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Genetic Programming is known to provide good solutions for many problems like the
evolution of network protocols and distributed algorithms. In most cases it is a hardwired
module of a design framework assisting the engineer in optimizing specific aspects in
system development. In this article we show how the utility of Genetic Programming can
be increased remarkably by isolating it as a component and integrating it into the model-
driven software development process. Our Genetic Programming framework produces
XMI-encoded UML models that can easily be loaded into widely available modeling tools,
which in turn offer code generation as well as additional analysis and test capabilities.
We use the evolution of a distributed election algorithm as an example to illustrate how
Genetic Programming can be combined with model-driven development.
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1. Introduction

Genetic Programming (GP) can be defined as the automated generation of computer

programs by artificial evolution. Among many other applications, it has successfully

been used for creating protocols with minimum communication costs[16, 52, 10],

software testing[14], and for evolving hardware/software co-designs[13]. In our previ-

ous work, we applied Genetic Programming in the area of distributed computing.[47]

We evolved proactive aggregation protocols for large-scale distributed systems and

local algorithms that create a specified global network behavior[45, 46].

In this research, Genetic Programming utilizes an internal algorithm representa-

tion especially tailored for evolution and simulation. Like in many of the current GP

systems, this internal representation is then translated to one specific programming

language. If this translation is performed automatically by an output filter of the

system, we speak of a monolithic GP applicationa.

aWe use the same terminology for systems that evolve individuals directly in the target represen-
tation like Grammar-guided Genetic Programming.
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Especially for the evolution of algorithms, such a restriction to one programming

language makes no sense. Algorithms are general, platform-independent descriptions

of processes. It would be more reasonable if they were returned in an independent

format by the Genetic Programming system.

In this article we discuss how the results of Genetic Programming can be rep-

resented in a standardized format which allows them to be analyzed, transformed,

and tested.

2. Genetic Programming and MDD

In Genetic Programming the genome and usually also the phenotypic representa-

tions of the solution candidates differ from the format in which the results will be

delivered. Algorithms for example are often evolved in a tree-like form. They do

not need to be compiled but can be interpreted directly on simple virtual machines.

The result of the evolution, C code for instance, is produced by a transformation

filter processing the output of the Genetic Programming system, as illustrated in

Figure 1.

Such a translation of the internal representation into the desired output format

takes place in many applications of Genetic Programming. Its disadvantage is the

fixed binding of the phenotypes to one single applicable representation. Translating

the results into an intermediate format which can be processed by different tools

would add great flexibility (see Figure 2) while only requiring little additional work.
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Fig. 1. Monolithic GP
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Fig. 2. GP with XMI output MDA

2.1. Model-Driven Development

Model-Driven Development[3] (MDD) and the Model-Driven Architecture[4, 39]

(MDA) guided by the Object Management Group (OMG) are key methodologies
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for software and system design. They suggest to start the application development

with an elaborate modeling phase. Although the times of writing programs from

scratch have long been gone, there are few software engineering technologies that

impose such clear and formal guidelines like MDA. A model is a simple and intuitive

specification of the application and can be transformed into program code.

Initially, a platform-independent model (PIM) is created which only describes

the application semantics, abstracting from a specific technology. The PIM can be

transformed into a platform-specific model (PSM) bound to a certain target system.

Finally, the PSM is transformed to source code in a programming languageb. These

steps can be performed by automated tools which prevent programming errors,

speed up the development process, and thus decrease the software development

costs. There exist various methods to perform model transformations, spanning

from QVT[25] (Query, View and Transformation, model-to-model transformation),

MOFScript[33] (model-to-source code) to direct XML transformations using XSLT

style sheets.

MDA recommends using the Unified Modeling Language[18] (UML) for model

specification, the most popular and wide-spread modeling language in software en-

gineering. The model elements of UML are defined by the UML meta-model which

in turn is an instance of the Meta-Object Facility[27] (MOF). MOF models can be

exchanged between different MDD tools in the standardized XML Metadata Inter-

change format[23] (XMI). There exists a schema for UML models that allows them

to be serialized as XMI.

