Is a non-uniform system of creatures more efficient than a uniform one?
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Abstract

We have analyzed the creatures exploration problem with
non-uniform creatures. The creatures’ task is to visit all
empty cells in an environment containing obstacles with a
minimum number of steps. Ten different algorithms with
good performance from former investigations were used on
16 environments. New metrics were defined for such a multi
agent system, like the absolute and relative efficiency. The
efficiency relates the work of an agent system to the work of
a reference system. A reference system is such a system that
can solve the problem with the lowest number of creatures
with potentially different algorithms. It turned out that the
system CG-32a (32 creatures, algorithms C and G, alter-
nating placed initially) is 31% respectively 33% more effi-
cient than the reference systems. The relative efficiency was
even higher when systems using the same algorithms were
compared. Mixing different types of creatures resulted in ef-
ficiencies higher than one in 6% of all non-uniform systems.

1 Introduction

The general goal of our project is to optimize the coop-
erative behavior of moving creatures in order to fulfill a cer-
tain global task in an artificial environment. A creature (an-
other term: agent) behaves according to an algorithm which
is stored in the creature.

The goal of this investigation was to find out for the crea-
tures’ exploration problem (explained below), which algo-
rithms “harmonize” best, meaning which combinations of
algorithms with how many creatures are the most efficient.
Different measures for efficiency were defined and used to
compare the different combinations of creatures. When we
are speaking about efficiency you may think of cost (e. g.,
Euros) which you have to pay in total for the involved crea-
tures to fulfill the task.
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We distinguish uniform and non-uniform systems of
creatures. A uniform system comprises creatures of one
type (behavior, algorithm) only whilst a non-uniform sys-
tem comprises creatures of different types.

We are modeling the behavior by a finite state machine
(Section 2). In the past we have tried to find out the best
algorithm for one creature by enumeration. The number
of state machines which can be coded using a state table
is M = (#s#y)##2) where n = #s is the number of
states, #x is the number of different input states and #y
is the number of different output actions. Note that M in-
creases dramatically, especially with #s, which makes it
very difficult or even impossible to check the quality of all
algorithms by enumeration in reasonable time.

By hardware support (FPGA technology) we were able
to simulate and evaluate all 12'2 6-state algorithms (includ-
ing algorithms with less than 6 states and including redun-
dant ones) for a test set of 5 initial configurations [6]. The
10 best algorithms (with respect to percentage of visited
cells) were used in further investigations to evaluate the
robustness (using additional 21 environments) and the ef-
ficiency of k£ > 1 creatures. It turned out that more than one
creature may solve the problem with less cost than a single
one [5].

Modeling the behavior with a state machine with a re-
stricted number of states and evaluation by enumerations
was also undertaken in SOS [9]. Additional work was done
by these authors using genetic algorithms.

In this investigation we have concentrated on non-
uniform systems using the previously found algorithms.
This time we are using 16 new environments compared
to the environments used before. Now we use a field of
fixed size 35 x 35 with a fixed number (129) of obstacles.
Thereby we are able to place the creatures at the beginning
in regular formations and the number of obstacles becomes
a constant which simplifies the analysis.

We have already started experiments using metaheuris-
tics to optimize the algorithms. We are optimistic to find



agent algorithms for more complex agent problems and we
will use a cluster of FPGAs for that purpose to exploit the
inherent parallelism in the metaheuristics. Our current re-
sults also give a partial answer to the question: If algorithms
are combined, what are the expectation rates for good or bad
combinations of them?

The creatures’ exploration problem based on our model
was further investigated in [2]. Randomness was added
which led to a higher degree of success.

Our research in general is related to works like: Evolv-
ing optimal rules for cellular automata (CA) [10, 11], find-
ing out the center of gravity by marching pixels [3, 4, 8],
evolving hardware [12], using evolutionary algorithms and
metaheuristics [1].

The remainder of this paper is organized as follows. Sec-
tion 2 describes how the problem is modeled in the CA
model. Section 3 describes how well only one type of crea-
tures (uniform system) under varying the number of crea-
tures and the environment, solves the problem. Section 4
(non-uniform system) describes how efficient two types of
creatures can solve the problem.

