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¢ Initialize Learning parameters (different {a} depending on the method)
e For a lifetime do
» Update learning parameters to ensure convergence

= Select an architecture 7 that maximizes (3-6) (Zero Order
representation) or (3-18) (First Order representation) using an
optimization method (If the architecture is fixed, skip this step).

= Using the provided architecture T, let the agent interact with the
environment for a while
o Receive reinforcement signal from the critic (that can be
external or internal)

o Update the estimation of necessary values ({17,]} for Zero
} and

{1710} for First Order structure learning representation ( (3-
28) and (3-29) ), and {Qi (si,al.)} for Behavior learning (

(4-30) and (4-31) (immediate reward case) or Monte Carlo
method for general return).
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o Initialize n different behavior pools {B l.} for each different behavior type B,

e Initialize an empty culture (meme pool) M
e While stopping condition are not met
o Selects n different behavior B; from each behavior pool to make a set of

randomly chosen behaviors {B : }

o Ifthere is any meme in the meme pool M, select a meme 7° € M
according to the merit of each meme

o Pass {Bi} and T° to the agent

» Initialize Learning parameters
» For a lifetime do
e Update learning parameters to ensure convergence

e Select an architecture 7" that maximizes (3-6) (Zero
Order representation) using an optimization method (If
the architecture is fixed, skip this step).

e Using the provided architecture 7, let the agent interact
with the environment for a while

e Receive reinforcement signal from the critic (that can be
external or internal)

e Update the estimation of necessary values ( {17,]} for Zero

Order structure learning representation (3-16))

= Return Fitness and the final structure 7" to the evolutionary
process
o Share fitness to behaviors according to sharing policy ( (5-5) or (5-7) )

o Update meme pool using T and its fitness (5-12)
o For each behavior pool
= Apply conventional genetic operators to behaviors in order to
generate a new population, i.e. Selection, Crossover, and
Mutation.
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Push more: v(k+1) =v(k)+ Av (==v)
Do not go fast: if v(k)>v_ then v(k+1)=v,_, else do nothing (7=A)
Stop at goal: if z(k) >z goal then stop (v(k+1)=0) (5-2)

Hurry wp: if t(k)>t, and the robot is the lowest one then
v(k +1) = min(v(k) +Av,v__ ) (==+)
Slow down: if t(k)>t, and the robot 1is the highest one then

v(k +1) = max(v(k) — Av,0) and if it is the middle one v(k) = max(v(k) — AV 5 ,0)

(==yY)
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AN AR AR AL A (==Y)
1 N—-7(k-1)<-0.5

“ o (k) f( ) 1Y)
—0.1 otherwise

1

— (k)< t

=k ’ (-)¥)
—0.1\/% otherwise
1 z(k)—z <0.5

kzl _ | ( ) . goal | (;_\a)
—0.1 otherwise

r;? =-1 z(k) >z, +0.2 (F=V%)

r,==01 vk >v_. (==Y)
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Performance = Goal Closeness + % Tilt Angle Stabilization (*=A)
N
Goal Closeness = %ZWk sz = Zgput| < 0.5] (*=)1)
k=1
1 N
Tilt Angle Stabilization = =3 w ety <10°] F-v+)
k=1
1 0<k< gN
W, = 3 F-1Y)

2 §N<k£N
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Push more: S; ={o}, 4,

Push more

={v(k +1)=1,NA| (5-¥Y)

ush more

Do not go fast'’: S/ = {v(k)|v(k) € {07,1,2,3,4,5+ }},

Don't go fast

'
ADon‘t go fast

— {v(k +1) = max(0, v(k) — 0.5), NA} (F-YY)

Stop at goal: S, = {"z(k) = Zgo < —0.2","2(k) — 2y 2 —0.2"},

top
Aoy =0k +1)=0,NA} (*-Y¥)
Hurry up:
Stury = {lowest robot, middle robot, highest robot }x {"'t <7,","z >7,"},
Aty = Wk +1) =1, NA| (7-v0)

Slow down:

