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Preface

Welcome to the 21st International Conference on Intelligent Systems Design and
Applications (ISDA’21) held in the World Wide Web. ISDA’21 is hosted and
sponsored by the Machine Intelligence Research Labs (MIR Labs), USA. ISDA’21
brings together researchers, engineers, developers and practitioners from academia
and industry working in all interdisciplinary areas of computational intelligence and
system engineering to share their experience, and to exchange and cross-fertilize
their ideas. The aim of ISDA’21 is to serve as a forum for the dissemination of
state-of-the-art research, development and implementations of intelligent systems,
intelligent technologies and useful applications in these two fields.

ISDA’21 received submissions from 34 countries, and each paper was reviewed
by at least five or more reviewers, and based on the outcome of the review process,
132 papers were accepted for inclusion in the conference proceedings (36%
acceptance rate). First, we would like to thank all the authors for submitting their
papers to the conference and for their presentations and discussions during the
conference. Our thanks go to program committee members and reviewers, who
carried out the most difficult work by carefully evaluating the submitted papers. Our
special thanks to the following plenary speakers, for their exciting plenary talks:

• Yukio Ohsawa, The University of Tokyo, Japan
• Juergen Branke, University of Warwick, UK
• Cengiz Toklu, Beykent University, Turkey
• Günther Raidl, Technische Universität Wien, Austria
• Kalyanmoy Deb, Michigan State University, USA
• Oscar Cordon, University of Granada, Spain
• Andries Engelbrecht, University of Stellenbosch, South Africa
• Antônio de Padua Braga, Federal University of Minas Gerais, Brazil
• Frédéric Guinand, Le Havre Normandy University, France
• Marco Dorigo, Université Libre de Bruxelles, Belgium
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We express our sincere thanks to the organizing committee chairs for helping us
to formulate a rich technical program. Enjoy reading the articles!

Ajith Abraham
Thomas Hanne
Weiping Ding
General Chairs

Tzung-Pei Hong
Tatiane Nogueira Rios

Program Chairs
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Abstract. Combinatorial evolution – the creation of new things through
the combination of existing things – can be a powerful way to evolve rather
than design technical objects such as electronic circuits. Intriguingly, this
seems to be an ongoing and thus open-ended process creating novelty with
increasing complexity. Here, we employ combinatorial evolution in soft-
ware development. While current approaches such as genetic program-
ming are efficient in solving particular problems, they all converge towards
a solution and do not create anything new anymore afterwards. Combi-
natorial evolution of complex systems such as languages and technology
are considered open-ended. Therefore, open-ended automatic program-
ming might be possible through combinatorial evolution. We implemented
a computer program simulating combinatorial evolution of code blocks
stored in a database to make them available for combining. Automatic pro-
gramming in the sense of algorithm-based code generation is achieved by
evaluating regular expressions. We found that reserved keywords of a pro-
gramming language are suitable for defining the basic code blocks at the
beginning of the simulation. We also found that placeholders can be used
to combine code blocks and that code complexity can be described in terms
of the importance to the programming language. As in a previous combi-
natorial evolution simulation of electronic circuits, complexity increased
from simple keywords and special characters to more complex variable dec-
larations, class definitions, methods, and classes containing methods and
variable declarations. Combinatorial evolution, therefore, seems to be a
promising approach for open-ended automatic programming.

Keywords: Automatic programming · Combinatorial evolution ·
Open-endedness

1 Introduction

Genetic algorithms and evolutionary computation in general are widely used
for solving optimisation problems [6]. Such algorithms follow the paradigm of
biological evolution. They consist of a collection of virtual organisms, where
every organism represents a possible solution to a given problem. Some fitness
c© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
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measure is then calculated for each organism in an iterative process and it tries
to find improved solutions by forming random mutations and crossovers on them.

In contrast to such evolutionary computation, combinatorial evolution as pro-
posed by W. Brian Arthur [1,2], makes no modifications to the organisms them-
selves. New solutions are formed through the combination of existing components
which then form new solutions in later iterations with the goal of satisfying certain
needs. The more useful a combination is, the higher is its need rating. Combining
existing components to construct new components can be observed in the evolution
of technology [1,2]. For instance, the invention of radar was only possible through
combining simpler electronic parts fulfilling functions like amplification and wave
generation [3]. In order to investigate combinatorial evolution, Arthur and Polak
[3] created a simple computer simulation, where electronic circuits were evolved in
a combinatorial manner. Their simulation started by randomly combining prim-
itive elementary logic gates and then used these simpler combinations for more
complicated combinations in later iterations. Over time, a small number of sim-
ple building blocks was transformed into many complicated ones, where some of
them might be useful for future applications. It was concluded that combinatorial
evolution allows building some kind of library of building blocks for the creation
of future and more complicated building blocks.