2 CA model for the creatures’ exploration
problem

The problem is the following: p creatures are moving
around in an environment that consists of empty cells and
obstacle cells in order to visit all reachable empty cells in
the shortest time. Creatures cannot move on obstacle cells,
and only one creature can be on an empty cell at the same
time. Creatures can look forward on the cell ahead which
is in its moving direction. The creatures may perform four
different actions:

R (turn right only)

L (turn left only)

Rm (move forward and simultaneously turn right)
Lm (move forward and simultaneously turn left)

If the “front cell” (the cell ahead) is not free, because it is
an obstacle cell, another creature stands on it, or a collision
conflict is anticipated, the action R or L is performed. In all
other cases the action Lm or Rm is performed (Fig. 1).

The modeling of the behavior was done by implement-
ing the rules with a state machine considered as a Mealy
automaton with inputs (m, s), next state s’ and output d
(Fig. 2). An algorithm is defined by the contents of a state
table assigned to the state machine. We are coding an
algorithm into a string representation or a simplified string
representation by concatenating the contents line by line to
a string or a corresponding number, e. g.,

1L2LOL4R5R3R-3LmIRmSLmORmM4Lm2Rm
= 1L2LOL4R5R3R-3L1R5LOR4L2R (short form).
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(b) if not((a1) or (a2)) then move and turn (Lm/Rm)

Figure 1. The conditions for the moving crea-
tures’ rules

The state table can be represented more clearly as a state
graph (Fig. 2). If the state machine uses n states, we call
such an algorithm n-state algorithm. If the automaton is
considered as a Moore automaton instead of a Mealy au-
tomaton, the number of states will be the product n x #r,
where #r is the number of possible directions (4 in our
case).
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s : control state

r : direction

v : new direction

m : creature can move

L/R : turn left/R if (m=1)

Lm/Rm : turn left/R and move if (m=0)

Figure 2. A state machine (a) models the be-
havior of a creature. Corresponding 6-state
algorithm (b)

3 Uniform systems with one creature

In preceding investigations [6] we could discover and
evaluate the best 6-state algorithms for one creature by the



manually
designed
symmetrical
(Env0 — Env3)

6 times randomly
generated (Env10 —
Env15)

manually
designed
asymmetrical
(Env4 — Env9)

Figure 3. The 16 environments with 35x35
cells, manually designed or randomly gener-
ated. Each environment comprises R = 960
empty cells and 129 obstacles.

aid of special hardware. The behavior of all relevant algo-
rithms was simulated and evaluated for 26 initial test con-
figurations (they are different from the ones we are using
here). The following 10 best algorithms with respect to (1.)
success, (2.) coverage and (3.) speed are:
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OOV WUN A W —

. G: 1L2LOL4R5R3R-3L1R5LOR4L2R
. B: IR2ROR4LSL3L-3R1L5SROL4R2L
. C: 1R2ROR4L5L3L-3R4R2LOL1L5SR
. A: OR2R3R4L5L1L-1R5R4ROL2L3L
. D: IR2R3R1L5L1L-1ROL2L4R3LIL
. E: IR2ZLOR4L5L3L-3R4R5ROLIL2R
. F: 1IR2LOL4R5R3R-3L4L5LOR1L2R
. H: 1L2L3R4L2ROL-2L4L0R3L5L4R
. I: 1L2L3L4L2ROL-2L4LOR3R5L4R

. J: 1IR2R3ROR4L5L-4R5SR3L2LOLIL

The following definitions and metrics are used:

¢ k := number of creatures

* R :=number of empty cells

e g := generation (time steps)

* r(g): = number of visited cells in generation g

* rmax .= the maximum number of cells which can be
visited for g — oo

* gmax = the first generation in which 7.« is achieved

* € := rmyax/R[%], the coverage or exploration rate, i. e.
visited cells
all empty cells
* speed := R/gmax (only defined for successful algo-

rithms)
e step rate .= ﬁ (the number of cells visited in one
. spee:
generation)

In order to find an algorithm that is robust against

changes of the environments, we have created a set of
I = 16 environments which all contain 129 obstacle cells
(Fig. 3). Then the algorithms A to J were simulated on them
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Figure 4. Curves showing the number of vis-
ited cells r(g) (generations ¢ on the x-axis,
visited cells » on the y-axis) for the algo-
rithms B, C and J on the environments Env6,
Env10 and Env16. R = 960.



