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Progress of the Evolutionary Algorithm
NSGA-II

By Jacob Schrum

1. Introduction

The guestion addressed by this study is whether or not a specific artificial
evolution algorithm is capable odusingimprovement over timeithin a population of
solutions to a complex mutibjective control problem. The algorithm in question is
Non-dominatedSorting GeneticAlgorithm 1l (Deb et al), and the task is a
pursuit/avoidance task. Both are described in greater detail below.

In order to &st for improvement within the population of solutions produced by
NSGAII, the parent populations of every'5generation generated by the evolutionary
algorithmwill be compared. Populations will be compared in terms of fithess scores
obtained by eacmdividual. These fitness scores are pertinent to the control task, and are
described in greater detail below.

The algorithm will be run for 300 generations, thus producing 7 populations to
compare (generations 80, 100, 150, 200, 250 and 300). A sampdenf each population
produced, except the last, will be directly compared to a sample from the next population
produced using independent samphkests for each fitness objective. The sample from
the first population will also be compared to the last PW LR Q YV VEBHSOH XVLQJ ]
Any results from these tests will be cross checked against the results from ANOVA on
the same samples. ANOVA will also provide additional insight into the differences
between other samples, should any exist.

Before providingdetails of the statistical analysige fully describe the
populations being studied (Section 2), the variables being studied (Section 3), sampling
information (Section 4), and hypotheses concerning the questiandiethed (Section
5). We then providdescriptive statistics summarizing the data from each sanued
(Section 6)results of the statistical tests (Section 7), analysis and interpretation of the
results (Section 8), and finally the conclusion (Section 9). This is followed by an
appendixcontaining all raw scores gathered.

2. Populations Generated by NSGAI

The populations under study exist within a simulated 3D world consisting of a flat
plane. Every individual in a population is capable of moving along the plane in the 3D
world. Thesandividuals are incapable of noticing or physically interacting with each
other. The only object they can interact with is a unique object known &xctiseThe
individuals of every population are evaluated in several trials. In each trial they atart at
random position between 10 and 15 distance units away from the focus. In half of the
trials the focus is a source of pain, and inflicts damage on any individual for each time the
individual comes in contact with the focus. If too much damage is recéneed,
individual diesand is removed from the simulation until the start of the next trial. These
are known a®reytrials.



Prey trial Predator trial

In the other half of the trials the focus is a target that receives damage and is
knocked away frm any individual that comes in contact with it. These are known as
Predatortrials. What makes the task challenging for the individuals is that they do not
know which task they currently face, and must decide on appropriate behavior based on
their experienes within a given trialThey receive momentary pain and reward signals
whenever a member of the population interacts with the focus, but they must evolve the
means to both remember and utilize this informato.DW DPRXQWYV WR WKHLU 3PH
wiped betveen trials.
Each population evaluated consists of 45 individuals, but only 15 individuals are
evaluated at a time. The first parent population is generated randomly, in that each
LQGLYLGXDOYY FRQWURO PHFKDQLVP ZkKateKirdovthbQ DUWLIL
same number of computgeneratedandom floating point numbers. A neural network is
simply a method for mapping inputs to outputs. In this case the inputs are each
LQGLYLGXDOYY VHQVHVY DQG WKH RXWSKEWY GHWHUPLQH W
In accordance with NSGA, the initialpopulation is evaluated, and then
UDQGRPO\ VHOHFWHG PHPEHUY DUH FKRVHQ DV 3SDUHQWV"
size 45. For each member of the child population there is also a chance of the individual
XQGHUJRLQJ D 3 PXWDWLRQ" ZKLFK FDQ PRGLI\ WKH QHXUD
in several different ways. The ways in which the neural networks of two parents can be
recombined and then mutated are similar to those utilized bByeteEvolution of
AugmentingTopologies algorithm (Stanley and Miikkulainen). Once the child
population is generated, it is also evaluated at the task. At this point, N3&G4sed to
sort the size 90 group of combined parents and children intaoimimated Paretodnts
based orfitnessscores they earned during their trials. From this group of 90, NEGA
FKRRVHV ZKDW LW VHHV DV WKH SEHVW’ LQGLYLGXDOV W
Basically, the best individuals are those from each successiveéamoinated Pato
front, with individuals at the threshold of the 45 individualafitchosen based on how
different they are from the other solutions.