2.2. Combining MDD and GP

After translating the results of Genetic Programming into XMI-encoded UML mod-

els, they can be imported into a wide range of MDD tools and we can use their code

generation and transformation abilities to translate the models into implementations

for a variety of target platforms. We can additionally perform further optimizations,

tests, and analyses on the algorithms using standard software engineering methods.

Genetic Programming will usually not create whole applications. Instead, it

will just evolve certain functionality which can be encapsulated in a module. If

the application which will include this module is also modeled in UML, the grown

algorithms can be integrated directly into its model. This way we can achieve a

consistent view of the whole system in one common specification.

It also becomes much easier to combine different (evolved) program parts. One

example for such a situation would be that an algorithm is needed which transmits

messages along the spanning tree of a sensor network if a specific event is detected.

It is unlikely that one could genetically evolve an algorithm that is able to perform

this task as a whole. Thus, a divide-and-conquer strategy should be applied. An

bIn some cases, the PSM itself is already source code. In these cases, the model-to-text transfor-
mation is applied to the PIM.
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algorithm could be evolved that automatically finds and maintains a spanning tree

and another algorithm can be grown that optimizes the detection of the event,

maybe by using different, problem-specific internal representations. If both results

are returned as XMI, they can be combined in a software design tool with very little

effort.

3. Related Work

In the last two decades, the area of automated protocol generation using evolution-

ary algorithms has been visited by different researchers. Yamaguchi et al. have pro-

posed a method to derive protocol specifications from service specifications which as

described as Petri Net models with registers[51]. Based on this idea, they formulate

and solve a message exchange optimization problem in order to reduce communica-

tion costs[16]. Tschudin has developed a new execution model for computer commu-

nications called Fraglets[42]. Yamamoto and he were able to evolve Fraglet-based

protocols for reliable and unreliable communication channels[52]. Special applica-

tions like efficient broadcasting on different network topologies were the subject of

the studies of Comellas and Giménez[10].

The evolution of distributed algorithms itself is indeed a new area. One impor-

tant perspective on this topic is given by Qureshi[36, 38] who discusses the evolution

of agents. He showed that communication behavior can be evolved along with agent

cooperation and that it is possible that agents can “learn” how to communicate

with other predefined agents by Genetic Programming. Offline emergence engineer-

ing with GP for distributed and communicating agent societies is one of our recent

research activities. We were able to show that load balancing algorithms based on

multi-agent systems can be evolved[53].

Currently, a lot of research is done on the software engineering sector in or-

der to improve the model-driven development approach[3, 49]. The translation of

the application models to program code is a vital part of MDD tool chains. Many

modeling tools like Enterprise Architect, Poseidon, and IBM Rational Software Ar-

chitect/Modeller therefore provide some template facilities for this code generation.

Although these components are already matured, defining and coordinating the ap-

propriate transformations is still a cumbersome task and there is often the need for

subsequent manual code insertion.

A more attractive approach adopted by many works[7, 29, 11, 24] is to export

the models to the XMI interchange format and then using XSLT transformations

to produce the source code. Here, the drawback is that the style sheets will only

work with one specific version of XMI and also require in-depth knowledge this

format. MOFScript[33], on the other hand, provides the advantage of defining the

transformation script from the perspective of the UML model, with all the bene-

fits, abstractions, and direct access to the interdependencies among the modeling

elements[1, 34].

A similar approach is practiced in the MDWorkbench[40] system, where rules
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and sets of procedural expressions for querying model elements can be defined.

Within a rule, text templates can be called to generate output. These templates are

specified in the Text Generation Language (TGL) and can produce both, static and

dynamic texts, depending on the model information. These aspects are integrated

into MOFScript directly and there is no need to invoke external templates. This

makes it a very light-weight tool which yet can produce flexible text output.

With its current state of maturity, MDD gains value for applications with more

scientific character like the design of multi-agent[35] or real-time systems[41]. No

research however has yet been conducted on the integration of Genetic Programming

into the model-driven software development process itself.