with one creature. The results show that none of the algo-
rithms is capable of solving every environment successfully
(Tab. 1). The best algorithms with respect to these envi-
ronments are the algorithms B, G and J. Algorithm B has
a mean speed (mean speed per k = 1 creature, see defi-
nition in section 4) of 16.12% for the successful environ-
ments. The highest reachable mean speed would be 100%
(visiting one new empty cell in every step). The mean step
rate, which is the reciprocal of the mean speed, is 5.31 (ev-
ery 5.31 steps an empty cell is visited). We can interpret the
mean step rate as work or cost which has to be paid for a
creature to visit a cell (e. g., 5.31€ per empty cell to visit,
or to “clean” one ‘“square meter”, if you think of cleaning
aroom). Fig. 4 shows as example how algorithms may be-
have in principle. Algorithm B is successful for the envi-
ronments 6, 10 and 16 and the speed is comparable (around
960 / 5400). Algorithm J is not successful for the environ-
ments 6 and 10, but we will see later in section 4, that J is
effective in combination with other algorithms.

4 Multi creature and non-uniform systems

In [5, 7] we have evaluated that increasing the number
of creatures can lead to synergy effects, i.e., the uniform
creatures can work more efficiently together than by their
own. 1 to 64 creatures were arranged on the cellular field
symmetrically side by side at the borders (Fig. 5). The same
distribution was used for the following investigation with
two types of creatures.

Rl Ll LI LL INC L LT LT _LLL_M 1 Creature: only at upper border
[ —— 2 Creatures: at upper and lower border
I = 1 4 Creatures: 1 at all borders

TR T TTTN TTTTT M 8 Creatures: 2 at all borders
MITTTTE ML TRECTLLLN TTLLLL M 12 Creatures: 3 at all borders
WTTTITTTTTERCTTTTTNCC TN T M 16 Creatures: 4 at all borders

28 Creatures: 7 at all borders
32 Creatures: 8 at all borders

| [ N | [N [ [ Ne [ [ N[ N4 [ N[ NA | N
eyl 0 Creatures: 15 at all borders

64 Creatures: 16 at all borders

Figure 5. The arrangement of creatures in a
multi creature system.

In order to investigate the performance of non-uniform
systems, we have simulated all pairs (X,Y") of the former
best single algorithms (A to J) on all 16 environments (Fig.
3) whereas the uniform pairs (X, X) are included for com-
parison. We used three different kinds of initial placement
of the different types of creatures on the environment (Fig.
6):

* alternating (a), alternating clockwise, starting with the
first algorithm in the left upper corner

* cornerwise (c), the first algorithm at the upper and
right border, the second at the lower and left border

* sidewise (s), the first algorithm at the upper and lower
border, the second at the left and right border

In our opinion the initial placement can have a significant
effect on the performance, since the positive or negative ef-
fects of conflicts occur more or less frequently depending
on the movements of creatures in the near surroundings.
Regarding the distribution of creatures in Fig. 5 we exem-
plarily simulated every possible placement of 16 creatures
(8 of each algorithm) with the algorithms F and A on envi-
ronment Env3. The minimum value of generations needed
to solve the environment is 472 and the maximum value is
4066, while 1098 is the average value. This shows that the
initial placement can have a significant effect on the perfor-
mance.
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Figure 6. Types of placement of creatures in
start configurations. Empty creatures sym-
bolize creatures of the first algorithm, the
shaded ones creatures of the second algo-
rithm.
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Two creatures. The results (Tab. 2) show that two crea-
tures for the placement a and c are able to solve all 16 envi-
ronments successfully only with the algorithm pairs (A, C'),
(C,A) and (E, A). The uniform pairs (X, X) are not suc-
cessful. The placement s induces a uniform system (two
opposite creatures with the same algorithm) which is not
successful for all environments. The values in the diagonal
are all less than 16.

Metrics for non-uniform systems with more than two
creatures. In the following we will denote a system in the
way XY-kp, where XY is the pair of algorithms, k the num-
ber of agents and p the type of placement (optional). E. g.,
AB-8a is a system with algorithm pair (A,B) comprising 8
creatures placed alternating.