Intriguingly, combinatorial evolution is a key ingredient to achieve open-
ended evolution [27,29], that is the ongoing creation of novelty [4,26]. This con-
trasts classical computational approaches where the aim is to converge towards a
solution as fast as possible. Computational approaches according to open-ended
evolution are therefore not more efficient but they are more creative since they
generate ongoing novelty.

Here we want to explore whether combinatorial evolution could be also
applied to software development, more specifically to automatic programming to
eventually make it open-ended [7]. An early idea of automatic programming was
to implement high-level programming languages that are more human readable
resulting in compilers, which produce low-level programs – down to machine
code – from human readable syntax [8]. However, human input in some form
was still needed and the programming task was simply transferred to a higher
level. Furthermore, the software solution is limited by the programmer’s capabil-
ities and creativity. Language therefore remains a barrier between programmers
and computers. A way around this barrier would be to let the computer do
the programming (also occasionally denoted as metaprogramming [10]), which
might even lead to better programs. Koza [18] addressed this issue through
genetic programming, where populations of computer programs are generated
by a computer using genetic algorithms. The problem space consists of programs
that try to solve (or approximately solve) problems. It has been demonstrated
that random mutations and crossovers in source code can effectively contribute
in creating new sophisticated programs [24].

Therefore, it seems possible to define a programming task and let a computer
do the programming. However, looking at the process of software development,
programming seems more comparable to technological rather than biological
evolution. Existing libraries or algorithms are often integrated into new software
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without the necessity of modifying them. Therefore, an automatic programming
approach that creates new computer programs by means of combinatorial evo-
lution might be an interesting alternative to genetic programming. Also, due to
open-endedness, combinatorial evolution holds the promise to be more creative
generating ongoing novelty. In the present study we investigate ways to define a
programming task for automatic programming through combinatorial evolution
including the evaluation of the generated code with a need rating. Our research
question is whether it is possible to generate computer programs of increas-
ing complexity using automatic programming through combinatorial evolution.
Specifically, we ask what kind of basic code blocks are needed at the beginning?
How are these code blocks implemented to allow them to combine? How can
code complexity be measured?

2 Automatic Programming

Since the development of computers, it has been a challenge to optimise and
adapt program code to access the potential performance of a computer. While
the computational power of computers has been steadily increasing in recent
years, program code is still limited by the ability of programmers to create effi-
cient and functioning code. Programming languages have also evolved over the
past decades. The development of programming languages has sought to pro-
vide programmers with abstractions at higher levels. However, this also led to
limitations, especially regarding performance and creativity. It is thus intriguing
to shift the programming to the computer itself. Most of the programming is
currently done by human programmers, which often leads to a time-intensive
and error-prone process of software development. The idea that computers auto-
matically create software programs has been a long-standing goal [5] with the
potential to streamline and improve software development.

Automatic programming was first considered in the 1940s describing the
automation of a manual process in general and with the goal to maximise effi-
ciency [22]. Later, automatic programming was considered a type of computer
programming in which code is generated using tools that allow developers to
write code at a higher level of abstraction [22]. There are two main types of
automatic programming: application generators and generative programming.
Cleaveland [9] describes the development of application generators as the use
of high-level programming models or templates to translate certain components
into low-level source code. Generative programming, on the other hand, assists
developers in writing programs. This can be achieved, e.g. by providing standard
libraries as a form of reusable code [10]. In generative programming it is crucial
to have a domain model, which consists of three main parts: a problem space,
a solution space, and a configuration knowledge mapping that connects them
[11]. The problem space includes the features and concepts used by application
engineers to express their needs. These can be textual or graphical program-
ming languages, interactive wizards, or graphical user interfaces. The solution
space consists of elementary components with a maximum of combinability and
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a minimum of redundancy. The configuration knowledge mapping presents a
form of generator that translates the objects from the problem space to build
components in the solution space [10]. Most recently, automatic programming
shifted towards higher level programming languages and incorporating even more
abstraction [21].