4. Evolving Distributed Algorithms

As already mentioned in the introduction, the focus of our work is put on utilizing

Genetic Programming for distributed systems. In this section we give an introduc-

tion on how a desired behavior of a network can be translated by Genetic Program-

ming into algorithms that run on its nodes.[45] After elaborating on the key aspects

of this topic, we give a small example which we will solve with two different GP

approaches and which is used later for demonstration purposes.

An important aspect of the evolution of distributed algorithms is how the ob-

jective values, describing the utility of the evolved programs, are determined. In

our experiments, we therefore use simulation environments for whole networks. The

nodes of the network are represented by virtual machines. As in reality, many of

them run asynchronously at approximately the same speed, which may differ from

node to node and cannot be assumed to be constant either. Transmissions are broad-

casted like radio waves that spread into all directions and are received by any node

in range.

We apply multi-objective Genetic Programming since it allows us to optimize the

algorithms for different aspects. As functional objective, we perform a comparison

of the observed behavior of the simulated network (running the evolved algorithms)

with the desired global behavior. Non-functional objective functions foster the eco-

nomical use of resources, minimizing communication and program size, for instance.

4.1. Evolving an Election Algorithm

Election algorithms have many applications in distributed systems. In Windows

domains they are used to select the master browser[15], and in many group com-

munication protocols the coordinator is determined with an election[43]. They are

part of clock synchronization methods as well[20]. Election is also a very common

functionality needed in numerous agent scenarios[12].

A distributed election algorithm can be initiated by any number of nodes in

the system and will reach a terminal configuration in which exactly one node is

elected as leader and all nodes agree to this choice[31]. The challenge of such an
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election procedure is the distributed nature: It must be ensured that all nodes get

a consistent view of the election.

In the simulations, we initialize all virtual machines with their own ID in a

dedicated memory cell or variable. If an algorithm makes progress, the nodes should

have assumed greater (valid) IDs after some time. A fully functional algorithm would

accomplish that the first memory cells of all nodes contain the maximum ID. If the

algorithm is also resource-friendly, it should reach this goal with as few transmissions

as possible.

Therefore, we apply three objective functions: the first function, subject to max-

imization, is the aggregation of all valid IDs stored in the first memory cells of the

nodes over all time steps (see equation Equation 1).

f1 =
∑

∀ time t

∑

∀ nodes n

{

n.mem[0](t) if valid(n.mem[0](t))

0 otherwise
(1)

It is an indicator both for the functionality as well as the convergence speed

of the evolved algorithms. The second and third objective functions both optimize

non-functional aspects: They are used to minimize the number of messages sent and

the length of the algorithms.

4.2. Using Linear Genetic Programming

In contrast to the traditional tree-based Genetic Programming methods, linear Ge-

netic Programming (LGP) evolves algorithms as sequences of instructions, very

much like assembler code [32, 8, 9].

One of the results obtained with linear Genetic Programming guided by the

aforementioned objective functions is displayed in Figure 3. The algorithm consists

of two parts: a procedure that is called when the node starts up (procedure 0) and

an asynchronously called, interrupt-like routine (an automatically defined function,

ADF) which receives incoming messages (procedure 1). In this simple algorithm,

the nodes constantly broadcast the greatest ID they have encountered in a loop,

reducing the network traffic only by performing dummy work. By constantly sending

(probably unnecessary) messages and thus not being optimal, the algorithm ensures

that nodes started later will still take part in the election.

4.3. Using Rule-Based Genetic Programming

As already mentioned, one of the advantages of our approach is that we can use the

same XMI output converter to produce PIM models for different Genetic Program-

ming methods. We have already discussed the above linear Genetic Programming

solution in our previous work[50, 49]. This time we apply the output conversion to an

election algorithm grown using Rule-based Genetic Programming[48, 53] (RBGP).