To be able to evaluate and compare non-uniform sys-
tems (including uniform systems) with a different number
of creatures we have defined additional metrics:

* mean speed per creature = ms(k) = ]CZZT% The
speed ms(k) is an average over all environments ¢ and
is related to one creature. This measure expresses how
fast a creature can visit a cell on average (maximum is
100%). This measure should not be used if any envi-
ronment can not be successfully visited because then



(<] X o~ x T -~
£9o €35 8 93
':,;; g E|‘.5 E| 3“5 []
=€ 93 = ] ®
> -
2ol g0 ¢ c o c
0 £ g 3sS 8 85 8%
= 2o EL E EL EWw
5956 852| 16.12%| 5.31
87.32%| 5998| 838( 16.01%| 5.10

85.89%| 6813| 825| 14.09%| 5.78
86.92%| 5626| 834| 17.06%| 4.86
83.42%| 6664|801| 14.41%| 5.20
82.38%| 14297| 791| 6.71%| 8.32
73.08%| 6405| 702| 14.99%| 4.60
47.55%|- 456|- 2.96
36.20% |- 348|- 4.69
36.20% 348|- 4.75

T TS M| =™ O] <[ @] ®|Algorithm

O|O|O|O[O|O|*X[O|O|O|success Envo
O|0|0O|O|0[O|0|O[O|O|success Envi
O| O[O O X|O|O|O|O[O|success Env2
O|O|O|O|*|O[O|O|O|O|success Env3
o|o]o|o|o|oX| oX[X|success Enva
O|O[O|O|O|*| O|*|O|O|success Env5
o|o]o|o|o|oX]| oX[X|success Enve
O|O|O|O| O X|X[X[X|X|5yccess Env7
O|O|O|O|O|O[O|OfX|*X|Success Env8
O|O[O|*[O|>*| O|>|O|O|success Env9
o|ofo]o|o]o[o[*[0]O|success Envio
O[O[O|O|O|O|O|O|X|*X|success Envi1
O|O|O|O|O|O|Of*|O|O|success Envi2
O|O|OX| O X[>[>X| X|*X|Success Env13
O|O[O|OfO| O X|X|X[X|success Envia

O| 0| O[O} %[O|O|O[O|O|success Envis
ololo|rlw| ] o] <]~ |~|No- Successful
[00)
oo
N
N
2

Table 1. Results of the simulation of one creature. The values are averaged over all environments,
respectively of the 7" successfully visited environments in the case of “mean g¢,,.,” and “mean speed”.
An X in the columns “Success Envn” indicates that the environment was successfully solved, an O
that it was not.

ALGORITHM 1

A B C D E F G H I J >
A 12 15 16 | 12 | 16 12 13 11 | 12 | 14 | 133
B 14 11 13 | 10 | 15 13 12 | 11| 9 13 | 121
| C 16 13 12 5 14 13 14 |10 | 8 15 | 120
E D 14 8 7 0 7 7 7 1 2 7 60
E] E 15 15 15 7 8 13 15 9 | 10 | 15 | 122
E[F 13 14 14 6 12 9 13 6 9 15 | 111
S G 13 13 14 | 11 15 14 11 11 | 13 14 | 129
< H 13 13 11 1 7 6 11 1 2 12 77
I 11 10 5 3 10 7 10 2 1 9 68
J 15 14 15 | 10 | 15 14 13 11 | 10 | 12 | 129

ST 136 | 126 | 122 | 65 | 119 | 108 | 119 | 73 | 76 | 126

Table 2. The number of successfully solved environments by two agents with placement « for each
pair of algorithms. The placement ¢ would create the same table with rows and columns transposed.
In the case of two creatures the placement s induces a uniform system whose results are the values
in the diagonal of this table.



the mean speed might be believed higher than reason-
able.

. k- gmax,i
* mean normalized work = mw(k) = % =
max,i
1

k) This value represents the work which is nec-
essary, or the costs one has to pay for one creature to
visit a cell.

ms(XY —k)
ms(XY —kmin) "
system XY-k,in, has to be found which can solve the

problem with the lowest number ki, of creatures.
The relative efficiency relates the mean speed of the
system XY-k to the mean speed of the reference sys-
tem XY-kp,in. This measure compares the costs of the
reference system XY-k,;, with the cost of the system
XY-k. If the relative efficiency is higher than one, the
work can be done cheaper with the system XY-k.

e relative efficiency = First a reference

Two similar measures can be defined if the uniform
reference system X-ky,i, or the uniform reference sys-
tem Y-k;n is choosen instead of XY-k ;5.