While these kinds of automatic programming heavily depend on human inter-
action and thus the capabilities and creativity of programmers, genetic program-
ming can be regarded an attempts to reduce this dependency and shift the focus
to automation done by the computer itself. Koza [18] describes genetic program-
ming as a type of programming in which programs are regarded as genes that
can be evolved using genetic algorithms [15,16]. It aims to improve the per-
formance of a program to perform a predefined task. According to Becker et
al. [5], a genetic algorithm takes, as an input, a set of instructions or actions
that are regarded as genes. A random set of these instructions is then selected
to form an initial sequence of DNA. The whole genome is then executed as a
program and the results are scored in terms of how well the program solves a
predefined task. Afterwards, the top scorers are used to create offspring, which
are rated again until the desired program is produced. To find new solutions,
evolutionary techniques such as crossover, mutation, and replication are used
[23]. Crossover children are created by picking two parents and switching certain
components. Another technique is mutation, which uses only one individual par-
ent and randomly modifies its parts to create a new child. Sometimes parents
with great fitness will be transferred to the next iteration without any mutation
or crossover because they might do well in later steps as well.

3 Combinatorial Evolution

With combinatorial evolution, new solutions build on combinations of previously
discovered solutions. Every evolution starts with some primitive, existing build-
ing blocks and uses them to build combinations. Those combinations are then
stored in an active repertoire. If the output satisfies a need better than an earlier
solution, it replaces the old one and will be used as the building block in later
iterations. Building blocks are thus not modified, they are combined together
creating new building blocks. The result is a library of functionalities that may
be useful for a solution in the future [1,2].

As Ogburn [20] suggested, the more equipment there is within a material
culture, the greater the number of inventions are. This is known as the Ogburn’s
Claim. It can therefore be inferred that the number and diversity of developed
components as well as their technological developments matters because next
generation components build upon the technological level of the previous, exist-
ing components. To investigate this, Arthur and Polak [3] created a simple com-
puter simulation to ‘discover’ new electronic circuits. In their simulation, they
used a predefined list of truth tables of basic logic functions such as full adders
or n-bit adders. Every randomly created combination represented a potential
satisfaction of a need, which was then tested against this list. If the truth table
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of a newly created circuit matched one from the predefined list, it is added to the
active repertoire as it fulfils the pre-specified functionality. Sometimes, it also
replaced one that was found earlier, if it used fewer parts and therefore would
cost less. New technologies in the real world are not usually found by randomly
combining existing ones nor do they exist in a pre-specified list to be compared
against. Nevertheless, their needs are generally clearly visible in economics and
current technologies [3].

Combinatorial evolution is in general an important element of evolution-
ary systems. Stefan Thurner and his colleagues developed a general model of
evolutionary dynamics in which the combination of existing entities to create
new entities plays a central role [27–29]. They were able to validate this model
using world trade data [17], therefore underlining the importance of evolution-
ary dynamics in economic modelling in general and combinatorial interactions
in particular. The model shows punctuated equilibria that are typical for open-
ended evolutionary systems [27–29].

4 Code Complexity

Genetic algorithms have been used for automatic programming already, however,
a large number of iterations are required to significantly increase code complexity
in order to solve more complex problems [14]. It therefore seems beneficial to
use combinatorial evolution in which complexity seems to increase in fewer steps
and thus less time.

Code complexity has been measured in this context with different approaches.
The cyclomatic complexity of a code is the number of linearly independent paths
within it [12]. For instance, if the code contains no control flow elements (con-
ditionals), the complexity would be 1, since there would be only a single path
through the code [30]. If the code has one single-condition IF statement, the
complexity would be 2 because there would be two paths through the code – one
where the IF statement evaluates to TRUE and another one where it evaluates
to FALSE [30]. Two nested single-condition IFs (or one IF with two conditions)
would produce a complexity of 3 [19,30]. According to Garg [13], cyclomatic
complexity is one of the most used and renowned software metrics together with
other proposed and researched metrics, such as the number of lines of code and
the Halstead measure. Although cyclomatic complexity is very popular, it is
difficult to calculate for object-oriented code [25].

5 Methods

5.1 Development Setup and Environment

We used the programming language Java though other programming languages
would have been feasible as well. The development environment was installed
on VirtualBox – an open source virtualisation environment from Oracle. Oracle
Java SE Development Kit 11 was used with Apache Maven as build automation
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tool. To map the existing code with a database, Hibernate ORM was used. It
allows mapping object-oriented Java code to a relational database. Furthermore,
code versioning with GitHub was used.