Séiow = {lowest robot, middle robot, highest robot}x {"r <t,","t > ro"} ,

Ay, =k +1) =1, NA} (5-v5)
S (50 03ll o) @b 15 Cugh JiKew lyis 4

h=ri4rl +r 4+ (=-Yv)

re==05(c(k)-t(k-1)) ifr>1, (5-YA)
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ro = 0.1 if [[2(K) - 2,00| < 02] A [(208) = 2(k = 1) < 0.001]
F-¥)

e =5(z(k) - z(k - 1)) if z(k) < 2 g (5-v+)

7 =0.1 i V() > v, F-¥1)
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Push  more: Vv(k+1)=1; Do not go fast: if w(k)>v,  then
v(k+1) =max(0,v(k)—0.5) else do nothing; Stop at goal: if z(k)—z,,, >—0.2 then
stop (V(k +1) = 0); Hurry up: if 7(k) > 7,, and the robot is the lowest one then v(k +1) =1;
Slow down: if (k) > T, and the robot is the highest one then v(k) =—1.
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0 (No Behavior), 1 (Push More), 2 (Don’t Go Fast), 3 (Stop), 4 (Hurry up), 5 (Slow down).
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Abstract

Object Liftin Object Liftin
Problem Abstract Problem y g J g
: ) (Structure (Behavior(/Structure)
(Structure (Behavior Learning) . .
i Learning) Learning)
Learning)
50x50 problem . .
Problem Space space and two >0x30 IEroblem spaceand | Multi-robot object Multi-robot object lifting
. our actions lifting
actions
. Four behaviors Five behaviors, i.e.
Four behaviors each of B,(i =1,2,3,4) | Pushmore,Don’tgo | Five naive behaviors’ state
Solution Space B.(i=123,4) . fast, Stop at goal, and action space without any
(see Fig. 3) and a, them consists of Hurry up, and Slow specified mapping.
NA down.
beh str
aepimde = ae;)isode =
aepisode = 02 af;[};ode = 01
) 0, (0.999)7"* | 1+mod(episode,000) | i a" = 0.06(0.99)7
Learning Rates : . ol episode
a, =0.05 (ZO) e-greedy act}tc;ln selection -0. 1(0.99)@”0 o s 05
WI epssode = .—
a,=0.1 (FO) P P In(episode +1)
Eppisode ==
P n(episode +1)
300 time steps lift-up
AT =0.005
150 time steps lift- 50 episodes learning trial
up (exploration is on)
AT = 0.005 50 episodes testing trial
Experimentation | 500 episodes trail 10000 episodes trial 50 episodes trial (explqration is fo)
Condition 50 different trails 100 different trials 50 different trials 100 different trials
1,2,3
22 (1) eU(1,2) 2z () elU(2,3)
16 3 Structure is updated every
z()el(2.3) three (one) episodes for
concurrent beh./str. (str.)
learning
Received 1-Received reinforcement
reinforcement signal (MA filtered with I-Received 1-Received reinforcement
Performance signal window size 100) reinforcement signal v signal
Measures 2-Probability of Error 2-Behavioral 2-Behavioral performance

(MA'" filtered with
window size 10)

(calculated every 1000
episodes)

performance

'S Note that o *”:

episode

xS slaggell sl pialef] kulyd F-Y Jgda

is not used in the only behavior learning case, and o

beh
episode

and &

episode are

not used in the comparison of structure learning alone case. € episode is set zero in episodes 51-100

(testing episodes).
'® U(a,b) is a uniform random distribution between a and b.

7 Moving Average
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Abstract Problem

Object Lifting

Problem Space

5x5 problem space and 7 actions

Multi-robot object lifting

Solution Space

Seven behaviors each can produce
has B, one type of action (behavior

)4, = {ai’NA}

Five naive behaviors’ state and action
space without any specific mapping (Push
more, Don’t go fast, Stop at goal, Hurry
up, and Slow down.)