% In distinction

to the relative efficiency another reference algorithm
pair is used. The reference is the fastest of any al-
gorithm pair UV (including the uniform “pairs” UU)
which can solve the problem with a minimum number
of creatures.

* absolute efficiency =

A similar measure can be defined if the fastest of any
uniform reference systems U-ky,i, is choosen instead
of UV- kmin'

The efficiency measures are only defined if a k.,;,, exists
and if the system XY-k solves all 16 environments success-
fully. We have assumed for the reference algorithm an alter-
nating initial placement in order to simplify the comparison.

The three successful systems XY-2. The comparison of
the three best (most robust) systems for k = 2 shows that
there is a significant interspace between their costs (work)
(Tab. 3). The system EA-2 costs 22,50€ per visited cell
compared to 14,80€ for the system CA-2.

Successful systems, depending on the number of crea-
tures. Increasing the number of creatures the success rate
also increases (Tab. 4). With 12 creatures, more than 81%
(228/280) of the algorithm pairs can solve all environments.
Even more than 97% can do it with 64 creatures. The most
successful algorithms as a component of a non-uniform sys-
tem are A, J, C, E, F, G, B, H, I, D in that order, averaged
over placement (c, a, s), over the 16 environments and over
the number of creatures (2, 4, 8, ...64).

The fastest systems. Because of the high success rates
of systems with many creatures we will discuss the effec-
tiveness more than the robustness in the following evalua-
tions. Therefore we will only take into account those sys-
tems that were successful on all environments.
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A |C 8291(5.79%| 17.27 €| 0.872| 0.857
E |A |10800|4.44%|22.50 €] 0.669| 0.658

Table 3. The three pairs of algorithms that
successfully solve all 16 environments with
two creatures placed alternating.

The system BJ-64a is the most efficient, needing only
193 generations on average to solve the problem (Tab. 5).
Except for one occurrence of the algorithms F in the system
FC-64a (in rank 24), all pairs of the top 25 (only the top 10
are shown in Tab. 5) are a combination of the best 4 uniform
algorithms for one creature (B, C, G and J).
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64|B [J |a |193|7.79%| 12.84 €| 1.173| 1.153
60|C [J |c |203|7.89%| 12.68 €| 1.188| 1.168
64/ |C |c [210]7.15%] 13.98 €| 1.077] 1.059
64|B [J |c |211]|7.13%| 14.03 €| 1.073| 1.055
64l |C |s [212]7.09%| 14.10 €| 1.068] 1.050
64|C [J |c |213]|7.05%( 14.18 €| 1.062| 1.044
64(C [B |s |213(7.05%| 14.19 €| 1.061| 1.043
64|G [J |s |214]|7.02%| 14.25 €| 1.057| 1.039
64(C [J |s |218(6.89%| 14.51 €| 1.038| 1.020
60|B [C |c |220|7.26%| 13.77 €| 1.093| 1.075

Table 5. The 10 absolute fastest systems
(sorted ascending by “mean g,,,.”) that solve
all 16 environments.

The most efficient systems and synergy. The system
CG-32a is the most efficient (absolute efficiency) consid-
ering the costs per visited cell (Tab. 6). It is 30.9% more
efficient than the reference system CA-2a and 33.2% more
efficient than the reference system J-8. This answers the
question posed in the title of the paper. We may interpret
this effect as synergy. In total 6% (104 out of 1734) of the



NoO. OF SUCCESSFUL NO. OF SUCCESSFUL SYSTEMS / NO. OF COMBINATIONS
NON-UNIFORM (INCL. UNIFORM)
CREATURES | (UNIFORM ONLY) -

a+c+s alternate (a) | corner (c) side (s)

1 - 0/10 0/10 0/10 0/10

2 - 3/100 3/100 3/100 0/10
4 - 46/190 19/100 27/100 19/100
8 J 142/280 22/100 71/100 51/100
12 B,CJ 228/280 76/100 85/100 73/100
16 B,C.E,G,J 237/280 65/100 91/100 91/100
28 B,C,D.E,1,J 269/280 93/100 94/100 94/100
32 C,D.E,EG,H,LJ 265/280 91/100 95/100 95/100
60 B,C,.D,E,EG,H,I,J 272/280 97/100 97/100 96/100
64 B,C,D.E,EG,H,LJ 272/280 97/100 97/100 96/100
total 41/100 1734/2260 563/910 660/910 615/820

