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ABSTRACT 

Paul Cilliers has developed a novel post-structural approach to complexity that has influenced several 

writers contributing to the current complexity literature. Concomitantly however, Cilliers advocates 

for modelling complex systems using connectionist neural networks (rather than analytic, rule-based 

models). In this article, I argue that it is dilemmic to simultaneously hold these two positions. Cilliers’ 

post-structural interpretation of complexity states that models of complex systems are always 

contextual and provisional; there is no exclusive model of complex systems. This sentiment however 

appears at odds with Cilliers’ promotion of connectionist neural networks as the best way to model 

complex systems. The lesson is that those who currently follow Cilliers’ post-structural approach to 

complexity cannot also develop a preferred model of complex systems, and those who currently 

advocate for some preferred model of complex systems cannot adopt the post-structural approach to 

complexity without giving up the purported objectivity and/or superiority of their preferred model. 
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INTRODUCTION 

It is generally recognised that one cannot model a complex system1 without losing certain 

features of that system. Those who adopt a Derridean post-structural approach to complexity 

are particularly concerned with this loss – this excess – of meaning and therefore knowledge [1]. 

Meaning in and knowledge of complex systems cannot be reduced to some simple algorithm 

or set of rules; complex systems are informationally incompressible [2; pp.9-10, 3, 4]. In 

other words, complex systems cannot be reduced to simple models (otherwise they were not 

complex to begin with). Pockets of stability “make it possible to provisionally model a 

system”, but “any model is contingent upon the context under which it is established” [3; p.9, 5]. 

It should follow from this line of thinking that post-structural complexity theorists do not 

attempt to develop a specific (i.e. non-provisional, non-contextual) model of complex systems. One 

must either argue for model provisionality, contingency, contextuality etc and forgo model 

exclusivity or advocate for some specific model and forgo model provisionality, contingency, 

contextuality etc. However, we find this ostensibly dilemmic approach in the work of Paul Cilliers 

who originated the post-structural approach to complexity. He argues both for post-structuralist 

provisionality, contingency, contextuality etc and that connectionist neural networks are the 

best way to model complex systems. Cilliers considers connectionist models superior to rival 

models of complex systems, and this is in tension with post-structural motifs of 

provisionality, contingency and the like, or so I will argue. 

This dilemmic aspect of Cilliers’ work has not been highlighted and thoroughly critiqued up 

until now, and this article should therefore make a novel contribution to the complexity 

literature. It should be of particular interest to those contemporary writers – e.g. Human [6], 

Hurst [7], Woermann [8] and Preiser [9] – who draw inspiration from Cilliers in continuing to 

develop the post-structural approach to complexity. It should also be of potential interest to 

those non-post-structural complexity theorists who currently advocate for some specific model of 

complex systems but may be considering adopting the post-structural interpretation. 

The structure of this article is as follows. In section 1, I discuss how Derrida’s semantics 

influences Cilliers’ post-structural approach of complexity, specifically his modelling of 

complex systems. In section 2, I outline Cilliers’ conclusion that connectionist neural 

networks better model complex systems than what he calls analytic or rule-based models. In 

section 3, I highlight the dilemma that follows from concurrently holding the views discussed 

in the previous two sections; I also respond to three potential counter-arguments. Lastly, I 

conclude by outlining what implications my argument has for those currently engaged in the 

debate over the modelling of complex systems. This conclusion is twofold: 

1. Post-structural complexity theorists cannot propose that complex systems should be 

modelled some specific way rather than some other way. 

2. Those who advocate for some specific model of complex systems – i.e. most scientists 

working on complex systems [10] – cannot adopt the post-structural interpretation of 

complexity without giving up the purported objectivity and/or superiority of their 

preferred model. 

DERRIDA’S SEMANTICS AND CONNECTIONIST MODELLING 

Cilliers notices a synonymy between Derridean post-structural semantics and connectionist 

neural network models. Both emphasise processes and relations; both are dynamic and 

qualitative. Conversely, what Cilliers calls the analytic or rule-based approach to modelling 

complex systems is static, reductionist, algorithmic and quantitative [2; Ch.1, 8; Ch.1]. 

Advocates of the analytic approach include Descartes, Newton, Chomsky, Fodor, Searle and 



On Paul Cilliers’ approach to complexity: post-structuralism versus model exclusivity 

459 

Habermas [2, 11]. For Cilliers, analytic approaches – reliant on strict measurement and 

deterministic rule-based methods – cannot model the subtle relational nature of truly complex 

systems such as language or the brain in the way that neural networks can. 

Rule-based models are strictly formal; they conform to a precise logic and consist of sets of 

symbols standing in logical relations [2; Ch.1]. These symbols stand for only the ‘important’ 

parts of the system being represented, says Cilliers, resulting in invariable loss of fidelity. 

The behaviour of a complex system is simplified or reduced to a set of rules that attempt to 

describe the system. Rule-based models also require a central controller – the “meta-rules of the 

system” – that decides which rules should become active in the system. Importantly, “[i]f the 

central control fails, the whole system fails” [2; p.15]. 

Conversely, connectionist neural networks are modelled on the brain which consists of 

neurons and synapses in rich, informational interrelations. Neural networks contain multiple 

densely interconnected processing nodes (viz. neurons). Each node is influenced by and 

influences multiple other nodes. Nodes usually form three layers: the input layer that receives 

data to be processed by the network; the output layer that presents the output of the network’s 

computations; and one or more hidden layers that form associations between the input layer 

and the output layer (and do not have any link to the outside of the network). Information flows 

from the input layer through the hidden layer/s to the output layer. According to Buckner and 

Garson, 

[i]f a neural net were to model the whole human nervous system, the input 

units would be analogous to the sensory neurons, the output units to the 

motor neurons, and the hidden units to all other neurons [12]. 

Each node (whether in the input, hidden or output layer) has a certain activation value 

determined by the information it receives. Above a certain threshold value, it will ‘fire’ and 

send information (determined by its input) to the next node; below the threshold value, it will 

remain dormant. The links between nodes have a certain numerical value or weight that 

represents the strength of that link. The sum of the inputs determines the output of the node 

which in turn influences the activation value of the next node and so on. All the nodes in the 

network are processing in parallel, and the values of the weights rather than features of the 

nodes determine the characteristics of the network. 

When training neural networks, all the weights and thresholds are set to random values. 

Training examples are fed to the input layer and propagate through the network giving some 

random output. The weights and thresholds are then continuously adjusted until certain kinds 

of inputs reliably generate certain kinds of desired outputs. After some time, the network 

should be able to generalize these input/output computations to examples not in the original 

training set. Thus, concludes Cilliers,  

a network provided with enough examples of the problem it has to solve 

will generate the values of the weights by itself... It ‘evolves’ in the 

direction of a solution... The value of any specific weight has no 

significance; it is the patterns of weight values in the whole system that 

bear information. Since these patterns are complex, and are generated by 

the network itself... there is no abstract procedure available to describe the 

process used by the network to solve the problem. There are only complex 

patterns of relationships [2; p.28]2. 

Let us now briefly survey Saussure’s structural semantics (section 1.1), then look at Derrida’s 

transformation of Saussure’s structural semantics into a post-structural semantics (section 1.2). 

This exposition is necessary to understand which aspects of post-structuralism Cilliers 
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considers informative to complexity studies. Before turning to Cilliers’ argument that 

connectionist models are superior to rule-based models of complex systems, we also discuss 

three core concepts Cilliers adopts from Derrida to inform his post-structural understanding 

of complex systems; these are openness, trace and différance (section 1.3). 

SAUSSURE’S STRUCTURAL SEMANTICS 

For Saussure [13] the meaning of a linguistic sign (composed of signifier and signified) is 

determined by how it differs from all the other signs in a linguistic system. We can think of a 

sign as a semantic node in a relational network. The sign does not determine the relations 

however; instead, the sign is the result of – it ‘emerges’ from – the relations. Further, the 

linguistic system changes as a result of its contingent and contextual use by a community of 

speakers and not by the decree of a central dictator or telos.  

Saussure’s influence has spread through the humanities [14]. Barthes [15] notably reinvented 

Saussurean signs as interwoven narratives or ‘myths’ that constitute the saturated cultural 

milieu surrounding us moment-to-moment. Saussure’s linguistics, in its original form, has 

however fallen out of favour since the mid-20
th

 century. The post-structuralist tradition in 

philosophy, of which Derrida and Cilliers are part, has – as the name suggests – largely 

superseded Saussure’s structuralism3. 

For Cilliers, Saussurean models consisting of discrete signs are ‘somewhat ‘rigid’ and  

Derrida’s transformation of the system by means of a sophisticated 

description of how the relationships interact in time… provides us with an 

excellent way of conceptualising the dynamics of complex systems from a 

philosophical perspective [2, 16]. 

In Saussurean models each word has its place and its meaning in a mostly stable linguistic 

system. Although the system evolves, it remains in a relatively steady state near equilibrium. 

According to Cilliers, this is not how linguistic systems and complex systems in general 

behave. Derrida’s critique and adaptation of Saussure better capture the non-linear and 

dynamic nature of complex systems [8; pp.134-135, 17; p.262]. 

DERRIDA’S POST-STRUCTURAL SEMANTICS 

In Saussure’s model the meaning of a sign is present to a speaker. The meaning of language 

is grounded in the subjectivity of the community of speakers using that language. Derrida 

argues however that the meaning of signs is ungrounded, unstable and unpredictable; there is 

always excess of meaning. As Cilliers puts it, 

the signified (or ‘mental’ component) never has any immediate self-present 

meaning. It is itself only a sign that derives its meaning from other signs. 

Such a viewpoint entails that the sign is, in a sense, stripped of its 

‘signified’ component [2; p.42, 8; p.72]. 

For Derrida, there is only the endless interaction of signifiers (the ‘physical’ component of 

the sign), and the subject itself is constituted by this play of signifiers [2; p.43]. Meaning is 

never immediately given; there is always interpretation, and interpretation is always limited. 

This is Derrida’s famous deconstruction of the sign [18]4. 

Each time a sign is used, it interacts with the other nodes in the linguistic network, and this 

semantic interplay shifts the meaning of the sign [17]. For Derrida and Cilliers, language is in 

a sense alive. It mutates, adapts and evolves; it acts on and reacts to its environment 

(including other languages). Like any complex system, a living language is in a state far from 
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equilibrium, and if “language is closed off, if it is formalised into a stable system in which 

meaning is fixed, it will die...” [1, 2]. 

OPENNESS, TRACE AND DIFFÉRANCE 

Openness 

For Derrida and Cilliers, language and meaning are not closed off from the world; semantics 

cannot be pulled apart from metaphysics, and we cannot describe the world in any complete, 

finite way [2; Ch.3, 19; p.35]. The same applies to complex systems: we cannot identify their 

boundaries in a way that is objective or complete. Complex systems are entwined with their 

environment which is itself a complex system composed of complex systems. 

Delineating complex systems involves only a provisional, conceptual or heuristic 

demarcation; 

[w]hat occurs inside our models cannot be easily separated from what is 

excluded because what we exclude from our models constitutes them as 

much as that which is included [6; p.9, 7, 10]. 

Citing Cilliers, Woermann et al state, “our models are distorted... models are static 

representations of a necessarily fluid reality” [3; p.10]. As mentioned in the introduction, for 

post-structural complexity theorists, we cannot get a semantic or epistemic fix on complex 

systems. Thus, instead of trying to decomplexify complexity, we should “abandon our 

reductionist tendencies” and “learn to dance with” complexity [5, 7, 8]. Post-structuralism 

suggests a “‘playful’ approach”, writes Cilliers, 

[w]hen dealing with complex phenomena, no single method will yield the 

whole truth. Approaching a complex system playfully allows for different 

avenues of advance, different viewpoints, and, perhaps, a better 

understanding of its characteristics [2; p.23]. 

In other words, we cannot semantically or epistemically capture – i.e. model – complex systems 

in any general, perspective-independent way. 

Trace 

Derrida calls the relationship between any two signs in a semantic system a trace. An 

individual trace does not have meaning in and of itself; instead, meaning emerges through the 

interaction of traces [20; pp.3-27, 21]. Cilliers equates Derrida’s traces with connectionist 

weights in a neural network: 

The significance of a node in a network is not a result of some characteristic 

of the node itself; it is a result of the pattern of weighted inputs and outputs 

that connects the node to other nodes [2; p.81]. 

Likewise, no individual weight in a neural network has meaning; meaning is constituted by 

multiple interactions in the system. “Because of the ‘distributed’ nature of these relationships, 

a specific weight has no ideational content”; it “only gains significance in large patterns of 

interaction” [2; p.46]5. In other words, all the small meaningless differences between the 

many components in a complex system comingle to engender the emergence of meaning 

within the system. 

According to Cilliers, the patterns of activity generated in a complex system cause traces of 

that activity to reverberate through the system. These patterns of traces collectively constitute 
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the overall behaviour of the system. Moreover, a complex system is continuously being 

transformed by both its environment and itself. The system is  

constituted only by the distributed interaction of traces in a network... there 

is nothing outside the system of signs which could determine the trace, 

since the ‘outside’ itself does not escape the logic of the trace [2; p.82]. 

This entwinement of system and environment deconstructs the conventional binary of inside 

versus outside the system; the traditional gap between the two collapses. That is, traces ripple 

and recoil – they dance – through the system; they are “reflected back after a certain 

propagation delay (deferral), and alter (make different) the activity that produced them in the 

first place” [2; p.46]. 

Différance 

Although reluctant to define différance, Derrida suggests at times that his famous concept 

qua non-concept is “the process of scission and division... an expenditure without reserve, as 

the irreparable loss of presence... that apparently interrupts every economy” [20; pp.8-19], i.e. 

every complex system [6, 17]. For Cilliers, différance is 

a concept that indicates difference and deference, that is suspended between 

the passive and active modes, and that has both spatial and temporal 

components [20; pp.1-27, 21; p.7]. 

In the context of complexity theory, Woermann thinks of différance as the play of disorder 

and entropy within a complex system [8; p.64]. Différance constitutes the activity of 

multitudinous traces: the exuberant and limitless play of differences. Différance disrupts, 

displaces and defers apparent closure of order, logic, meaning and knowledge [3, 8; pp.100-104]. 

The play of différance through and between complex systems constitutes their meaning and 

this can never be epistemically captured by formal methods. Différance “signifies the 

irreparable loss of meaning”; it “threatens the total ruination of meaning” [8; p.100, 9]. 

For Cilliers, différance describes the dynamics of a complex system. It is not simply part of 

the activity of a system; “it constitutes the system” [21; p.15]. We can say that the play of 

différance determines the structure or organisation of the system; the complexity of the 

system is a function of différance’s dynamics. 

Having discussed how Cilliers imports Derrida’s post-structural semantics into complexity 

theory, let us now look at his proceeding conclusion that connectionist models are better 

suited to modelling complex systems than rule-based models.  

THEREFORE, CONNECTIONIST MODELS TRUMP RULE-BASED 
MODELS 

Cilliers prefers (post-structural) connectionist models to (analytic) rule-based models 

because of their avowed ability to capture the contingent, evolutionary nature of complex 

systems. Moreover, neural networks are based on the most complex of all known systems: 

the brain [2; p.112]6. Like complex systems, neural networks have no central controller; 

“[p]rocessing is distributed over the network and the roles of the various components (or 

groups of components) change dynamically” [2; p.19]. Neural networks can also learn to 

perform complex tasks either when shown examples of these tasks successfully performed, or 

by using criteria internal to the network that signal success7. 

Neural networks are mostly self-contained, says Cilliers, they require only a sensor that 

inputs information to the network and a motor that allows the output of the system to have 
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some external effect [2; p.18]. Inside the network there are only neurons responding to and 

influencing other neurons locally. The behaviour of the system is determined only by the 

values of its weights. Each neuron is simple, but the system of neurons as a whole can exhibit 

highly complex behaviour8. 

Neural networks can also cope with contradictory information; they are ‘robust’. Part of the strength 

of neural networks, says Cilliers, is that they can often bypass a contradiction by 

redistributing the weight in the system [21; pp.19-21]. Rule-based systems conversely are 

“brittle”; they “blow up” when given contradictory information9.  

THE PROBLEM WITH CILLIERS’ APPROACH TO COMPLEXITY 

As we have seen, Cilliers argues that using neural networks is the best way to model complex 

systems while concurrently arguing that post-structuralist semantics shows that there are no 

general models for complex systems. In this section, I suggest that it is dilemmic to do so 

(section 3.1); I then engage with three potential counter-arguments (section 3.2). 

CILLIERS’ DILEMMA 

As Cilliers recognises, modelling necessarily involves a simplification or reduction of the 

system being modelled; “we have to reduce ... complexity when we try to understand it” [6, 22]. 

A fortiori, this reduction applies equally to analytic and connectionist models. Although 

Cilliers does not explicitly state as much, connectionist modelling clearly involves a 

reduction of complex systems to simple or simpler neural networks (consisting of nodes, 

weights etc). As we have seen however, Cilliers advocates for this connectionist reductionism 

while concurrently advocating for Derridean anti-reductionism.  

Cilliers states further that “complexity is ‘incompressible’ ” [2; p.24]; “[r]eduction of 

complexity always leads to distortion” [23; pp.9-10]. However, we are also told that 

connectionist neural networks are the best way to model – i.e. compress/reduce – complex 

systems. Cilliers also argues that a post-structural understanding of complexity shows that 

reductive strategies are “seriously flawed” [8; pp.31, 9, 21]. If so, it follows that Cilliers’ own 

connectionist strategy is seriously flawed, and thereby inept at modelling complex systems. De 

Villiers-Botha and Cilliers likewise argue that one cannot replace a complex system with 

some simpler system without losing “vital characteristics of the system” [9; p.29]. It should 

follow that connectionist models lose vital characteristics of their target system.  

Cilliers claims further that models are always indexed to some contingent framework, and 

that the success of a model will depend on the norms or values operant in that 

framework [6, 24; pp.45-46]. There are no objectively correct models of complex systems; 

there are no meta-narratives expressed from meta-perspectives [25; pp.458-450]. However, 

at other times, Cilliers argues that we should employ 

post-structural perspectives (mainly those of Derrida) in order to show that 

the intricate and dynamic network of relationships between the components 

of a complex system can be understood better in terms of connectionist (or 

neural network) models [24; p.40]. 

Cilliers seem to be arguing both for and against contingency, perspectivism and objectivity 

about modelling complex systems10. This suggests a logical tension at the core of his general 

account of complex systems.  

Interestingly, Holland argues that connectionist models are – at bottom – themselves rule-based; 

the functioning of neural networks is based on the workings of Hebb’s rule [26; pp.81-114]11. If 

so, then Cilliers’ connectionism is subject the very criticism he levels against rule-based 
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models. Cilliers however argues against Holland that Hebb’s ‘rule’ is, in fact, not a rule at all; 

it is instead a kind of low-level principle. Citing Winston [27] Cilliers posits two features that 

constitute a rule:  

1. A rule implies a certain generality; a specific case where the rule applies must be 

generalisable to many cases.  

2. Rules must be suitably linked: the output of one rule must serve as the input for the next 

rule. That is, a system of rules must be algorithmic [24; pp.44-45]. 

For Cilliers, this characterisation of a rule is at odds with a nonalgorithmic principle like 

Hebb’s rule. Hebb’s ‘rule’, says Cilliers, in fact functions at the level of Derrida’s trace. It 

only applies to local interactions between components of a complex systems. It operates on 

low-level, contingent information, and is non-selective. The ‘rule’ operates everywhere in all 

connectionist networks; it does not tell us anything essential about a specific complex system 

nor make any generalisations about complex systems.  

In any event, neural networks are still clearly simpler that the complex systems they purport 

to model; they are still a reduction of complexity [26; p.24]. If they were not, we would not be 

able to comprehend them or work with them; the model would be as complex as what it attempts to 

model. As noted, modelling – whether by way of analytic rules or neural networks – by definition 

involves a reduction of complexity so that the subject matter at hand can be understood and 

managed.  

In sum, Cilliers faces a dilemma. On the one horn, if he claims that the connectionist 

approach to modelling complex systems is the correct one, then he contradicts post-structural 

themes of perspectivism, contingency and the like. On the other horn, if he claims that 

models of complex systems are relative to perspectives, always contingent and so on, then he 

contradicts his claim for the correctness of connectionist models of complex systems12.  

POSSIBLE RESPONSES 

Cilliers may respond that connectionism is the best way to model complex systems given the 

scientific paradigm we currently occupy even if there is no absolute fact of the matter. There 

are no meta-models or meta-perspectives, but some norms or methods are more ‘long-lived’ 

than others due to provisional, contingent or heuristic factors [1, 7]. However, by reductio, it 

should then follow that our best scientific models – e.g. in quantum theory, general relativity and 

the theory of natural selection – are ultimately no better than those employed in pseudo-sciences 

such as astrology, Scientology or creation biology. All are in the end equally provisional; the 

only reason we prefer the former is due to our currently dominant contingent norms. It would 

be grossly counter-intuitive to assert as much; one wonders whether post-structural 

complexity theorists are prepared to bite this bullet. 

A second possible objection is that there are two domains of applicability when it comes to 

understanding complex systems. At times, Cilliers follows Morin [10] in distinguishing 

between restricted complexity and general complexity13. Cilliers may state that 

connectionism applies to restricted complexity while post-structuralism applies to general 

complexity. These two domains involve adopting a certain approach or mode of thinking 

towards modelling complex systems. Regarding restricted complexity, says Cilliers, “if you 

work hard enough, with clever enough techniques, you can figure the system out” [21; p.7]. 

Conversely, general complexity “requires a more reflexive and transformative approach” 

where we remain sensitive to the recalcitrance of complex systems and the normativity this 

introduces [21; p.7]. As Woermann et al put it, 

[i]n the restricted paradigm, complexity is treated as a problem that can be 

overcome (complex problems are understood as complicated problems); 
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whereas in the general paradigm, complexity is treated as an ontological 

fact, which holds certain epistemological and cognitive implications for the 

manner in which we deal with complexity [3; p.5]. 

In the restricted mode, complex systems are considered to be epistemically complex but 

ontologically simple; in the general mode, complex systems are considered to be both 

epistemically and ontologically complex. Restricted complexity applies to Saussure, 

Chomsky and other reductive strategists, while general complexity applies to Derrida and 

likeminded post-structuralists. 

Thus, Cilliers may claim that connectionist models are useful in the restricted mode, while 

post-structural thinking is useful in the general mode, and my dilemma therefore does not 

bite. However, drawing such demarcations is at odds with post-structural themes of 

différance and deconstruction [7, 28]. As mentioned in the section 1.3, différance disrupts all 

(non-provisional/non-heuristic) distinctions. Post-structuralism disallows robust demarcations; 

all substantial binaries are vulnerable to deconstruction [8; pp.173-176, 28; p.116]. 

Thus, claiming that there are two separate domains – one applicable to connectionism and the 

other applicable to post-structuralism – violates post-structuralism’s own taboo on strict 

demarcations. Cilliers cannot claim that connectionism only applies to restricted complexity. 

This is because the force of différance should disrupt any attempt at isolating or closing off 

some system or domain [3; pp.7-10, 6]. On the post-structuralists’ own account, différance 

should render connectionist modelling efforts as contingent, incomplete and contextual as rule-based 

efforts. However, as discussed, Cilliers does not consider connectionism relativised in this 

way. Instead, he argues for the superiority of connectionist models over rule-based models 

simpliciter; the correctness of connectionism is a putative consequence of Derrida’s semantics. 

Moreover, as we saw in section 1, Cilliers’ advocation of post-structuralism is premised in its 

similarities to connectionism and vice versa. Cilliers therefore cannot claim that post-structuralism 

and connectionism apply to separate domains since they would then be disanalogous. If 

post-structuralism and connectionism are distinct, then they cannot support each other in the 

kind of argument by analogy that Cilliers puts forward. 

Lastly, Cilliers may respond that the dilemma at hand is exactly the sort of paradox post-

structuralists revel in. According to Human and Cilliers, we deal with paradox by utilising a 

type of ‘reason’ “defined as a wager between the calculable and the incalculable” [6; p.34]; 

the post-structural approach “harbours a somewhat ironic dimension” [29]. This involves an 

aporetic logic – a kind of dialethism – premised on différance that embraces paradoxes and 

contradictions [8; pp.67-81, 7; pp.243-246, 28; p.116]. Here, we must concurrently think both 

closed and open, both random and predictable, p and ∼p, true and false.  

Perhaps appeal to différance with its aporetic logic dispels all putative dilemmas: precisely 

where there is contradiction there is epistemic illumination. As Woermann states, the 

relationship between the restricted and the general dimensions of complexity is “better 

understood in terms of aporia than unification” [8; p.73]. Further, 

[i]n trying to think together the restricted and general dimensions of 

meaning, Derrida’s logic aims to transgress the limitations that our traditional 

binary logical schema (which is necessary restricted) places on us [8]. 

However, embracing contradiction to dissolve a dilemma potentially leads to a debilitating 

kind of relativism. It seems that no positive argument can sustain the force of différance. 

Différance ruins all non-aporetic logics – it disrupts meaning, order and structure [8, 20] and 

one therefore wonders what kind of statement can actually be meaningful or be known. If all 

positive claims are prone to disruption, then how can there be norms of epistemic 
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correctness? Any claim to knowledge introduces a binary between known and unknown that 

should itself be vulnerable to the disruptive power of différance [8; pp.174-175, 28; p.116]14. 

The result seems to be a version of what Goldman [30] calls nihilistic relativism: there are no 

non-contextual epistemic norms governing which claims are right or wrong or more right or 

wrong than others. 

CONCLUSION 

The conclusion to this article is twofold: 

1. Post-structural complexity theorists cannot advocate for a specific model of complex systems. 

2. Conversely, complexity theorists who advocate for a specific model of complex systems 

cannot embrace the post-structural interpretation. 

Regarding 1, to my knowledge, none of the complexity theorists who follow Cilliers’ post-

structural approach currently attempt to develop or advocate for a specific model of complex 

systems15. As such, my argument here amounts to a warning to these theorists that they 

should not attempt to develop any exclusive model of complex systems in the future. To do 

so would entail falling prey to Cilliers’ dilemma.  