Rule-based Genetic Programming is very different from linear Genetic Program-

ming in that it has been developed with the goal of reducing epistasis[48]. In terms
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procedure_1called asynchronously when
a message comes in

compare the known and
the received value

if no improvement then exit
exchange values

0: zf = (params[0] < mem[0])

1: if zf then goto 3
2: xchg params[0], mem[0]

// exit?

procedure_0called on startup

store 1st variable into
output buffer

send output buffer

go back to start

0: push mem[0]

5: send
6: goto 0

1: some useless operations used
2: to delay and, as a consequence,
3: reduce transmissions in the
4: simulated/evaluated time span

Fig. 3. An election algorithm evolved using LGP

(int > at) ∨ (at ≤ 0) ⇒ send

(0 > 1) ∨ (at ≤ 0) ⇒ outt+1 = idt

≪ useless ≫

true ∧ (at < int) ⇒ at+1 = int

≪ useless ≫

(at > 1) ∨ (at < int) ⇒ outt+1 = int

Listing 1. An election algorithm
evolved using RBGP

of evolutionary algorithms, epistasis identifies unwanted dependencies between dif-

ferent parts of a genotype. Changing, for instance, one part of a program has severe

impact on the meaning of the other parts. Furthermore, the order in which the

instructions of a program are executed is very important. Hence, epistasis increases

the problem hardness for evolutionary algorithms.

In RBGP, a program is defined as a set of rules which are executed in a cycle

where the condition parts of each rule are checked. If a condition evaluates to true,

the corresponding action part (on the right side of the rule) is executed. Unlike in

LGP, where the memory is directly represented as an array of cells, RGBP programs

work on a set of named variables. Write access to a variable is performed to a

temporary storage and committed after all rules are evaluated (this is why the

symbols in Listing 1 are annotated with the subscripts t and t+1). As a result, the

order of the rules plays no role anymore and the epistasis is effectively reduced.

In the election algorithm experiment with RBGP, three special variables are

defined: id contains the id of node, out contains the values to be sent to other

nodes, and in will be filled with the contents of incoming messages. A message

(containing the value of out) is transmitted when the command send is invoked. a is

a multi-purpose variable which is expected be filled with the result by the algorithm.

Listing 1 depicts an RBGP program denoting an evolved election algorithm.

5. Creating a PIM

These algorithms have both been evolved in internal representations – exactly as

displayed in Figure 3 and Listing 1. The next step is to transform them into suitable

UML models and to produce XMI-formatted output which will be used as input for

creating source code.

First we have to analyze which entities must be specified in order to describe

a (distributed) algorithm completely. In principle, each algorithm is constituted by

three parts:
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(1) the data structures the algorithm works on,

(2) the primitive instructions that work on that data structures, and

(3) the control flow (i. e., the sequence of primitive instructions).

5.1. Control Flow Model

The control flow of an algorithm can easily be represented using an activity diagram.

In general, the single procedures of an algorithm are modeled as compound activities

including a set of simple actions. Each of them corresponds either to the execution

of a single instruction or to a branch to another procedure. Transitions define the

sequence of the instructions inside the procedures and denote unconditional jumps

whereas conditional jumps are represented by decision nodes.

Since we evolve distributed algorithms, we also need means for modeling trans-

missions. Broadcasting a message corresponds to sending a signal and the asyn-

chronous mechanism of receiving messages is modeled as a parallel thread. This

thread contains an infinite loop of a receive event action followed by a call to the

message handler. Figure 4 illustrates the control flow of the example algorithm from

Section 4.1.

5.2. Data Model

The nodes of a distributed system as well as the virtual machines that we use to

simulate our evolved algorithms can be modeled in a class diagram. They have

a fixed-size memory, a stack and a flag variable. Parameters for procedures (also

integer numbers) are stored in an additional parameter list. The interrupt-like pro-

cedure, which is invoked whenever a message comes in, finds the message stored in

this array. These data structures can be modeled as member variables: the memory

mem, the parameter array params and the stack stack are lists of integer numbers,

whereas the flag zf is a Boolean value.

It should be noted that modeling nodes as classes does not necessarily imply

the application of object-oriented programming. Classes are just means to specify

data structures along with operations working on them. Figure 5 shows the class

diagram of our example algorithms.

