtue of the

| ess conducive to spacing effects.

is therefore necessary that the agent

many di fferent grids before

How many bits are visible of an anbi guously seen nunber?

How many types of objects populate the grid?

VWhat are the dinmensions of the grid?

What nunber of | ow scorers die wthout

be call ed the natural

reproduci ng with each

sel ecti on nunber,

is the same as the nunber of top scorers who reproduce w thout dying.

10.

For

foll ows:

10.

What range of values are possible in the Spacing Effects Array?

the test run on which this paper

Generati ons

Agent s

Lear ni ng Steps

Test Steps

Different Gids

Visible Bits

hj ect Types

Gid Di nensions

Nat ural Sel ection Number

Range of Array Constants

= 500

= 100

= 500

= 2000

= 20

= 200

= 20 x 20

= 10

= 1 to 10000

is based these val ues were as
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5 Results

If spacing effects are an aid to disanbiguati on one woul d expect Spaci ng
Ef fects Arrays to spontaneously evolve that have a gradient that reflects the
spaci ng effects observed by experinmental psychol ogists. In the course of
generations these type of agents should domi nate the evol utionary | andscape.

The array displayed in Figure 1 is one of those that evolved under the
conditions described above. It shows how nmuch wei ght (y-axis) should be given
to observations separated by from1l to 499 units of tinme (x-axis). Inits
main features it is representative of its fellows. Because the test
environnent allows for 500 |earning steps, this Spacing Effects Array nust
have 499 el enents--objects may be seen from1l to 499 tinme units apart. The
wei ght varies from1l to 10000 as this is the range of constants that popul ated
the original set of Spacing Effect Arrays. The presence of spacing effects is
mani fest in the gradually increasing weights in the first one hundred

elements. Figure 2 is nore detailed graph of these first 100 array el ements.

6 Discussion

Earlier it was proposed that the results of the sinulation mght shed
[ight on human psychology. It is nowtine to revisit that issue. The above
results suggest that spacing effects may be built into |l earning at a root
| evel, and nmay operate by seeing to it that subsequent |earning takes place
with a lower |evel of acquisition. This is as suggested by H ntznman, et. al
(1973).

Wiy shoul d the above spacing effects materialize in this computer
simulation? A sinple explanation is that menory is trying to build in Long
Term Menory a view of what exists physically--and in particular, a view of

whi ch objects occupy nore than just one cell in the grid. To do this it nust
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take into account that two cl osely spaced sightings of the sane object may
signify that in fact the sane object was seen twice, rather than that two
obj ects were seen occupying two distinct cells. Naturally the nore tine that
separates these sightings the nore likely that two distinct objects do exist.

This conclusion is supported by a quirk that enmerged in an early version
of this program 1In allowi ng for novenent by the agent one nust decide two
issues. The first issue is the width and height of the junp, and the second
is whether an agent may junp in place. |In the first version of the program
junping in place was not allowed. It followed that if the sane object were
seen twice in arow it nust occupy different cells. This led to an
i nteresting phenonenon. Spacing Effect Arrays evolved that had | arge nunbers
inthe two | owest elenents of the array, followed by a series of |ower
nunbers. The | owest elenment is always unused as the tine separating two
sightings is always nonzero. But the second | owest el ement cones into play
whenever two el enents occur in i nmedi ate succession. That the evolutionary
process placed a large nunmber in this elenent suggests that it was exploiting
the rule that an agent nmay not junp in place, and that an object seen twice in
a row nmust occupy two distinct cells

Therefore this Spacing Effects Array el enent appears to be the exception
that proves the rule: |In this sinmulation spacing effects serve the purpose of
hel pi ng menory di scern which objects occupy the nost cells, as distinct from
whi ch obj ects have been seen the nobst often

In order to verify the above conclusion a programwas witten that kept
track how often two sightings of the same object occurred at the sane
| ocation, and how often not. The results are plotted in Figure 3, where the
x-axi s displays distance in tine, and the y-axis the probability that the

second obj ect seen occupies its own distinct cell. The results mrror those
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in the earlier graphs, which suggests that menory is trying to build a
physi cal nodel of what it has seen

In the early part of the graph, the further apart two sightings were,
the greater the likelihood that two separate cells were invol ved rather than
the sane cell twice. Notice however that the probability that two object
sightings are fromdifferent cells increases only up to about 100 units of
time, and thereafter it tails off sonmewhat. This may be a consequence of the
toroidal nature of the grid. The agent nay reach the sane | ocation by
traveling "around the world" so to speak. As the spacing increases beyond 100
such travel becones nore likely. It is significant therefore that in Figure
5, which displays the same conputed probabilities for a 200 x 200 grid, the
probabilities do not tail off as they did for the 20 x 20 grid.