Conclusion 2 however has more pertinent implications. Much of Cilliers’ writings and the 

writings of those who follow his approach are taken up with arguing that complexity theorists 

who adopt the restricted mode of understanding complex systems should be cognisant of the 

general mode. In other words, complexity theorists working in the analytic, reductive 

traditional would do well to embrace a post-structural way of thinking that is sensitive to the 

provisionality, contextuality and contingency involved in modelling complex systems. 

However, if my argument above holds, such potential converts cannot do so without ceasing 

to hold to any specific model they may have already developed or subscribed to. 

Most non-post-structural complexity theorists currently advocate for some preferred 

modelling method. The frontier of the discipline involves methodical testing and engaged 

debate over the best way to model complex systems. These modellers are often post-

structural complexity theorists’ target audience. One wonders however whether these 

modellers are aware that embracing the post-structural mode of thinking will necessitate 

giving up any claims to the objectivity or superiority of their favourite model.  

In sum, those non-post-structural modellers who may find aspects of the post-structural 

approach convincing, and who may be considering adopting it, would do well to note the 

sacrifice their conversion would entail. Likewise, post-structural complexity theorists who 

aim to convince others to embrace the post-structural approach would do well to make 

explicit the sacrifice entailed therein. 

REMARKS 
1For the purposes of this article, we can follow Richardson and Cilliers in defining a complex 

system as “a system that is comprised of a large number of entities that display a high level 

of nonlinear interactivity” [31]. See however Cilliers and Preiser [2; Ch.1, 21] for detailed 

lists of characteristics of complex systems. We can further define ‘complexity theory’ 

broadly as any practice that involves the attempt to gain knowledge and/or understanding of 

complex systems. A ‘complexity theorist’ is someone who engages in such a practice. 
2See Cilliers and Buckner and Garson for more detail on neural networks [2; Ch.2, 10]. 
3Lazard is however a notable exception. Using the Saussurean approach, he attempts to 

develop a science of linguistics or what he calls “pure linguistics” [32] where a language 

can be an ideal object of genuine scientific investigation, as are biological species, a pure 

body and a perfect gas. 
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4According to Cilliers, post-structural deconstruction involves showing the contradictions that 

result from fixing the boundaries [of a complex system] from one perspective. Pointing out 

the contradictions that follow from such a closure is an activity that Derrida calls 

‘deconstruction’ [2; p.81]. Deconstruction is not an action performed by a deconstructor on 

a system. Instead, “[i]nterventions from the outside enter into the play of differences always 

already at work in the system” [21; p.15]. Derrida, says Cilliers, “sometimes refers to 

deconstruction as a characteristic of the system itself: it deconstructs” [21]. 
5These weights “store information at a sub-symbolic level, as traces of memory” [2]. 
6See Ladyman and Wiesner for an informative explication of the brain as a highly complex 

system [33; pp.57-61]. 
7Cilliers also emphasises two “indispensable capabilities” of complex systems. A complex 

system must “be able to store information concerning the environment for future use; and it 

must be able to adapt its structure when necessary” [2]. The first capability is representation 

and the second self-organisation. According to Cilliers, connectionist models of complex 

systems correctly capture these capabilities [2; Ch.1-2]. 
8To perform their function, neural networks also cannot be too small (too few neurons) or too 

large (too many neurons), and they must not be under- or over-trained. Some noise should 

also be added to the input of the network to increase its robustness. [2; pp.74-79]. 
9Smolensky [34] thinks of rule-based symbol systems as “hard” and connectionist systems as 

“soft” [2; p.34]. 
10Morçöl criticises Cilliers along similar lines [35; pp.117-118]. 
11Hebb’s rule describes the local interaction between neurons responsible for the organization 

of structure in a neural network; it states that “the connection strength between two neurons 

will increase if the two neurons are active simultaneously” [23; p.44]. 
12Ladyman and Wiesner suggest that this kind of paradoxical thinking runs throughout the 

complexity literature [33; p.84]. 
13Morin’s general complexity/restricted complexity distinction approximately maps onto the 

more familiar complex system/complicated system distinction [4, 36]. 
14As solution to this dilemma, Derrida appeals to a kind of mystical moral force in the world 

that serves as first philosophy [37]. Cilliers however, does not follow Derrida in this regard. 
15Woermann does however devote one paragraph to what appears to be an endorsement of 

neural networks as an appropriate model for complex systems [8; p.29]. Nonetheless, other 

than this token gesture, she does not argue for connectionism at any length nor attempt to 

develop her own specific model for complex systems. 
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ABSTRACT 

This article proposes a method for consensually validating phenomenal data. Such a method is 

necessary due to underreporting of explicit validation procedures in empirical phenomenological 

literature. The article argues that descriptive sciences – exemplified by phenomenology and natural 

history – rely on nominalization for construction of intersubjectively accessible knowledge. To this 

effect, epistemologies of phenomenology and natural history are compared. The two epistemological 

frameworks differ in terms of their attitudes towards the interpretation of texts and visual 

epistemology, however, they both rely on eidetic intuition of experts for knowledge construction. In 

developing the method of consensual validation, I started out with the prismatic approach, a method 

for researching embodied social dynamics. I then used debriefings on the experience of consensual 

validation to further refine the method. The article suggests that for a nominalization of experiential 

world to be intersubjectively accessible, such a vocabulary must be independently constructed by the 

entire group of co-researchers. I therefore propose that during consensual validation, co-researchers 

be presented with composite descriptions of experiential categories, compare them with their 

experience, attempt to falsify them, and finally jointly name them. This approach does not yield a 

single vocabulary for description of experience, but several commensurable vocabularies, contingent 

on a specific research setting. 
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INTRODUCTION 

In this article, I present a method of consensually validating phenomenal data. In qualitative 

research, consensual validation refers to the process of checking with our co-researchers 

whether the categories induced during the analysis of raw data correspond to their subjective 

reports [1]. I propose to make use of participatory sense-making to establish intersubjective 

vocabulary to describe specific aspects of our co-researchers’1 experience. I understand 

phenomenal data to be consensually validated when a group of co-researchers possesses a 

vocabulary with which they can describe their experience.   

This method of consensual validation constitutes a fusion of the prismatic approach and 

participatory sense-making, supported by theoretical discussions. The current iteration of the 

method started with the prismatic approach, a method for the study of embodied social 

dynamics. Based on my co-researchers’ feedback, the method of consensual validation 

subsequently underwent a number of modifications. 

The aim of this article is to offer a method of validating phenomenal data as the term is 

understood by Varela and Shear: subjective reports on lived experiences rather than 

philosophical intuitions about experience2 [2]. While consensual validation has been claimed 

in various studies [3, 4], a detailed protocol has thus far not been described. Considering 

scientific transparency [5], in particular when it comes to qualitative research [6], explicit 

protocols for consensual validation are necessary.  

The article is structured as follows: In the first section, I draw a comparison between 

phenomenology and natural history as exemplars of descriptive sciences, arguing that 

nominalization (i.e., naming the objects of inquiry) in both constitutes intersubjectively 

accessible data. This discussion works to support the position that only such data can be 

considered valid. In the second section, I argue that any vocabulary with which we might 

refer to shared experience needs to be autonomously constructed. In the third section, I 

present how the method was developed. In the fourth section, I present my guidelines for 

consensual validation of phenomenal data. In the fifth section, I discuss the epistemic status 

of phenomenal data validated with our approach.  

A final introductory note: the method of validating phenomenal data proposed in this article 

is agnostic regarding the method that was used to acquire the data in the first place. It 

operates under a specific theory of knowledge that may or may not be admissible by some 

methodological frameworks in first-person research. As such, this method of consensual 

validation is not meant to be universal. It amounts to merely a proposal. Researchers should 

determine on a case-by-case basis whether the proposed method of consensual validation 

suits their research question and epistemological commitments.  

CONSENSUAL VALIDATION AS INTERSUBJECTIVE ACCESSIBILITY: 
THE CASE OF PHENOMENOLOGY AND NATURAL HISTORY 

In this section, I discuss the nature of intersubjectively valid data, particularly in the context 

of descriptive sciences. Descriptive sciences, broadly construed, are the sciences that outline 

the properties of a given phenomenon, rather than offer the conditions that give rise to said 

phenomenon or the mechanisms of how the phenomenon operates. What for many 

researchers precludes the scientific study of experience is the claim that phenomenal data are 

subjective, i.e., that experiential reports are inaccessible to a community of researchers, and 

thereby cannot constitute objects of scientific inquiry [7]. Namely, two researchers cannot 

observe phenomenal data as it is only accessible in the first person. I argue, however, that 
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through nominalization
2
 phenomenal data can asymptotically approach the point where the 

overlap between experiences of different individuals is considerable enough to denote an 

intersubjectively accessible phenomenon, provided that the method of acquiring the original 

phenomenal data is systematic. Intersubjective accessibility would make phenomenal data 

accessible to a community of researchers (i.e., they would be able to agree regarding the 

nature of experience under investigation). This approach is valid within natural history. By 

analogy, I believe that this holds in descriptive sciences across the board, including phenomenology.  

I will use the example of natural history to show that descriptive sciences primarily rely on 

nominalization, i.e., naming of phenomena under investigation, to establish intersubjective 

consensus about what they are studying. A common argument leveled against the scientific 

study of experience is that such a project can be merely descriptive [8] or that it can provide 

only lists of contents of consciousness [9]. The derision of descriptive science has been 

argued to be more of a prejudice [10, 11]. Biology and astronomy were both descriptive 

sciences [12, 13]; today, calls have been made to return descriptive work into the purview of 

biological sciences in general [14, 15], and descriptive approaches have become the gold 

standard in genetics [16]. A broader defense of descriptive sciences is beyond the scope of 

this article. I merely wish to suggest that many scientific disciplines rely heavily on a variety 

of descriptive frameworks. 

I will now argue for descriptive sciences using nominalization as a method of rendering their 

objects of investigation intersubjectively accessible. An example of a descriptive science is 

biology, specifically when it assumed the form of natural history. Natural history refers to the 

Modern Era scientific program that aimed at establishing a taxonomy of the natural world. As 

Michel Foucault [17; p.114] writes in The Order of Things, “natural history is nothing more 

than the nomination of the visible.” In explanation, 18
th

 century naturalists relied on visual 

epistemology to investigate the natural world; i.e., the idea that depictions in and of themselves 

carry epistemic value. Practically, this means that scientists were trained in how to observe, 

represent, and describe the natural world. That is, the descriptions and depictions provided by 

experts, trained in scientific observation of the world, were ascribed a truth value. Expert 

descriptions of plant-life necessitated a philological approach towards the construction of 

knowledge, i.e., the comparison of different reports had to be conducted both at the level of 

observation (either of actual preserved specimens or detailed illustration) and the careful 

study of botanical texts. One could argue that natural history is no longer an accepted 

scientific program. Note, however, that genetics still constitutes a descriptive science [16].  

I argue that there is significant similarity between the methods of natural history and 

phenomenology3. Much like how observation, description, comparison, and classification 

constituted the method of natural history (e.g., the Linnaean taxonomy of organisms [18]), 

phenomenology aims at classifying experience. The centrality of classification in phenomenology 

is summarized by Jean-Paul Sartre [19; p.5] in his account of imagination: “[P]roduce images 

in ourselves, reflect on these images, describe them, which is to say, try to determine and 

classify their distinctive characteristics.”  

The taxonomic streak in Sartre is self-evident, however, an important difference between 

phenomenology and natural history lies in the epistemic value of philology and visual 

epistemology. The central method of philology, i.e., the exegesis of texts, is criticized heavily 

by phenomenologist Paul Ricoeur [20; p.91]: 

[A]ll interpretation places the interpreter in medias res and never at the 

beginning nor at the end. We happen upon a conversation which has 

already begun and in which we try to orient ourselves in order to make our 

own contribution to it. But the ideal of an intuitive foundation is that of an 
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interpretation which, at a certain moment, would become a total vision.  

In other words, the philological method relies solely on the interpretation of texts for the 

construction of knowledge, while Husserlian phenomenology relies on an intuitive 

understanding of the subject at hand as well (although, see also [21]). Similarly, visual 

epistemology is somewhat problematic in phenomenology. Edmund Husserl’s schematized 

depictions of time consciousness [22], for instance, were criticized and later on amended both 

by Maurice Merleau-Ponty [23] and Francisco Varela [24] (for a more recent attempt at a 

visual presentation of phenomenal data, see also [25]). I argue that this controversial status of 

visual depictions of experience stems from loss of intuitive information about the subjective 

dimension of the mind when reducing phenomenal data to merely the visual modality.  

Now, to move from the divergences between the epistemologies of natural history and 

phenomenology back to their similarities. The biggest commonality between phenomenology 

and natural history is that they rely on a specific context of observation to achieve an 

understanding of their respective objects of inquiry. While knowledge construction is indeed 

supplemented by texts, the principal way in which naturalists obtained knowledge was 

through the eidetic (i.e., knowledge-giving) intuition of vision [26]. In Visible Empire, a 

monograph on 18
th

 century botany, Daniela Bleichmar [27; p.47] writes that naturalists 

posited two ways of observing the world: the spectacular gaze and the scientific gaze, where 

[t]he word “spectacle” does not connote superficial entertainment: while 

amusing and pleasurable, nature is always instructive. […] [T]he word 

“spectacle” refers to a mode of seeing predicated on notions of transparency 

and immediacy, a way of looking that was open to everyone, regardless of 

background, and required no specialized training. 

By contrast, scientific observation consisted of uncovering the underlying order of nature. Its “goal 

was not simple, immediate looking but rather expert observation, going beyond superficial 

traits to focus on the significant (ibid.).” The importance of specialized observation is the 

biggest difference between natural history and philology proper. Specifically, natural history 

never relied on texts as the sole source of knowledge [28]. As Bleichmar [27; p.46] writes: 

“Eighteenth-century natural history publications repeatedly proclaim that vision constitutes 

the best method for investigating nature and that images provide the preferred means of 

transmitting this knowledge.” It is the eidetic intuition of vision that is the true bearer of 

knowledge in natural history rather than the texts themselves.  

Phenomenology relies on a specialized form of observation as well. It observes experience 

while bracketing [An. Gr. epoché; Ger. Einklammerung] the natural attitude. The idea of the 

natural attitude is that before reflecting on it, we exist immersed in a world that quite simply 

appears to be there and we are uncovering it with our senses. Our understanding of the world, 

of the entities that inhabit it, and of our own consciousness, is laden with assumptions and 

theories. As Edmund Husserl [29; p.2] writes in Thing and Space: 

In the natural attitude of spirit, an existing world stands before our eyes, a 

world that extends infinitely in space that now is, previously was, and in the 

future will be. This world consists of an inexhaustible abundance of things, 

which now endure and now change, combine with one another and then 

again separate, exercise effects on one another and then undergo them.  

However, if we are to form a theory of experience that takes into account the properties of 

experience, rather than imposing upon them a framework of natural sciences [30-34], we 

must learn how to separate ourselves from the natural attitude. We can do this by performing 

the act of bracketing. Bracketing refers to suspending the assumptions and theories we hold 
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about the mind, experience, the world and our existence in the world, including scientific 

theories about them [35]. It refers to an attitude of wonder before the world [36].  

We must note that the spectacular gaze and the scientific gaze do not map onto the natural 

attitude and the act of bracketing, respectively. Instead, both the spectacular gaze and the 

scientific gaze exist within the natural attitude [for an empirical account, consider 37]. 

Indeed, in his preface to the French translation of Husserl’s [38; p.xx] Ideas Pertaining to a 

Pure Phenomenology and Phenomenological Philosophy, Ricouer places the whole of natural 

history within the domain of the natural attitude:  

I am at first lost and forgotten in the world, lost among things, in ideas, 

among plants and beasts, among others […] We understand Naturalism as 

the lowest degree of the natural attitude and at this level it conveys its own 

collapse; because if I am lost in the world, I am already ready to treat 

myself as a thing in the world.4 

However, the approach of natural history may guide us in constructing consensually validated 

phenomenal data. Specifically, if naturalism represents a way of nominalizing the visual 

world as seen by expert observation, phenomenology may be the way of nominalizing the 

experiential world. By adopting the assumptions of natural history, I hold that when nominalization of 

the experiential is done in a systematic way, it is rendered intersubjectively accessible. 

The question, however, is how can we establish a vocabulary that would refer to specific 

aspects of experience? 

PARTICIPATORY SENSE-MAKING AND AUTONOMOUS NEGOTIATION 
OF MEANING 

The idea of establishing a shared vocabulary with which to refer to the same aspects of a 

given experience is not new. For example, during Heinrich Klüver’s research into the 

structure of hallucinations, he discovered that his participants were prone to giving mystical 

descriptions of their experience. To circumvent this problem, he trained his participants 

beforehand by providing them with concepts with which to describe their experience [39].  

Further, the idea of naming a specific aspect of one’s experience is part and parcel of the 

qualitative approach to research, where the basic analytical tool is coding. We ascribe abstract 

descriptions to qualitative reports (typically rendered in the form of text). At the highest levels of 

abstraction, we may induce categories that are nothing more than words or phrases [40].  

However, it is typically the researchers who name the categories under investigation and 

present them to their participants for them to validate the coding process5. From the point of 

view of phenomenology, this approach is problematic as what is established is not a 

vocabulary that could then be organically used to describe aspects of experience, not to 

mention that empirical phenomenological studies commonly do not even engage in the 

process of data validation with their participants.  

Research has shown that if we wish to create a lexicon within which the meaning is grounded 

in the outside world, the lexemes must be autonomously constructed and negotiated by 

different agents in the interacting community [41]. Luc Steels attempted to solve the symbol 

grounding problem – how symbolic structures relate to the outside world [42] – by 

constructing artificial agents which at any time could assume control over one of two cameras 

placed in front of a board of colored shapes. When two artificial agents took control over the 

cameras, they could point to the same shape and name it. If one of the agents already had a 

name for the shape and the other one did not, the latter simply adopted the name. If both 
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agents already had a name for it, they negotiated a new name for the shape. Eventually, the 

community of artificial agents negotiated a shared vocabulary for all the shapes on board [41]. 

Steels argues that an autonomous negotiating of meaning is a necessary condition for relating 

a symbolic structure to an object in an outside word (i.e., for grounding a symbol).  

By analogy with the symbol grounding problem, the question for empirical phenomenology 

is how to create a vocabulary to describe the experienced (rather than outside) world. How 

can we then go about solving the problem of the construction of a vocabulary with which we 

would be able to refer to those aspects of our experiential world that are brought to the fore by a 

specific research situation? One possible approach was suggested by Hanne de Jaegher [43], 

and Elizaveta Solomonova and Sha Xin Wei [44]: participatory sense-making.  

Participatory sense-making refers to an enactivist theory of social cognition and language. 

The idea behind participatory sense-making is that within social interaction, cognizers 

coordinate their behaviors such that the social interaction itself becomes autonomous. By 

constraining each other, the cognizers modify their behavior (either bodily or linguistically) 

so as not to bring the interaction to an end [45, 46]. In the development of our method, the 

position of participatory sense-making seriously was taken seriously. It was incorporated both 

as a means of validating data (as will be explained below, the co-researchers have to agree on 

the framework of nominalization), as well as a criterion for validated data (i.e., the 

vocabulary needs to be conducive to establishing an autonomous interaction). 

These theoretical discussions lead to an important methodological consideration: we do not 

present our co-researchers with already formed categories (although we may have 

provisionally constructed them during the analysis of phenomenal data). Instead, we provide 

them with ethnographic descriptions of experience, constructed from several reports (see 

below). During the validation sessions, the community of co-researchers then collectively 

ascribes names to these descriptions, or – if the descriptions do not correspond to their 

experience – either divide them further or group them together. In doing so, we further 

equalize the participant-researcher power dynamics: We invite our co-researchers to be part 

of the data analysis process rather than merely the data acquisition process. 

This autonomous, collective construction of a vocabulary with which to refer to the 

co-researchers’ experience constitutes the central innovation of this approach. Further, it 

represents the central criterion for whether we have managed to establish a vocabulary with 

which to describe our experience: if, by the end of the validation session, the co-researchers 

are able to discuss their experience naturally with our vocabulary without their interaction 

breaking down, the phenomenal data can be considered consensually validated. This principle 

is illustrated in Figure 1.  

 

Figure 1. A schematic depiction of using participatory sense-making for consensually 

validating phenomenal data. 
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CONSTRUCTING A METHOD OF CONSENSUAL VALIDATION 

In this section, I present how the method of intersubjectively validating phenomenal data was 

developed. I first present the starting point: the so-called prismatic approach. Then, I present 

how this approach was augmented using participatory sense-making and philosophical 

phenomenology. Finally, I discuss how the debriefings on individuals’ experience of 

validating phenomenal data were used to further improve this method of consensual validation. 

The method was developed alongside a longitudinal empirical phenomenological project that 

investigated the experience of solving a visual span task [47]. Throughout the remainder of 

the text, the reader should keep in mind that the validation sessions were conducted after the 

processes of data acquisition and analysis. As such, they do not serve as a means of gathering 

data. Rather, they are aimed at testing and improving the findings of the qualitative analysis. 

For context, I will now briefly outline the research design of the study.  

RESEARCH DESIGN 

The visual span task is a psychological task used to measure how many objects, presented in 

the visual modality, and individual can maintain in her working memory. The visual span 

task consisted of a presentation of a grid, in which certain cells were filled in. The grid was 

presented for 2 500 milliseconds. Immediately after the grid disappeared, an empty grid 

appeared, and our co-researchers had to fill in the black cells to match the first grid. If the  

co-researchers successfully reconstructed the grid, they received positive feedback, and the 

difficulty of the task increased. Conversely, if the co-researchers were unsuccessful in 

reconstructing the grid, they received negative feedback. Upon making two subsequent 

mistakes, the task stopped, and the co-researchers received a number denoting the span of 

their visual working memory. Figure 2 depicts an example of a to-be remembered grid. 

The co-researchers were stopped after a random trial [48], and a phenomenological interview 

followed. The interview explored the time interval spanning the presentation of the stimulus, 

the delay, and the reconstruction of the stimulus. The interview procedure was structured 

based on a broadly qualitative approach. In the first part, the interview was open-ended, 

gathering phenomenal data based on the co-researchers’ experience. Afterwards, theoretical 

sampling [40] was used to address specific hypotheses about the experience of a visual 

working memory task. All the interviews were conducted by the author of this article.  

After conducting phenomenological interviews on the experience of solving the visual span 

task, a closed-form debriefing, based on extant discussions on the validity of phenomenal 

data, was used to ascertain the quality of the interview. Four interviews were conducted with 

each co-researcher. During each interview, only one sample of experience was gathered.  

The data were analyzed according to the principles of constructivist grounded theory [40]. 

The study focused on two aspects of experience: the strategies used to solve a visual working 

memory task, and the attitudes individuals take towards the psychological task. In the analysis 

process, experiential categories were constructed according to these two research interests.  

 
Figure 2. Example of a stimulus in the visual span task. 
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VALIDATING THE DATA IN THE VISUAL-SPAN STUDY 

Once the phenomenal data were analyzed, consensual validation workshops informed by the 

prismatic approach were conducted. Consensual validation was performed in order to a) 

validate the analysis protocol; and b) establish an intersubjective vocabulary with which to 

refer to different aspects of experience of solving a visual span task. 

The prismatic approach to gathering data on embodied social dynamics was developed by 

Barbara Pieper and Daniel Clénin [49, 50]. According to this approach, the participants of a 

given study attend a workshop whose goal is to investigate a specific aspect of their 

experience. At this workshop, the participants engage in the specific embodied social 

dynamic that is being investigated by jointly performing a given practice and observing how 

the related social dynamic unfolds. In particular, they are interested in various ways this 

social dynamic may or may not manifest itself.  

From this workshop model suggested by the prismatic approach, the following elements were 

adopted: 

1. The joint investigation of experience; 

2. Reacquainting participants with the aspect of experience under investigation; and 

3. Observing different ways in which a given aspect of experience may appear to individuals. 

In line with the ideas of reflective cognitive science [51], in particular when it comes to the 

scientific investigation of experience [48; Ch.21], debriefings on the experience of validating 

the data were conducted . As several critical points entered the co-researchers’ awareness, the 

approach to consensual validation was iteratively refined.  

In total, 11 co-researchers participated in these workshops (up to four per session, spread out 

across four sessions). Each co-researcher (except for the principal investigator) attended only 

one workshop. Each workshop began with a brief lecture delivered by the principal 

investigator outlining the findings of the study (e.g., that we can decompose the attitude 

individuals take towards a visual working memory task into three dimensions), as well as the 

purpose of the workshop. During this initial lecture, it was emphasized that the goal is not to 

confirm the way the principal investigator ordered the phenomenal data during the qualitative 

analysis, but to challenge it. The goal of the lecture is to attempt to create as equal 

relationship as possible between the co-researchers. While pragmatically there is still a 

principal investigator guiding and organizing the study, her authoritative role should be 

reduced. A sense of equality among co-researchers allows for a discursive space to be opened 

where the co-researchers feel comfortable challenging and critiquing the current 

understanding of the phenomenal data. 

During the validation workshops, each participating co-researcher assumed both the role of 

the person observing her experience and the role of interviewing the person observing her 

experience. Co-researchers sat together in the same room. The co-researchers took turns in 

solving the visual-span task, while observing their experience. All the other co-researchers 

guided the individual who performed the visual-span task through an empirical 

phenomenological interview. The interviews were done jointly by the whole group: that is, 

one person performed the visual span task while observing her experience, and all the other 

co-researchers interviewed her together. This process was repeated until every participating 

co-researcher was in the role of observing her experience.  

The structure of the interview used by the group of co-researchers took the same form as during 

the process of data acquisition in the visual-span study: it began by a broad outline of experience, 

followed by pointed questions, aimed at describing each individual aspect of experience.  
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Further, the iterative process of observing and reporting on one’s experience, and 

interviewing the reporting co-researchers, was repeated for every aspect of experience under 

investigation (i.e., one round to gather phenomenal data on strategies used to solve a visual 

span task, and one round to gather phenomenal data on attitudes taken towards the task).  

Afterwards, the validation workshop took the form of a group discussion where we compared 

the way the principal investigator analyzed the data, and how the co-researchers’ lived 

experience compares. The co-researchers were able to point out where the current state of 

analysis corresponds to their experience and where it deviates from it in a group setting. The 

last stage of the workshop was to attempt to jointly construct mutually agreed upon names for 

the aspects of experience under investigation.  

