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Abstract

To unlock the full potential of evolution in dig-
ital media, a Tierra-like system using network-type
assembly-like language has been constructed. In the
system, like Avida, digital creatures, self-replicating
programs, live in a discrete 2D torus space and an in-
teraction between creatures is restricted locally. Bear-
ing a genetic network in mind, network structure are
introduced. In the previous works, it is shown that
the possibility that the network-type model has more
potential of evolution than a linear-type model like
Avida in a simple environment.

In this paper, to study the potential of evolution
more precisely, we model the effects of environment
other than creatures. As one of the simplest models
of such environment, the costs of execution, i.e. exe-
cuting time, are introduced. The difficult environment
to live in costs high to execute instructions, the easy
environment does low. In computer experiments, we
have investigated the influence of change in environ-
ment by analyzing the process of evolution and diver-
sity of the system. Experimental results show that the
network-type system keeps more stable diversity than
the linear-type system does, even when the environ-
ment changes drastically. This indicates the possibil-
ity that the network-type system has more potential
of evolution than the linear-type system does.
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1 Introduction

In the early work of Artificial Life, T. Ray has cre-
ated Tierra motivated by a desire to observe the evo-
lutionary process in media other than carbon chem-
istry. Evolutionary dynamics of digital creatures, self-
replicating programs, were investigated in Tierra, and
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evolutionary processes and complex symbiotic rela-
tionships between creatures were observed [1, 2]. How-
ever, they have reached an evolutionary stable state,
i.e. the number of species does not increase quickly and
explosively as it does in the Cambrian period. This in-
dicates that the system does not have the same poten-
tial for evolutionary innovation as physical systems.
To unlock the full potential of evolution in digital me-
dia is considered as an open problem in Artificial Life
(3].

To solve the problem, one of the authors have de-
veloped and investigated a system using network-type
assembly-like language [4, 5, 6]. In the system, like
Avida created by C. Adami [7],digital creatures, self-
replicating programs, live in a discrete 2D torus space
and an interaction between creatures is restricted lo-
cally. Bearing a genetic network in mind, network
structure are introduced to the system. As shown in
Figure 1, in the system, each grid in the space has a
virtual CPU, a local memory, three registers, a flag,
and a stack; and each grid has one creature at most.
A memory cell, or node, has an instruction and two
values, the addresses of the node executed next step,
which are used to execute network-type assembly-like
programs. In the previous works, it has been shown
the possibility that the network-type model has more
potential of evolution than a linear-type model like
Avida in a simple environment, as the diversity of the
network-type system is greater than that of the linear-
type system in a computer experiment [6] and the net-
work specific structure is utilized for evolution [4, 5].

In general, evolution can be considered as a process
of adaptation for environment. Therefore, environ-
ment plays a key role as with creatures themselves in
evolution. However, in the system, the world contains
only creatures, and the creatures competed against
each other only for space for living. Thus, to study
the potential of evolution more precisely, we model
the effects of environment other than creatures. As
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Figure 1: Structure of the virtual CPU in the network-
type assembly model.

one of the simplest models of such environment, in
this paper, we have introduced the costs of execution,
i.e. executing time, each instruction into the system.
The difficult environment to live in costs high to exe-
cute instructions, the easy environment does low. The
variety of the distribution of costs among instructions
means that of environment. In computer experiments,
we have investigated the influence of change in en-
vironment by analyzing the process of evolution and
diversity of the system comparing with the linear sys-
tem.

2 Brief System Description

Figure 1 shows that a node has an instruction and
other two values that are the addresses of the node
to be executed next step. The method of an exact
execution is as follows:

step 1. execute the instruction at memory address
0.
step 2. if flag equals 0,
step 2-1. move to the node whose address is written
at lower left in the current node modulo
the size (the number of nodes) of the
creature.
step 2-2. otherwise, move to the node at lower right
modulo the size of it.
step 3. execute the instruction of the current node.
step 4. jump to step 2.

The above process is repeated until a creature die
out. When it copies itself to one of the 4-neighborhood
cells (up, down, left, and right); (1) if there is no space,
i.e., all four cells are already occupied by creatures, the
oldest creature is killed and the new creature is copied
to this cell, (2) otherwise, it is copied to one of the free
cells selected randomly.
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Table 1: Instruction sets.

Network Linear
NOP-A NOP-B NOP-C | NOP-A NOP-B NOP-C
IF-EQU IF-EQU-MOD IF-NOT-EQU
IF-NOT-EQU
IF-NOT-EQU-MOD
JUMP-F JUMP-F JUMP-B
INC DEC SHIFT-R SHIFT-L

INC DEC
PUSH POP PUSH POP

ADD SUD NAND
ALLOCATE DIVIDE

ADD SUB NAND
ALLOCATE DIVIDE

COPY-E COPY
COPY-N1 COPY-N2

SEARCH-F SEARCH-F
SEARCH-F-D SEARCH-B
FLIP-FLAG

The instruction sets' and ancestor creatures are
listed in Table 1 and Table 2.