In general the shape of Figure 3 maps well onto the evol ved Spacing
Effects Arrays, as nmay be seen in Figure 4. This suggests that the gradi ent
observed in the genetically devel oped array is approxi mating the probability
gradient of Figure 3. This clearly supports the conclusion that this
sinmul ated nmenory is trying to build a physical nodel of the grid fromits
observati ons.

A few random observati ons:

1. The ragged | ook of the upper portion of the evolved array nmay be
accounted for as follows: The |ower portion of the Spacing Effects Array may
be initially subject to nore evolutionary pressure than its upper portion, and
so it may evolve nore uniformy. Supporting this conclusion are two
observations: Conputer sinulation showed that the | ower portion was used far
nore often than the upper portion. And, the |ower portion of the array tended
to stabilize throughout the popul ation many generations earlier than the upper

portion.
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2. Alowing the programto run until the arrays of all agents are
i dentical does not assure that a plausible array will evolve. |f reproduction
occurs before adequate testing of each agent in the environnent the arrays
evolved tend to be very "noisy." Specifically, small nunbers tend to find
their way into the upper portions of the array. |In later generations these

nunbers "breed out" only to a limted degree.

7 Concl usion

Sone cl osing ideas:

* The biological tendency to "learn less" fromclosely spaced trails
may actually be an aid to learning in the sense that this tendency sees to it
that no nore weight is given to a learning event than is appropriate.
Accordingly the greater learning difficulty humans experience fromclosely
spaced trials nay not be the result of a defect of biology, but rather nay be
a consequence of a need to give only the appropriate weight to each |earning
experi ence.

*  Human spacing effects may result fromnman's need to distinguish
between: the sanme object seen twice, and two identical but distinct objects
each seen once

* Because the above environnent is a sinple standard environnent it
m ght be used to test the plausibility of other theories of how human nenory
antici pates and di sanbi guat es.

* By uncovering the optimal formfor a nenory that nust perceive,
| earn, disanbiguate, anticipate, and evolve in the above environnment, it is
possi bl e that nmuch can be | earned.

* By exanining the environnent that has shaped human nmenory through

evolution, it should be possible to illum nate the organi zati on of human



menory itself, in nuch the same way that exam ning, say, the game of chess,

m ght enable us to guess the internal

conput er .

organi zati on of a chess-pl aying
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Figure 3. Computationally Observed Probabilities that an Object Seen
Clocurred in Twa Distinet Cells
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Figure 4. Weight (Series 1) and Probability [Senes 2} Plotted Against Time

Between Observations
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Figure . Computationally Observed Frobabilities that an Object Seen

Occurred in Two Distinet Cells

20x 20

Series 1: 200 x 200 Grid; Series 2:

Grid

i
R
b -
v
[ S
v
L
(R
1
-
[
v
R
|
-
1
R
i
A
R
1
e
R
h
R
1
I
'
LR,
i
— ru
o
lm m
= e
4 @
[ i
[N T J S - -
I
R e
L
||||||||||||||| —— o
1
||||| [,
||||| [ R,
1
I ———e -
i
3 T
- [,
h |
L 1
A R -
[ -
1 1
...... SRR -
R -
[ -
' '
1 1
[ -
' '
[ L -
|||||||||||||||||||||||||| RS -
-_ PR R . -
1 1
- [ -
- [ S -
' |
-_ ) T e -
v 1
- - H -
H ;
t t T
o —_ =
= =

2|8 PuysIg
OM] Ul UBER SEm 106100 BwWes eyl 181 Al QB Q0.

451

401

351

)

281

anm

151

10

&1

Unis of Time Betwaan Two Obsersations of the Same Object