After the validation session, the co-researchers were given the following semi-structured 

questionnaire to report on their experience of the validation session itself:  

1. Do you believe we succeeded in establishing a common language to describe the 

experience of solving a visual working memory task? 

2. Do you believe that the group setting changed your experience or your reporting on the experience? 

3. Do you believe that aspects of experience that you reported on during the group discussion 

represent your experience during the performance of the visual working memory task? 

4. Do you believe that having to report on your experience in language changed your experience? 

5. What do you think could be changed in our approach to consensual validation? 

Based on the responses to these questions, the structure of the workshop was iteratively 

modified: the subsequent workshop took into account the feedback from the previous one and 

was adapted accordingly. In the next section, the guidelines towards consensually validating 

phenomenal data by using participatory sense-making are presented. 

PARTICIPATORY SENSE-MAKING AS A METHOD OF VALIDATING 
PHENOMENAL DATA: THE GUIDELINES 

In the present section, the method of validating phenomenal data is presented. Crucially, the 

validation workshops are conducted after the process of data acquisition is complete and on 

the same sample of co-researchers. Based on the theoretical principles outlined in the first 

two sections, and the feedback gained from our workshops, the following guidelines towards 

using participatory sense-making as a method of consensually validating phenomenal data 

were reached.  

1. The starting point are not categories constructed during the qualitative analysis of the data, 

but composite ethnographic descriptions; 

2. (If possible) the experiences under investigation are provoked during the validation session; 

3. Co-researchers are asked to observe whether it is necessary that their experience 

corresponds to the composite descriptions or whether it can deviate; 

4. Co-researchers collectively construct the vocabulary with which to refer to their experience; 

5. The co-researchers once again observe their experience (if that is possible), and describe it 

with the newly-established vocabulary. 

In this section, we will take a closer look at each of these steps, providing principled and 

empirical support for them. 

COMPOSITE DESCRIPTIONS OF EXPERIENCE 

The starting point is phenomenal data that has been subjected to some form of analysis. At 

present, this method of consensual validation is not committed to adhering either to 

approaches to data analysis that are tailor-made for experiential reports [52, 53] or qualitative 
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data in general [40, 54]. Rather, in light of qualitative research’s commitment to 

methodological pluralism [55], I consider various approaches to data analysis equally valid. 

Importantly, we do not set out to validate named categories as established by the qualitative 

analysis of the phenomenal data. Rather, we present our co-researchers with composite 

ethnographic descriptions. Composite descriptions refer to a style of presentation whereby we 

do not present concrete descriptions of the phenomenon under investigation, but we combine 

a number of descriptions and abstract them away into a typical and telling example [56]. 

The principal investigator presents these composite descriptions as well as a detailed research 

design during an introductory lecture. The purpose of this lecture is to inform the co-researchers of 

all the aspects of the study (which may have been unclear to them during the initial 

interviews), as well as to explicitly let them know that there is nothing that is being hidden 

from themThis position of empowerment is crucial so as to minimize the influence of demand 

characteristics [57] on their reports. Specifically, we do not wish for them to attempt to guess 

what the goal of the research is [58]. Rather, we explicitly inform them about the research 

goal, and then challenge them to attempt to challenge our categories. This challenge is both 

stated during the introductory lecture and made a part of the process of going through 

experiential categories later on6. 

It is important that the overall arc of the workshop is clear to the co-researchers. As one 

co-researcher reports in her feedback on the workshop: 

Because we were mostly talking, I feel that everything was left hanging in 

the air. We never reached any clear conclusions. We could write down 

different ways in which others experienced things and then through 

conversation see which experiences overlap or are related to each other. 

(Co-researcher 14, feedback on the workshop) 

The feedback that the discussions were floating in the middle of nowhere was shared by 

many co-researchers, in particular those who were involved in longer sessions. I suggest that 

ahead of the validation session, the co-researchers be given all the composite descriptions 

with room allocated for notes and eventual names. This allows them to make notes on aspects 

of experience not currently under investigation, as well as give them a sense of completion. 

REACQUANTING THE CO-RESEARCHERS WITH THE EXPERIENCE UNDER 
INVESTIGATION 

Once we make the aim of the study known, we invite the co-researchers to reacquaint 

themselves with the experience under investigation. If this experience can be easily induced 

(e.g., by means of a psychological task), each co-researcher is given the possibility of privacy 

to observe their experience once again (i.e., we provoke it) [3, 52, 53]. If, on the other hand, 

the experience cannot be reproduced, the co-researchers are given time to consult their 

journals. Importantly, reacquainting with the experience should be done in a setting that 

reflects the social context of the original investigation, as was reported by one of our co-

researchers: 

We should not do the task together during the group session (with people 

watching what you are doing) because this aspect changed my experience 

quite a lot and was pretty distracting. I felt less secure about my report than 

when I did the task on my own during the [original sessions], and my 

experience was quite a bit different back then. (Co-researcher 11, feedback 

on the workshop) 
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JOINT INVESTIGATION OF EXPERIENCE 

Then, the co-researchers interview a single individual on her experience. We continue with 

this process until every co-researcher has been in the role of the reporting on their experience. 

In other words, individuals who had previously simply participated in the study (by observing 

and reporting on their experience) now help guide each other towards observing and 

describing their experience (i.e., they become interviewers). During the process of mutual 

interviewing, the co-researchers are invited to again observe their experience or to read up on 

their journal notes. They are prompted to observe specific qualities of their experience: 

1. is the experience under investigation necessarily such as it was observed during the 

qualitative analysis, or can it be modulated with specific mental gestures? 

2. can you observe specific differences between two closely related experiential categories?  

This line of questioning (i.e., observing whether a specific aspect of experience is necessarily 

structured in such a way as observed during the acquisition of phenomenal data or if it can 

differ in some respect) may be problematic within schools of thought in empirical 

phenomenology that emphasize open-beginninged attitude towards gathering data [3, 48]. As will 

be explained in Section 5, the presented method for validation of phenomenal data adheres to 

process-oriented constructivism. Namely, we are trying to establish a framework that is 

contingent (i.e., there are potentially infinite possible ways of dividing the categories), and 

simultaneously internally consistent. In this case, an example of an internal inconsistency 

would be two categories that would describe the same aspect of one’s experience. A similar 

approach was adopted by Husserl [35; p.220] (emphasis in the original): 

Since every negatum and affirmatum is itself an Object posited as existent, 

it can, like everything intended to as having a mode of being, become 

affirmed or denied. In consequence of the constitution of something as 

existent effected anew at every step, an ideally infinite chain of reiterated 

modifications therefore results.  

Or, on Andrea Staiti’s [59; p.815] paraphrase: “Higher-order affirmation or negation occurs 

when we set out to revisit a foregoing simple judgment in order to confirm or disconfirm the 

veridicality of its proposed state of affairs.” In explanation, we check whether the structure of 

a specific aspect of experience – as observed in the acquisition of phenomenal data (whether 

it be through philosophical intuition or second-person methods) – reflects the lived experience of 

our individuals, we attempt to provoke experiences that either conform to or deviate from it.  

During the joint phenomenological interview, our goal is to contrast different experiences of 

the same phenomenon, trying to ascertain which aspects of experience necessarily remain the 

same across individual co-researchers, and which aspects may vary. These variations in 

experience need not be explicit. As the following co-researcher reports, just witnessing how 

other people experience the same experimental setting, may prompt them to observe their 

own experience differently:  

My experience changed in that I started to pay attention to new aspects of 

experience that were described by the others but that I was not aware of 

before. I tried to check if I had a similar experience as them, that I just had 

not realized before, or if these aspects were completely absent to me. But 

actually, I do not think that my experience changed by that but rather the 

awareness of my experiences. (Co-researcher 11, feedback on the workshop) 

I will now demonstrate two examples of the attempt at challenging the induced experiential 

categories. To reiterate: these categories were first induced by the principal investigator 

during the qualitative analysis stage of the study. In the validation workshops, the 
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co-researchers are presented with a composite description of the experiential category. They 

attempt to discover whether this experiential category is something that they can observe in 

their experience or if it deviates from it. 

The first example of the validation interview during the workshops represents a case that led 

to an elimination of the category experimental orientation – how it feels to be a participant in 

a psychological experiment. Importantly, during the initial process of data acquisition, several 

reports were gathered on how one’s experience changes when participating in an experiment:  

Co-researcher 7: Certainly, [being in an experiment] feels different. It cannot be 

compared to anything experienced outside of this setting. So, trying to think 

of the things I do inside of this setting, of the skills you need to memorize 

it, whether it’s committing a poem to memory, it’s different, because you 

are not trying to compare yourself to others. And then also, sort of the complete 

setup, of somebody watching you. It was not that I was thinking I have to 

prove myself, I have to solve 75 of them, but it certainly alters how you 

engage with it. And also what you perceive and notice. (Co-researcher 7, 

validation interview) 

Co-researcher 9: I just noticed another really important dimension about 

how it feels to be me in an experiment. It’s this dimension of how much 

you are trying to understand the task itself behind everything. So, going 

through one pattern, and another pattern, it is one thing. But I often 

simultaneously try to understand how the task itself works. I mentioned that 

in our Interview. I noticed that it always starts with four squares, and every 

time you get two of them correct, the number increases by one. And in this 

way, you can predict how many black squares in total will appear in the 

next square, and I was using this knowledge to check if I have all of them. I 

counted them and I knew how many of them there had to be. (Co-researcher 

9, validation interview) 

The consensual validation revealed that we may break this experience down into its various 

social dimensions, as well as the attitude of being goal oriented. While these two aspects of 

experience are prevalent when somebody is undergoing an experimental situation, they are 

not unique to it. Consider the following example: 

Co-researcher 7: It sometimes feels in a museum that I have this divide-

and-conquer feeling. How I look at the image and parts of the image, and I 

try to understand what it shows, what it means. That can be very prominent 

as a strategy that unfolds itself. So, sometimes going to the museum can be 

quite exhausting for me and sometimes it does not feel like I am going there 

to enjoy the paintings but that I am going there to look and understand. That 

sort of creates this task-mentality. (Co-researcher 7, validation interview) 

Prior to the validation study, a category experimental orientation was induced during 

qualitative analysis. Experimental orientation was an experiential category that described the 

particular atmosphere of experience that is present when one is interacting with a 

psychological task in a research setting. Experimental orientation satisfied many of the 

standard criteria in qualitative research for it to be induced as a specific category: 

1. it was reported by a number of different co-researchers; 

2. it was clearly distinguishable from other categories, and we observed a number of limiting 

cases (i.e., clear instances of phenomenal data that did not conform to the category of 

experimental orientation).  
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However, during the validation session it became apparent that while the experience of 

solving a visual-spatial working memory task was a unique experience within the context of 

this study, the experience of participating in a study was not. This led me to abandon it as an 

experiential category, as it amounted to an interpretation on the part of the principal 

investigator, rather than a faithful reflection of the lived experience of the co-researchers.  

For the second example, let us look at how we constructed a new category during validation 

sessions. During the qualitative analysis of the data, two categories related to association 

were induced. The first was an  

experience in which a to-be-remembered stimulus is accompanied by a visual 

feeling of something that it resembles. This visual feeling appears as a 

mental image that is either projected in the outside world, or exists in an 

internal mental space. The second was an experience in which a to-be-

remembered stimulus is accompanied by a clear idea of what it resembles. 

This idea may be explicitly articulated in an inner voice.  

This potential category may be demonstrated with a picturesque example observed in the 

study. A co-researcher was reminded of the swastika by the to-be-remembered stimulus. As I 

will demonstrate the differences between the established categories visually, I will replace the 

swastika with the symbol of the fictional state of Tomania from the film The Great Dictator [60]. 

In the co-researcher’s experience, this association was accompanied by mental imagery. 

Ultimately, this aspect of experience was named “visual image.”  

Another co-researcher experienced a sense of the to-be-remembered stimulus being like 

something that might be used as a symbol in a totalitarian regime. As he noticed that this 

configuration of black-and-white squares was fairly common, he ascribed the meaning of 

totalitarian iconography to it. This aspect of experience was ultimately named “symbolized 

description.” These two aspects of experience are depicted in Figure 3 as a) and b).  

During the validation session, however, we concluded that visual image corresponds to two 

aspects of experience: one that is comprised by the experience of imagery, and the other 

comprised of various existential feelings [61]. Thus, we introduced a new category: 

atmospheric image. In Figure 3, the new categories are depicted under headings c) and d). 

Such a refinement and removal of categories is the central goal of the joint interview: we 

wish to find aspects of experience that are stable and understandable across co-researchers.  

 

Figure 3. Categories associated with association. 
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NOMINALIZING EXPERIENTIAL WORLDS 

After all the co-researchers were both in the role of observing and reporting on their 

experience, and guiding others through a second-person phenomenological interview, we 

collectively decide on how to name a specific aspect of experience. For example, consider the 

following exchange between four co-researchers: 

Co-researcher 11: The only thing that feels forced to me is to put 

competitiveness between me and other people, and against myself on the 

same axis. I do not know.  

Principal investigator: Would you say that these are two different things? 

Co-researcher 11: Yeah, it’s a very different feeling.  

[...] 

Co-researcher 10: Exactly! There’s an element of jealousy when it’s 

competitiveness with other people.  

Co-researcher 11: Yes! Yes! 

Co-researcher 10: There’s this element that you want to be better than other 

people 

Co-researcher 9: Yeah, competitiveness with me is something that I never 

experienced as negative. It was more encouraging. So, yeah, I would call it 

ambition. (validation workshop) 

It is important that each individual is comfortable with the names, and any concerns 

regarding the vocabulary should be addressed. The final step in the process of validation is 

for co-researchers to once more be exposed to the experience under investigation, either by 

provoking it or by consulting their journals. In this step, the co-researchers must be able to 

discuss their experience with one another with our vocabulary (as per participatory  

sense-making, the interaction must not break down). Being able to organically use the 

vocabulary constitutes the most important criterion for an intersubjectively accessible 

vocabulary on experience. In the study, this was achieved during the third validation 

workshop, where co-researchers were able to discuss their experience of solving a 

 visual-span task in great detail using the jointly agreed upon vocabulary. 

THE EPISTEMIC STATUS OF CONSENSUALLY VALIDATED 
PHENOMENAL DATA 

In the previous section, I laid out the proposed method of consensually validating 

phenomenal data. Importantly, my approach hinges on a group of co-researchers observing 

their experience, comparing said experience to composite descriptions of similar experience, 

and then jointly constructing a vocabulary with which to describe them. 

This method of consensual validation operates under the constructivist epistemology. 

Constructivism claims that knowledge is not uncovered from an observer-independent world, 

but rather that it is constructed by the researchers [62, 63]. In relation to consensual validation, this 

means that we as co-researchers do not agree on what objectively exists in our experience, 

but rather that we collectively create a contingent body of knowledge about our experience. It 

is not knowledge about experience as is, but experiential reports as constructed in a given 

study [34]. This epistemology can be specified further: the proposed method of consensual 

validation follows constructivist epistemology augmented by process-oriented ontology [64], 

developed by Alfred North Whitehead. In Process and Reality, Whitehead [65; p.67] writes: 

Actual entities atomize the extensive continuum. This continuum is in itself 
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merely the potentiality for division; an actual entity effects this division. 

The objectification of the contemporary world merely expresses that world 

in terms of its potentiality for subdivision and in terms of the mutual 

perspectives which any such subdivision will bring into real effectiveness.  

In explanation, the processes that constitute the world can be divided in any number of ways. 

How we divide the world, however, is entirely open-ended. The potentiality of the world may 

therefore contain contradictions, but once we make it concrete and discrete, the world is divided 

into an internally coherent system. In Whitehead’s process-oriented philosophy, entities refer 

to parts of the world that are spatially and temporally located. However, as will be seen below, this 

framework has been productively used to analyze experiential worlds as well [64]. 

Potentiality for division could consistently be observed in the visual-span study as the 

frameworks of experiential categories that were constructed did not apply in their entirety for 

all of the co-researchers. What applied to an individual co-researchers was some subset of 

this framework. Consider the following report on the validation session: 

We found multiple common languages. Or rather, I feel that we reached 

two or three common ways of experiencing the task, and mostly each 

person could identify themselves with (at least) one way. (Co-researcher 14, 

feedback on the workshops) 

The result of this approach is not the construction of the language for describing experience, 

but the construction of a language. In the following quote from a co-researcher, we can see 

that this language is approximately precise, which means that it is both adequate for the 

description of our experience, while it simultaneously remains possible to articulate it in a 

slightly different way: 

Sometimes I felt just a tiny little bit forced to fit my experiences into given 

categories and dimensions because I thought it would reduce them a bit too 

much. On the other hand, they did fit into the suggested categories overall, 

and I imagine that some sort of reduction might be necessary to find 

common patterns or reach common grounds. It’s a bit as if you would 

measure many people’s heights and some would be 1,745 m and some 

would be 1,748 m and you put them both into the category of being 1,74 m. 

It’s some sort of reduction of data, but I do not think that these 0,003 m 

make that much of a difference in our world. (Co-researcher 11, feedback 

on the workshops) 

 

Figure 4. Schematic depiction of fitting our vocabulary to experience. 
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This idea of the method yielding more than one vocabulary for the description of experience 

is illustrated in the Figure 4. Imagine that we have established a vocabulary to describe the 

experience as it is given to two co-researchers, John and Mary. We may claim that John and 

Mary’s experiences (as it is given to them, respectively) only partially overlap. Their 

respective experiences approximately map onto the established vocabulary. We can see that 

there are subjectively judged lacunae both in how adequate our vocabulary is in describing 

John and Mary’s experience as well as in how many aspects of experience are shared 

between John and Mary. Therefore, our vocabulary is necessarily only approximately 

accurate in describing our co-researchers’ experience. 

To understand what this idea of potentiality means for the scientific study of experience, we 

can defer to Siegfried Schmidt. He introduces the idea of positings, the assumptions that 

inform (and by extension construct) our experiential worlds. “Whatever we do,” writes 

Schmidt [64; p.43], “we do in the Gestalt of a positing: we do this, and not something else, 

although we could have done that.” These positings are ways of constructing our experiential 

worlds. We attain positings both through our previous experience as well as through the 

culture that we are immersed in. Our experiential world therefore consists of what we expect 

it to consist of based on our prior experience. It is contingent – but it is not arbitrary. 

One of the most important ways in which reality is constrained (and therefore made non-arbitrary) is 

through the social dimension. As Schmidt writes:  

The coupling of process results and their attribution as “real for...” must be 

socially accepted and thus intersubjectively confirmed, i.e., without the 

others there is neither certainly nor uncertainly for us. This means that 

experiencing something as real presupposes the context of acting and 

communicating communities determined by their framework of interactive 

dependencies [...] We necessarily live out our life-worlds together with 

other people [64; p.4]. 

In the scientific study of experience, we are “measuring” precisely observer-dependent worlds, as 

the observers are the only experts in their experience, as well as the only instrument of measurement 

through which their experience can be made accessible. If we – as a community – “deem real is 

real in its consequence [64; p.6]” at least to the extent as it appears to us in our experience, 

we can add another goal to the process of consensual validation. Not only do we check 

whether our qualitative analysis of the data was consistent with our co-researchers’ 

experiences, but we can also jointly establish what the meaningful experiential qualities are 

and thereby solidify them in their experience. I observed exactly such a phenomenon in the 

visual-span study:  

Principal investigator: Would you say that this category that I just 

suggested to you matches your experience, this sense of impression? 

Co-researcher 6: If I look at the screen now, I can see it. I can experience 

this raw feeling. I can experience it if you give it to me, but before that, no. 

There’s nothing there before that. (Co-researcher 6, Data acquisition) 

The experience may have always been there (perhaps as an element of pre-reflective 

consciousness, [66]) or we may have elicited it in her through suggestion [67]. Whatever may 

be the case, now that the experiencer has access to a word with which to describe it, that 

aspect of her experience appears more salient to her.  

Let us again defer to the hypothetical case of John and Mary’s experience. During the 

moment Mary genuinely lived her experience she was more or less aware of the aspects of 

her experience seen in light-to-mid gray (Figure 5, left). She paid little attention to the dark 
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Figure 5. Mary’s experience before (left) and after (right) consensual validation. 

gray aspect of her experience. It still constituted how it was to be Mary in that moment, 

however, she did not bring it to the forefront of her awareness. Then, we conduct consensual 

validation, establishing the language with which to describe experience consisting of 

elements {X, Y, Z}. Not only have we now divided Mary’s continuous field of experience 

into defined elements, we have also made them more salient in her awareness. The dark gray 

element, now nameable as Y, has become more prevalent in her experience. On the other 

hand, we failed to name the mid-gray element, which is not encompassed in our language. As 

Mary is now more poised to observe X, Y, Z, the salience of the mid-gray element has been 

reduced (Figure 5, right). 

To reiterate, the epistemic value of the phenomenal data constructed through the proposed 

method of consensual validation relates to constructivist epistemology in two ways. Firstly, 

because the continuous flow of our experience can be divided and categorized in ways that 

are contingent, i.e., can vary across different individuals describing a similar aspect of their 

experience, we are not establishing the only framework with which to describe a particular 

aspect of our experience, but merely one of the possible frameworks. Secondly, the 

framework of experiential categories that we set-up during the participatory sense-making 

session then works to constrain our co-researchers’ experience in the future. 

CONCLUSION 

I have offered a method of consensually validating phenomenal data. I constructed the 

method based on similarities between phenomenology and other descriptive sciences, 

exemplified by 18
th

 century natural history. While phenomenology and natural history both 

constitute descriptive sciences, whereby their task is to observe, describe, and classify 

phenomena under investigation, there are some major differences between them. The 

foremost difference between the two disciplines is that natural history relies on visual 

epistemology and exegesis of texts. Neither of these approaches is tenable within 

phenomenology. An important commonality between the disciplines, however, is the 

importance of intuitive, expert observation. As natural history divides the ways of observing 

the world into the spectacular and the scientific view, so does phenomenology divide its 

observation into the natural attitude and bracketing thereof. While these two reductions do 

not map one onto the other, they still attest to the intuitive way knowledge is given to 

observers. Based on this kinship, I argued that much like the nominalization of the visual 

world led to an intersubjectively observable body of scientific knowledge in natural history, 

nominalization of experiential world may lead to intersubjectively accessible phenomenal data.  

I suggested that the nominalization of the experiential world should be done by an 

autonomous group of co-researchers, rather than being imposed by the principal investigator 

and checked against the experience of the co-researchers. I derived the importance of 
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autonomous construction of vocabulary both from discussions on the symbol grounding 

problem, and participatory sense-making. To implement this solution, I iteratively modified 

the prismatic approach, a method of gathering data on social dynamics. Based on reports on 

experience of consensual validation, I modified the method. 

The final iteration of my approach consists of a group of co-researchers being exposed to 

composite descriptions of experience. They are invited to once again observe their 

experience, comparing it to the composite descriptions. They are asked to attempt to falsify 

the composite descriptions. Finally, co-researchers construct a possible vocabulary for 

description of experience under investigation. This vocabulary is contingent on a particular 

research setting, but nonetheless offers a way of operationalizing aspects of experience. 

REMARKS 
1In line with empirical phenomenology, I use the term co-researcher instead of the traditional 

term participant [48, 68, 69]. 
2The discussion about the subjective nature of data on experience is broad and beyond the 

scope of this article. For example, Hurlburt [48] claims that subjective reports gathered with 

the descriptive experience sampling technique are radically non-subjective, in the sense that 

there is a correct way of describing what an individual was experiencing in a given moment. 

Here, I wish to address what Froese and colleagues [70] would refer to as the theory-experience 

gap: the difference between what a researcher might theorize individuals will experience in 

a given context and what the individuals end up experiencing in that context. We may 

introduce a third type of experience: naive subjective reports, which are the beliefs 

individuals may have about their experience. Among these three types, only systematically 

acquired data on lived experience (the second type) may be considered to be 

intersubjectively accessible. 
3Nominalism is a philosophically burdened term. As Ian Hacking [71; p.81] writes in The 

Social Construction of What?, nominalists hold that “[t]he world is so autonomous, so much 

to itself, that it does not even have what we call structure in itself. We make our puny 

representations of this world, but all the structure of which we can conceive lies within our 

representations.” Hacking writes on: “The nominalist retorts that we have a good deal to do 

with organizing what we call a fact. The world of nature does not just come with a totality 

of facts: rather it is we who organize the world into facts [71; p.174].” In other words, 

nominalism does not claim that by naming the world we “cut it at the joint,” but rather that 

we impose structure upon it. As will be seen in Section 5, I am sympathetic to this view, 

i.e., when we name experience, we do not name it according to the underlying structure of 

experience. Rather, by naming experience, we impose structure upon it. 
4I use the term phenomenology in a somewhat monolithic sense, disregarding the many 

different approaches within phenomenology, such as empirical phenomenology [3, 48, 69, 72], 

philosophical phenomenology [22, 29, 35] and phenomenological psychopathology [73] to 

name just a few. While these different schools of thought have different epistemological 

commitments, I believe that our method may be useful in bringing descriptions of experience to 

the fore of a community of researchers, regardless of whether the original phenomenal data 

was obtained through philosophical intuition or various second-person methods. 
7I thank Clémence Compain for help with the French translation.  
6I do not wish to suggest that this one-directional nature of qualitative research has never 

been addressed. Indeed, one of the cornerstones of the constructivist grounded theory 

approach to qualitative analysis is to account the ways in which the researcher constructs 

rather than discovers knowledge [63, 74, 75]. 
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7A principled criticism of this explication of phenomena under investigation is that we may 

induce the experience through suggestion effect. Pete Lush and colleagues [67] have 

observed that in the general population the rate of suggestibility of individuals is normally 

distributed, i.e., among highly suggestible individuals, instructions in a research setting may 

indeed cause them to have the experience presupposed by the research design. While this 

effect is problematic for empirical research in mind sciences for a number of reasons, we 

believe that as long as it indeed provokes an experience in our co-researchers rather than 

merely lead them to say they experienced something, this does not reduce the epistemic 

value of our phenomenal data. 
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ABSTRACT 

We propose an immune system inspired Artificial Immune System algorithm for the 

purposes of automated program verification. It is proposed to use this Artificial Immune 

System algorithm for a specific automated program verification task: that of predicting  shape 

of program invariants. It is shown that the algorithm correctly predicts program invariant 

shape for a variety of benchmarked programs. Program invariants encapsulate the 

computability of a particular program, e.g. whether it performs a particular function correctly 

and whether it terminates or not. This work also lays the foundation for applying concepts of 

theoretical incomputability and undecidability to biological systems like the immune system 

that perform robust computation to eliminate pathogens. 
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INTRODUCTION 

The biological immune system has proved to be a rich source of inspiration for 
computing [1-15]. Artificial immune systems (AISs) take inspiration from the immune 
system to provide powerful metaphors for robust and distributed computing. In this article, I 
employ an immune system inspired approach to solve a problem in program verification: 
that of finding a program invariant. 