3. Statistical Variables/Fitness Objectives:
The variables for this study aderived fromthe scores for each infilual
corresponding to the fitness objectives used by N3G@é select the best members of
the populationThe actual variables studied are the averages of these scores for a single



individual over all trials in which the given fithess criteria playsle.rTherefore, all
variables are quantitative. More specifically, the variables being studied are:

x Average of Damage Received Over all Prey Trials: Each individual starts a Prey
trial with 50 units of health. Coming in contact with the focus deductsil® af
health. Therefore, an individual can only stand to come into contact with the
focus 5 times within a trial before dying and being removed for the remainder of
the trial. These scores are negative, so they can range5éoim O. For
simplicity, ths variable will be referred to @mmagereceivedfitness or simply
damage received

x Average Time Alive Over all Prey Trials: At the start of each Prey trial, an
internalcounteris set to 0 for each individual. On each time step of the
simulation withinthat trial, thecountefV . YDOXH LV LQFUHPHQWHG E\ RC
individual is dead. At the end of the trial, the number of iterations without dying
is a score that ranges between 0 and 900, which is the number of iterations per
trial. This variable wilbe referred to asme-alive-fithessor justtime alive

x Average Damage Assistance Bonus Over all Predator Trials: Each individual
inflicts 10 damage to the focus when coming into contact with it in Predator
mode. After taking 100 damage the focus isrdgsid and then reinitialized. The
memories and locations of each individual are reset as at the start of a new trial
even though the current trial is actually not over yet. Because all individuals
move at the same speed, and because starting locatioaa@oen, one
individual that heads towards the focus and continually knocks it away could deal
a large amount of damage to it, while another individual that exhibits the same
behavior might never damage the focus simply because the focus is continually
knoded away from it. Because of these dynamics, it is unfair to measure the
amount of damage that each individual inflicts on the focus, but a similar score
can be used instead. Every time the focus receives damage, all individuals within
a small radius of #afocus receive an assistance bonus equal to the damage dealt.
The individual that actually hit the focus also receives an additional 1 point
bonus.This rewards individuals that pursue the focus even if they are never able
to actually touch jtbut givesan extra reward to those that actually succeed in
touching the focusrThis is a nomegative score. Because the focus can be
destroyed multiple times in one trial, these scores can be greater than 100. This
variable will be referred to akamageassistancditness or simplyassist bonus

These scores amasily accessible. The computer simulation creates a text file on
every 50" generatio containing the desired scores for every member of the population.

It is important to remember that the variables\gabserved are averages over
several trials. This is done because the scores obtained in a single trial are heavily
influenced by luck, mostly as a result of starting position. The same individual can get
different scores depending on where it and theratlembers of the population start. The
negative effect of such randomness is reduced by having a sufficient number of trials to
average over. Therefore 3 Predator trials and 3 Prey trials will be performed for each
generation, making for a total of 6 {sdhat each population participatesancalculate
its scores



4. Sampling Method:

From these files listing the scores of 45 individuals, a sample can be taken in
order to perform statistical tests. Because each population being studied has a size of 45
the samples must obviously be smaller than this. Because different types of tests will be
performed on these samples, the sampling criteria should be the strictest combination of
criteria suitable for all tests to be performed.

For comparing two populatns, a fairly small sample would be appropriate given
fairly normal distributions of both samples from the populations. However, preliminary
tests have shown that the populations produced by NIS@Ad to be highly skewed,
and often have outliers. Thisakes since considering that the purpose of the algorithm is
to produce populations that perform well on the task at hand. In one sense, this biases the
populations towards converging on scores in a small range. However, since there are
multiple competing bjectives, groups of solutions that are compromises between
different objectives tend to converge to different sets of scores.

In any case, this tendency to produce skewed data with outliers necessitates
sample sizes of 30. Samples of this size are lEmgegh to make the results of statistical
tests meaningful, yet still within the upper limit of the population size, which is 45.
Samples of this size are also mordess necessary for compariag many populations
as will be compared in this study.

Foreach size 45 population being studied, 30 will be randomly selected without
replacement using a computer random number generator. For practical reasons, sampling
ZLWK UHSODFHPHQW GRHV QRW PDNH VHQVH ZH GRQYW ZD
least thechoice of which individual to take for the sample next will have an equiprobable
distribution over the yet unsampled members of the population. Although it would be
possible to take a different sample from the population each time a statistical test is
peformed, we instead choose to gather only one sample from each population and reuse
that sample in each test for which it is required.

5. Statistical Hypotheses:

The analysis of the results from this experiment will consist of two types of tests,
namelyindependent samplegests and ANOVA. Therefore there are two sets of
hypotheses, each corresponding to a different type of test.