Generations = 200, Population size =

30, No. of individual evaluations in
each gen. = 300, Tournament
selection (competition between 3
individuals), the best individual of
each genetic pool goes directly to the

Generations = 50, Population size = 20,
No. of individual evaluations in each
gene.= 200, Tournament selection
(competition between 3 individuals), the
best individual of each genetic pool goes

p. = 0.5 directly to the next generation,

Evolution .
Parameters P. = 0.5 next generation,
0.01
0.01 en <179 wrt _ ) Tog (wen 1) gen <40
p::lard — 10g2(gen+1) g - pm - Oogz(gen +4i< <50
0 180 < gen < 200 ., ) —dge“ =
soft ar
soft __ hard m = 2 m
pm ‘= zpm p p
Z0 Structure Learning
Learning Z0 Structure Learning str
_ episode
Parameters A pisode = Jepisodes episode
=0.1(0.99)""
Culture size = 5 Culture size =5
Memetic (5—12)aT[ =0.3 (5‘12)0‘;. =0.3
Parameters Meme selection: scaled roulette Meme selection: scaled roulette wheel
wheel (p=0.9)/random (p=0.1) (p=0.9)/random (p=0.1)
AT = 0.005 300 time step lift-up,
25 (5) episodes trial for with structure
learning (fixed structure) case
) . 3 runs for learning cases — 2 runs for fix
100 episodes trial structure case - 1 run for pre-defined
Experimentation ) - 3runs behaviors (no evolution)
C . Fitness is the mean value of 1231 73
ondition reinforcement signal during the z()el23)
agent’s lifetime Fitness (Lift time fitness) is calculated by
averaging the last 5 episodes (all
episodes) - Fitness is used for
evolutionary mechanism (and not Life
time fitness)
Performance Received reinforcement signal 1-Received reinforcement signal
Measures (MA filtered with window size 10) 2-Behavioral performance
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P{a = B,(s)and B, is controlling | =

[ﬁP{B[ (s)is not active}j x P*(s)x Pla = B.(s)| B.(s)is excited}

j=itl
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e Random Action Selection (or Uniform Q-Table)
P{Bl.(s) is not active} = P{Bi(s) is not excited} + P{Bl. is excited and selects NA} =
1

(1 - Pie(S))+ Pie(s)m
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o P{B(s)isnotactive} = (1— P*(s))+ P(s) L]

— ¢
4] +1
(V-¥)
e Boltzman Action Selection
exp( Qi(S;NA)j
o P{B(s)isnotactive} = (1— P*(s))+ P*(s) , (v-2)
z exp( Q[(SV a )j
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P{B, is not active} = P{B, is not excited } + P{B, is excited and selects NA} =
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Cont. Prob. for Mul. case - PB(1)=1, |A|=1,5,10,20 , Layers = 10, eta=1
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Cont. Prob. for Add. case - PB(1) = 1, |A| = 1,5,10,20 , Layers = 10, eps = 0.1
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Abstract

The main goal of this research is the automatic design of
behavior-based agents with hierarchical architecture. It is assumed
that the designer can provide a reinforcement signal that reflects the
behavior of the agent. Mathematically rigorous methods are provided
to optimize this performance measure. I have divided the design
problem to structure and behavior design sub-problems. Concurrent
use of these methods can solve the whole design problem. In this
research, I have provided learning-based and evolution-based methods
for automating the design process.

Learning-based methods are offered for both behavior and
structure design problems. To solve the structure learning problem,
two different knowledge representations are introduced that by using
them the agent’s value is decomposed into simpler elements. Doing
so, one can solve difficult issues such as credit assignment and value
updating in this hierarchical architecture. A behavior learning method
is provided that finds the suitable state-action mapping. By
introducing a pseudo-action named NoAction, behaviors can
cooperate with each other.

Co-evolution of behaviors is another method for behavior
design. In contrast with the most other researches, behaviors are
evolved separately and by using structure learning method, they are

organized in the architecture. A new interpretation of cultural-inspired



method named Memetic Algorithm is offered that increases the
performance of hybridization of evolution and learning.

The proposed methods are being tested in two different
problems: multi-robot object lifting and an abstract problem. The
results are competitive to human designed architectures.

In addition to the automatic design methods, a few other results
are provided in this thesis. They are probabilistic analyzing of
controlling probabilities of behaviors in our architecture and
investigating the effect of reinforcement signal uncertainty on the

agent’s value function and its policy.
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