An invariant of a program is a mathematical formula that captures the semantics of the 
program [16] and is used in automatic program verification. The shape of an invariant is its 
approximate polynomial representation. Once the shape of the invariant is predicted, 
deterministic techniques can be used to generate the exact form of the invariant [17]. Hence, 
the prediction of invariant shape is of paramount importance for program verification. 

An AIS algorithmic framework is proposed to carry out the machine-learning task of 
predicting invariant shape from an instance of a program. Program invariants encapsulate the 
computability of a particular program, e.g. whether it performs a particular function 
correctly and whether it terminates or not. We hope this work will also lay the foundation for 
applying concepts of theoretical incomputability and undecidability to biological systems like 
the immune system that perform robust computation to eliminate pathogens [8-15]. 

IMMUNOLOGICAL PRELIMINARIES 

A chemical species that can be recognized by the adaptive immune system is known as an 
antigen (Ag). When an organism is exposed to an Ag, some specialized immune system cells 
called B cells respond by producing chemicals called antibodies (Ab’s). Ab’s are molecules 
attached primarily to the surface of B cells whose aim is to recognize and bind to Ag’s. By 
binding to these Ab’s the Ag stimulates the B cell to proliferate and mature into plasma cells 
that secrete Ab. An organism is expected to encounter a given Ag repeatedly during its 
lifetime. The effectiveness of the immune response to secondary encounters is enhanced by 
the presence of memory cells associated with the first infection, capable of producing high- affinity 
Ab’s after repeat encounters. Such a strategy ensures that the speed and accuracy of the 
immune response becomes successively higher after each infection. This gives rise to 
associative memory where the stored pattern is recovered through the presentation of an 
incomplete version of the pattern. The repertoire of activated B cells is diversified [18-21] 
and B-cells with higher affinity for the antigen are selected to enter the pool of memory cells. 

AUTOMATED PROGRAM VERIFICATION AND PROGRAM INVARIANTS 

The field of automated program verification started with seminal work by Floyd [22] and 
Hoare [23]. They introduced the concept of a loop invariant: a mathematical formula that 
remains true throughout the execution of a loop. The loop invariant completely captures the 
semantics of the loop, and along with the program preconditions and postconditions, can be 
used to show correctness of the program [23]. 

Previous work [16] has shown how the loop invariant for a particular program can be 
generated by a priori agreement on the shape of the invariant: the approximate polynomial 
representation of the invariant. However, the shape of the loop invariant can be hard to 
deduce for many programs. 

The following shows an example program: 

{A  0, B  0} 
 x := A; 
y := B; 
z := 0; 
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while x > 0 do 
if odd(x) then z := z + y; 
 y := 2 * y; 
x := x/2;  

end while 

Assuming the shape of the program invariant as Ishape: Ax + By + Cz + Dxy + Eyz + Fxz + 
Gxyz + H = 0, (where A, B, C, D, E, F, G and H are constants or program variables), using 
quantifier elimination [16] the final loop invariant is Ifinal: z + xy –AB = 0. Coupled with a 

precondition P: {A  0 ^ B  0 ^ x = A ^ y = B ^ z = 0} and a postcondition Q: {z = AB}, it can be 
shown that this invariant is consistent with Q i.e. the program correctly multiplies 2 numbers 
A and B and stores the result in z. 

Finding the precise shape of the loop invariant is generally a non-trivial process and the 
algorithm proposed aims to use ‘cues’ from the program to make informed predictions about 
the invariant shape and ultimately help in automated program verification. 

PROPOSED COMPUTATIONAL FRAMEWORK 

Here we propose a computational framework for predicting program invariants. An AIS 
algorithm will be used to generate shapes of program invariant. Initially the AIS will be 
trained on programs, for which the shape of invariant is known. Then a program will be 
presented to the AIS and it will try to predict the form of the invariant. 

An AIS approach presents many advantages over a traditional Machine Learning (ML) 
approach. In an AIS, recognition can be sloppy [24] i.e. if it has previously recognized 
program P (with an invariant I), then a new program P’ ‘similar’ to P, can also be 
recognized, and an invariant I’ can be generated (that is similar in form to I). This is akin to 
our immune system recognizing a previously encountered pathogen (program), and 
generating antibodies (invariant) similar to the previously produced antibodies. 

The natural immune system produces antibodies by a process of mutation, and the same 
process is emulated in AIS algorithms. A candidate solution (invariant) will be generated, and 

then the solution will be improved by in-silico mutation. 

Previously encountered programs and their corresponding invariants will be stored as 
memory B cells. When a program similar to a stored one is presented, the time taken to 
generate the invariant will be shorter than the time taken to generate the original invariant 
(secondary response). 

COMPONENTS OF THE ARTIFICIAL IMMUNE SYSTEM 

Here we define the specific components of the AIS have to be determined. What is the 
program analogue of an antigen and an antibody? 

A program fragment is defined to be either an assignment statement, a statement containing an 
iteration construct (for, while, repeat, etc.), or a statement having a conditional check (if <condition> 
then) e.g. x := x + 2, and while (x > 0) do, and if (x > 3) then, are all program fragments. 

The analogue of an antigen is a program fragment and the corresponding analogue of an 
antibody is an invariant for the program fragment it recognizes. Hence, the AIS will be 
presented with an antigen (program fragment), and the immune system cells will either 
produce the antibody (invariant) immediately if it has encountered this antigen before, or 
will undergo mutations to generate the correct antibody (invariant). 

The individual invariants for each program fragment will then be recombined to generate 
the invariant for the whole program. 
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A SHAPE SPACE AND ANTIGENIC DISTANCE FOR PROGRAMS 

We need a measure of distance between disparate program fragments, so that the AIS can 

recognize them and generate an antibody in response. For a natural immune system, the 

antibody combining region relevant to antigen binding can be specified by a number of ‘shape’ 

parameters [25] which denote the size and shape of the combining site or physical 

characteristics of the amino acids. 

If there are N shape parameters, they can be combined into a vector, and antibody combining 

sites and antigenic determinants can be described as points Ab and Ag, in an N - dimensional 

Euclidean vector-space called shape space [25]. 

Antigenic distance between 2 antigens is the distance in shape space [26] between them e.g. 

||Ag1 - Ag2|| is the distance between antigens Ag1 and Ag2 in shape space S. The antibody 

distance is the distance ||Ab1 - Ab2|| in shape space between 2 antibodies Ab1 and Ab2. 

I define the program fragment shape space as the N-dimensional Euclidean vector space of 

program fragment characteristics like identifier name, exponent on the identifier, operator, etc. I 

define the corresponding program fragment antigenic distance as the distance ||P1 - P2|| 

between 2 program fragments P1 and P2 in program fragment shape space. The program 

fragment antibody (invariant) distance is the distance ||I1 - I2|| between 2 program fragments 

I1 and I2 in program fragment shape space. 

Let us consider 2 program fragments P1: x := x + 2 and P2: t := t + 2. The corresponding 

antibody (invariant) for P1 is I1: x = x + 2n, where n is a program variable or constant 

(since upon n –1 iterations, x gets the value x + 2n). Let P1 and I1 constitute the training set. 

Then the AIS should be able to produce an antibody (invariant) for the program fragment P2 

even though it has never encountered this antigen (program) before. The correct invariant is 

I2: t = t + 2n (where n is a program variable or constant) and this is indeed what the AIS 

generates by somatic hypermutation. The program P1 differs from P2 by 1 mutation 

(replacing x by t on both sides of the assignment) i.e. the program fragment antigenic distance 

||P1 –P2|| is 1. The invariants I1 and I2 also differ by 1 mutation (replacing x by t) i.e. the 

program fragment antibody (invariant) distance ||I1 –I2|| is 1. Hence, when an AIS 

trained on (P1, I1) is presented with P2, it produces I2 using one mutation from I1 (Fig. 1). 

 

Figure. 1. AIS mutation from the assignment statement Ag1 (x := x + 2;) and invariant Ab1 

(x + 2n) to Ag2 (t := t + 2;) and invariant Ab2 (t + 2n) in shape space S. 

PROPOSED ALGORITHM 

In this section we outline the proposed immune system inspired algorithm. The AIS would be 

trained on the antigen (program fragment) P1: x := x + 2 and given the antibody (invariant) 
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I1: x = x + 2n as a solution (training phase). The AIS stores the solution I1 as a memory 

detector. 

When an entire program (as opposed to a program fragment) is presented to the AIS, it 

breaks the program up into program fragments (all the assignment statements in the 

program), and then ‘presents’ each of these antigens (fragments) to itself. 

If an antigen (program fragment) P2 ‘similar’ to P1 is detected, it will generate I1 as a candidate 

solution. If I1 itself does not act as an invariant, the AIS will keep on carrying out randomly 

on I1 until it evolves the final antibody (invariant) I2 that will act as the invariant for the 

program presented (somatic hypermutation phase). This is akin to how the natural immune 

system mutates B cell receptors and ultimately produces a receptor that can recognize the 

antigen. The algorithm may also use some heuristics to guide the mutation process e.g. if an 

antigen (program fragment) of the form p := p + 5 is encountered, it would search its 

repertoire for a program fragment that is closest in program shape space to this e.g. x := x + 5 is 

closer to the presented antigen (1 mutation) than y := y + 7 (2 mutations). Additionally, we 

will have to ensure that each mutation is sound i.e. there is no such mutation that would 

generate a wrong invariant for the corresponding mutated program fragment. In the last 

step, the AIS incorporates Ii into its memory pool (learning phase). 

The AIS then presents the next program fragment P3, generates the invariant I3 and stores it 

in the memory population, and so on until all program fragments have been 

presented. Finally, the AIS combines all invariants linearly, producing a polynomial (shape 

of invariant) that captures the semantics of the entire program. 

RESULTS 

The AIS (trained on P1, I1) presented with suites of entire programs would successfully 

generate the shape of the invariant. The first program is shown below: 

(x,y,u,v) := (a,b,b,0);  

x := a; y := b; 

u := b; v := 0; 

while (x  y) do 

while (x > y) do x := x - y; v := v + u; end while;  

while (x < y) do y := y - x; u := u + v; end while; 

end while 

This program takes 2 positive integers a and b, and calculates their greatest common divisor 

and least common multiple. The AIS presents itself with each assignment statement 

sequentially. The first 4 assignment statements (lines 1-2) have no invariant, since they are 

not contained inside any loop. Hence, the AIS does not generate any invariant for them. The 

progress of the algorithm on the next 2 assignment statements (x := x –y; v := v + u), Fig. 2. 

The AIS starts from the training set (P1: x := x + 2 & I1: x = x + 2n) and then mutates the 

operators and operands to create the invariant I3: x = x –yn for the program fragment P3: 

x := x –y. The AIS stores I3 in the memory population and for the next assignment statement 

(v := v + u;), it starts mutating from (P3, I3) until it creates the invariant I4: v = v + un for the 

program fragment P4: v := v + u. 

For the next set of assignment statements (y := y –x; u := u + v;), the AIS then generates the 

invariants I5: y = y –xn and I6: u = u + vn (not shown). The 4 invariants I1, I2, I3 & I4 are 

then combined linearly (with n being substituted for all program variables, namely x, y, u, v) to 
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Figure. 2. AIS mutations for the assignment statements x := x –y; v := v + u. 

yield the invariant shape Ishape: Ax + Bv + Cy + Du + Exy + Fy
2
 + Guy + Hvy + Jxu + 

Ku
2
 + Lvu + Mx

2
 + Nvx + Pv

2
 + Q = 0, where A, B, C, D, E, F, G, H, J, K, L, M, N, P and 

Q are constants or program variables. This is the correct invariant shape, since using 

quantifier elimination [16], the final invariant yielded is Ifinal: xu + yv –ab = 0 (with A = B 

= C = D = E = F = G = K = L = M = N = P = 0, Q = –ab, H = J = 1). 

Finally we test the AIS on another standard program [16] shown below: 

{A ≥ 0, B ≥ 0}  

x := A; 

y := B; 

z := 1; 

while y > 0 do 

if odd(y) then y := y - 1; z := x * z;  

else x := x * x; y := y/2; 

end while 

This program calculates A
B
 and stores it in z. The AIS would calculate the invariant for the 

program fragment P5: z := x * z as I5: z = x
n
 * z. For the program fragment P6: x := x * x, it 

generates the invariant I6: x = exp(x, exp(2,n)), where exp() is the exponentiation function. 

Combining all the program fragment invariants, gives us the following invariant shape: 

Ishape: Azx
x
 + Bzx

y
 + Czx

z
 + D.exp(x,exp(2,x)) + E.exp(x,exp(2,y)) + F.exp(x,exp(2,z)) +G = 0. 

This is the exact shape of the invariants, since quantifier elimination yields the final invariant 
Ifinal: zx

y
 = A

B
 (with A = C = D = E = F = 0, G = –A

B
). 

We can now readily verify the working of the program. When the loop terminates, the 

invariant is true and y = 0, which yields the correct postcondition: z = A
B
. 

The proposed algorithm would use a sequence of mutations, guided by heuristics, to generate 

the correct invariant for a program invariant. 

CONCLUSION AND FUTURE WORK 

We have proposed a computational framework for an immune system inspired approach for 

automated program verification. The immune system inspired algorithm breaks up a program 

into fragments and presents them to itself. It then generates an invariant in response to each 

program fragment and ultimately combines them to create the general shape of the invariant. 

We show how this approach can be used to generate the general form of the program 

invariant for non-trivial benchmark programs [16]. 

Future work will focus on theoretical research into whether there are classes of programs 
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for which a linear combination of individual program fragment invariants might not generate 

the invariant for the entire program. Another avenue of future investigation would be to look 

into how mutations on exponentiation would affect the invariant e.g. x := x + 2 getting 

mutated to x := x
2
 + 2. Lastly, our approach does not consider program fragments having 

iteration constructs like while, repeat, etc. and future research will investigate how 

incorporation of such program fragments can enhance the predictive power of the algorithm. 

A lot of work has been done on incomputability, undecidability and program termination in 

theoretical computer science. The best characterization of this comes in the form of the 

Halting Problem formulated by Alan Turing. Biological systems also perform computing, e.g. 

the immune system computes the most efficient way to eliminate pathogens in a timely 

manner without harming the host [8-15]. However it has been more difficult to define 

incomputability and undecidability for biological systems. 

Program invariants encapsulate the computability and correctness of a particular program, 

e.g. what it does and whether it terminates or not. This work lays the foundation of applying 

computability to biological systems especially the immune system that performs computation. 

The present work also applies immune system inspired algorithms to find program invariants 

and prove correctness and termination. It is intriguing to speculate that it is also possible to 

go in the reverse direction and translate the complexities of the immune system into an equivalent 

computer program. The translated computer program can then be analyzed for mathematical 

properties of what it computes [27, 28]. Hence this work can be extended to provide a 

theoretical framework for understanding the limits of computation in the immune system. 

The present computational framework can be used to account for cases when the immune 

system fails to clear infections as is the case in certain virulent infections [29]. 

This approach can also be similarly extended to analyse substrates for computing that are 

non-silicon based and can be used to probe the computational nature of life itself [15]. 

In summary, the present work applies the theoretical concepts of undecidability to 

immuno- computing and possibly biological computing in general. We view this work as the 

first step towards elucidating the fundamental limits of computing in immunology and 

possibly biology as well. 
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ABSTRACT 

The immune system is a distributed decentralized system that functions without any centralized 

control. The immune system has millions of cells that function somewhat independently and can 

detect and respond to pathogens with considerable speed and efficiency. Lymph nodes are physical 

anatomical structures that allow the immune system to rapidly detect pathogens and mobilize cells to 

respond to it. Lymph nodes function as: 1) information processing centres, and 2) a distributed 

detection and response network. We introduce biologically inspired computing that uses lymph nodes 

as inspiration. We outline applications to diverse domains like mobile robots, distributed computing 

clusters, peer-to-peer networks and online social networks. We argue that lymph node inspired 

computing systems provide powerful metaphors for distributed computing and complement existing 

artificial immune systems. We view our work as a first step towards holistic simulations of the 

immune system that would capture all the complexities and the power of a complex adaptive system 

like the immune system. Ultimately this would lead to immune system inspired computing that 

captures all the complexities and power of the immune system in human-engineered complex systems. 
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INTRODUCTION 

The immune system is a distributed decentralized system that functions without any centralized 

control. The immune system has millions of cells that function somewhat independently and can 

detect and respond to pathogens with considerable speed and efficiency [1-3]. Lymph nodes are 

physical anatomical structures that allow the immune system to rapidly detect pathogens and 

mobilize cells to respond to it. Lymph nodes function as: 1) Information processing centres, and 

2) Distributed detection and response network. 

We introduce biologically inspired computing that uses lymph nodes as inspiration. Lymph nodes 

process information. They facilitate detection of pathogens, process that information and help co-

ordinate the output or response to infections. The immune system is a complex adaptive system 

that has evolved for millions of years under co-evolutionary pressure from pathogens. It has 

evolved mechanisms to efficiently detect and respond to pathogens. 

Innovations include lymph nodes which serve as information processing centres: they integrate 

signals from neighbouring tissues, process it, match pathogens with immune system cells and then 

send out cells to respond to the pathogen. A schematic of this is shown in Fig. 1. 

Only a few cells (1 in a million) of the immune system can recognize a specific pathogen [1]. 

Once a particular immune system cell detects a pathogen, it must replicate and build copies of 

itself and then act against the pathogen. Additionally, detection and the response to pathogens 

must be rapid otherwise the pathogen will be able to replicate and kill the host organism. 

Lymph nodes serve to facilitate the serendipitous encounter of rare immune system cells with 

their antigen. 

Response against the pathogen is complicated by two considerations of body size of the animal 

(the size of the system): 

1. Certain cells of the immune system release chemicals called antibodies which are further 

diluted in blood. Hence in larger animals, antibodies get diluted more in the larger volume of 

blood. Hence larger animals must secrete more absolute quantities of antibodies [1]. 

2. Certain cells of the immune system physically search for infected cells. This search is more 

difficult in larger animals since the search is through a larger physical space [4-6]. 
 

 
 

Figure 1. A schematic of how a network of lymph nodes co-ordinates and process information 

locally and globally to respond to infections. 
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We can draw valuable inspiration from how the immune system has designed a distributed 

detection and response infrastructure. The hardware of the immune system (lymph nodes) [1] 

has co-evolved with its software (T-cell recirculation and search strategies) [4, 6] to enable the 

immune system to mount effective and timely responses to pathogens. Here we outline 

applications to diverse human-engineered complex systems like social networks, intrusion 

detection in distributed systems, cluster allocation in distributed systems of computers and mobile 

robots. 

We argue that the biological immune system can provide powerful metaphors and inspiration 

for distributed computing in human-engineered complex systems like clusters of computers, 

peer-to-peer networks and online social networks. Lymph node inspired techniques can also 

complement and provide a powerful context in which to situate other immune system inspired 

techniques like negative selection [7], clonal selection [8] and dendritic cell algorithms [9]. 

In the following sections, we outline some biological preliminaries and the general principles 

of lymph node inspired computing. We lay out applications to human-engineered systems, 

fault-tolerant distributed computing, computer security and other resource constrained 

distributed systems. 

BIOLOGICAL PRELIMINARIES 

The draining region of a lymph node is the region of tissue adjoining a lymph node. Dendritic 

cells patrolling the draining region home to the nearest lymph node to present antigen. Cells 

of the immune system called dendritic cells search for pathogens in tissue and once they find 

it, home to lymph nodes. Within lymph nodes they present antigen to other specialized 

immune system cells called T-cells and B-cells. Almost 1 in a million T-cells and B-cells are 

able to recognize this antigen [1]. Once the antigen is recognized, T-cells exit the lymph node 

and home to tissues to find infected cells. B-cells go through a similar process and secrete 

chemicals called antibodies that neutralize pathogens. 

Previous work has shown that there needs to be a balance between the local time of detection 

of pathogen with global time for response against the infection (by secreting antibodies) [1-3]. 

The optimal architecture of lymph nodes needs to be sub-modular in order to ensure that the 

time to detect and respond does not scale appreciably with the size of the system (in this case 

the body size of the animal). Each lymph node has a protection (with one copy of each 

immune system cell specific to pathogens) [1]. This is a modular search unit which is iterated 

in larger animals. 

If cognate immune system cells are so rare, then how does the immune system detect 

pathogens quickly and mount an effective immune response? The answer lies in lymph nodes 

that are: 

1. modular, 

2. parallel, and 

3. privileged metabolism: The metabolic rate of lymph nodes is invariant with the size of the 

host animal [10]. 

APPLICATIONS TO FAULT-TOLERANT DISTRIBUTED COMPUTING 
AND SEARCH IN SOCIAL NETWORKS 

MODULAR SEARCH IN DISTRIBUTED SYSTEMS OF COMPUTERS 

Lymph node inspired computing can be applied to a system where controllers try to find 
computer clusters that can be used for computation. Let an artificial lymph node be composed 
of a number of clusters and a process queue that will manage requests to schedule programs 
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on a cluster of computers [11]. Also let there be a number of such artificial lymph nodes that 
have the capability of communicating with each other. An artificial lymph node is a computer 

in charge of a number of clusters. This computer will store the process queue and also will 
have some memory and computing power to communicate with other artificial lymph nodes. 

We seek to minimize the total time to find a cluster. There is a trade-off between the local 
cost of traversing through the queue in a lymph node which is O(n

2
) and the global cost of 

communicating with other lymph nodes which is O(N/n). Here n is the number of clusters in a 
single lymph node and N is the total number of artificial lymph nodes in the complete system. 

We assume that the global cost of finding another cluster in another lymph node that can 
service some process requirement is proportional to the number of artificial lymph nodes 
(where N/n is the number of artificial lymph nodes in the system). Minimizing the total time 
cost, we get: 

n = O(N
1/3

). 

This implies that in larger systems, the number of clusters within a single lymph node should 
grow larger but only sub-linearly in the number of total clusters in the system. Hence a lymph 

node inspired approach would balance local costs of queue traversal and global costs of 
finding artificial lymph nodes with another cluster that can service the process [11]. 

IMMUNE SYSTEM INSPIRED DECENTRALIZED SEARCH IN SOCIAL NETWORKS 

Social networks are characterized by short diameters and it is very easy to find another person 
within about 5 to 6 hops [12]. This is exemplified by experiments performed by Stanley 
Milgram where letters posted by complete strangers found their way to people across vast 
geographical distances [12]. Kleinberg [13] gave a very elegant explanation of this 
phenomenon based on the small-world degree connection of nodes in a network. 

The work implicitly ignored considerations of space, since long-distance links are assumed to 
have the same cost as short-distance links. Work in the immune system is motivated primarily 
by constraints of space. An infected site lymph node has to incur increasing communication 
costs in larger organisms, since it has to recruit immune system cells over larger physical 
distances (and hence long-distance links have higher associated costs). 

Real world social networks also densify i.e. the average number of neighbours that an 

individual has increases with time. Hence such networks will have a communication cost not 
only due to space but due to the requirement of maintaining a certain number of connections. 
In work inspired by conceptual similarities between a lymph node and a social community, a 
non-spatial communication cost was incorporated in order to introduce the realism of 
individuals communicating within communities [14]. 

It has been shown that the optimal strategy that minimizes the time to find someone using only 
local information is where the size of communities and the number of communities both increase 
with the size of the system. This is ultimately predicted to lead a speedup in search for 
information. Such a strategy would decrease the time required to search for rare information 
in online social networks [14]. Figure 2 shows example of a lymph node inspired social 
network architecture. 

APPLICATIONS TO COMPUTER SECURITY AND RESOURCE- 
CONSTRAINED DISTRIBUTED SYSTEMS 

INTRUSION DETECTION SYSTEMS 

Lymph node inspired strategies can be used to augment intrusion detection applications like 
LISYS [15] and process Homeostasis (pH) [16]. pH adaptively reduces computer processing 



S. Banerjee 

506 

 

Figure 2. A lymph node inspired social network architecture that is optimal for detecting 

information (adapted from [14]). Left Panel: social network with 2 persons per community 

(similar to an artificial lymph node). Right Panel: a scaled up social network with 5 persons 

per community (artificial lymph node grows in size as the network gets larger). 

speed to reduce the spread of malware. A lymph node inspired approach can be used to 

augment pH in the following manner: a subnet of computers would be an artificial draining 

region and a security node in charge of the subnet would be analogous to a lymph node. 

A lymph node inspired architecture can balance local communication (intrusion detection) 

and global communication (alert propagation). We note that in some cases it may not be 

advisable to spread alerts immediately in pH [16], since the performance of the whole system 

may degrade or false alerts can propagate rapidly throughout the system. 

LOW POWER RESOURCE CONSTRAINED DISTRIBUTED SYSTEMS 

A lymph node inspired approach may be particularly useful for security of low power distributed 

systems like mobile phones. Mobile phone viruses propagate by small hops to neighbouring 

within-range devices, and hence physical space and proximity of devices is important [17]. 

Since mobile phones are constrained to communicate to nearby neighbours (through 

Bluetooth connections and proximal cell towers), the lymph node analogy can be extended to 

view mobile phone transmission towers as artificial lymph nodes and the area of mobile 

phone users serviced by it as the draining region. 

APPLICATION TO HUMAN-ENGINEERED SYSTEMS 

MODULAR SEARCH IN MULTI-ROBOT SYSTEMS 

Our work can also be applied to an immune system inspired robotics systems. The draining 

region of a lymph node can be patrolled by robots. The artificial lymph node is a central 

computer. Robots in the draining region communicate with the central computer (artificial 

lymph node). A lymph node inspired architecture can lead to speedup in search times for 

robots [1-4] by balancing the local time to find a solution (similar to a pathogen) and the 

global time to propagate it to other artificial lymph nodes. 