Table 4. Percentage of algorithm pairs that solve successfully all 16 environments
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32|C |G |a 339|8.84%|11.31 € 10 6 50 66|2.19| 1.721| 1.451| 1.332| 1.290| 1.309| 12| 16| 12
28|J (G [s 415|8.26%|12.10 € 9 7 63 80|2.32| 1.244( 1.355| 1.244] 1.190| 1.223| 8| 16| 8
16|J |B |s 738|8.13%]|12.30 € 8 6| 114 128|2.14|1.224|1.949| 1.224| 1.154| 1.203| 8| 12| 4
32|d |G |a 3711 8.09%| 12.37 € 10 6 58 74(12.48| 1.218( 1.326( 1.218| 1.165| 1.197| 8| 16| 8
8|J [C [s [1486|8.08%|12.38 € 11 9| 225 245|2.04|1.216| 1.571( 1.216| 1.316| 1.196 8| 12| 4
28|J (B |a 433|7.91%|12.64 € 9 7 65 81|2.36| 1.191( 1.897| 1.191] 1.124| 1.171| 8| 12| 4
28|C [J |s 434(7.90%| 12.66 € 10 8 69 86(2.51| 1.537( 1.190| 1.190| 1.143| 1.170] 12| 8| 4
60(C |J |c 203(7.89%| 12.68 € 8 9 32 49(3.07| 1.535( 1.188| 1.188| 1.142| 1.168] 12| 8| 4
16(B |J |c 761|7.89%| 12.68 € 9 6| 117 132(2.19(1.890| 1.187| 1.187| 1.127| 1.167| 12| 8| 4
32(J |J |* 382|7.86%|12.72 € 8 7 60 7412.47|1.184( 1.184| 1.184| 1.184| 1.164| 8| 8| 8

Table 6. The top 10 most absolute efficient (lowest total costs) non-uniform systems. Constraint: all
algorithm pairs are successful in all 16 environments (visiting percentage = 100%). “*” in placement
means that all three types of distribution are identical in that case.



systems reach an absolute efficiency of more than 1. This
result gives a hint what will happen when good agents are
randomly combined, e. g., during heuristic methods.

With only one exception, the top 25 most efficient algo-
rithm pairs (only the top 10 are shown in Tab. 6) are combi-
nations of B, C, G and J, like for the top 25 fastest.

The table (Tab. 6) includes also values for the relative
efficiencies which became even higher. Considering the top
25 absolute most efficient systems, the relative efficiencies
are 1.89 for BJ-16¢/B-12 and 1.949 for JB-16s/B-12 and
1.316 for JC-8s/JC-4a.

We have also counted the different types of conflicts
(Tab. 6): (a) static obstacle, (b) conflict when a creature
is on the front cell (dynamic obstacle), (c) anticipated con-
flicts (2, 3 or 4 creatures want to visit the same cell). At the
moment it is not clear, whether there is a significant relation
between the efficiency and the types and frequency of the
conflicts.

5 Conclusion

The creatures’ exploration problem was investigated in
the CA model for multiple creatures using combinations of
10 algorithms (behaviors). These algorithms had shown a
good performance in former investigations. The analysis
was performed for 16 new environments of size 35 x 35
and 129 obstacles each.

New metrics have been defined for such multi creature
systems, especially the mean speed, the relative efficiency
(comparing the work of a system with an algorithmic sim-
ilar system using the minimum number of creatures which
can solve the problem), and the absolute efficiency (com-
paring the work of a system with an algorithmic potentially
different system using the minimum number of creatures
which can solve the problem).

A single creature is not successful for all environments.
Two creatures are not successful in the uniform case, but
three non-uniform systems are successful. The overall
fastest system is BJ-64a but it is not the most efficient. The
system CG-32a is 31% absolute more efficient than CA-2a
and 33% more efficient than J-8. The highest relative effi-
ciency reached was 1.95 for JC-8s compared to JC-4a.

Our future work is directed to investigate the relation be-
tween conflicts and efficiency, mixing algorithms in time
instead of space, and to optimize the behavior through meta-
heuristics.
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