5.2 Simulation

Simulations are initialised by adding some basic code building blocks into a
repository. The first simulation iteration then starts by randomly selecting code
blocks from this repository. Selected blocks are then combined into a new code
block, which subsequently gets analysed for its usefulness and complexity. Based
on this analysis, the code block is assigned a value. Nonsense code, which is
the most common result when randomly combining keywords of a programming
language, are assigned a value of 0 and not used any further. Only code blocks
with a value greater than 0 are added to the repository and consequently have
a chance of being selected in a later iteration.

5.3 Code Building Blocks

Preliminary experiments in which code snippets with placeholders were prede-
fined showed that this approach would limit the creativity and complexity of
the automatic programming solution by the predefined snippets. The simulation
would only create program logic that is already given by the basic set of code
blocks.

To overcome this limitation, we defined basic code building blocks accord-
ing to keywords and special characters of the Java programming language, e.g.
the keywords int, for, class, and String as well as the special characters
&, =, ;, and {. Additionally, we defined three more extra code blocks: First,
PLACEHOLDER to define where blocks allow other code blocks to be combined and
integrated. This is particularly important for nesting certain code elements, such
as methods that must be nested into a class construct to be valid Java code. Sec-
ond, NAME to name something, e.g. classes, methods, and variables. And third,
the special keyword main in the main method definition.

5.4 Selecting and Combining Code Blocks

During the selection process, new source code is generated based on combinations
of existing code blocks from the repository. The chance that a particular code
block is selected depends on its classification value (see next section). In a first
step, a helper function defines a random value of how many code blocks are taken
into consideration in the current iteration. There is a minimum of two code blocks
required to generate a new code block. The maximum number can be predefined
in the program. Arthur and Polak [3] combined up to 12 building blocks. To
reduce the number of iterations needed for receiving valid Java code, a maximum
of eight blocks turned out to be a good limit. After randomly defining the number
of code blocks to be combined, the weighted random selection of code blocks
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based on their classification value follows. Instead of simply chaining all selected
code blocks together, there is also the possibility to nest them into a placeholder
if available. A random function decides whether a code block is nested into
the placeholder, or simply added to the whole code block. This procedure is
important because program code usually exhibits such nested structures.

5.5 Code Analysis and Building Block Classification

After the selection and combination process, the newly generated source code is
passed into the classification function where it gets analysed. The classification
process is required to weight the different code blocks according to their rele-
vance in the Java programming language and to see whether the code evolved
with respect to complexity. This is achieved with regular expression patterns,
which allow identifying relevant Java code structures such as classes and meth-
ods that can be weighted with predefined classification values for these code
structures. Basic structures such as variable declarations are assigned a value
of 1. More elaborate structures such as classes have a value of 2 and even more
complicated structures such as methods have a value of 3. If a structure contains
several of these substructures, their classification values is added. An important
structure in many programming languages is the declaration of a variable. With
the following regular expression, any declaration of the value types boolean,
byte, char, double, float, int, long, and short are detected:

(PLACEHOLDER (?! PLACEHOLDER ))?
(boolean|byte|char|double|float|int|long|short) NAME;
(PLACEHOLDER (?! PLACEHOLDER ))?

Other important elements are brackets. E.g. they are used in methods and classes
specifying the body. The syntax is given by the programming language. Place-
holders inside brackets are important, they allow new code to be injected into
existing code blocks in future combinations. We therefore created the following
regular expression:

^(\{ PLACEHOLDER \}|\( PLACEHOLDER \))$

As already shown in the simple simulation with electronic circuits [3], one needs
a minimal complexity of the initial building blocks to be able to generate useful
and more complex future combinations. Classes and methods are essential to
build anything complex in Java. Therefore, regular expressions were implemented
to identify valid classes and methods. Valid means, the element is closed and
it successfully compiles. Variable declarations and methods are allowed to be
nested in the class structure. The following regular expression to detect classes
was developed:

(protected|private|public) class NAME \{

(( boolean|byte|char|double|float|int|long|short) NAME;

|( protected|private|public) void NAME\(

(( boolean|byte|char|double|float|int|long|short) NAME )?\) \{

(( boolean|byte|char|double|float|int|long|short) NAME;


