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1. Hello, my name is Gonzalo Génova, and I am going to give a talk about the 

“Intertwining of formal and empirical methods in software engineering” and how this 

requires a due consideration of Human factors. 

 

This talk should have been presented at the History and Philosophy of Computing 

Symposium, held in Thessaloniki on July the 3rd, 2014. 

 

I am grateful to the symposium organizers, Liesbeth de Mol and Giuseppe Primiero, for 

the initial invitation to participate and for allowing me to send a recorded version of my 

intervention, since I finally could not attend the symposium. 

 

I belong to the Department of Informatics of the Universidad Carlos III de Madrid, and 

I am currently working in the Universidad de Santiago de Chile. 

 

2. The question I was invited to discuss was: What is the science in Computer 

Science?  

 

Well, Computer Science is a very broad term that encompasses a plurality of research 

areas and methods, both in “pure” science and in applied science (that is, engineering). 

 

In particular, I am concerned with the frequent reduction of science to empirical 

science, and I argue that empirical methods are not enough to account for all kinds of 

scientific activity in computing, especially when human factors are involved.  

 

In order to organize better my ideas, in this talk I will present a three dimensional 

categorization of research methods in Computer Science:  

- Formal vs Empirical 

- Natural vs Artificial, or Science vs Engineering 

- Things vs People, or Product vs Process 

 

My focus is on how research methods should account for human factors in my 

particular area of research, which is software engineering. 

 

3. As a reference for this talk you can read the book chapter “Software engineering 

research: The need to strengthen and broaden the classical scientific method”. 

 

This talk develops and better organizes some of the ideas contained in this book chapter. 

 

4. Well, I complained about the frequent reduction of science to empirical science. 

 

This is reflected in the widespread belief that the experimental-scientific method is the 

preferred way, even the only way, to attain knowledge of reality. 

 

Consequently, in the words and thoughts of many people, a work only deserves to be 

qualified as “scientific” if it is supported by “empirical evidence”. 



 

I don't think this idea is found only in uneducated people, but also in scientists with less 

critical thinking about their own methods. 

 

The idea is particularly dangerous in the case of journal reviewers that reject papers due 

to a lack of empirical validation. 

 

In the following slides I want to show that the reduction of science to empirical science 

is too simplistic in general, and specifically for Computer Science. 

 

5. So, let’s come to the first of the three dimensions I propose to categorize research 

methods in Computer Science: Formal Sciences vs Empirical Sciences. 

 

Computer Science is rooted both in formal and empirical methods. The origin of 

computer science is mathematics, and a large part of the research performed in the field 

of computers and their applications follows a more or less formal method, that is, 

definitions, axioms and proof of theorems.  

 

A formal system is a human creation, a closed, idealized world with its own laws of 

behavior, like a game and its rules. In a formal system, be it about modeling languages, 

cryptographic algorithms or neural networks, the laws are deduced a priori from 

principles axiomatically established; the conclusions are drawn deductively and, 

properly speaking, there is no need for observation and experimentation of phenomena; 

the behavior principles are perfectly known because they have been created by humans.  

 

For example, take the case of inheritance laws in object orientation. The behavior of 

inheritance may be complex in certain situations, but it can be deduced from axioms, 

which in this case are the basic rules of object orientation. 

 

Whether a formal system has anything to do with reality is important for its usefulness 

and applicability, but does not affect its inner consistency. In contrast, the behavior of a 

real system, be it composed of machines, humans, or both, usually depends on factors 

that are discovered rather than established by human will. Therefore, observation and 

experimentation are essential to reach inductive knowledge of the laws of behavior of a 

real system. 

 

Examples of phenomena in real systems with behavior laws that can be inductively 

discovered are network traffic, convergence of genetic algorithms, frequency of 

programming “bugs” and the improvement of productivity with object orientation. 

 

Is there a place for experimentation with formal systems? (…) Indeed, a formal system 

can be used to build a real system (for example, a computer running a certain 

algorithm) whose behavior can be observed so as to draw empirical conclusions. If the 

experiments contradict the predictions, it can be due to an incorrect application of the 

formal method, or to the fact that the formal system does not adequately represent the 

real system.  

 

Consider a set of dice, each one having equal probability for all faces, implemented as 

ivory cubes or as computer programs. One can mathematically demonstrate the 

probability of obtaining a particular result when throwing the dice. If repeated 



experiments contradict the calculated probability, then either the demonstration was 

faulty, or else the physical dice are bad implementations of the ideal dice. We have to 

consider both possibilities. 