As shown in Table 2, the network-type assembly
creature have introns, which are unused next nodes in
execution. Network-type system’s creatures have in-
trons naturally but ordinary linear-type system’s don’t
have ones. This realizes the diversity of species? in the
network system. It is already confirmed that the in-
trons are utilized for evolution [4, 5].

3 Experiments

In this paper, to investigate the influence of change
in environment, the distribution of the costs of instruc-
tion execution is changed randomly in a finite range
every constant period. At the first update®, a man-
made ancestor (listed in Table 2) is set to a cell, where
the world’s size is 128 x 128, copy mutation rate is
0.005, divide mutation rate is 0.05, and time-slice* is
30.

After a few thousand updates, the size of dominant
species decreased from 20 to 16, because, in general,
the smaller the size of creature is, the faster the crea-
tures self-replicate.

In this experiment, every 5,000 updates, the envi-
ronment is changed drastically, the distribution of the
costs is changed randomly between 1 and 30. Figure 2

I The details of the instructions are shown in [4, 5].

2In this paper, when two creatures have the same genes but
introns, the two creatures belong to the same species; as for
the network assembly, the values of next nodes are also same
modulo the size of them.

3A artificial unite of time in the world.

4The number of instructions a creature execute every update.



Table 2: Ancestor creatures in network model and in
linear model (“*”: don’t care).

Network Linear
node Inst. next node Inst.
no. flag=0 | flag=1
0 SEARCH-F 1 16* SEARCH-F
1 NOP-A 2 * NOP-A
2 NOP-A 3 15% NOP-A
3 ADD 4 15% ADD
4 INC 5 18%* INC
5 ALLOCATE 6 3* ALLOCATE
6 PUSH 7 6* PUSH
7 NOP-B 8 15% NOP-B
8 POP 9 5% POP
9 NOP-C 10 11%* NOP-C
10 POP 11 9* SUB
11 NOP-B 12 12%* NOP-B
12 COPY-E 13 13 COPY
13 COPY-N1 14 14 INC
14 COPY-N2 15 15 IF-NOT-EQU
15 INC 16 16 JUMP-B
16 IF-EQU 17 12%* NOP-A
17 DIVIDE 18 * DIVIDE
18 NOP-B 19 10* NOP-B
19 NOP-B 5 19%* NOP-B

shows the time series of the number of creatures with
dominant species. It is confirmed that while the fluc-
tuations in the number of the linear system is very
high, that of the network system is low. Figure 3 also
shows the time series of Shannon’s diversity:

H=- Zpi log i,

(2

where p; is the proportional abundance of species
i.Table 3 shows the mean and standard deviation of
Shannon’s diversity during 100,000 updates. These re-
sults show that the network-type assembly keeps more
stable diversity than the linear-type assembly does.

Another experimental results are shown in Figure
4 and 5, and Table 4. In this case, the environment
is changed not too drastically, the distribution of the
costs is changed randomly between 1 and 20. These
results also show that the network-type assembly keeps
more stable diversity.

4 Discussion

Experimental results shows that (1) the fluctuations
in the number of the network system is lower than that
of the linear system; and (2) the network-type system
keeps more stable diversity than the linear-type sys-
tem does, even when the environment have changed
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Figure 2: The number of creatures of dominant species
v.s. updates: the distribution of the costs is changed
randomly between 1 and 30 every 5,000 updates.
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Figure 3: Shannon’s diversity v.s. updates: the dis-
tribution of the costs is changed randomly between 1
and 30 every 5,000 updates.

Table 3: The mean and standard deviation of Shan-
non’s diversity: the distribution of the costs is changed
randomly between 1 and 30 every 5,000 updates.

mean(m) | standard deviation(o)
Network 3.38 0.24
Linear 1.71 0.42

drastically. These mean that the creatures in the net-
work system have high adaptability for the change of
environmental conditions. Therefore, the creatures in
the network system are supposed to continue to evolve
without extinction. This indicates the possibility that
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Figure 4: The number of creatures of dominant species
v.s. updates: the distribution of the costs is changed
randomly between 1 and 20 every 5,000 updates.
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Figure 5: Shannon’s diversity v.s. updates: the dis-
tribution of the costs is changed randomly between 1
and 20 every 5,000 updates.

Table 4: The mean and standard deviation of Shan-
non’s diversity: the distribution of the costs is changed
randomly between 1 and 20 every 5,000 updates.

mean(m) | standard deviation(o)
Network 3.25 0.28
Linear 2.36 0.49

the network-type system has more potential of evolu-
tion than the linear-type system does.
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5 Conclusions

We have shown that, in computer experiments, the
network-type system keeps more stable diversity than
the linear-type system does, even when the environ-
ment have changed drastically. This indicates the pos-
sibility that the network-type system has more poten-
tial of evolution than the linear-type system does.
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