The independent samplesests will be used to address questions of project type
Il, which is thecomparison othemeans oh quantitatte variable for two populationk.
SOXUDOL]HG 3 TXHVWLRQV" EHFDXVH D VOLJKWO\ GLITHUHQ\
variable for each of several pairs of populatiortss study effectively answers question
typell for 7 different pars for populations. Each population is a separate parent
population generated by the simulation, and the pairings are of generations (0,50),
(50,100), (10@50), (150,200), (200,250(250,300) and finally (0,300) in order to test
the overall progress dfie algorithm Despite the fact that later generations are derived
from earlier generations, each population is independent and separate, because there is no
oneto-one correspondence between the individuals of earlier generations and later
generations. fiis is due to the fact each child population is derived from randomly
selected parents and randomly occurring mutations.



Normally a comparison of this type would be done usiegts, but because all
population scores are available, the actual standardtib® of each population can be
calculated and used as opposed to the sample standard deviation, which is used as an
estimate of the actual standard deviation in #testt Strictly speaking, these comparisons
will utilize independent samplestests, vinich means it is actually the average standard
deviation between the populations being compared that will be used to perform the tests.

Because 3 vaables are being compared fopdrs of populations, there are 21
null and alternative hypotheses, bugytlare all very similar to each other. In general:

Hox.s0 The mean value of variable X is the same for thermigropulations of
generations ande.

HO,(X,s,e) : eX,s) eX,e) O

Hl,(X,s,e): The mean valle of variable X is different for the pant populations of
generations ande.

Hl,(X,s,e) : eX,s) '?X,e) ZO

Where X refers to eithefamage receivedime alive orassist bonusand(s,e) is either
(0,50), (50,100), (100,150), (150@), (200,250), (250,300), or (0,300hese are all
two-tailed tests. They will be conducted at the 95% confidebd¢¢Y H O

Both because the resulting accumulative error from these tests will be high, and
because they only compare certain pairs of populations, ANOVA will also be applied in
order to corroborate any results from the first set of tests andhtéugder insight as to
the differences between populations not compared in the m@syszaboveThis second
set of tests will therefore be answering project question type VII, which asks how the
means of a quantitative variable compare for more tharpbpulations (in this case 7
populations).

Because ANOVA can be used to compare multiple samples, there need only be
three null and alternative hypotheses for ANOVA. There is one set of hypotheses for
each variable being studied:

H, x : The mean value of variable X is the same for eveVWiﬁent population from

generations 0 to 300.
H, . : P P, R, P, P, P, P,

o.x+ 1(x.0 (X ,50) ,100) (X 150) (X,200) (X,250) (X,300)

H, , : The mean value of variable X is different for at least one of the parent papsila

generated every Byeneration from generations 0 to 300.
Hy,: ™A P, P, P, P, P, P,

(X,0) (X,50) (X ,100) (X 150) (X,200) (X ,250) (X ,300)

Where X refers to eithefamage receivedime alive orassist bonusThese tests will
also be conducted at the 95% confide@él Y H O

This study ignteresting in that it has elements of both an experimental and
observational study. It ike an experimental study in that falt the populations being



studied, one population is being compared to a population thasrisuat the
SWUHDWSOHMQIWHOQRIUDWLRQV RI 3SHYROXW.LHROWeveRtheGHILQHG E\
fact that it is really an entire population being treated and not just the individuals in that

population (the simulation does not allow for a single indivildelR EH S WUHDWHG”~ PDN
considering it an observational study more appropriate. If the artificial evolution of the

simulation is thought of as natural evolution, then one is simply making multiple

observations at different generations of whatever populatoupies the environment

being studied. A similar study in the real world would cefialbe considered

observational.

6. Sample Data Summary/Descriptive Statistics:

The data presented in this section provides statistics and charts for each of the
sampes under studySome parameters of the populations themselves are also provided in
order to show that the samples are indeed representative of the populations under study,
but information on population parameters is kept to a minimum so as not to overwhel
One can see the appendix at the end for a list of population scores and parameters. The
databeloware grouped by variable, and then by generation.

6.1. Damage Received:

For each of the size 30 samples takenfitteenumber summariger the average
damage received fithesgegresented in the table below. Keep in mind that this variable
only takes on values betweds0 and 0, and thus all scores are negative.

Generation Min Q1 Median Q3 Max
0 -50| -13.33 0 0 0

50 -50| -10.83 -5 0 0

100 -50 -4.17 -3.33 0 0

150 -50| -44.17 0 0 0

200 -50 -6.67 -1.67 0 0

250 -50 -4.17 0 0 0

300 -6.667| -3.333 0 0 0

Table 1: 5 number summaries for damage received

Notice that scores tend to be clustered near O, indicating that several individual
receive no damage at allall Prey trialsyet in most samples the nmmum is still -50,
which indicates at least one individual that died in all 3 Prey trials it participated in. This
will be clearer in the histograms provided below. However, firspmeide a table of the
sample means and standard deviations:

Generation Mean| Standard Deviation
0 -9.89 16.6662835

50 -12.67 19.2861096

100 -7.33 13.9347137

150 -14.89 21.562229¢

200 -9.22 16.6248518

250 -6.44 14.9567277

300 -1.222 2.22891715

Table 2: Means and standard deviations for damage received



The first few samples fluctuate considerably, but in thddastthere is a clear
trend towards increasirsgores and decreasing variance. These tren@saigydo see in
the following plot of mean damageceived across generations, with error badgating
the standard deviation. In order to demonstrate that the samples are representative of their
respective populations, the plot also includes the means and standardniewbthe
populations themselves.