SEARCH IN PEER-TO-PEER SYSTEMS 

Distributed peer-to-peer systems are used to provide services like search and content 

integration. Computer nodes store data or service and no single node has complete g. lobal 

information. Decentralized search using local information is used to locate data. In this case, 

artificial lymph nodes would be clusters of computer nodes that store information. Artificial 

lymph nodes communicate with each other when they need to find information. Using a 

lymph node inspired can lead to speedup in time to search for information in peer-to-peer 

systems [3]. 
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GENERAL PRINCIPLES OF LYMPH NODE INSPIRED COMPUTING 

Here we outline the general principles of lymph node inspired computing. The immune 

system aims to balance the local time of detection of pathogens with the global time for 

response against pathogens. 

BALANCE BETWEEN LOCAL DETECTION AND GLOBAL RESPONSE 

The key argument is that response against pathogens by the immune system should minimize 

energy expenditure. This leads to a particular scaling of the size and number of lymph nodes: 

a relationship for how the size and number of lymph nodes should vary with the size of the animal [1]. 

We assume that energy spent is linear in the size of the organism, i.e. all organisms spend a 

constant fraction of their energy budget on the immune system. Similarly we strive to build 

systems that have approximately linear or poly-logarithmic scaling in terms of memory or 

computation requirements. 

MISCELLANEOUS CONSIDERATIONS 

Any distributed computer system with a client-server relationship will lead to different kinds 

of tradeoffs between local and global communication. Such systems could have a master- 

slave relationship in which individual components report aggregated data to a processing 

centre (local communication) and processing centres distribute data globally among all 

components (global communication) [1-3]. A lymph node inspired strategy can enhance 

message propagation times and increase robustness in such systems. The final optimal 

architecture will also depend on architecture of the system and the idiosyncrasies of the 

system; for example in certain intrusion detection systems like process Homeostasis [16] it 

may not be optimal to spread information globally (which would lead to performance 

degradation of the whole system) and hence the optimal strategy would be to contain all 

information locally. 

GENERAL THEORY OF LYMPH NODE INSPIRED SEARCH AND RESPONSE IN 
DISTRIBUTED SYSTEMS 

Generally, if the local and global communication costs scale with exponents α and β, we have 

the time to find information locally and then spread it globally as 

ttotal = O(n 
α
 ) + O(N 

γ
 / n 

β
 ), 

where n is the number of computers in an artificial lymph node and N is the number of 

artificial lymph nodes. Minimizing the expression with respect to N, and assuming a 

power-law scaling relation, we get the following general relation [11] for the number of nodes 

or computers within an artificial lymph node: 

n = O(N γ / (α+β) ) 

We also have the following regimes based on the relative values of the parameters: 

1. if γ < α + β we have sub-linear scaling, 

2. if γ > α + β we have super-linear scaling, 

3. if γ = α + β we have linear scaling, 

4. if γ/(α + β) = 0 we have no scaling (constant), 

5. if γ/(α + β) < 0 we have negative scaling. 

DISCUSSION 

Lymph nodes are physical anatomical structures that allows the immune system to rapidly 

detect pathogens and mobilize cells to respond to it. Lymph nodes function as: 



S. Banerjee 

508 

1. information processing centres, and 

2. distributed detection and response networks. 

We introduce biologically inspired computing that uses lymph nodes as inspiration. This is 

shown schematically in Fig. 3. 

 

Figure 3. A lymph node produces a unique informational lens through which to study 

immune systems and also distributed systems. One can study the requirements of a system 

that needs to be built, analyse its information flow and then propose a lymph node inspired 

architecture and strategy to solve that problem. 

The immune system is able to and rare spatially localized pathogens and eliminate them in a 

timely manner. The immune system uses specialized cells to find pathogens in anatomical 

regions called lymph nodes. A sub-modular arrangement of lymph nodes could lead to fast 

elimination of pathogens in the immune system and also faster search for solutions in immune 

inspired distributed systems of computers [1-5]. Each lymph node has a modular unit of 

protection called a protection (that contains the 1 in a million immune system cells specific to 

a pathogen). This is a modular search unit that may be iterated in larger animals and allows 

the immune system to detect pathogens quickly and mount an effective immune response. 

Our approach highlights the tight coupling and co-evolution of hardware (lymph nodes) vs. 

software (algorithms for guiding T-cells to sites of infection) in complex biological systems 

like the immune system. The software would be specific algorithms or search processes that 

guide T-cells to infected cells in tissue. The hardware is the physical infrastructure of lymph 

nodes and circulatory networks. Both have co-evolved with each other to produce a system 

that is capable of detecting an event and responding to it efficiently. 

Human-engineered complex systems can draw valuable inspiration from such systems. The 

hardware of the immune system (lymph nodes) [1] has co-evolved with its software (T-cell 

recirculation and search strategies) to enable the immune system to mount effective and 

timely responses to pathogens. Here we have shown how these techniques can be applied to 

systems like mobile networks and outline applications to diverse human-engineered complex 

systems like social networks, intrusion detection in distributed systems, cluster allocation in 

distributed systems of computers and mobile robots. 

We argue that the biological immune system can provide powerful metaphors and inspiration 

for distributed computing in human-engineered complex systems like clusters of computers, 

peer-to-peer networks and online social networks. Such a lymph node inspired approach can 

also be applied to the Internet of Things. 
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Lymph node inspired techniques can also complement and provide a powerful context in 

which to situate other immune system inspired techniques like negative selection [7], clonal 

selection [8] and dendritic cell algorithms [9]. These techniques can provide valuable 

inspiration for building systems that scale gracefully as we increase the size of the system. 

We hope that this would lead to immune system inspired computing that captures all the 

complexities and power of the immune system in human-engineered complex systems. 
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ABSTRACT 

Recently, web-based job sites appear to be the major source of advertisements. However, it has been 

argued that search engine toolkits restrict wording used to find job skill requirements, which requires 

clearly defined commonly used terms. This article aims to analyse 16 000 online job advertisements 

using content analysis to identify current skills required by various professions in order to allow the 

comparison across countries through time to identify if trends vary in different national markets. In 

addition, algorithmic approaches to processing data were used to collect, sift, and organize content as 

well as to improve the efficiency and reliability of the analysis, and to derive a conceptual model of 

practitioner knowledge, skills, and abilities. Useful insights were given about the skills that employers 

require, based on online job advertisements from the USA, UK, Ireland, and Hong Kong. 
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INTRODUCTION 

The labour market is extensive and exposed to constant changes due to globalization, 

development of technology and science, changes in the demographic structure and 

environment. It is important to know labour market, its trends, employers’ requirements, for 

an individual to easier and better prepare for the desired job. 

The research which uses job advertisements as data are growing in popularity in the new era. 

This type of research provides useful insight into the labour market and gives an opportunity 

to understand working conditions, salaries, and occupational changes. A major motivation for 

these kinds of studies is to examine the changing nature of skills that are required in the workplace. A 

development like this could enable more collaboration between researchers and recruiting 

organisations resulting in major benefits for both recruiters and individuals seeking for the job [1]. 

In the study conducted by Maier et al. [2], the researchers discovered that the number and variety 

of technical skills mentioned in job ads were increasing over the time examined. This indicates that 

the desired skills of employees are evolving over time, so knowing employers’ requirements 

helps individuals to remain competent. In addition to the facts stated above, knowing labour 

market, and required skills are not only important for individuals seeking for the job, but also 

for policymakers in the areas of education and training, career guidance, labour market 

activation, immigration, and enterprise development, employers, HR consultants and recruiters [3]. 

The primary goal of this article is to provide trends into employment and workforce skills as 

such indicators can help to influence rising educational attainment, technologic convergence, 

and demographic change. In addition, these trends indicate skill shortages, consumer demand, 

and changing industrial structure. Therefore, a content analysis of job advertisements is used 

to identify current skills required by various professions in order to allow the comparison 

across countries through time to identify if trends vary in different national markets. 

This article is organized into four major sections. Related research is reviewed in the 

introductory section. The following section describes the methods and necessary preparations 

made before the analysis itself. Finally, the results achieved through the content analysis are 

presented and discussed, with several conclusions drawn. 

RELATED WORK 

A primary goal motivating the content analysis of job advertisements in numerous research 

studies has been to derive a conceptual model of employees’ knowledge, skills, and abilities [3]. 

From the study by Maier and Clark [2], it is noticeable that this kind of research is not so 

new, indicating how job advertisements were analysed across different decades. 

Using content analysis of online job advertisements from Monster.com, Backhaus [4] argues 

that differences exist among companies in recruitment tactics. For instance, certain 

companies focus on company branding rather than on employee benefits. Baravalle and 

Capiluppi [5] used the same website in their research as Backhaus. They focused on job 

advertisements in IT sector and discovered a very common problem of mismatch between 

requirements of UK industry and offer of educational and training institutions. 

To derive trends in programming skills, Smith, and Ali [6] examined job advertisements from 

online job agency www.dice.com. Their approach included extracting key terms from over 80 000 

job advertisements. The Dice platform was also used in research by Surakka [7] with similar 

motivation for research as Smith and Ali [6], reporting that the duties of software developers 

changed as technically more versatile, that it is no longer enough to have skills only in one or 

http://www.dice.com/
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two programming languages. Molinero and Xie [8] presented key groups of skills in online job 

advertisements using cluster analysis in combination with multi-dimensional scaling. 

Lee and Lee [9] gathered job advertisements from websites of companies featured in Fortune 500. 

The focus of their research was on job advertisements for IT managers. The outcomes of the 

research indicate that IT job applicants with high school diplomas or associate degrees 

possibly would not become IT managers in these companies because these companies do not 

appreciate the value of certification but strongly require their IT managers to possess 

technical skills and system skills, as well as business skills. 

Furthermore, Dörfler and Werfhorst [10] focused on skills that employers require in various 

occupations. The outcome of their research is that employers require a wider set of skills over 

time, including not only occupational skills but also social and personal skills. A similar 

conclusion was presented in research by Kureková, Beblavý, and Thum-Thysen [11]. Using 

content analysis and simple statistical methods, they explored the Slovak labour market and 

found that employers in Slovakia are fairly demanding a wide set of skills even in formally 

low-skilled jobs. Using text mining on publicly available job advertisements, Pejić Bach [12] 

performed research related to analysis of competencies required in Industry 4.0 to develop a 

profile of Industry 4.0 job advertisements. However, Bennett [13] argues that the problem 

with skills employers’ demand is that usually the level of competence for each skill is not 

defined, which leads to problems where universities do not know what to teach and 

candidates do not know exactly what they are being asked to demonstrate. Thus, Bennett 

suggests that organisations create a uniform set of short, straightforward, and easily 

memorable definitions of key skills to facilitate shared understanding. 

Several research studies focused on exploring the quality of online job advertisements as a 

data source. Kureková, Beblavý, and Thum-Thysen [11] suggested strategies for overcoming 

selected methodological issues and that online job advertisements can be coupled with other 

sources of vacancy data or text describing analysed professions. One of the goals of the 

research by Wade and Parent [14] was to determine how the required skill mix and the degree 

to which subjective assessments of the possession of skills affect the job performance. Also, 

researching online job advertisements to identify the mix of desired skills is very useful and 

can be exploited as valuable input to student counselling services or curriculum development. 

In addition, Huang [15] points out that the online job advertisements list a wider mix of skills, 

while practitioner literature tends to focus on technical skills. 

There are numerous research studies conducted as a tool for improving education, training, 

and performance management such as a study by Iyer [16] used a content analysis of 394 job 

announcements in the visual resources field to improve education and training by providing 

the library community with the information necessary to support the development of 

programs for visual resource professionals. Another research with a similar purpose was the 

one by Payne [17]. The study examined Information Management (IM) within the UK 

through the comparison of content analyses of IM course curricula and IM job advertisements 

to determine what is recognised as the discipline of IM through the consideration of what 

components are taught within UK Higher Education Information Management degree 

curricula. Reeves and Hahn [18] also highlight the fact that the content analysis of job 

advertisements can inform curriculum development and enhancement, academic advising, 

and job-seeking implications for new graduates. They also suggest that these kinds of studies 

are needed all the time to reflect the current state of the labour market. The results of the 

previously mentioned research by Surakka [7] indicate that if the number of required skills 

for computer science graduates continues to increase, degree programs might have severe 

difficulties in following this change. In addition, Krstić [19] performed research on big data 
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analysis to bring valuable business insights in the financial industry, indicating that methods 

can be used for any other domain to extract information. Moreover, the outcomes of these 

research studies are used for improving curricula, training, and performance management. 

RESEARCH METHODOLOGY 

DATA COLLECTION 

The first step in collecting data is to select the relevant source of job advertisements. Here, Indeed, an 

American worldwide employment-related search engine for job listings was used [20]. Such websites 

offer a low cost of posting job advertisements which enables the employers to post more detailed 

descriptions of their requirements [21]. For the purposes of this study, 16 cities with the most 

numerous job advertisements were collected. Most of them are from the USA, several from the UK, 

and one city from Ireland and China. Thus, around a thousand job advertisements were 

collected for every city, over the period from January 19
th 

2020 to March 23
rd

 2020. 

CONTENT ANALYSIS 

Content analysis is a research method for studying documents and communication artifacts, 

which might be texts of various formats, figures, audio, or video used to examine patterns in 

communication in a replicable and systematic manner [22-24]. There are numerous examples 

of research based on content analysis that shows how text mining is used in various areas [25, 26]. 

A key element of content analysis is to code data in a way that will categorize it [27]. To 

accomplish this, the content analysis uses variables to represent the counts or proportions of 

keywords encountered within the records of text [28]. Using content analysis, four key parts 

of job advertisement are analysed: Job Title, Company, Job Description, and Salary. Figure 1 

illustrates the process of data collection, content analysis, and presentation of the results. 

 

Figure 1. The process of data collection, content analysis and results presentation. 

RESULTS 

JOB TITLE ANALYSIS 

According to UK Office for National Statistics, during the period from January to March 2020, the 

number of vacancies in professional, scientific, and technical activities, administrative and 

support service activities, accommodation and food services, human health, and social work, 

as well as in wholesale and retail trade increased significantly [29]. From Table 1, it is 
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evident for Birmingham, Manchester, Edinburgh, and London that these facts are confirmed 

for the majority of sectors. The vacancies are most numerous in administrative and support 

service activities. On the other hand, vacancies in professional, scientific, and technical 

activities are represented but to a much lesser extent than projected. 

Table 1. Frequencies of job vacancies in the cities worldwide that appeared on Indeed from 

January 19
th

, 2020, to March 23
rd

, 2020 (continued on p.516). 

Vacancy 
Cities* 

Bir Man Edi Lon Dub NY LV Bos SF HK 

Administrator 66 72 60 54      9 

Administrative Assistant 17 30 11 30 8 27 10 3  20 

Analyst Operations     5      

Advisor      10  2   

Business Analyst     3    3 10 

Buyer     6    3  

Cashier      10 28 7   

Cleaner 15 11 14  5 15     

Collections Specialist     3      

Compliance Analyst     4      

Content Review Associate     8      

Consultant      13 12   12 

Customer Adviser 20  14 12 4      

Customer Assistant 23 18 14 33       

Customer Care     3      

Customer Service 13  38        

Customer Specialist     3   2   

Customer Support     3      

Data Analyst     6    7 3 

Delivery Driver   14  4      

Designer   13  3   2  5 

Development Representative     3     3 

Director of Digital Sales     3      

Dishwasher     20   3   

Executive Assistant     5     9 

Finance Associate         4  

Floor Assistant     3 20  2   

Graphic Designer        5 8 3 

Housekeeper       14    

HR Assistant      12     

Investigator      22  2 9  

Makeup Artist     3      

Operations Assistant         12 11 

Personal Assistant    14       

Porter       12 2 4  

Receptionist      23 14   12 

Retail Assistant     3  12  7  

Sales Advisor     3  48   5 

Sales Assistant  18  18  15     

Sales Associate 17 12  10 6  14  5  
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Table 1. Frequencies of job vacancies in the cities worldwide that appeared on Indeed from 

January 19
th

, 2020, to March 23
rd

, 2020 (continuation from p.515). 

Secretary Assistant     3   7   

Security Officer       16 2 8  

Services Representative       10  7  

Settlements Analyst     3      

Software Developer     4      

Software Engineer     5    3  

Support Officer  10  10       

Support Worker  10 33        

Teacher       12  3 8 

Technical Support     6    3  

Transporter      10     

Warehouse Operative 14  11    12  3  
*Bir – Birmingham, Man – Manchester, Edi – Edinburgh, Lon – London, Dub – Dublin, NY – New 
York, LV – Las Vegas, Bos – Boston, SF – San Francisco, HK – Hong Kong 

Recently, it was estimated that demand for occupations in professional, real estate, scientific 

and technical activities would see an increase by 425 000 jobs by 2041 [8]. Information and 

communication, and education, health, and social work, and support service activities are also 

expected to increase in vacancies. Administrative and secretarial occupations are the only 

occupation group expected to see a London-wide decline in demand [30]. However, these 

predictions seem not quite accurate, although there is still a large period left to see if demand 

for administrative occupations will decrease as it is expected. These results only indicate that 

vacancies for the observed occupations were formally published. The demand for occupations 

from other mentioned sectors might also be high despite obtained results as employers may 

use other ways to fill the vacancies. 

For Dublin, Ireland, the only sector with a marked increase in job vacancies since 2008 has 

been in professional, scientific, and technical activities [31]. Occupations like software 

developer, data analyst, and software engineer confirm that demand in this sector exists. Job 

vacancy rate in administrative and support activities, accommodation and food activities, 

information and communication and education activities stagnates during the last two years [31]. 

The US Bureau of Labor Statistics made a projection of trends in the labour market for the 

period 2018 to 2028. A slight increase in job vacancies is expected in the service-providing 

sector. However, sectors that are expected to see the fastest employment growth are health 

care and social assistance, private educational services, and construction. An increase in job 

vacancies is also expected in computer and mathematics and in renewable energy fields. On 

the other hand, several sectors are expected to see a decline in employment: retail trade, 

wholesale trade, utilities, the federal government, and manufacturing. A reason behind a 

decline in employment in retail trade is a shift to e-commerce [32]. This might also contribute 

to decreasing in job vacancies for the transportation and warehousing sector as well. 

For New York, the most represented occupations are from the service-providing sector, as 

was expected. However, there are several deviations from the facts presented by the US 

Bureau of Labor Statistics. Occupations in transportation, retail trade, and wholesale sector 

are still among the most frequent vacancies which might indicate that the more significant 

decline in employment in these sectors has not occurred yet [33]. It is also noticeable that 

occupations such as administrative assistants are constantly in demand. 

In Las Vegas, tourism is the biggest industry in Las Vegas and the major source of income. 

Therefore, the highest demand is expected to be in the service-providing sector. The results of 
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the analysis confirm these expectations, showing that most of the most frequent vacancies are 

exactly in the service-providing sector. Furthermore, the occupations in administrative 

activities, are in much less demand considering previously analysed cities. 

For Boston, occupations that occur more than ten times are still mostly from the service-providing 

sector. However, occupations such as illustrator, copywriter, graphic designer, videographer, 

and animator are also represented which leads to the conclusion that the occupations of the 

creative industry are high in demand in Boston. As was the case in most previous examples, 

occupations in administration are rich in vacancies. 

For San Francisco, the distribution of vacancies by sectors is much more diverse than in other 

cities. Job vacancies indicate that occupations in information technology, marketing, sales, 

science, engineering, and business management are in demand. 

Overall, the results from Table 1 confirm that similar trends were identified in the USA as 

well as in the UK and Ireland. The most announced occupations are in administration and 

service-providing activities. The example of Las Vegas shows that demand is higher for the 

occupations in the industry which city is known for. Although a large increase in employment 

in healthcare, science, technology, and engineering is projected, occupations in these 

industries are not so represented in given results which might implicate that there are other 

ways of finding employees for the positions in these industries. 

For Hong Kong, the most common vacancies are in consultancy, finance, and administration. 

Also, Hong Kong has a high demand for administrative assistants, which is a trend that was 

already seen in the USA, Ireland, and the UK. Occupations such as designer, graphic 

designer, and copywriter suggest that growing demand for professionals in the multimedia 

and creative industry exists. Also, vacancies for teachers appeared as projected. Language teachers 

and skill teachers like coaches are the most sought-after occupations of this type in Hong Kong [34]. 

ANALYSIS OF THE EMPLOYERS 

The most common employer in the UK is NHS Scotland, which occurred in 72 job 

advertisements. According to the Office for National Statistics, NHS Scotland is a public 

sector body, and it is among the top 10 largest public sector employers in the United 

Kingdom. Other public bodies listed above are the University of Manchester, Manchester 

University NHS Foundation Trust, and the University of Edinburgh. In addition, public listed 

companies in the retail sector such as Tesco, boohoo.com, and Morrisons are also among the 

most common employers. The private company Iceland also belongs to the retail sector. It 

should be also noted that several recruitment companies are among the most common 

employers, such as Pertemps Network Group, Page Personnel, and Web2Recruit. All these 

companies are private. Finally, Sykes is another public company specialized in customer 

service and technical support. To summarize, different types of employers use the website 

Indeed for finding employees who will fill job vacancies. Mostly public sector bodies and 

public listed companies. Private listed companies are slightly less common among employers. 

There are also examples of charitable sector organizations such as The Action Group from 

Edinburgh. The public sector bodies are mainly from the health and education sector. Also, 

most of the employers are from the retail sector which confirms the growing demand for 

occupations in retail trade and wholesale. 

The results of the Dublin job vacancy analysis suggested a growing demand for occupations 

in professional, scientific, and technological industries, so IT and technology companies are 

expected to be among the most common employers. IT companies such as Facebook, Google, 

Accenture, Salesforce, and Microsoft are in the top 10 most represented employers. It should 

be noted that the most represented IT companies are American. However, Accenture is an 
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example of an Irish company and according to Forbes magazine, it is in the top four largest 

companies in Ireland. As was the case with the UK, recruitment agencies in Ireland also use 

Indeed for finding employees. The Hays company is an example of a recruitment agency. On 

the other hand, public sector bodies are not among the most represented employers on Indeed 

for Ireland. The only example of a government agency is a Health Service Executive from the 

healthcare sector. Another issue that suggests that labour market in Ireland is slightly 

different than the one in the UK is that employers from the retail trade sector are also a lot 

less represented among the most common employers. The only example here is the 

supermarket chain SuperValu. Lastly, there are examples of pharmaceutical companies such 

as Novartis, companies specialized in investment banking such as CITI, telecommunications 

companies such as 3 Ireland, and management consulting company Deloitte. To conclude, the 

analysis of the employers in Dublin confirmed several previously derived conclusions such as 

the growing demand for occupations in the technology industry as well as a more diverse 

structure of the labour market than in the UK. It is important to mention that this analysis 

covers only Dublin therefore, the situation in the whole of Ireland might be different. 

The United States Federal Government is the biggest employer in the USA since six out of 

ten most represented employers are from the public sector and are funded by the USA 

government. Similar trends found in the UK are repeated in the US, where universities are 

among the most common employers. However, unlike the UK where the employers from the 

retail sector are highly represented in the top ten most common employers, Nordstrom is the 

only example of the retail industry in the top ten most represented employers. Furthermore, 

NBCUniversal and Marriott International are examples of the entertainment and hospitality 

industry, which were not represented in the previously observed countries. Also, unlike 

Ireland, IT companies are much less represented, with only one example, Apple. It is 

important to add that the second largest employer in the USA, Walmart, occurs in only three 

job advertisements. One of the possible reasons might be that Walmart is using different 

platforms for announcing job vacancies. 

To sum up, most of the employers in the USA belong to the public sector bodies, especially 

to the education sector. Other employers belong to various industries, from hospitality and 

technology to the media and retail industry. The results showed that employers from various 

industries use Indeed to announce job vacancies. On the other hand, some of the largest 

employers in the USA were not found among the most represented employers such as 

Walmart or Kruger which might suggest that there are other popular platforms besides which 

are used by these companies or there are other ways of finding employees. 

Unlike other observed cities, most of the employers in Hong Kong are private companies. 

The single example of the public sector among the most common employers, the Hong Kong 

Productivity Council, may lead to the conclusion that Indeed is not a primary platform for 

announcing job vacancies in the public sector in Hong Kong. Furthermore, Earth.org is an 

example of a non-government organization that provides a scientific understanding of climate 

change and promotes environmental protection. As was the case in the UK, recruitment 

companies are among the most common employers on Indeed. Examples of the recruitment 

companies in the Table above are Classy Wheeler and Zebra Strategic Outsource Solutions. 

Companies specialized in logistics are Asia Airfreight Terminal and Cathy Pacific Services. 

Employers from the financial services and banking industry are highly represented. HSBC, 

CITI, Standard Chartered, and China CITIC Bank International are examples that illustrate 

the previous point best. Lastly, ITCS Group is an example of the IT industry which is the 

most represented in job advertisements. Thus, most of the employers presented on Indeed are 

private companies from the financial services and banking industry. Employers from the 

retail sector are not among the most common employers as was the case in the UK. 
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JOB DESCRIPTION ANALYSIS 

Employers have been found to require a broader set of skills over time and these skills are no 

longer closely related to the occupation [10], rather to social and personal characteristics. It 

has also been found that employers require a wide range of skills, even for low-skilled 

occupations as well as for new and possibly high-skilled occupations [11]. 

While examining job advertisements, it was found that employers tend to focus on company 

branding instead of skills they require from candidates. This must be taken into consideration 

during analysis and presentation of the results. 

Types of words have a major role in understanding the required skills of the employees. 

Research performed by Seljan [33] shows that verbs are usually used for describing duties, 

they create multi-word units consisting of verb phrases (VPs), which appear less frequently 

than noun phrases (NPs). NPs (noun preceded by adjective or noun) appear the most 

frequently carrying the meaning of the sentence, in the domain of law, or when extracting 

terminology using language-independent methods in the medical domain using the statistical 

and hybrid approach for information retrieval purposes [34]. 

While examining gathered job descriptions, it was found that the types of words employers 

use in the Job Description section can reflect whether employers focus on the duties of the 

candidates, or they prefer to list the required skills. As it was mentioned before, employers 

who use the Job Description section for branding companies must be taken into 

consideration. For the analysis, the first step was removing stop words to shorten the 

processing time. The next step was tokenizing the words and categorizing them by type. 

The share of word types in job advertisements for the USA is given as follows; adjectives 8,8 %, 

verbs 8,9 %, nouns 38,5 %, other 43,8 %. The UK has a very similar division of the shares of 

word types to that of the USA; adjectives 8,3 %, verbs 9,3 %, nouns 35,1 %, other 47,3 %. 