 

Obviously, the empirical conclusions are not so strong as the results of (correct) formal 

proofs, but when the formal method is difficult to follow strictly, the empirical method 

can greatly help to understand the formal system. A good example is artificial 

intelligence, where the final behavior of the system is difficult to derive only from its 

established principles (…). Empirical conclusions can even encourage finding a formal 

proof of the obtained results. 

 

6. Computer Science does not involve only observation of natural phenomena, but 

also construction of artificial devices, that is, Computer Science, as usually understood, 

encompasses both science and engineering. But pure science and scientific engineering 

have different methods.  

 

Pure science is devoted to the study and analysis of spontaneous phenomena. The 

scientific method is generally described as consisting of observation of natural 

phenomena, formulation of an explanatory hypothesis, and experimental confirmation 

or refutation of the hypothesis. 

 

On the other hand, engineering deals with the design and construction of human 

artifacts. This requires a different method which should not start with the observation of 

phenomena, but rather with the identification of a need, followed by artifact 

construction and artifact evaluation. 

 

Probably the most prominent proponent of establishing research disciplines that do not 

follow the classical scientific model was Herbert Simon, who popularized the concepts 

of design sciences, as opposed to natural sciences, in his seminal work The sciences of 

the artificial.  

 

Note that the concept of “artifact” encompasses not only physical devices, but also 

conceptual and social systems: information structures, knowledge representations, 

methods, processes, organizations, etc.  

 

Natural sciences are aimed at knowing “truth”, that is, at the exploration and 

validation of generic cause-effect relationships, whilst design sciences are aimed at 

“utility”, that is, at the construction and evaluation of generic means-ends relations to 

transform the world. Therefore, design sciences are grounded on natural sciences: 

valid cause-effect relationships give the possibility to build useful means-ends relations.  

 

7. Now, we can combine these two classifications of research methods in a two 

dimensional grid, that is, we can apply a formal or an empirical method to the analysis 

and observation of a given system, or else to the design and construction of an artifact to 

be built: formal analysis, empirical analysis, formal design, empirical design. 

 

8. The third dimension deals with the distinction between products and processes. 

These two aspects of computer science and engineering have fundamentally different 

properties that cannot be ignored when choosing an adequate research method. The 

products of software are information pieces that are essentially immaterial, certainly 



requiring some kind of material basis to exist (the hardware), but they are inanimate 

entities without free will in the end. On the contrary, the processes of development and 

use of software involve not only machines but also humans that can reflect on 

themselves and change their behavior accordingly.  

 

In this sense, the scientific method applied to software products shares principles with 

natural sciences such as physics, chemistry or biology, whilst the consideration of 

human factors in software processes demands a method closer to social sciences such 

as economics, psychology or pedagogy.  

 

The laws of behavior discovered for software products will be, like in the natural 

sciences, deterministic or non-deterministic. The source of indeterminism can be an 

inherent characteristic of the product, even intentionally wanted, or else the multiplicity 

of poorly known influencing variables in complex systems (what we can call improper 

indeterminism).  

 

It is indeed possible to discover probabilistic laws of behavior also for large human 

populations, but we cannot forget that non-deterministic causation means something 

completely different in social sciences: the subjects of research are human beings that 

can change their behavior through cognition and will. 

 

9. And so we arrive to this three dimensional categorization that manifests a plurality 

of research methods in Computer Science.  

 

Computer scientists do formal or empirical research related with the design and 

construction of artifacts (computer systems). These produced artifacts are either 

products (that is, things such as a searching algorithm or a storage structure) or 

processes involving humans as developers or as users.  

 

Less obviously, they also do formal or empirical research related with the analysis and 

observation of nature; a good example is the analysis of DNA and other biological 

entities and processes from the informational point of view. Note that in this case I say 

“entities” instead of “products”, since I feel that speaking of a “natural product” would 

be improper.  

 

I do not think the separation between methods is strict. A research project will probably 

involve the application of several kinds of methods, even with smooth transitions 

between them. For example, one could formally analyze an artificial product 

constructed by others, such as a programming language, and propose improvements 

whose impact in the productivity of developers could be empirically verified. 

 

Now I want to focus on how research methods should account for human factors in the 

processes of software development (developers viewpoint) and user interaction (users 

viewpoint). 