5.3. Modeling the Primitive Operations

Finally, the primitive operations used by the algorithms must be specified. Gener-

ally, our distributed algorithms can consist of three different types of operations:

(1) Operations that modify the control flow like jumps (goto in the LGP exam-

ple) or procedure calls are already defined in the activity diagram of Section

Section 5.1 – as transitions, decision nodes, or behavior-invoking actions.

(2) Operations with obvious semantics like value assignments or arithmetic opera-

tions require no additional specification.



April 18, 2009 14:3 WSPC/INSTRUCTION FILE article

Combining Genetic Programming and Model-Driven Development 9

callInterrupt :

procedure_1
MessageReceived

end

callMain :

procedure_0

start

procedure_1

start

end

zf params[0] mem[0]= <

xchg(params[0],mem[0])

[zf true]==[zf false]==

conditional
jump

procedure_0

start

push(mem[0])

send

zf mem[0] params[0]= >

(useless)

zf mem[0] params[0]= >

(useless)

zf mem[0] params[0]= >

(useless)

params[0] mem[0]=

(useless)

Fig. 4. The control flow of the evolved LGP election algorithm from Figure 3.

(3) Other operations like pushing something onto the stack or transmitting all data

currently on the stack as message (push and send in the LGP example) need to

be defined more precisely. Their semantics can be specified as post-conditions

using the Object Constraint Language OCL[22].

5.4. Modeling LGP and RBGP Programs

The modeling language discussed above has first been derived for imperative pro-

grams such as the results of linear Genetic Programming. Hence, algorithms a dis-

played in Figure 3 can be directly transformed into platform-independent models
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Node

- mem: int [0..n]

- params: int [0..n]

- stack: int [0..10]

- zf: boolean

+ pop() : int

+ procedure_0() : void

+ procedure_1() : void

+ push(int) : void

+ send() : void

Fig. 5. The data structure definition of the evolved election algorithm.

like the one illustrated in Figure 4 on the preceding page.

Of course, the introduced primitives and structures also apply to programs ex-

pressed in the rule-language of RBGP. In RBGP, the number of variables is fixed,

so we can map each variable to a single cell in mem. Additionally, we use the params

array as temporary storage for the symbols that have been modified. The code that

commits this storage is automatically attached to the control flow model. The inter-

rupt called whenever messages come in is no longer needed since incoming messages

are always of length 0 and are still written to the memory address representing

the symbol in in the params array. The send action in RBGP can be expressed

as a send command in the code flow model with a preceding push of the memory

cell that stands for the out symbol (see also Listing 3). An RBGP program now is

an infinite loop which iterates over (nested) decision nodes representing the single

rules.

Therefore, these models are larger than those produced by translating LGP

programs and have not been illustrated here for this reason. However, they can be

transformed using exactly the same means as can be applied to the models of LGP

programs and that are discussed in the following.

The important point is that the expense for creating an XMI-output writer only

needs to be spent once (at least per problem domain), since this component can be

reused for translating different internal representations into UML models.

6. Transforming the UML Models

One of the goals of the MDD-based development is the possibility to automatically

generate code from the application models using transformation tools. The models

provided as output of our GP system are basically platform-independent. They can

either be translated to platform-specific models first or directly to source code in a

given programming language. In our work, we have chosen the latter. We support

such automatic source code generation using the MOFScript language, a model-to-

text transformation language obtained from the MODELWARE project[39]. MOF-
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Script is currently a candidate in the OMG RFP process on MOF Model-to-Text

Transformation[33] and is intended to cover the aspects required in the context of

text generation in software engineering.

At present, MOFScript supports transforming UML models created using an

EMF-basedc implementation of a subset of OMG UML 2.x metamodel, obtained

from the Eclipse UML2 Project [19].