Verbs are usually used for describing the duties of employees or for describing what does the 

company does. The share of adjectives that is almost like the share of verbs might suggest a 

growing trend of describing demanded skills. The share of word types in job advertisements 

for Dublin is given as follows; adjectives 8,8 %, verbs 8,2 %, nouns 35,5 %, other 47,5 %, 

while for Hong Kong is: adjectives 8,4 %, verbs 7,3 %, nouns 39,4 %, other 44,8 %. The 

share of adjectives is bigger than the share of verbs. The reason for this might be that 

employers are more focused on the skills they require from the candidates. 

Skills analysis is based on the competence model ‘KODE’ [35], that is competencies are 

divided into four fields: Personal competence (P), Decision-making and responsibility (A), 

Professional and methodical competence (F), and Social and communicative skills (S). Each 

field consists of four blocks and each block contains four competencies. The results are 

shown in Table 2 as percentages of job advertisements in which competencies from the 

category appear. 

The first aspect to point out is that three out of four observed countries and cities have the 

largest share of social and communicative skills represented in the job advertisements. This 

Table 2. Skills by categories found in job advertisements 

Skills USA UK 
Hong 
Kong 

Dublin 

Personal Competence (P) 11 694 9 077 11 781 9 681 

Social and communicative skills (S) 35 534 13 649 4 521 9 980 

Decision-making and responsibility (A) 4 426 5 206 4 521 5 589 

Professional and methodical competence (F) 12 476 9 009 4 110 8 383 
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confirms the outcomes of the study conducted by Dörfler and Werfhorst [10]. According to 

the Indeed career guide, skills such as verbal and written communication, teamwork skills 

and problem-solving skills, are ultimate skills that are demanded no matter occupation. 

The results of the analysis shown above confirm that these skills are extremely important to 

employers. In addition, there is also a high demand for candidates who are customer-oriented 

and who possess conflict handling skills as well as language skills. All of this points to the 

conclusion that employers are looking for candidates who have solid relationship 

management skills and who work great with both clients and other employees. 

The second most represented category is personal competence. For Hong Kong, it is the most 

represented category. As it is desired to have excellent interpersonal skills, according to 

employers, having excellent self-management skills is important as well. Motivation is a 

highly sought-after competency, which indicates that employers look for candidates who are 

focused on their professional growth. Responsibility, flexibility, and willingness to learn stand 

out as the highly represented competencies in this category. Employers also cite self-discipline, 

credibility, and reliability as desirable skills from this category. This highlights the fact that 

employers seek individuals they can rely on. 

It is interesting that professional and methodical competence is the third most represented 

category. However, skills that stand out in this category as the most required are time-management 

skills and organisational skills. Employers highlight that employee must be able to complete 

tasks in a timely manner. Work ethic is also found as highly demanded by employers. 

Attention to detail and presentation skills are mentioned by many employers as highly 

desirable skills. From occupation-related skills in this category most required are analytical 

skills, products knowledge, and project management. It should be noted that this category is 

the least represented category in Hong Kong. 

Finally, the last category is decision-making and responsibility. Although this category is the 

least represented, there are several sub-categories that are found highly demanded such as 

leadership skills and stress handling skills. Enthusiastic and results-driven candidates are 

found to be desirable to employers as well. This indicates that employers seek positive 

individuals as the energy of an individual can affect the entire team. In conclusion, the 

proportion of ads that have keywords associated with the skills categories reflects the relative 

importance of these skills for employers [21]. 

Numerous occupations require a certain level of education to be eligible to work in that 

profession. For example, New York, Miami, and Washington are cities with the highest 

percentages of occupations requiring a degree. As expected, the highest demand is for a 

bachelor’s degree. However, most job advertisements do not require any degree. On the other 

hand, low percentages for the UK indicate that employers in the UK usually do not state the 

level of education they require or most occupations in job advertisements do not require a 

degree. It is the same case with Hong Kong as well. 

Regarding salaries, the job advertisements which provide information about the salary are in 

the minority. Job advertisements from Dublin and Hong Kong did not provide enough 

information about the salaries. It was found only that the job of an administrative assistant is 

usually better paid in the USA with the average salary in the range from $40 000 to $60 000 while 

in the UK average salary for an administrative assistant is in the range from $20 000 to $30 000. 

According to one source which examines the salaries of the jobs in the USA, the median 

salary for the job of service representative in 2018 was $33 750. 
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DISCUSSION 

The development of science and technology brought new ways of advertising job vacancies [9]. 

Advertising job vacancies is nowadays possible at a much lower cost [21]. This allows 

employers to write very detailed job advertisements with much more requirements and 

therefore it is getting harder for individuals to remain competent. 

The content analysis proved to be a very efficient method in extracting meaningful 

information from job advertisements or any text in general [19]. The content analysis 

implemented and presented in this study derived useful insight into the employment trends 

for the USA, UK, Dublin, and Hong Kong. Useful conclusions were given about the skills 

that employers require, which are subject to constant changes. 

From the results of this study, it is safe to conclude that there is a growing demand for social 

and personal skills than for professional and decision-making skills. Communication and 

organizational skills, strong work ethic, ability to adapt, motivation, and time-management 

skills proved to be essential skills employers require regardless of the industry or occupation. 

The analysis yielded occupations from the administration and service providing sector as the 

most demanded occupations in all analysed countries and cities. However, the share of 

occupations from other sectors in the job advertisements differs from city to city. 

Although the results of the content analysis showed similar trends in the UK and the USA, the 

difference in skills demands between these countries exists. Only skills from the decision-making and 

responsibility category are equally demanded across these countries. A similar trend is noted 

in the case of Dublin and Hong Kong. However, it is also noted that skills from personal 

competence are equally demanded across these cities. There are several possible reasons for 

these results. Employers across different countries and cities might have different priorities 

when writing job descriptions. They can be focused on listing duties which candidates will 

perform or they can focus on the skills that candidates must possess. Also, there are 

employers who focus on promoting their company rather than requirements. The results also 

depend on the representation of the occupations since different occupations require different 

categories of skills. For example, occupations from the retail sector will probably require 

more social and communicative skills than occupations from the IT sector which will require 

more professional and methodical skills. 

Another conclusion that emerged from the analysis is that employers find it crucial for candidates to 

have developed interpersonal skills. Equally important is to have excellent self-management skills 

meaning that the candidate must be motivated, willing to learn and grow in a professional 

way. All that points to the conclusion that employers are usually not focused on occupation-

related skills. However, it is important to mention that this does not mean that occupation-

related skills are not represented at all in the job advertisements. Occupation-related skills are 

demanded as well, although to a lesser extent. 

The analysis of the employers showed that it depends on country to country which types of 

employers use online recruitment websites as a way of filling job vacancies. For instance, 

public sector bodies in the UK use recruitment websites unlike public sector bodies in Hong 

Kong. Finally, the analysis of the salaries gave insight into how salary for the same 

occupation differs from country to country or from city to city. 

There are certain limitations of this study related to the quality, reliability, and representativeness of 

data from online job advertisements. These issues must be taken in consideration when using 

this kind of source as research data. For example, uncontrollable variables, like the quality of 

writing in job advertisements, can affect research [22]. In addition, the description of the job 

depends on recruiters’ ability to communicate through written language [23]. Therefore, job 
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advertisements can possibly be ambiguous and hard to analyse. This also leads to challenges 

in coding this kind of problem. Furthermore, job advertisements usually reflect an ideal 

future state rather than the current reality of the labour market. The current demand on the 

labour market reflects development in a particular sector and does not necessarily represent 

the existing structure of the labour market. IT sector is the most suitable example to illustrate 

this point. IT sector has recently expanded and as a result, many countries record an increase in 

job vacancies in an IT industry. However, this does not necessarily reflect the actual share of the IT 

industry in a national structure of employers or employees [11]. 

Another challenge also occurs while using online job advertisements as a data source. 

Difficulties might occur while ascertaining whether the set of online job vacancies is a 

representative sample of all job vacancies in a specified economy. An example of this is 

international firms which usually first employ internally available candidates before 

announcing a vacancy in a labour market. In addition, in smaller towns or villages there are 

closer relations between populations, which often means that jobs are first offered to 

candidates known personally to the employer. This leads to the conclusion that jobs can be 

differently distributed and a part of them does not require a formal ‘vacancy’ announcement. 

This also indicates that online job advertisements can provide insight into what types of jobs 

employers find difficult to fulfil through internal or informal ways of finding candidates [11]. 

Thus, using job advertisements from an established portal and interpreting the results with 

caution can be a valid and acceptable choice. In addition, despite the previously mentioned 

limitations of job advertisements as research data, research using this source has been 

published in leading social science journals, suggesting that the field is expanding. Moreover, 

with the spreading of the Internet, reliance on Internet-based recruitment will possibly increase [9]. 

Another limitation of this study relates to the content analysis method itself. Although this is 

a very convenient method and it has numerous advantages for this kind of research, it has some 

disadvantages as well. The advantage of the human reading of job advertisements is that it may 

ensure that words are analysed in terms of their context as well as their frequency. Another 

disadvantage is that manual coding of an extensive data set is time-consuming. This may lead to the 

problem of biased or inconsistent coding, particularly if data are not cross-coded effectively. 

Thus, future research might include more sophisticated methods applied in the domain of 

natural language processing, such as deep learning or other machine learning algorithms to 

extract meaningful patterns from the data. In addition, future avenues of this research might 

consist of a more detailed interpretation of the results represented in this article, e.g., further analysis 

could be also performed on the same data sample used in this article to derive additional conclusions. 

Overall, our findings have several implications for job advertising strategists and can help 

marketers and managers understand how to structure communication content in such a way 

that it avoids common problems such as mismatch in terminology between requirements of 

industry and offer of educational and training institutions, etc. Managers can be guided by 

this research in deciding which characteristics of content to promote to elicit favourable 

responses among potential employees. Moreover, the outcomes of this research study can be 

used for improving curricula, training, and performance management. 
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ABSTRACT 

The objective of this study was to analyse the impact of positive externalities of international tourism 

demand on increasing the market power (MP) of an extra virgin olive oil (EVOO) wholesaler in Croatia. 

In the context of this article, the MP measures how close the wholesaler can set the actual price of 

EVOO to the maximum the retailer wants to pay. Our hypothesis explained how the additional demand 

of tourist consumers for EVOO could stimulate and increase the MP of the wholesalers. Here, it was 

important to remember that the EVOO market signals relatively asymmetric quality information about 

products that varies in certain ranges. The selected time-series span the weekly period from 2017 to 

2019. We used the Toda-Yamamoto approaches of causality in the relationship between the EVOO 

price gap and tourism overnights, as well as the autoregressive distributed lag model (ARDL) bounds 

test for cointegration. For larger EVOO bottles (0,75 l and 1 l), there is unidirectional causality flowing 

from tourism consumption, which we presume originates from the tourism demand variable, to MP. 

There is a relevant bidirectional causality in the case of the 0,25 l bottle. Tourism in a purchased bottle 

of 0,5 l does not manifest any side-effect impact on MP. This pioneering study has investigated the 

relationship between the MP of EVOO wholesalers in Croatia and tourist demand. An inventive view 

has been adopted with regard to the theoretical concept of measuring MP, but also due to the steps 

towards the use of ARDL bound testing. 
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INTRODUCTION 

This article investigates the MP of EVOO, which in our opinion is associated with rising 
international tourist demand, at least until the Covid-19 pandemic, using the example of the 
Republic of Croatia’s wholesale trade. We argue that purchasing power is enriched by tourist 
buyers, which in turn causes EVOO price rises, empowering wholesalers’ position in the supply 
chain. International tourist demand has recorded high growth rates in recent years, which has 
increased the consumer potential for buying bottled EVOO in Croatia. Using the positive 
externalities, our hypothesis asserts that tourist consumers cause an increased MP for wholesalers. 

The research on market power (MP) in the olive oil trade is relatively scarce and it is mostly 
centred on exports [1, 2]. Before exploring the connections between MP and the growth in 
tourism, in order to justify researching the topic in that direction, we should state that the MP 
of wholesalers has grown generally because of their sizes, economics of scale, and 
organisational advantage. Wholesale provides a genuine economic function in the European 
economy; from a value chain perspective, it is an input to almost all production processes (the 
highest share of wholesale inputs had found in food and beverages and the lowest in 
construction, see in [3]). The rise of wholesalers has been driven by an intuitive 
complementarity between their sourcing of goods from abroad and an expansion of their 
domestic distribution network to reach more buyers. Both elements require scale economies 
and lead to increased wholesaler market shares and markups, as explained in [4]. 

During the past two decades, Croatia has experienced rapid growth and the spread of supermarket 
chains; moreover, the number of shelves in tourist centres has multiplied. Several factors 
account for this spread of shelves along with the occurrences of new trade counters, including 
the penetration of international supermarkets (Lidl, Kaufland, Spar, etc.) in Croatia seeking 
for a new profit source, greater economies of scale and scope, and more efficient procurement 
and distribution systems. Furthermore, the country’s well-development tourism industry, EU 
membership, and expected increasing per capita income have encouraged a new demand 
potential for EVOO products, which influenced in engrossing supermarkets. 

Due to increased costs and safety risks associated with losses, family olive planters (although 
this topic is out of the focus of this article) have been coerced to deliver produced EVOO to 
the wholesaler rather than leaving store surpluses unsold.  

The wholesaler, in the oligopoly market structure, poses the strong potential for double 
marginalisation (both stages mark up prices above marginal cost) and its associated 
inefficiencies (double deadweight losses), as well as the potential effect on price transmission 
throughout the chain at the horizontal structure level, i.e. from the food processing stage to 
the retailing stage [5]. The modern distribution channels (hypermarkets, supermarkets and 
discount stores) and their prices are major final absorbers of these EVOO prices, which 
buyers accept (or become the default due to boycotting).  

Tourist buyers may distort extra-market sources of information about EVOO reputations, and 
it is very rare that there is repeated trade that serves a correctional purpose. This is especially 
the case when EVOO with a falsified declaration of content quality is involved. The analysis 
of Croatia’s IPTPO panellists, the internationally recognised olive oil tasters in the county 
among the very few, indicate that one in three oils chosen randomly does not correspond to 
the category of EVOO; also according to [6] most of the imported oils from abroad do not 
meet the quality which is declared on the labels of EVOO bottle. 

In relatively unknown products, such is exotic EVOO bottled in a small volume with a decent 
design, functions as a souvenir as opposed to a grocery item; that items may not ever signal 
required quality via the price level.  
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Food souvenirs are tangible reminders of a travel destination and play an important role in the 

hospitality and tourism industry [7]. Bottled EVOO as a souvenir is often a mandatory purchase 

guided by an instinct desire to possess a suitable symbol of a meagre but above all healthy 

Mediterranean diet. In this context, the organoleptic quality does not have to be commensurate 

with the price. Under such circumstances, the utility function can be non-negative for a 

specific price range and generate an inverted U-shaped function. According to [8], the EVOO 

market in Chile is a good example. Therefore, minimal and maximal prices can significantly 

deviate, hitting consumer surplus. Consumer knowledge of this product, we argue in this 

article is still limited, especially for foreign, myopic, and naïve tourist consumers. 

In this article, we also argue that in circumstances of asymmetric information 

communication, ‘money for value’ or EVOO prices may vary in ranges. That range 

constructs an imaginary price gap for which the trajectory can deviate from the average price, 

which may in turn anticipate the wholesaler MP. In this article, the model will be put to the test for 

the very first time the hypothesis that demand generated by tourism has significantly stimulated the 

widening price gap in EVOOS trading, driving the MP of wholesalers higher and higher.  

Therefore, we have given serious attention to the ‘tourism and MP effect’ nexus which affects 

demand for the bottled EVOO market. To that end, we have used a different approach to investigate 

the relationship among olive oil MP and tourism growth, namely an ARDL cointegration test 

developed by [9-10], as well as the specific technique of causality analysis given in [11], 

based on weekly data for the period between 2017 and 2019. This recent three-year period 

has been chosen because these have been the most prosperous years in terms of Croatia’s 

tourism industry development.  

Modelling the relationship function between the MP of EVOO from a wholesaler perspective 

and tourism demand is an important area of research. The price gap, i.e. differential prices for 

EVOO, will be instrumented in our objective to deliver the impact of international tourism 

overnight stays on MP. The rest of this article is organised as follows: in Section 2 provides a 

short literature review; Section 3 explains the theory and general model and constructs the 

estimation procedure (including the unit root test, the ARDL approach and Toda-Yamamoto 

causality analysis), as well as providing the data; Section 4 explains the empirical results; 

and, finally, Section 5 offers concluding remarks and outlines the policy implications. 

LITERATURE REVIEW 

The subject of MP in the olive oil trade has not been studied extensively, at least according to 

academic articles composed in the past. A comparative analysis of the MP of olive oil 

exporting countries indicates that exports are imperfectly competitive in the EU market, and 

that Italy has higher MP compared to Spain and Greece [2]. Other authors reached a similar 

finding as far as Italy is concerned while Tunisia has the lowest MP in relative terms [1]. 

Both articles place the research problem in the environment of economic comparative studies 

of the Mediterranean countries, using the same method to measure the exporter’s MP, as in [12].  

In papers written by other authors, there is an assumption that olive oil tourism based on a 

typical gastronomic product of internationally recognised quality boosts sustainable 

destination development [13]. Oleotourism, or olive oil tourism, is a practice that contributes 

to highlighting an emblematic resource for Europe, with a special emphasis on the countries 

of the Mediterranean basin, receiving the mayor number of consumers interested in this type 

of resource [14]. Links between the tourism demand and olive oil supply, in various perspective are 

brought to light in manny papers [15-19]. Some authors, like [20] have emphasised that the 



The effect of tourism overnight stays on Croatia’s extra virgin olive oil prices and market … 

529 

price of EVOO is highly subject to variability, meaning the consumer is not able to perceive a 

price of reference. In a study addressing consumer misuse of country-of-origin labels 

conducted in Italy, the authors test whether there is a price differential associated with the 

country-of-origin information for EVOO [21]. As a high value commodity on the market, 

EVOO is a suitable target for fraudsters [22]. To address whether there is a relationship 

between the value of attributes based on the market price and on consumer utilities a hedonic 

price (HP) approach is combined with the actual consumer utilities from a real choice 

experiment (RCE) for EVOO attributes in a study produced by [23]. Various tastes and 

preferences, demand and supply, the rental position of stores, and other complexities dictate 

the range of price heterogeneities for the homogenous product, accentuating standard consumer 

theory. Furthermore, search frictions resulting from agents’ imperfect information about 

sellers’ prices explain the price dispersion in otherwise homogeneous product markets [24]. 

Other authors underline that the olive-oil based tourism loses momentum in a rural destinations, 

since many cultural cities are offering tourism experiences focused on highlighting the 

cultural and sensory content of gastronomy and typical productions such as EVOO [25-27]. 

THEORY, METHODOLOGY AND DATA 

THEORY 

The literature suggests a considerable range of MP measures based on industry concentration 

measures, entry barriers, and various indexes (for more one can see [28]). We will not 

consider the theoretical underpinning in that direction because we are dealing with a 

homogenous product based emerging MP rather than a firm or a sector. Otherwise, 

profitability data or EVOO returns is unfortunately lacking. 

Our theoretical consideration is based on [29], which tells that MP and a large markup arise 

because there is a product (in our case EVOO) that customers happen to enjoy and are willing 

to pay a premium to obtain. The retailor, we assume, buys EVOO at storage from the 

wholesaler agent, with whom they communicate on a regular basis. There is a maximum 

price that the retailer will pay for bottled EVOO from the wholesaler, and that price depends 

on the quality of the oil itself, the convenience of the store location, and how pleasant his or 

her staff are to the final customers. If the retailor strategically does business with zero profit 

margin, minimum prices will be a frequent attractor to that store. The actual price that the retailor 

pays lies somewhere between those two. In the opposite case, one of the two subjects (retailor 

or wholesaler) would refuse to participate in the transaction of traded EVOO. Further, if we 

transpose a previous theoretical story on the wholesaler perspective, we have to turn the 

situation upside-down.  

The consequence of this mental exercise provides us with the metrics of MP. However, there 

is a different way to conceive of and measure the MP of EVOO on wholesaler grounds. 

Rather than focusing on total economic profits from EVOO trafficking (as stated previously, 

that micro-segmented panel data is unfortunately unavailable), we could instead focus on the 

extreme price poles (maximum and minimum) considering that the minimum price is 

approximately equivalent to the value charged by wholesalers relative to their costs. 

The MP of wholesalers is therefore a measure of how close the wholesaler agent can set the 

actual price up to the maximum according to which that agent will sell considering the 

operating cost. The marginal cost per item in this case is the actual price paid to the lowest 

price a wholesaler will accept. Therefore, even if we do not know the profits that wholesalers 

receive in such exchanges, we can measure the MP. The larger the trade, the more abnormal 
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the return yielded by the MP. This might be supported by asymmetric information 

communication between the tourist customer and the retailor. 

We assumed that the swollen demand for EVOO due to increased overnight tourist stays in 

recent years has positively affected the growth of the MP for wholesalers. 

The set general theoretical model depicts the narrative connection, and this is followed by the 

empirical verification. 

 MP = f (+ NIGHT), (1) 

where MP is as we suggested, streamlining, ground on the differential between maximal price 

and minimal price; that gap is a proxy for the MP and NIGHT represents international 

overnight stays, which on the other hand is a proxy for international tourism demand. 

Such a formulation is in line with the aforementioned general consideration regarding the link 

between overnight tourist stays and the MP in the oil wholesaler’s market consideration. 

Accordingly, the main hypothesis of this study is as follows: an increase in overnight stays 

involving international tourists boosts the MP of EVOO from a wholesaler perspective. 

ECONOMETRIC METHODOLOGY 

ARDL cointegration and bounds tests 

To analyse the long-term relationship between a set of variables, authors [10] suggested the 

use of an autoregressive distributed lag procedure or bounds test that does not require stationary 

pre-testing, and which can be used regardless of whether the variables are I(0), I(1), or 

mutually cointegrated, given that none of the series is I(2). Despite these relaxing 

circumstances, we have produced a verification to determine whether second-order 

integration in some time series exists by conducting a ADF and DF-GLS unit root test in 

order to eliminate further exercises with data that encompass some of the variables. It is 

highly probable that the results will direct us to employ an ARDL bound test [10]. Therefore, 

if those tests show that the individual time series variable is either I(0) or I(1), an analysis 

with that price of EVOO will continue with the bounds test. The ARDL model has a certain 

number of advantages over traditional methods of testing cointegration. Firstly, as specified 

before, this method puts less strain on unit-root testing. Secondly, we can simultaneously 

estimate the short-run as well as long-run relationship among the variables using the ARDL 

bound testing procedure. Our sample has 156 weekly observations; the characteristics of 

long-term regressed series do not lose significance due to a considerable amount of high-frequency 

data. In addition, the ARDL model takes care of endogeneity issues by adding lags for both 

dependent and independent variables in the model. Finally, the ARDL model can be 

converted into a twin unrestricted error correction model (UECM), including both short-run 

and long-run dynamics. The bounds test is based on the following UECM: 

 Δ𝑌𝑡 = 𝑐𝑜𝑛𝑠𝑡 + Σ𝛽Δ𝑌𝑡−1𝑘𝑖 = 1 + Σ𝛾Δ𝑋𝑡−1𝑘𝑖 = 1 + 𝜔𝑌𝑡−1 + 𝜃𝑋𝑡−1 + 휀𝑡, (2) 

where Yt denotes price gap measured in EVOO and Xt denotes a tourist overnight stay as a 

single input (as explained previously), both expressed in natural logarithms. An appropriate 

lag selection is based on the Schwarz Bayesian Criterion (SBC). The automated model selection 

process involves choosing the maximum lag for each regressor, which is set as 8 (because the 

data is weekly). The ARDL procedure allows for the possibility that the variables may have 

different optimal lags (after the searching process has ended), whereas this is impossible with 
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conventional cointegration procedures. The null hypothesis for no long-term relationship between the 

price gap and the tourism input variable is not rejected, by testing the 𝐹-statistic, when: 

𝐻0: 𝜔 = 𝜃 = 0, 

against the alternative 

𝐻0: 𝜔 ≠ 𝜃 ≠ 0. 

Instead of the conventional critical values, authors [10] proposed a bounds test for two sets of 

critical variables. The first set assumes that all variables are (0), and the other set assumes 

that all variables are (1). If the tested 𝐹-statistic (or Wald statistic) value lies below the lower 

bound critical value, then the null hypothesis of a non-existent cointegration relationship 

cannot be rejected; further, if it exceeds the respective upper bound critical value, the null 

hypothesis is rejected. If the tested 𝐹-statistic value falls within the lower and upper critical 

value bounds, inference is inconclusive. Furthermore, because of the potential existence of a 

trend in the series (if the former case is unable to identify cointegration between two series), 

estimations are completed to satisfy the unrestricted intercept and no trend case (as an 

auxiliary test). Model diagnostic checking is particularly significant in the sense that some 

important ARDL assumptions such as errors are serially independent and normally 

distributed. Estimations are completed using an ordinary least squares procedure alongside 

the White’s test for cross-sectional heteroscedasticity-consistent standard errors, as well as a 

covariance matrix, appropriate serial correlation diagnostics (the Breusch–Godfrey LM test), 

and the Jarque–Bera statistic for the normality test. The graphical recursive CUSUM and 

moving sum (MOSUM) of the recursive residuals according to [30, 31] are applied to detect 

whether any autoregressive structure is integrated into the model. These tests have been 

employed to assess the parameter stability of the model. 

Causality analysis 

The initiation of proceedings within Toda-Yamamoto causality analysis occurs if the 

cointegration link between MP and NIGHT persists. Formally speaking, if a price gap and an 

international tourist overnight input as a metric of consumption are regressed against one 

another in levels, the resulting residuals essentially represent error correction terms. These 

terms measure deviations in the long-run equilibrium between the two series. Hence, the 

ARDL (1) can be re-parameterised after replacing Yt−1 and Xt−1 with the lagged residuals:  

 Δ𝑌𝑡 = 𝑐𝑜𝑛𝑠𝑡 +  ECTt–1Σi=1
n𝜌Δ𝑌𝑡−1 + Σi=1

p𝜎Δ𝑋𝑡−1 + t, (3) 

e.g., the error correction model via the two-step procedure of Engle and Granger.  