 

10. My particular area of research is software engineering. Research in this area 

should be enriched with the kind of empirical methods that are actually used with 

human subjects in human computer interaction and other sciences like psychology. 

Instead, research in software engineering often lacks an adequate consideration of 



human factors in the justification of new artifacts that supposedly improve the software 

development process (such as programming language constructs). 

 

The empirical validation of production artifacts used by developers faces several 

difficulties, as does any kind of empirical approach where the subject of research is a 

human population. This is not an excuse not to perform experiments, but a warning 

against a too naïve design and interpretation of experiments. Sometimes it seems 

developers are less demanding and more gullible than end users, when they are forced 

to use new development artifacts and environments. 

 

Software engineering is menaced by fallacies that prevent the widespread adoption of 

empirical methods (…): the current level of experimentation is already good enough, 

experiments cost too much, tool demonstrations are enough, etc.  

 

In particular, we should be careful to distinguish between experimentation of a theory or 

artifact and its practical application: (…). The tool can demonstrate that the artifact 

and the theory supporting it are applicable, but it does not demonstrate that current 

practices in software development will be improved, that is, that software developers 

will become more productive. (…) Therefore, better empirical methods have to be 

applied to verify the advantages of a new invention for the software development 

process, with a special consideration of human factors. 

 

The design of controlled experiments is particularly difficult because every human 

person has a different culture, education and environment that clearly will influence his 

or her reaction to an experiment. People are not atoms or falling bodies that behave 

always the same: they learn from experience, and they can change their behavior.  

 

The repeatability of experiments, then, is compromised. Can we really repeat an 

experiment with human subjects? Can we change the value of one single variable in the 

initial conditions of the experiment, everything else being equal, so as to design a 

counterfactual experiment and draw valid empirical conclusions? We cannot rewind 

history and pretend the subjects are in the same state as they were before the first try.  

 

Another particularity of human subjects is that they behave in a different way as usual 

when they know that they are the subjects of an experiment (a phenomenon known as 

the “Hawthorne effect”).  

 

11. Is there any solution? Well, first of all the researcher must increase the population 

that is the subject of research, making it as heterogeneous as possible. (…) In any case, 

the researcher must be conscious that statistical conclusions drawn from a large 

population will have very limited predictive value in particular cases. Even if it were 

empirically demonstrated, say, that object orientation makes developers across the 

world more productive than structured programming (…), we are not guaranteed that 

introducing object orientation in a particular organization would be beneficial.  

 

Developers (and so instructors and students) are intelligent beings that need to be re-

educated to assume a new programming paradigm or whatever new software artifact 

that is presumed to improve the development process. Empirical arguments do not 

suffice to convince, developers need to be rationally persuaded of the benefits, often 

with qualitative rather than statistical arguments. (…) 



 

There is no universal method in science. In particular, empirical methods are rather 

limited to understand a reality that exceeds the mere physical world. So, before 

selecting the most adequate scientific method, researchers should ask themselves: Who 

am I? Am I a formal or empirical scientist? An observation or construction scientist? A 

things or people scientist? 

 

12. I think we can learn several lessons from this presentation of the three dimensional 

categorization of research methods in computer science. 

 

First, each branch of science needs its own method. So, speaking especially to software 

engineers, don’t let you be measured with other’s rule. Particularly, don’t let you be 

measured with the rule of empirical methods for inanimate beings, because your 

subjects of research are intelligent and free human beings. Instead, you should study and 

strengthen your own methods, either formal or empirical, either observational or 

constructive, either dealing with inanimate products or with processes involving 

humans. 

 

Second, increase your knowledge of methods in social sciences. Learn how to isolate 

variables, and how to repeat experiments. This will probably lead to devising less 

ambitious experiments (as is usual in human computer interaction, for example), instead 

of big and costly experiments involving the full behavior of a very small set of 

companies, with very little demonstrative value. 

 

Finally, adapting empirical methods to better study human behavior is not enough. 

The most important implication of human factors for computer science and engineering 

is to abandon a purely mechanical paradigm when studying how humans learn to use 

and develop computer systems. 

 

Albert Einstein is often quoted as having said: “Not everything that can be counted 

counts, and not everything that counts can be counted”. In fact the words must be 

credited to sociologist William Bruce Cameron in the Sixties. I do not intend to 

minimize the value and importance of empirical methods, when they are required. But I 

claim that empiricism is insufficient.  

 

Thank you very much. If you have any questions, feel free to address them to me. 

 