Notice that one standard deviation away from the mean extends above zero for
eachsample Anything above zero is an impossible score for this variable, so the plot
does not show the standard deviations extendinghatarange. This is yet another
indication that most of the scores are bunched togattaerthe toand that the
distributions are negatively skewerthis is clear in the histograms below:

Damage Receive@Generation 0 Damage Receive@eneration 50




Damage Receive@eneration 100

Damage Receive@eneration 150

Damage Receive@eneration 200

Damage Receive@eneration 250

Damage Receive@eneration 300

Table 3: Histograms for damage received

In general, each distribution is negatively skewed. The distributions from
generations 50 and 150 could perhaps be considered bimodal, but with ratther sm

secondary modes &80. The histograms for generations 200, 250 and 300 show the trend
mentioned above: the mean increases because more scores cluster near the maximum of O
damage and the standard deviation decreases because the number of outiigds near

decreases, until generation 300 in which all scores are greatefL.than




6.2. Time Alive:
The table below shows the five number summaries for the variable time alive in
each sample being studied:

Generation Min Q1 Median Q3 Max
0 476.7 900 900 900 900

50 227 900 900 900 900

100 387.7 900 900 900 900

150 237.7 853.8 900 900 900

200 450 900 900 900 900

250 230.7 900 900 900 900

300 900 900 900 900 900

Table 4: 5 number summaries for time alive

These values indicatbat the distributions for these samples are fairly
uninteresting in that almost all values equal the maximum possible of 900. As with the
damage received fitness, all of these distributions are negatively skewed, except for the
sample from generation 308otice that both the minimum and maximum of this sample
are 900, indicating zero variance and therefore a standard deviation of zero. This and the
other standard deviations, along with the means, can be seen in the table below.

Generation Mean, Standard Bviation
0 872.1 95.1917664
50 787.6 236.64684
100 866.6 127.060149
150 779.8 245.40775¢
200 871.8 91.136320¢
250 843.2 177.969701
300 900 0

Table 5: Means and standard deviations for time alive

There is no clear trend the data. The means fluctuate up and down, as do the
standard deviations. The only feature of note is that all values are fairly high. Comparing
the means to the minimums of each sample in the previous table shows that the means
fluctuate in the same dirgon as the minimum values. This, along with the fact that Q1
for each sample is equal to or very near 900, indicates that the means from each sample
are determined primarily by the minimum values, which are outliers.

Nevertheless, it is still worthwhik® plot the means across generations, and that
is done in the chart below with error bars representing the standard deviahisnsot
provides visual confirmation of the claims made so far. One additional point that is clear
from this plot is that thetandard deviation decreases whenever the mean increases. This
makes sense given that the mean is near the maximum possible value. Because scores
cannot be larger than 900, and the mean is near 900, all variance is caused by lower
scores. Therefore whenelscores are higher, there is less variance, resulting in a smaller
standard deviation.



Finally, as with the damage received scores, we look at histograms of time alive
for each sample taken. These visually aids confirenstatements made thus far @to
these distributions.

Time Alive Generation 0 Time Alive Generation 50




Time Alive Generation 100

Time Alive Generation 150

Time Alive Generation 200

Time Alive Generation 250

Time Alive Generation 300

Table 6: Histograms for time alive

In all generations, the majority of the scores are around 900, indicating that most
individuals survied the entirety of all 3 Prey trials. The frequency of scores below 900 is
very low in all samples, explaining why even the median, and in most case¥'the 25

percent tile, of each generation had the maximum value of 900.

6.3. Assist Bonus:

The table b&lw shows the five number summaries for the variable assist bonus in

each sample being studied:




Generation Min Q1 Median Q3 Max

0 0 3.33 28.67 62.08, 90.33
50 157, 249.08 265| 285.17| 314.67
100 213| 252.83 279.5 297.17 314

150| 229.33] 252.58 2745 295.08| 32933

200, 214.33 241 263.33] 294.58 312

250, 167.67] 250.42 275.83 295.92| 313.33

300 100.7 172.5 243.3 292.8) 316.7

Table 7: 5 number summaries for assist bonus

These scores are distributed in a very different manner than the attiredast
two variables This is partly due to the fact that th@riablehas no hard maximum
constraint, and partly due to the fact that the assistance bonus is awarded to all
individuals within a small radius of the focus whenever it is hit. Thids¢n keep the
scores close together, which for all but the samples from generations 0 and 300 is clear
from the fact that the values for Q1, the median and Q3 are all very clasehtother
within a given sample.