These lagged residuals represent an error correction term, denoted in this article by ECTt–1, 

which provides an insight into the speed of adjustment to a long-run equilibrium within a 

particular time frame from a change to one of the series. Furthermore, if the coefficient of 

ECTt–1 is statistically significant (by t-value), long-run causality is confirmed. ECTt–1 should 

be between 0 and 1 with a negative sign, which implies convergence of the system back to 

the long-run equilibrium position. 

Additionally, the direction of cause and effect between the variables – testing the hypothesis 

that tourist demand measured by the number of overnight stays causes an increase in the MP 

of EVOO wholesalers – will be clarified by using the Modified Wald test (MWALD) 

recycled according to the Toda-Yamamoto (1995) procedure. The MWALD test skips obstacles 

and problems associated with the classic Granger causality test resulting from non-stationarity or 

cointegration between series. It is to be expected that the latter problems would cause a 

theoretical inconsistency in collision with the empirical performance of the classical Granger 
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causality test [32-34]. Unlike the Granger causality test, the Toda-Yamamoto (1995) 

causality test is performed using a standard VAR model in levels rather than first differences; 

this process minimise the risk of misidentifying the order of integration [35]. 

To apply the Toda-Yamamoto [11] version of the Granger non-causality test, we summarise 

the MP–NIGHT model in the following VAR system: 

 𝑀𝑃𝑡 = 𝛼0 + ∑ 𝛼1𝑖 
𝑘
𝑖=1 𝑀𝑃𝑡−1 + ∑ 𝛼2𝑗 

𝑑𝑚𝑎𝑥
𝑖=1 𝑀𝑃𝑡−𝑗 + ∑ 𝛿1𝑖 

𝑘
𝑖=1 𝑁𝐼𝐺𝐻𝑇𝑡−1 + ∑ 𝛿2𝑗 

𝑑𝑚𝑎𝑥
𝑖=1 𝑁𝐼𝐺𝐻𝑇𝑡−𝑗 + 𝛾1𝑡, (4) 

 𝑁𝐼𝐺𝐻𝑇𝑡 = 𝛽0 + ∑ 𝛽1𝑖 
𝑘
𝑖=1 𝑁𝐼𝐺𝐻𝑇𝑡−1 + ∑ 𝛽2𝑗 

𝑑𝑚𝑎𝑥
𝑖=1 𝑁𝐼𝐺𝐻𝑇𝑡−𝑗 + ∑ 𝜂1𝑖 

𝑘
𝑖=1 𝑀𝑃𝑡−1 + ∑ 𝜂2𝑗 

𝑑𝑚𝑎𝑥
𝑖=1 𝑀𝑃𝑡−𝑗 + 𝛾2𝑡. (5) 

From (3), the Granger causality from NIGHTt to MPt implies 1i  0 for all i; similarly, in (4), MPt 

Granger-causes NIGHTt if 1i  0 for all i. The bi-variable model is estimated using 

seemingly unrelated regression (SUR), as in [35]. 

ABOUT THE DATA 

In order to examine the relationship among the variables, the study used weekly time-series 

data from 2017-2019 for four different volumes of bottled EVOO. In this study, the MP proxied by 

price gap is the dependent variable. Tourism demand is proxied by overnight stays (NIGHT), 

and this is the only variable singled out as the independent variable. MP in our reconsidered 

theory of price differential variability provides the basis for its dynamic measurement. The 

MP marked with different volume labels – detailed later in the text – will distinguish various 

prices per volume: 0,25 litres, 0,5 litres, 0,75 litres, and 1 litre. Auxiliary variables (maximal 

and minimal prices) for calculation of MP were sourced from an overview of wholesale 

EVOO prices by week given in Kn per litre, given in [36]. 

International tourism overnight stays (NIGHT) sourced from Eurostat [37] are used as a 

measure of tourist demand, and in this study have been used as an alternative (substitutive 

term) to tourism consumption given that this could not be deduced from the Eurostat website 

on a weekly frequency. This procedure has been undertaken to match the same data 

consistently with the MP time series variable. 

A few extra words would be good to mention here, in this data section. 

The tourism overnight time series data is unfortunately in the form of quarterlies. Because of the 

ARDL time series methodology, the postulated requirement of designed studies is a disaggregation of 

their lower-frequency value to higher (or weekly unit) values. The tourism overnight stays 

data and the inherited seasonality in that data has enabled us to obtain weekly tourism 

overnight stays entries with a prudent time span length (2017week1–2019Qweek52) through 

temporal desegregation techniques, as explained by Chow-Lin (for more, see in [38]). All the 

variables used in this article come in their natural log form. 

The data series for the selected economies contains 156 weeks. Hence, we suppose that 

idiosyncratic outliers and structural breaks may be hidden in the Data Generating Process (DGP) of 

our weekly time series. As pointed out above, an adequate technique to handle these 

handicaps is the ARDL bounds test approach. 

EMPIRICAL RESULTS 

UNIT ROOT TEST 

Before conducting tests for cointegration, it is vital to ensure that the variables under 

consideration have not been integrated at an order higher than 1. In the presence of I(2) or 

higher variables, the computed statistics provided by authors [10, 39] are not valid according 

to [40]. Thus, in order to establish the integration properties of the series, we used quick ADF 
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and DF-GSL unit root tests to confirm that none of the series was I(2). Accordingly, both 

tests were at level and at first difference (if the level test was non-stationary), and the results 

are shown in Table 1. 

Table 1. Unit root test (ADF and DF-GLS) test. 

 Augmented Dickey–Fuller Test DF–GSL 

Levels MP1 –11,800 (0)*** –4,022 (1)** 

First difference 
 

– – 

Levels MP075 –7,298 (1)*** –7,185 (1)*** 

First difference 
 

– – 

Levels MP05 –3,642 (3)*** –4,413 (2)*** 

First difference 
 

– – 

Levels MP025 –5,480 (2)*** –7,068 (1)*** 

First difference 
 

– – 

Levels NIGHT –2,511 (4) –2,912 (1)* 

First difference  –4,988 (4)*** –5,021 (3)*** 

Note: all the regressions include a linear trend in the levels and include an intercept in the first differences. 

Note: the numbers in parentheses are the optimal lag orders and are selected based on Schwarz Bayesian. 

Note: the DF–GLS test statistics include an intercept and a linear time trend in the levels and only an 

intercept in first difference [41]. 
*
significant at level 1 %, 

**
significant at the level 5 % 

***
significant at the level 10 % 

As indicated in Table 1, the ADF and DF-GLS tests reject the null hypothesis of the unit root 

at levels for MP variables in the full spectrum, implying that the dependent variables are 

stationary at levels. Nonetheless, regarding the independent NIGHT variable, we do not 

accept the 10 % significance. The null hypothesis is however rejected at the 1 % significance 

level, at the first difference, implying that the NIGHT variables become stationary at the first 

difference. In our case, we have a mix of I(0) and I(1) variables. Therefore, we can apply the 

tests proposed by authors [10] and proceed with the test for cointegration. 

RESULTS OF THE ARDL COINTEGRATION TESTS 

In the first step in applying the bounds test, we specified the optimal lag length of the UECM, 

i.e., Equation (1), and checked the long-run level equilibrium relationship. 

We have attempted to optimally set up the ARDL model and fixed an optimal lag, which is 

crucial. With an initial lag of 8, the automated model selection, according to minimal SBC [9], 

calculates the optimal lag length. The results of the cointegration test using ARDL are 

presented in Table 2. The estimated ARDL model has passed several diagnostic tests, 

meaning there is no evidence of serial correlation, heteroscedasticity, or deviation from 

normal distribution. The cumulative sum of the CUSUM and moving sum (MOSUM) for the 

recursive residuals plots – which is shown in Figure 1-4 from a recursive estimation of the 

model – also indicate stability in the coefficients over the sample period in all cases (in 

Appendix). This indicates that the model is well founded and suitable for the study of 

cointegration among the variables. 

The F-statistics for cointegration analysis based on the selected ARDL models are reported in 

Table 2 for all EVOO price gap cases. All the reported F-statistics – as well as the t-statistics – lie 

above the upper bounds; consequently, the null hypothesis of no cointegration is rejected and 

the precondition for cointegration is established in all four EVOO volumes. 



Z. Šergo, J. Gržinić and A.S. Ilak Peršurić 

534 

Table 2. Result of the cointegration test using ARDL Approach (case III). 

Dep. 

variable 

Indep. 

variables 

Bounds 

F-test 

statistic 

Bounds 

t-test 
Cointegration LM-test JB-test HET 

MP025 Night 
40,168 

(0,000) 

–10,967 

(0,000) 
Yes 0,285 0,548 0,855 

MP05 Night 
6,951 

(0,001) 

–4,485 

(0,001) 
Yes 0,031 0,643 0,620 

MP075 Night 
38,444 

(0,001) 

–10,725 

(0,000) 
Yes 0,989 0,496 0,879 

MP1 Night 
39,433 

(0,000) 

–10,849 

(0,000) 
Yes 0,941 0,924 0,937 

Note: the critical values for the 𝐹-statistic are derived from table CI (III) (see Table 4). The range for 

the associated t-test is from lower-bound I(0) = –3,43 to upper-bound I(1) = –3,82. 

Note: LM is the Lagrange multiplier test for serial correlation with a 
2
 distribution, with only one 

degree of freedom; JB is the Jarque-Bera test for normality; HET is the Whitetest for 

heteroscedasticity with a 
2
 distribution with only one degree of freedom. 

Table 3. Critical Values for the ARDL modelling approach in relation to the Bounds test [10]. 

 Case III 

 
I(0) I(1) 

10 % critical value 3,17 4,14 

5 % critical value 3,79 4,85 

2,5 % critical value 4,41 5,52 

1 % critical value 5,15 6,36 

SHORT-RUN ESTIMATES 

Table 4 indicates the short-run implications of tourism overnight stays on the price gap, e.g. 

MP of wholesalers. While the EVOO price gap is found to have a lagged impact on itself in 

the case of 0,25 l (one lag) and 0,5 l (two lags), whereas in the case of the other two bottle 

profiles (0,75 and 1 l) there is an instantaneous autoregressive short-run impact. The price 

gap (or MP) affects its own trajectory negatively at a statistically significant level in two 

cases (in a bottle: volume 0,5 l and 1 l).  

Overnight stays have a positive and statistically significant lagged impact on price gap, e.g. 

the MP of wholesalers, in all bottle cases except for the 0,75 l case where that impact is enhanced by 

the instantaneous die out. One time-lagged error correction term is negative and statistically 

significant at a 1 % level in the case of all the analysed price gaps for the various bottles. 

LONG-RUN ELASTICITY 

We consider weekly measurement of the included variables with 156 observations to be a 

sufficiently reliable basis to estimate the long-run interference of tourism overnight stays on 

the price gap in EVOO trading. 
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Table 4. Results of the short-run estimates. 

Volume Variables 
Lags 

0 1 2 3 

0,25 l 

ΔMP – 
–0,497 

(–6,899) 
– – 

ΔNOC 
0,001 

(0,125) 

0,097 

(0,846) 

0,023* 

(1,869) 

0,507** 

(2,086) 

ECMt_1 
–0,811*** 

(–7,448) 
– – – 

0,5 l 

ΔMP  
–0,372 *** 

(–3,967) 

–0,173** 

(–2,312) 
 

ΔNOC 
0,376 

(0,126) 

0,451 

(0,024) 

0,047** 

(2,231) 

0,866* 

(1,935) 

ECMt_1 
–0,443*** 

(–4,599) 
– – – 

0,75 l 

ΔMP 
0,890 

(1,315) 
– – – 

ΔNOC 
0,590** 

(2,153) 

0,887** 

(2,332) 

0,342 

(1,276) 

–0,414 

(–0,743) 

ECMt_1 
–0,890*** 

(–10,823) 
– – – 

1 l 

ΔMP 
–0,920 

(–10,850) 
– – – 

ΔNOC 
0,181 

(0,845) 

0,455 

(0,873) 

0,955 

(0,821) 

0,144*** 

(2,561) 

ECMt_1 
–0,870*** 

(–10,945) 
– – – 

*
significant at level 1 %, 

**
significant at the level 5 % 

***
significant at the level 10 % 

The long-run elasticity of a single independent variable (NIGHT) with respect to the 

dependent variable (MP) is shown in Table 4. All EVOO price gaps referring to various sold 

bottles have statistically significant and positive relationships, and are affected by an increase 

in international tourism overnight stays. Here, as predicted in the theoretical overview, we 

can state that tourism demand causes a price gap/MP increase for wholesalers. 

Table 5. Long-run estimates of dependent variable MP. 

Variables 0,25 l volume 0,5 l volume 0,75 l volume 1 l volume 

NOC 
0,76** 

(2,311) 

0,756** 

(2,231) 

0,329*** 

(2,897) 

0,412* 

(2,119) 

intercept 
2,447 

(1,452) 

1,296 

(1,397) 

1,185 

(1,264) 

1,826 

(1,003) 
*
significant at level 1 %, 

**
significant at the level 5 % 

***
significant at the level 10 % 

TODA-YAMAMOTO CAUSALITY TEST 

After estimating long-run results, we proceeded to the causality test. However, first the long-

run causality is conducted by the coefficient t-statistics, which stand before the ETCt-1, 
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wherein this term measures how fast the deviations from the long-run equilibrium die out 

following changes in the NIGHT variable. The lagged ECT coefficients from Table 5(4) 

show that international overnight stays and MP in all types of contracted bottled EVOO were 

restored to the long-run equilibrium. The analysis of Equation (6), as presented in Table 7, 

indicates that there is long-run cointegration among the variables at the 1 % significance 

level; moreover, the ECT coefficients revealed in Table 8 imply that any deviation from the 

long-run equilibrium is corrected within the adjustment speed range of 44-89 % (the quickest 

speed is measured for the 0,75 l volume EVOO bottle). This also indicates a strong causality 

for the tourist demand variable on the MP of EVOO wholesalers. 

From the estimation of the Toda-Yamamoto Granger causality test (see Table 5), we can 

make the following assertion based on the results of this study: 

For 0,75 l and 1 l bottled EVOO there is unidirectional causality flowing from international 

overnight stays demand to the price gap (MP), thereby supporting our hypothesis that tourism 

affects MP in EVOO trading. For the 0,25 volume bottle, the reverse causality evidence, 

where tourism overnight stays is caused by price gap, revealed that the MP also has side-effects 

on tourism overnights, thus forming a bidirectional causality linkage.  

Table 6. Toda-Yamamoto no-causality test two-variate VAR model results. 
EVOO 

volume 
Lag(k) Lag (k+dmax) Chi‑sq Prob. Direction of causality 

0,25 l 
1 1+2 5,654 0,098* NIGHT → MP 

1 1+2 13,455 0,018** MP → NIGHT 

0,5 l 
1 1+2 2,756 0,446 NIGHT do not cause MP 

1 1+2 9,966 0,813 MP do not cause NIGHT 

0,75 l 
1 1+2 12,734 0,013** NIGHT → MP 

1 1+2 0,814 0,556 MP do not cause NIGHT 

1 l 
1 1+2 9,388 0,024** NIGHT → MP 

1 1+2 0,896 0,403 MP do not cause NIGHT 
Note: k+dmax denotes VAR order. The lag length selection was based on AIC: Akaike information 

criterion.  
*
significant at level 1 %, 

**
significant at the level 5 % 

***
significant at the level 10 % 

→one-way causality 

CONCLUSIONS AND POLICY IMPLICATIONS 

This article was directed towards attaining a full understanding of the causal relationships 

between international tourism overnight stays and the MP of EVOO from the wholesaler’s 

perspective. For the bottled EVOO products that pass the rigorous statistical testing – the unit 

root, cointegration, and bounds testing [10], Toda-Yamamoto causality analysis was also 

particularly important. 

Having applied the ADF (Augmented Dickey-Fuller) and DF–GLS (Elliott, Rothenberg, and 

Stock) unit root tests, we found that the variables are a mix of I(0) and I(1). Hence, the ARDL 

bounds test approach of cointegration has been employed followed by the Toda- Yamamoto 

Granger causality test in order to shed more light on the relationship between international 

tourism stays and the MP of wholesaler agent proxies by price gap. The positive empirical evidence 

about cointegration is acquired from ARDL bounds test and research proceeded by investigating 

facts about the short-run and long-run relationship, as well as the ECM based strong causality 

test and finally the Toda-Yamamoto Granger causality test. The results from the ARDL 
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approach demonstrate that, regardless of which volume has been purchased, EVOO reveals 

cointegration, which is manifested in the assumed link between the MP and tourist demand. 

There is significant statistical evidence that tourist demand has swelled in recent year, and 

that international tourism overnight stays have had a positive impact on the MP growth of 

EVOO in both the short-run and the long-run. 

For larger bottles (0,75 and 1 l), there is unidirectional causality flowing from tourism 

consumption, which we supposed originated from the NIGHT variable, to the artificially 

constructed MP variable. This fact supports our thesis that tourism growth impact elevates the 

MP of wholesalers thanks to the product discussed within this article. The feedback hypothesis 

discovered here has been found to be relevant in the case of 0,25 l. In this case a bidirectional 

causality unfolded. In addition, 0,5 l bottled EVOO does not manifest any side-effect 

relationship at all, at least when this issue was assessed via Toda- Yamamoto causality testing. 

Our insights are invaluable for the implementation of any relevant tax policy 

measures/instruments with the objectives of advancing either non-board consumption or 

augmenting the consumer surplus regarding EVOO purchases, presupposing the desire to 

pursue olive style tourism. The consumers, in particular foreign tourists, are not very 

knowledgeable; put bluntly, they are myopic regarding the attributes of EVOO and may 

misperceive the price as a proxy for quality. Our empirical results also suggest the following 

implications that public policy must touch on. The Croatian executive authorities should 

encourage a policy of reducing agrarian import dependence in general and support the production 

of EVOO in Croatia. The EVOO stored by wholesalers should be controlled and organoleptic 

properties should be analysed in order to eliminate the information white noise throughout 

the rest of the supply chain. Since the final consumers for these smaller or larger bottles of oil 

are predominantly tourists, the goal must be that foreign tourists have a better feeling about 

the price-quality ratio. That policy may reduce the MP trading with the EVOO within Croatia 

despite the tourist demand, which will perpetuate the same phenomenon on a nationwide scale. 

There are certain limitations of this study. This study was focused on measuring wholesalers’ 

market power. However, they are only one stakeholder in the observed supply chain. 

Therefore, we propose guidelines for further research in this insufficiently researched topic 

along with the line questioning how tourism demand impact MP of EVOO. The next research 

could examine other stakeholders in the olive oil supply chain in Croatia (marketing agency, 

transport, the state). Direct channels, the packaging cost, the processing subventions that 

boost supply, were not included in the research and they might be incorporated for future research. 

Although Croatia, as well as other Mediterranean countries, has a long olive oil production 

tradition, the production of olive oil in Croatia almost doubled in the last 20 years. Consequently, 

olive production surfaces have increased from 11,398 ha in 2000 to 18.606 ha in 2019 

followed by an increase in olive oil production volume (from 28,188 hl in 2000 to 44,497 hl 

in 2019) [42]. In a future study, somehow detached from our central topic, it could be 

investigated, by the quasi-experimental method of difference-in-difference regression how 

the input of state subsidies affected the growth of olive oil production. 
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APPENDIX 

Figure 1. Plot of CUSUM and MOSUM: case of MP025. 

Figure 2. Plot of CUSUM and MOSUM: case of MP05. 

Figure 3. Plot of CUSUM and MOSUM: case of MP075. 

Figure 4. Plot of CUSUM and MOSUM: case of MP1. 

REFERENCES 

[1] Ali, S.B.; Selmi, S. and Hellali, W.: Market power of Tunisian olive oil in EU market.  
EuroMed Journal of Management 2(3), 230-239, 2018, 

http://dx.doi.org/10.1504/EMJM.2018.10014465, 

[2] Tasdogan, C.; Tsakiridou, E. and Mattas, K.: Country market power in EU olive oil trade. 
South-Eastern Europe Journal of Economics 2(3), 211-219, 2005, 

[3] Broos, E., et al.: EU Wholesale Trade: Analysis of the Sector and Value Chains. 
The Vienna Institute for International Economic Studies, wiiw Research Reports 415, 2016, 

[4] Ganapati, S.: Growing Oligopolies, Prices, Output, and Productivity. 
Center for Economic Studies, U.S. Census Bureau, Working Papers 18-48, 2018, 



The effect of tourism overnight stays on Croatia’s extra virgin olive oil prices and market … 

539 

[5] Sheldon, I.M.: The competitiveness of agricultural product and input markets: A review 
and synthesis of recent research.  
Journal of agricultural and applied economics 49(1), 1-44, 2017, 
http://dx.doi.org/10.1017/aae.2016.29, 

[6] Filipović, F.: Quality of foreign from the shelves and Croatian olive oil. In Croatian. 
http://www.niranaliza.hr/kvaliteta-stranog-s-polica-i-hrvatskog-maslinovog-ulja/blog, 

[7] Suhartanto, D.; Dean, D.; Sosianika, A. and Suhaeni, T.: Food souvenirs and their 
influence on tourist satisfaction and behavioural intentions.  
European Journal of Tourism Research 18, 133-145, 2018, 
http://dx.doi.org/10.54055/ejtr.v18i.317, 

[8] Romo-Muñoz, R.A., et al.: Heterogeneity and nonlinearity in consumers’ preferences: 
An application to the olive oil shopping behavior in Chile. 
PLoS ONE 12(9), 1-13, 2017, 

[9] Pesaran, H.M. and Shin, Y.: An autoregressive distributed lag modelling approach to 
cointegration analysis.  
In: Storm, S., ed.: Econometrics and Economic Theory in the 20

th
 Century: The Ragnar Frisch 

Centennial Symposium. Econometric Society Monographs. Cambridge University Press, 
Cambridge, pp.371-413, 1999, 

[10] Pesaran, M.H.; Shin, Y. and Smith, R.J.: Bounds testing approaches to the analysis of 
level relationships.  
Journal of Applied Econometrics 16(3), 289-326, 2001, 
http://dx.doi.org/10.1002/jae.616, 

[11] Toda, H.Y. and Yamamoto, T.: Statistical inference in Vector Autoregressions with 
possibly integrated processes.  
Journal of Econometrics 66(1-2), 225-250, 1995, 
http://dx.doi.org/10.1016/0304-4076(94)01616-8, 

[12] Goldberg, P.K. and Knetter, M.M.: Goods Prices and Exchange Rates: What Have We 
Learned? 
Journal of Economic Literature 35(3), 1243-1272, 1997, 

[13] Folgado-Fernández, J.A.; Campón-Cerro, A.M. and Hernández-Mogollón, J.M.: 
Potential of olive oil tourism in promoting local quality food products: A case study of 
the region of Extremadura, Spain.  
Heliyon 5(10), 26-53, 2019, 

[14] Hernández-Mogollón, J.M.; Di-Clemente, E.: Folgado-Fernández, J.A. and Campón-
Cerro, A.M.: Olive oil tourism: state of the art. 
Tourism and hospitality management 25(1), 179-207, 2019, 
http://dx.doi.org/10.20867/thm.25.1.5, 

[15] López-Guzmán, T.; Cañero, P.; Moral-Cuadra, S. and Orgaz, F.: An exploratory study of 
olive tourism consumers.  
Tourism and Hospitality Management 22(1), 57-68, 2016, 
http://dx.doi.org/10.20867/thm.22.1.1, 

[16] Orgaz, F.; Moral, S.; López-Guzmán, T. and Cañero, P.: Study of the existing demand in 
the field of oleotourism. Andalusia’s house. In Spanish. 
Cuadernos de Turismo 39, 437-453, 2017, 

[17] Calzati, V. and De Salvo, P.: The roll of gastronomic events in the promotion and 
valorization of rural areas. The house of Frantoi opened in Umbria. In Italian. 
FrancoAngeli, Milano, 2017, 

[18] Moral-Cuadra, S.; López-Guzmán, T.; Orgáz, F. and Cañero, P.: Motivation and 
satisfaction of the oleos of tourists in Spain. Andalusia’s house. In Spanish. 
Espacios 38(58), 4-17, 2017, 

[19] Millán, M.G.; del Populo, M. and Sánchez-Rivas, J.: Oleotourism as a Sustainable 
Product: An Analysis of Its Demand in the South of Spain (Andalusia).  
Sustainability 10(101), 1-19, 2018, 
http://dx.doi.org/10.3390/su10010101, 



Z. Šergo, J. Gržinić and A.S. Ilak Peršurić 

540 

[20] D’Adamo, I.; Falcone, P.M.; Gastaldi, M. and Morone, P.: A Social Analysis of the Olive 
Oil Sector: The Role of Family Business. 
Resources 8(3), No. 151, 2019, 
http://dx.doi.org/10.3390/resources8030151, 

[21] Bimbo, F.; Roselli, L.; Carlucci, D. and de Gennaro, B.C.: Consumer Misuse of Country-
of-Origin Label: Insights from the Italian Extra-Virgin Olive Oil Market.  
Nutrients 12(7), 21-50, 2020, 
http://dx.doi.org/10.3390/nu12072150, 

[22] Yan, J., et al: Food fraud: Assessing fraud vulnerability in the extra virgin olive oil 
supply chain.  
Food Control 111, 1-10, 2020, 

[23] Ballco, P. and Gracia, A.: Do market prices correspond with consumer demands? 
Combining market valuation and consumer utility for extra virgin olive oil quality 
attributes in a traditional producing country.  
Journal of Retailing and Consumer Services 53, No. 101999, 2020, 
http://dx.doi.org/10.1016/j.jretconser.2019.101999 

[24] Hong, H. and Shum, M.: Using Price Distributions to Estimate Search Costs. 
The RAND Journal of Economics 37(2), 257-275, 2006,  
http://dx.doi.org/10.1111/j.1756-2171.2006.tb00015.x, 

[25] Hernández, J.M.; Folgado, J.A. and Campón, A.M.: Oleotourism in the Sierra de Gata 
and Las Hurdes (Cáceres): Analysis of the potential of a test of a product. In Spanish. 
International Journal of Scientific Management and Tourism 1(2), 333-354, 2016, 

[26] López-Guzmán, T.; Cañero, P.; Moral, S. and Orgaz, F.: An exploratory study of olive 
tourism consumers. 
Tourism and Hospitality Management 22(1), 57-68, 2016, 
http://dx.doi.org/10.20867/thm.22.1.1, 

[27] Sánchez, J.D. and Ortega, A.: The Olivarian Olive Cultivation: Historical Conformation, 
Patriotic Values and Cultural-Tourist Projection. In Spanish. 
Cuadernos de Turismo 37, 377-402, 2016,  
http://dx.doi.org/10.6018/turismo.37.256281, 

[28] Shy, Oz: Industrial Organization, Theory and Applications. 
The MIT Press, Cambridge, 1995, 

[29] Vollrath, D.: Fully Grown: Why a Stagnant Economy is a Sign of Success.  
University of Chicago Press, Chicago, 2020, 

[30] Brown, R.L.; Durbin, J. and Evans, J.M.: Techniques for testing the constancy of 
regression relationships over time. 
Journal of the Royal Statistical Society 37(2), 149-192, 1975, 
http://dx.doi.org/10.1111/j.2517-6161.1975.tb01532.x, 

[31] Pesaran, M.H. and Pesaran, B.: Working with Microfit 4.0: Interactive econometric analysis. 
Oxford University Press, Oxford, 1997, 

[32] Zapata, H.O. and Rambaldi, A.N.: Monto Carlo evidence on cointegration and causation. 
Oxford Bulletin of Economics and Statistics 59(2), 285-298, 1997, 
http://dx.doi.org/10.1111/1468-0084.00065, 

[33] Wolde-Rufael, Y.: Disaggregated industrial energy consumption and GDP: the case of 
Shanghai, 1952-1999. 
Energy Economics 26(1), 69-75, 2004, 
http://dx.doi.org/10.1016/S0140-9883(03)00032-X, 

[34] Wolde-Rufael, Y.: Energy Demand and Economic Growth. 
Journal of Policy Modeling 27(8), 891-903, 2005, 
http://dx.doi.org/10.1016/j.jpolmod.2005.06.003, 

[35] Mavrotas, G. and Kelly, R.: Old wine in new bottles: Testing causality between savings 
and growth. 
The Manchester School 69, 97-105, 2001,  
http://dx.doi.org/10.1111/1467-9957.69.s1.6, 



The effect of tourism overnight stays on Croatia’s extra virgin olive oil prices and market … 

541 

[36] –: Agricultural Market Information System. 
http://www.amis-outlook.org, 

[37] Eurostat: Nights spent at tourist accommodation establishments (tour_occ_nim). 
http://ec.europa.eu/eurostat, 

[38] Sax C. and Steiner, P.: Temporal Disaggregation of Time Series. 
The R Journal 5(2), 80-87, 2013,  

http://dx.doi.org/10.32614/RJ-2013-028, 

[39] Narayan, P.K.: The saving and investment nexus for China: evidence from cointegration 

tests 1979-1990. 
Applied Economics 37(17), 2005, 

http://dx.doi.org/10.1080/00036840500278103, 

[40] Ang, J.B.: Are saving and investment cointegrated? The case of Malaysia (1965-2003). 
Applied Economics 39(17), 2167-2174, 2017, 

[41] Elliott, G.; Rothenberg, T.J. and Stock, J.H.: Efficient Tests for an Autoregressive Unit Root. 
Econometrica 64(4), 813-836, 1996, 

http://dx.doi.org/10.2307/2171846, 

[42] Rebić, M. and Hoppe, I.: Market information system in agriculture. In Croatian. 
http://www.tisup.mps.hr. 