...
int[] mem;
int[] stack;
int stackPtr;
int[] params;
bool zf;

...
void procedure_0 () {

a0: push(mem [0]); goto a1;
a1: zf = mem[0] > params [0]; goto a2;
a2: zf = mem[0] > params [0]; goto a3;
a3: zf = mem[0] > params [0]; goto a4;
a4: params [0] = mem [0]; goto a5;
a5: send(); goto a0;
a6:;

}

void procedure_1 () {
a0: zf = params [0] < mem [0]; goto a1;
a1: if(zf) goto a3;

else goto a2;
a2: xchg(params , 0, mem , 0); goto a3;
a3:;

}

Listing 2. Figure 3 translated to C++

public class Node2 {
private final int[] mem;
private final int[] stack;
private int stackPtr;
private int[] params;
private boolean zf;

...
public void procedure_0 () {

int ip;
for (ip = 0; ip < 33;) {

switch (ip) {
case 0: { param [0] = mem [0];

i++; }
...
case 4: { zf = mem[1] > mem [0];

ip = 5;
break; }

case 5: { if (zf) ip = 8;
else ip = 6;
break; }

case 6: { zf = mem[0] < 0;
ip++;
break; }

case 7: { if (zf) ip = 8;
else ip = 9;
break; }

case 8: { push(mem [2]);
send();
ip++;
break; }

...
case 31: { mem[0] = params [0];

i++; }
case 32: { mem[1] = params [1];

i = 0; }
...
}

}
...
}

...
}

Listing 3. Listing 1 translated to Java

The translation of the model (Figure 4) of the election algorithm of Figure 3

grown with LGP outlined in Listing 2 is very short and efficient. During the trans-

formation, different actions are identified as Activity nodes and are given numbers,

cEclipse Modeling Framework
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starting from 0. In procedure 1 which is called whenever a message is received,

the action zf=params[0]>mem[0] is denoted as action 0. The conditional jump gets

number 1 and xchg(params[0], mem[0]) becomes action 2, while the initial action

is not numbered. For the transformation to C++, we now can store all actions as

a sequence in which each action is labeled with its number. After an instruction

has been executed, a goto performs a jump to the next one. Since compilers will

usually omit useless jumps, the resulting code is very efficient.

In Java, no jump instructions are available. For demonstration purposes, we

simple emulate them with an iterated switch-case construct. For example, if we

transform the (more extensive) model of Figure 3 evolved with RBGP to Java, the

result will look like Listing 3. This loop always starts with the number of the action

that executes right at the beginning of the procedure. After each action, the control

flow transcends to the next one by assigning its number to the ip variable, until

a value greater or equal to the total number of actions is selected which will lead

to the termination of the loop (which does not happen in RBGP). In Listing 3,

we can see the already discussed translation of the RBGP send action to its more

general pendant using a buffer by prepending push. The second extension of the

evolved control flow adds instructions at the front that copy the current state of

the variables in mem to the temporary storage params which is later modified by the

rules and committed at the end.

The transformation itself is, of course, independent from such modifications of

the models and can be applied for any valid UML model based on our considerations

in Section 5. The resulting code may not look as structured as if written by a human

being, but it is as same as functional.

7. Conclusions

In this paper we have shown that the utility of Genetic Programming can be re-

markably enhanced by integrating it into the model-driven development process.

By providing one XMI output component and attaching it to different GP systems,

we become able to use MOFScript transformations for creating source code in dif-

ferent programming languages. We have demonstrated that such integration can be

accomplished by using existing and widely available tools. There are also lots of

possible additional benefits of combining Genetic Programming and MDA.

One important problem in programming is that it is generally not possible to

prove the correctness of a program by testing. The computation of the objective

values in GP is a form of testing (using simulation environments). In other words,

the algorithms produced by Genetic Programming are not necessarily correct – they

just behave adequately in all test scenarios [53, 45]. A model-driven development

tool chain however may provide additional validation and checking utilities which

can help to decrease the chance of hidden errors in the evolved programs to remain

undiscovered.

In the future we will perform research mainly in two directions, specifically
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extending the use of Genetic Programming to other domains in the context of

distributed systems as well as enhancing its integration into the application devel-

opment process according to current software engineering practices and tools.
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