When comparing the samples, there large jump in performance between
generations 0 and 50, which is clear from all values of the five number summaries. The
samples from generations 50 through 250 are all fairly similar, and generation 300 shows
only a slight decrease from generation 250s Beems to be mainly caused by the lower
half of the sample from generation 300, since the values for the median, Q3 and
maximum are comparable to the respective values from generation 250. Only Q1 and the
minimum are noticedp smaller. However, this deedfect the mean, as can be seen in
the table below.

Generation Mean| Standard Deviation
0 33.39 29.424112¢

50, 263.27 31.715376¢

100 274.41 25.747028

150| 273.12 25.562706¢&

200 265.1 29.442345¢8

250 269.38 32.884184¢

300 232.8 64.951535

Table 8: Means and standard deviations for assist bonus

The values for the mean are all fairly close to the values for the medians, which
hintsthat these distributions are closer to normal than those of the previous two variables.
The standal deviation is fairly consistent from generation to generation until generation
300, at which point it doubles. This is in line with the five number summary values for
this sample, which indicate a wider spread of scores than exhibited by the othessample
The differences between samples can be easily visualized in the chart below.



The histograms for these samples supf@tonclusiongnade aboverhese
distributions are closer to normal than the distributions for damage received and time
alive, butthey still exhibit a small amount of skew. Some samples are slightly positively
skewed and some are slightly negatively skewed. Generation 300 exhibits a larger spread
than the other samples, which explains its larger standard deviation.

Assist Bonus Generation 0 Assist Bonus Generation 50




Assist Bonus Generation 100 Assist Bonus Generation 150

Assist Bonus Generation 200 Assist Bonus @neration 250

Assist Bonus Generation 300

Table 9: Histograms for assist bonus

7. Results of Statistical Tests:

Having seen the general makeup of each sample under study, we can now move
on to comparing themasing the tests and hypotheses outlined ab%s/@ the section
above, the results below are ordered by variable.

7.1. Damage Received:
Whendirectly comparing consecutive samples in terms of damage received, no
population was significantly differentdm the popudtion 50 generations before it. In



other words, there was no significant difference in mean damage received between
generations 0 and 50 (z-6.57, p > .05), 50 and 100 (z = 1.12, p > .05), 100 and 150

(z -1.60,p >.05), 15@&nd 200 (z=1.18, p > .05), 200 and 250 (z = 0.65, p > .05), or
generations 250 and 300 (z = 1.60, p > .05). However, there was a significant difference
in mean damage received between the first and final generations, namely generations 0
(M =-9.89 and300(M =-1.222, z = 3.02, p < .05This difference resulting from 300
generations of evolution is large, @979 Results from the-testsare summarized in

the table below.

Ovs 50 50vs 100 100vs 150 150vs 200 200 vs 250 250vs 300 Ovs 300

-0.57 1.12 -1.60 1.18 0.65 1.60 *3.02

Table 10: z-scores from comparisons of damage received scor&miarks a significant difference

When comparing all samples to each other, analysis of variance indicated a
significant difference teveen the mean damage received ss@f the different
populations, F(6, 203) = 2.29, p = .03  0.063. In order to identify which means are
VLIQLILFDQW O\ GHdrdstlySigQiantDxXfskenc® Yést is used. For these
samplesHSD = 12.46 for q 94.24 p < .05 This indicates a significant difference in the
means of generations 150 (M #4.89 SD = 21.5%and 300 (M =1.222 SD =2.23,
but does not indicate a significant difference between any other two populations, despite
the fact that the earliertest indicates a difference between generations 0 and 300. The
table below shows all mean differences between the different samples.

M M

top eft | Gen 50 | Gen 100 | Gen 150 Gen 200 Gen 250 Gen 300
Gen O -2.78 2.56 -5 0.67 3.44 8.67
Gen 50 5.33 -2.22 3.44 6.22 11.44
Gen 100 -7.56 -1.89 0.89 6.11
Gen 150 5.67 8.44 *13.67
Gen 200 2.78 8
Gen 250 5.22

Table 11: Mean differences between damage received means, * marks a significarffetience

Since this is the only difference detected in the population, it is worth checking it
with an additional zest between generations 150 and 300. This direct comparison also
indicates a signifiaa difference, z = 3.45, p < .093his is consideta large difference,

d = 1.49.

7.2. Time Alive:

Direct comparisons between the mean time alive scores of consecutive samples
showed no significant difference between the population of any given generation and the
population from 50 generations prior.¢fva comparison between the starting and final
generations did ricshow a significant difference. Stated more explicitly, there was no
difference in mean time alive between generations 0 arfzl $61.56, p > .05)50 and
100(z =1.47, p > .05)100 andl50(z =-1.68, p > .05)150 and 20Qz = 1.83, p > .05)

200 and 25@z =-0.64, p > .05)250 and 30@z = 1.36, p > .05)r 0 and 300z = 1.31,
p > .05) Results from the-testsare summarized in the table below.



Ovs 50| 50 vs 100

100vs 150| 1

50 vs200

200 vs 250

250 vs 300

0vs 300

-1.5% 1.47

-1.68

1.83

-0.64

1.36

1.31

Table 12: z-scores from comparisons of timealive scoresThere are nosignificant differences

Although direct comparisons between samples showed noicagntitliifferences,

the analysis of variance for all populations indicated a significant difference in mean time
alive scores, F(6, 203) = 2.41, p = .028, 0.066. However, DSSOLFDWLRQ RI 7XNH\Y

HSD posttest contradicts this outcome in thahe of the differences in means have a
magnitude greater than the HSD value for this test, whiels 3 = 124.62,q 4.24,

p .05. The mean differences are shown in the table below for the sake of confirmation.

Mo M | Gen50 | Gen 100 | Gen 150 | Gen 200 | Gen 250 | Gen 300

Gen 0 -84.47 -5.48 -92.32 -0.29 -28.89 27.9
Gen 50 78.99 7.8 84.18 55.58 112.37
Gen 100 -86.84 5.19 -23.41 33.38
Gen 150 92.03 63.43 120.22
Gen 200 -28.6 28.19
Gen 250 56.79

Table 13: Mean differences betweetime alive meansThere are nosignificant differences

Although none of the mean differences are significant according to HSD, the
difference between generations 150 and 300 is the largest. The fact that ANOVA
indicates a significant difference between at least two means in the population makes it
worthwhile to perform an independent samplésst betveen these generations as well.
This direct comparison showdaage andsignificant difference, z = 2.53, p < ,05
d 0.92.

7.3. Assist Bonus:

When directly comparing every 8@eneration in terms of assist bonus, a large
and significant difference was found between samples 0 and 5f2.43:p < .05
d 5.98. There was also a largad significant difference between generations 0 and
300, z =13.83, p < .05d =3.60. A significant difference was also discovered between
generations 250 and 300, 2287, p < .(b. However, this was only a medium sized
difference, d =0.78 There wasot enough evidence to indicate any significant
difference between any of the other populations compared, namely generations 50 vs. 100
(z=1.63 p>.05), 100 vs. 150 (z6.19, p > .05), 150 vs. 200 (z%.04, p > .05), and
200 vs. 250 (z 9.53, p >.05). These results are summarized in the table below.

Ovs 50, 50vs 100 100vs 150 150vs 200 200 vs 250 250vs 300 0O vs 300

*22.43 1.63 -0.19 -1.04 0.53 *-2.87 *13.83

Table 14: z-scores from comparisons ofssist bonusscores, *marks a significant dference

Comparing all populations via analysis of variance also revealed significant

results, F(6, 203) = 173.54 |0, K 0.84. 7 X N HHSD\posttes{HSD = 28.29
q 4.24,p <.05 indicates that thegpulation from generation 0 (M 33.39



SD 29.42) is significantly different from generation 50 (M = 263.27, SD = 31.72),
generation 100 274.41, SD = 25.75)generation 150 (M = 273.12, SD = 25.56),

generation 200  265.1, SD = 29.44), generation 250 (M = 269.38, SD = 32.88), and

generation 1 232.8, SD = 64.95). In other words, generation 0 is significantly

GLITHUHQW IURP DOO RWKHU JHQHUDWLRQV VWXGLHG

300 is significantly different from all other generations studsignificant difference
was detected between any other two populatibhs.mean differences between all
samples are shown below, with significant differences marked.

Mo M | Gen50 | Gen 100 | Gen 150 | Gen 200 | Gen 250 | Gen 300

Gen 0 *229.88| *241.02] *239.73] *231.71  *235.99 *199.41
Gen 50 11.14 9.85 1.83 6.11 *-30.47
Gen 100 -1.29 -9.31 -5.03| *-41.61
Gen 150 -8.02 -3.74|  *-40.32
Gen 200 4.28 *-32.3
Gen 250 *-36.58

Table 15: Mean differences betweemssist bonusneans, * marks a significant difference

8. Interpretation of Results:
We now discuss the meaning of the test results for each variable under study.

8.1. Damage Received:

It is troubling that thendependensamples-tests and analysis of variance
provided slightly diffeent results for this variabl@he ztests indicate a significant
GLIIHUHQFH EHWZHHQ JHQHUDWLRQV DQG
HSD. +RZHYHU 7N \fivate & significant differendeetweergenerations
150 and 300This result was supported by the result of a follgwztest.Since the
probability of a type | errowith ANOVA (p =.037) was so low, it is highly unlikely that
there is not at lest one population whose mean damage received is different than the

others. Since the mean difference between generations 150 and 300 is the largest, it is the

most likely to be significant.

However, despite the use of a 0.05 alpha level, Seore obtaied when
comparing generations 0 and 300 (z = 3.02) is high enough that that probability of a type
| error is less than 0.01, which is an even lower probability than the error associated with
ANOVA. Also, there are other population pairings that wereestétl using-tests.

What should we conclude about the relationship between generations 0 and 300? To
answer this, we must pay attention to the fact that despite the significant difference
indicated by the-test, there is a problem with applying this testhis situation. There is

a large difference in variance of damage received scores between generations 0 and 300
In fact, there is an even larger difference in variance between generations 150 and 300.
This violates the homogeneity of variance assusngtiat is vital to both the independent
samples zests and to ANOVA.

However, if we can demonstrate that the variances of the different populations are
significantly different, then that in itself indicatesiateresting and important difference
beween the different generations, especially if decreased variance coincides with an
increased mean, since this would mean that more members of the population are tending
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towards receiving s damage. We can test to see if the variances of the different
populdions are significantly dierent by using+ D U W Prkbxfiaést. When usinis test

for the set of all seven populations compared in terms of damage received, we need only
look at the two populations with the largest difference in variance, namely gengra

150 and 300, but we will also compare generations 0 and 300 so as to come to some sort
of meaningful conclusion concerning the result of thest between these populations.
Therefore, we have the following two null and alternative hypotheses:

H o, (@amage recevemiaon) - 1NETE is N0 difference in tlamage receivedariances of
generations 0 and 300.

HO,(damage_receivecD,SOO) : l%amaggreceivet;i[) |/d?amage_receivecBOO O

H (gamage recevemaon - 1THEDaMage receivedariances of generatio@sand 300 are
different.

Hl,(damaggreceivedO,SOO): l%amaggreceived[) lgamage_receivecBOO ZO

H o, (@amage receveasosony - 1NETE IS no difference in tllamage receivedariances of
generations 150 and 300.

H 0,(damage receivedl50,300) : damage receivedl50 damage receive¢B00 O

H . (gamage receveasoaon - 1THEdamage receivedarianceof generations 150 and 300 are
different.

H1,(damaggreceived150,300) : l%amaggreceivecﬂSO Vd?amaggreceivedSOO ZO

These tests will be conducted at thé®&nfidlenceOHYH O ).

In both cases we end up rejecting the null hypothesis, because for both the
comparison between generations 0 and 80D, 29)= 55.9) and generations 150 and
300 (K 7,29)= 93.58) the diffenece in variance is significant, p < .Qfh fact, simply
looking at the standard deviation and histogram for generation 300 makes it clear that this
generation has an unusually small variance in comparison to all the other generations. We
can therefore conclude that although the mean difference dretyemerations 0 and 300
may not be significant, and is perhaps not even validly testable witbsh at least the
variances are significantly different. Since the mean for generation 300 is higher than in
previous generations, and the variances isifgigntly smaller, we can conclude that
evolution has achieved its goal of creating a population that does well at minimizing the
amount of damage that ealdividual receives from the focus.

8.2. Time Alive:
For the time alive variable, we once agaavd a situation where the results of
7TXNH\TV +6' DQG DQ L@ezMWIHWeHR@QWUIIDRSLWFW HDFK RWKHU
HSD even contradicts the results of the analysis of variance, which indicated that there
was a very low probabilityp = .029) that lhof the mean time alive differees were
caused by chance alone. When ANOVA indicates a significant difference between



sample means, we would expect at least the largest mean difference to be significant. The
z-test result indicates that the largesteti#hce, that between generations 150 and 300, is
significant. To understand how this can be the case, we must once again remember that
the homogeneity of variance requirement holds for both tests, and in the case of
generations 150 and 300 this requiremgmince again violated. Generation 300 has a
variance of 0, which is uncommon. This makes the denominator oftéise #tatistic
smaller, and the overall value higher. It also reduces the denominator when calculating
the Fratio. It is therefore very lidy that this is more the cause for the significant test
results than any large difference in the means.

However, we can once again appeal to the fact that the variances are different to
show that the two populations are very differémtthis case we thnically cannot
compute an finax statistic, because dividing by the zero variance of generation 300 is
undefined. However, taking the limit of thenkax value as the variance of the
denominator approaches zero results in infinity, meaning that the \v@ofgeneration
300 is significantly different from any population with npero varianceMore formally,
the hypotheses for this situation are:

Ho.gime_aiveg.a00 - THETE is no difference in the time alive variances of generations g and
300.
H 0

0,(time_alive,g,300) * time_alive,g time_alive,300

Lime_aivegaoo - 1NE time alive variances of generations g and 300 are different.
z0

H

1,(time_alive g,300) * time_alive,g time_alive,300

Where g is 0, 50, 100, 150, 200, or 250. These tests are conducted®btdunfidence
OHYHO ).

So, despite potentially insignificant mean differences between populations in
terms of time alive, the difference in the variance of time alive between generation 300
and all other generations is significant. Because generation 30@pndtas zero
variance, but has zero variance around the maximum possible score for this variable, we
can conclude that the course of evolution has led to convergence on the perfect value for
this variable This perfect value is not significantly differdndm the starting average,
but it is the best result that can be expected.

8.3. Assist Bonus:

Unlike with the other variables, there is no dearth of significant mean differences
among theopulationdbeing comparedh terms of assist bonus scores. Alert
generations are significantly different from generation 0. At the start of the simulation,
assist bonus scores are generally low as the population has not yet evolved the ability to
track the focus and attack it, but they quickly learn this abilityraaithtain it from then
on, for the most part.

The mean differences between generations 50, 100, 150, 200 and 250 are not
significantly different, which is good since the assist bonus scores for these generations
are already high, and likely near the mae (have no way of knowing this for sure, but
observation shows that the population nearly never misses a chance to inflict damage).



The best outcome would be for this high mean to be maintained into generation 300, yet
between generations 250 and 300 weasignificant, though only medium sized drop in
the assist bonus medfurthermore, the variance in assist bonus for generation 300 is
considerably bigger than the variance of any other generations. If significant, this
difference provides yet another ams of showing that generation 300 is different from

the other generations. In this case we will only compare generation 300 to generation
150, whose variance in assist bonus was the least.

H o (assist bonusiso.aon - THErE is no difference in the assist bswariances of generations
150 and 300.
0,(assist bonusl50,300) : assist bonusl50 lgssist_bonussoo O
H. (assist bonusisoaony - TNE assist bonus variances of generations 150 and 300 are different.
H ¥ % z0

1,(assist bonusl50,300) * assist bonusl50 assist bonus300

This test is conduatkeat the 99%onfidenceOHYH O ).

As suspected, the variance of generation 300 is significantly differenttiem
variance of generation 158(7,29) = 6.46, p < .QWe therefore have a significant
increase in assist bonus variance in the fyealeration, and perhaps a significant drop in
mean assist bonus as well (but because homogeneity of variance has been violated, we
cannot be certain). However, in this case the increase in variance is actually a good thing,
because it coincides with a dease in mean value. Had the mean value decreased
without the accompanying increase in variance, it would have meant that all assist bonus
scores had dropped to worse values than in previous generations. As it is, and as can be
seen in the histograms earjithere are still individuals in generation 300 that have high
assist bonus scores in comparison withvithlials of previous generations. This indicates
that despite a slight drop in performance, at least the performance level is not clearly
tending towads decreased values. It is only the introduction of som@aulmdividuals
that are bringing down the mean assist bonus score, and thus also increasing the variance.

Of course, the other possibility is that this wide spread of scores is the result of
tradeoffs between increases in damage received and time alive, both of which also occur
in this generationPerhaps the price of increased scores for damage received and time
alive is decreased scores in assist bonus. This explanation, thensghleat first glance,
does not seem to be the correct one given that there still exist high assist bonus scores in
generation 300, and the variances of damage received and time alive in this generation
are so low. That is to say, if scoring high in both time aiveé damage received
absolutely required assist bonus to bedpwhen all assist bonus scores would be lower.
As it is, there are still high assist bonus scores, and all of these high scorers must have
perfect scores in time alive and at least near gesteres in damage received; recall that
the minimum damage received score for generation 3006A867 and given that this is
an average score over 3 trials, it means that the individual that received this score was
only hit twice over the three trialsl0 damageer hit,-20/3 =-6.667). The decreased
assist bonus mean may still be influenced by tadtewith the other objectives, but we
have evidence indicating that this traafé is not strictly necessary.