Interdisciplinary Description of Complex Systems 19(4), 542-560, 2021 

*Corresponding author, : rita.gsenger@wu.ac.at; +436 991 072 6227; 
*Heinrich-Collin-Str. 8-14/6/24, 1140 Vienna, Austria  
 

TRUST, AUTOMATION BIAS AND AVERSION: 
ALGORITHMIC DECISION-MAKING IN 
THE CONTEXT OF CREDIT SCORING 

Rita Gsenger1, * and Toma Strle2
 

1University of Vienna, Vienna University of Economics 
1Vienna, Austria 
2University of Ljubljana 
2Ljubljana, Slovenia 

DOI: 10.7906/indecs.19.4.7 
Regular article 

Received: 7 August 2021. 
Accepted: 27 September 2021. 

ABSTRACT 

Algorithmic decision-making (ADM) systems increasingly take on crucial roles in our technology-driven 

society, making decisions, for instance, concerning employment, education, finances, and public services. 

This article aims to identify peoples’ attitudes towards ADM systems and ensuing behaviours when 

dealing with ADM systems as identified in the literature and in relation to credit scoring. After briefly 

discussing main characteristics and types of ADM systems, we first consider trust, automation bias, 

automation complacency and algorithmic aversion as attitudes towards ADM systems. These factors 

result in various behaviours by users, operators, and managers. Second, we consider how these factors 

could affect attitudes towards and use of ADM systems within the context of credit scoring. Third, we 

describe some possible strategies to reduce aversion, bias, and complacency, and consider several ways in 

which trust could be increased in the context of credit scoring. Importantly, although many advantages 

in applying ADM systems to complex choice problems can be identified, using ADM systems should be 

approached with care – e.g., the models ADM systems are based on are sometimes flawed, the data they gather 

to support or make decisions are easily biased, and the motives for their use unreflected upon or unethical. 
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INTRODUCTION 

The process of decision-making is prone to a diverse range of biases that can lead, at least in certain 

contexts, to erroneous judgments or disadvantageous choices (e.g., [1-4]). From the perspective 

of classical (especially economic) models of decision-making – where the decision-maker is 

seen as a kind of a globally rational agent (e.g., [5]), approximately capable of and motivated 

to maximise her utility – the range of contexts where people systematically fall prey to erroneous 

judgment or make disadvantageous choice is remarkable. For instance: people are quite prone 

to irrelevant anchors when making judgments or choices [4, 6]; much more responsive to losses 

than gains [7]; people’s choices are strongly affected by how choice problems are formulated [8, 9]; 

people are likely to choose smaller, immediate rather than larger, more distant rewards [10]; 

prone to remain with default choices even if disadvantageous [11] and quite indecisive [12]; 

people even choose disadvantageously from the perspective of their own happiness [13]; and are 

even blind to reasons of their own, seemingly deliberate and simple, choices [14]. Decision-makers 

are, in a rather important sense, quite bounded in their “rationality”. As Herbert Simon lucidly states: 

“[…] the concept of “economic man” (and, I might add, of his brother “administrative man”) is 

in need of fairly drastic revision … Broadly stated, the task is to replace the global rationality 

of economic man with a kind of rational behavior that is compatible with the access to 

information and the computational capacities that are actually possessed by organisms, including 

man, in the kinds of environments in which such organisms exist.” [5; p.99]. 

Several ways of amending the imperfection of human decision-making are available. One 

strategy is to try to educate decision-makers through various debiasing strategies (e.g. [15]). 

Another is to modify choice environments and thus help decision-makers make better 

decisions – e.g., the strategy of the nudge programme [11]. Another solution, increasingly 

used in administrative and economic sectors, is to use algorithms to support human decision-

making or to entrust decision-making to algorithmic systems altogether. 

Some would say that using algorithms for decision-making purposes promises a reduction of 

biases in judgment and decision-making as they are, for instance, able to consider more 

information [16]. Furthermore, some have argued that ADM systems enable fairer and more 

objective decisions, since algorithms are not, for instance, affected by emotions [17], or 

because their decision-making process is, at least in principle, more transparent and 

accountable than humans’ [18]. Moreover, ADM can provide relief from cognitive workload 

of users and decision-makers having to make choices in a rather complex world [19-21]. ADM 

systems have been, for these and other reasons, employed in many different contexts, such as 

to determine loans [16, 22] and insurance premiums [23], to investigate tax evasion [24], to 

calculate credit scores [25-27], to predict the likelihood of criminal activity [16, 28-30], in 

policing [31-33], healthcare [34, 35] and within social media platforms [36, 37].  

All in all, the ubiquitous use of ADM systems has widespread economic and social 

consequences, as it is transforming business sectors and creating new ways of social 

organisation [16]. It must be noted, however, that the consequences of using such systems 

can be quite dire: from biased models leading to disadvantaging the already marginalized 

groups to enabling new and effective ways of manipulating people’s behaviour [16]. The 

consequences, risks, and ethical questions within ADM should thus be taken seriously and 

critically reflected upon [16, 18, 38, 39]. Considering the whole range of consequences and 

risks involved in using ADM systems surpasses the scope of this article. 

Instead, we aim to understand how people’s attitudes towards and beliefs about ADM 

systems affect their use, influence, and success of application. In the first part of the article, 

we briefly discuss some main characteristics and types of ADM systems. In the second, we 

introduce the functioning and employment of ADM systems and argue that their results are 
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often perceived differently from human recommendations. In the third part, we focus on trust, 

automation bias, complacency, aversion, and the resulting behaviours, drawing on research 

from various areas such as psychology, human-computer-interaction, and cognitive science. 

In the fourth part, we apply findings from previous research to the context of credit scoring 

where such research is scarce. Credit scoring is an interesting use case for ADM systems 

primarily due to its application in various domains having a pervasive influence on many 

areas of people’s lives. Moreover, in credit scoring customers can hardly object to a credit 

score calculated by an ADM system. To affect their credit scores certain groups of people, for 

instance, engage in “strategic data-generating performances” [25, p.349], deliberately creating 

data to produce a more favourable credit score [25]. We end the article with a brief discussion 

of ADM systems for credit scoring from the perspective of human-centric approach to AI and 

touch upon certain ethical issues and challenges. 

ALGORITHMIC DECISION-MAKING SYSTEMS 

Various kinds of automated or partially automated systems that support decision-making can 

be distinguished. Castelluccia and Le Métayer [18] suggest that three classes of systems can 

be distinguished. First, systems that aim to improve knowledge and technology by analysing big 

datasets to support, for example, climate forecasts or research in healthcare (e.g., to assist the process 

of discovering a new virus). Second, systems that support decisions by making recommendations and 

predictions, utilised, for instance, “to improve logistics (optimal product placement in stores, 

optimal road constructions or the frequency of refuse collection), finance (real-time auctions) 

or security (automated detection of vulnerabilities in computer systems)” [18; p.5]. Systems 

of that category are used additionally to optimize and improve services that have been performed 

by humans so far. Third, systems that enable inanimate objects to act and decide to some extent 

on their own. In this context, the algorithms, for example, autonomous cars or robots, are making 

decisions on behalf of the users. (Anthropomorphic systems such as robots were excluded from 

our analysis as these might elicit different reactions due to their form [40].) 

Some ADM systems allow operators or users control over recommendations, suggestions, 

and the degree of the systems’ use. For instance, in social media, users can disable suggestions 

about personalised advertisements or content [36, 37]. In the context of managerial or governmental 

decisions, however, people often have little choice in following recommendations and using 

these systems [20]. Generally, different levels of automation can be distinguished: from no 

assistance by the computer to full automation whereby the ADM system decides and/or acts 

autonomously. The computer could, for instance, provide multiple or only one option, wait 

for the approval or allow a veto by a human operator, provide information only if asked or 

solely if the computer decides to do so. Higher automation levels might be beneficial for 

tasks that do not require flexibility and systems with a low chance of failure [40]. 

Here, we will be concerned with ADM systems giving recommendations to support the 

decision-making process of a user or operator, irrespective of their influence on the decision 

outcome. We will consider systems that perform services or parts of services that humans 

used to be in charge of, such as credit scoring. As we will focus on various attitudes towards 

ADM systems and the resulting behaviours of users or operators, we will consider different 

kinds of individuals influenced by or related to ADM systems: operators and users (like 

customers of a bank), developers and designers of the systems, etc. 

ATTITUDES TOWARDS ALGORITHMIC DECISION-MAKING SYSTEMS 

Perceptions of and attitudes towards ADM systems can be investigated on several different 

levels. First, the perception varies between stakeholders and people, such as designers and 
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developers, operators, users, the media and the public. Second, the attitude toward the systems 

might affect the perceptions of their decisions [20]. Therefore, the latter needs to be considered as 

it influences the successful employment of such systems. Third, the perception can vary according 

to the influence of individual aspects, for instance, the cultural background of the users [41] 

or their expertise and knowledge [19, 42]. Overconfidence in the algorithmic systems might 

lead, for instance, to their unnecessary use [43]. Furthermore, peers and/or the media might alter 

certain expectations people have about ADM systems. Moreover, they cause a different 

perception of the advice given by ADM systems compared to advice from humans, even if 

the content of the advice itself is the same [42]. Algorithmic systems might be preferable to human 

decision-makers in some contexts as they outperform human experts in prediction across 

different domains such as climate forecasts [44], the discovery of new viruses [18], and 

clinical diagnosis [45].  

According to Lee and See [46], the perception of and the beliefs about ADM systems might 

be positive due to various reasons: First, users and operators might judge them more apt and 

objective [47, 48], as more information is readily available to them [28, 46]. Second, the systems 

are less influenced by emotions. Therefore, their decision-making might be more competent [20]. 

Third, in some instances, users and operators perceive systems as value-neutral in their 

decision-making [28]. However, for some choices, intuition is understood as useful or even 

required – accordingly, users might perceive systems as less competent in decision-making [49]. 

TRUST IN ALGORITHMIC DECISION-MAKING SYSTEMS 

Algorithms can only be useful to support human decision-making if users, operators, and 

stakeholders trust them [50]. Gaining trust is influenced by expectations [51], familiarity [52, 53] 

and non-verbal cues during an interaction [54]. In psychological, behavioural, and neuroscientific 

research, trust has been described as an attitude [46], a behaviour [55], a relationship [56], 

and a brain activation pattern [57]. Trust in any automated system includes specific 

influences such as reliability, utility, robustness, and a false-alarm rate [58]. Moreover, 

research has shown that some people tend to trust automated systems more and perceive them 

as more reliable than human individuals, a phenomenon called the automation bias [59] (for 

details on the automation bias, see section 2.3). Overall, trust in automated systems depends 

largely on performance, such as the response time of the system [60]. The process of 

establishing trust depends on the operator’s knowledge about the system, its design features, 

and other situational influences such as the expertise of the truster [41]. 

The participants of a study about the trustworthiness of ADM systems [20] regarded both 

humans’ and algorithms’ decisions as equally trustworthy if they concerned scenarios of 

mechanical tasks. Algorithmic decisions were perceived as less trustworthy in more human 

tasks, such as scheduling in the workplace. Most participants were aware that an algorithmic 

system could exhibit glitches. Therefore, no participant trusted the algorithm without 

reservations [20]. 

Adopting trust towards automated systems facilitates the navigation of complexity, replaces 

supervision, and enables reliance when the system is too complex to be understood 

completely. Reliance, however, cannot always be accurate in terms of the capabilities of the 

automated system. Blind reliance on automated systems can be just as detrimental to its 

application as not trusting the system at all. If operators trust the system blindly, mistakes 

might not be detected. If they do not trust it at all, cooperative decision-making is not 

possible. Trusting the system too much or not enough might be described in terms of misuse 

and disuse: “Misuse refers to the failures that occur when people inadvertently violate critical 

assumptions and rely on automation inappropriately, whereas disuse signifies failures that 
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occur when people reject the capabilities of automation” [46; p.50]. Inappropriate reliance 

resulting in disuse and misuse of automation is frequently caused by a mismatch between the 

system’s capabilities and the trust invested. This discrepancy is described in terms of (i) 

calibration, (ii) overtrust, and (iii) resolution [46]. The first aspect, calibration, refers to a 

mismatch between the trust invested and the system’s capabilities. Overtrust concerns the 

phenomenon of trusting the system too much due to poor calibration. Resolution describes 

“how precisely a judgment of trust differentiates levels of automation capability” [46; p.55]. 

If the resolution is low, large changes in the system are met with small variations of trust. 

Misuse and disuse of automated systems can be decreased by greater specificity – meaning the 

flexible adaptation of trust over time, high resolution, and good calibration of trust in the 

system’s capabilities [46]. 

Estimating a system’s capabilities correctly and placing enough trust in it depends on the 

knowledge about its capabilities and functioning, as a study by Alexander et al. [19] on over – or 

underreliance on ADM systems has shown. In the study, participants were given 

recommendations by ADM systems in a problem-solving game. To make the choice 

nontrivial, participants had to pay the algorithm to support them in making money. 

Participants had to solve two-dimensional mazes, getting a reward of 5 $ if they solved one in 

60 seconds or less. The support of the algorithms would cost 2 $ and they could either adopt 

the suggestions of the algorithm or ignore them. Participants were in one of four conditions 

with varying information about the system: the first group was not given any information about the 

suggested algorithm; the second one was told the algorithm had a 75 % accuracy rate; the third 

group was told that 54 % of people used this algorithm; the fourth group was told that 70 % of 

people used it. The study measured the neurophysiological response, cardiac rate, and 

behaviour of participants to determine if they relied too much or not enough on the algorithm. 

By measuring heart rate variability, researchers determined the cognitive load and arousal of 

participants. According to the study, the social proof was the most effective tool in 

convincing people of the algorithmic system. Moreover, the study found that the adoption of 

the algorithm reduced cognitive load in all conditions. That might suggest that participants 

did not monitor the algorithm after its adoption. Therefore, the performance was lowest when 

participants included the algorithm. Generally, the attention of participants adopting the 

algorithm was lower than non-adopters’, but it was still higher than baseline, meaning they 

did pay attention to what the algorithm was doing. 

AUTOMATION COMPLACENCY 

In supporting human decision-makers, ADM systems are often designed to reduce erroneous 

judgments. However, they can cause other types of errors, such as automation complacency, 

leading to disadvantageous decisions. Automation complacency is defined as a human 

operator monitoring an automated system and missing a system failure or malfunction due to 

substandard monitoring [21]. Complacency as well as automation bias (for details see the 

next section 2.3.) were first researched in the aviation sector [61]. There, pilots, air traffic 

controllers, and other responsible personnel, can underestimate threats and work under the 

assumption that everything is fine, even though there is evidence to the contrary. Their 

negligence ultimately results in an accident. The term automation complacency was coined 

regarding automated aviation systems [21]. Operators of automated systems mostly passively 

observe and control the functioning of the system. Even as that has increased speed and 

efficiency, automation also gave rise to the misuse of automation [62]. Due to the assumption 

that everything is working correctly, operators insufficiently inspect automated systems 

compared to systems under manual control. Consequently, system malfunction or failure 

might be missed, or reactions might be delayed [62].  
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Parasuraman and Manzey [21] have shown that complacency occurs especially for highly 

reliable systems. The detection rate of failures increases if the system is not entirely reliable. 

However, these results vary depending on the expertise of the participants. Accordingly, 

Parasuraman and Manzey [21] distinguish between complacency potential and behaviour, 

whereby the latter occurs only if the potential is given with other circumstances, such as a 

high workload [21]. Moreover, research indicates that complacency might be a compensatory 

mechanism to deal with a high workload [62].  

Complacency in ADM systems has been researched in the context of the control problem. 

The problem arises when operators supervise a task execution, which is increasingly the case, 

for instance, in aviation, where the plane flies automatically while the pilot monitors the 

situation. When using reliable automated systems, pilots might become “complacent, 

overreliant or unduly diffident when faced with the outputs” [63; p.556]. The complacency 

effect affects novices as well as experts and might have damaging consequences such as 

accidents. Generally, the less human intervention is necessary for a system to function, the 

greater the likelihood of the control problem occurring [63]. 

More recently, automation complacency has been observed in decision-making systems 

based on machine learning. For instance, in predictive policing, officers go on the 

recommended route without challenging it. Otherwise, they would have to justify the 

divergence from a fixed procedure dictated by the algorithm [64]. In another example, as 

shown by Eubanks [38], caseworkers who are responsible for child welfare in Pennsylvania 

and work in a governmental agency using an ADM system were more inclined to adapt their 

own risk estimates to the model’s estimates instead of taking advantage of the scope of action 

they had [38].  

AUTOMATION BIAS 

Automation bias refers to the human tendency of ignoring or not inquiring about contradictory 

information about a computer-generated solution, which is accepted as correct [61]. 

Moreover, automation bias is enforced when a system gives the wrong advice, whereas 

complacency occurs if the system does not give advice, even though it should [65]. 

Automation bias is defined, similarly to other biases, as the use of a “heuristic replacement 

for vigilant information seeking and processing” [21; p.391], but contrary to other decision 

biases, it results specifically from the interaction with an automated system [21]. 

Parasuraman and Manzey [21] identify three causes of automation bias: 1) The cognitive-

miser hypothesis, stating that humans prefer to reduce their cognitive load and thus decide 

according to simple decision rules and comprehensive heuristics, which might result in 

automation bias, as operators do not undertake any thorough analysis; 2) Automated systems 

are perceived as powerful agents, believed to have more analytic capabilities than humans, 

and thus they are trusted more; 3) Responsibility might be handed over to the automated 

system, as people try to reduce their own contributions when work is shared. If the automated 

system is part of a team, other team members might reduce their efforts and refrain from 

analysing additional aspects or inspecting the automated system’s decisions. Studies suggest, 

however, that systems that support analysis and information integration are less prone to lead to 

automation biases than systems, which recommend specific actions due to their analysis [21]. 

Therefore, automation bias might occur due to cognitive overload and could be reduced by 

decreasing cognitive load [35]. According to Parasuraman and Manzey [21], the effects of 

automation bias are twofold: First, operators following incorrect recommendations are 

committing a commission error. Second, an error of omission happens when operators 

neglect a critical situation because they were not informed by the system (see, for instance, 

the Enbridge Pipeline Disaster [66]). 
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Reducing cognitive load, trusting algorithmic systems more than humans, and handing over 

responsibility increase the occurrence automation bias. Moreover, the degree to which 

operators perceive themselves socially accountable – for instance, when in direct interaction 

with a customer to whom they must justify a decision – plays a role regarding the frequency 

of omission and commission errors. People who feel accountable were more thoroughly 

examining the decisions taken by an algorithmic system and verifying them more often [21, 67]. 

Accountability creates pressure for people to include more information and process it more 

thoroughly. Moreover, accountability enables decision-makers to “employ more multi-dimensional, 

self-critical and complex information processing strategies and to put more effort into 

identifying appropriate responses” [67; p.703]. 

ALGORITHMIC AVERSION 

The previous sections highlighted the misuse of automated systems due to overestimation, 

complacency, and bias. Here we describe the phenomenon of algorithmic aversion where a 

negative attitude towards ADM systems might lead to a disregard of their help compared to a 

person’s advice [68]. As Dietvorst et al. spell out various characteristics of algorithmic 

aversion: people often “prefer humans’ forecasts to algorithms’ forecasts, […] more strongly 

weigh human input than algorithmic input, […] and more harshly judge professionals who 

seek out advice from an algorithm rather than from a human” [69; p.114]. 

Additionally, the type of the decision plays a role regarding the degree of aversion towards an 

ADM system. Lee [20] has shown that participants have similar emotional responses to decisions 

made by algorithms and humans if the decision requires solely mechanical skills and does not 

require subjective judgment or emotions. Conversely, regarding human skills, emotions 

towards the systems’ decisions were more negative compared to humans’ decisions. Generally, 

participants felt less positive about managerial decisions made by algorithmic systems [20]. 

After giving bad advice, advice utilisation decreases more for an automated system than for a 

human advice giver. This probably happens because people expect automated systems to be 

more “perfect” compared to “flawed” human beings. Moreover, participants might have 

confidence in human advisors to perceive and correct their own errors [70]. People were 

prone to prefer the advice of ADM systems compared to humans before mistakes in their 

decisions were known to them [69, 70]. This seems to be consistent with multiple studies 

done by Logg et al. [71] where people clearly preferred the recommendations by ADM 

systems (regarding forecasts of popular songs, romantic attraction, and numeric estimates). 

Expectations about the functioning and the capabilities of such systems shape the users’ 

perceptions [42]. Multiple studies done by Yeomans et al. [72] reveal a considerable aversion 

towards ADM systems if the functioning of the systems is not known. Participants preferred 

human recommendations as they reportedly understood them better. Therefore, the researchers 

conclude that not only increased accuracy, as often suggested, but also an understanding of 

ADM systems would decrease aversion. Overall, the aversion against these systems depends 

to some degree on the understanding of and knowledge about those systems [72]. These 

studies contradict the findings of Logg et al. [71] where experts on ADM systems and 

forecasts tended to rely less on the recommendations by ADM systems than ley people. 

The degree of aversion depends on the expectations and beliefs about the algorithm influence, 

the need for control by users, and the capability of alignment with the outcome of an 

algorithmic decision. Often, ADM systems dominate the decision-making instead of enabling 

a transparent process that includes the algorithm and the human in an aligned decision-

making process. Algorithmic aversion develops if the consequences following a decision are 

not the same as expected, and the human user loses confidence in the system [42]. 
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Figure 1. Summary of influences on and effects of trust, complacency, automation bias and 

algorithmic aversion.  

CREDIT SCORING 

In this part, the functioning and the use of credit scoring is first briefly explained. Second, 

since insight into the attitudes towards ADM systems within credit scoring is limited, we 

consult research and theory on attitudes towards ADM systems from other domains 

(presented in the previous sections) and apply it to credit scoring. 

WHAT IS CREDIT SCORING? 

Traditionally, if the customer of a bank wanted to get a loan, she would need to go to the 

bank and be interviewed. Subsequently, a credit manager would evaluate her trustworthiness, 

reliability, and the risk of defaulting [16]. Furthermore, the evaluation would rely on her 

financial status and factors such as marital status, gender, address, employment, housing and 

criminal history. 

However, the evaluation system has been increasingly computerized since the 1950ies, 

leading to centralization and standardization of the evaluation process. Due to 

computerization, requests can be processed faster, and unskilled workers are hired instead of 

skilled bankers, reducing personnel costs [26]. Moreover, the evaluation systems seem to 

have removed the human element from credit scoring by excluding personal contact between 

borrower and lender. By doing so, the systems promised to remove the prejudice credit 

managers might have towards customers. Additionally, they “reduced personal 

creditworthiness to the sum of statistical probabilities” [26; p.232]. An applicant is perceived 

as a part of a risk population, determined by demographic and economic qualities. Therein, 

intervention of credit managers is viewed as a distortion. Moreover, the process of 

determining creditworthiness is seemingly separated from characteristics such as honesty, 

responsibility, and morality of the customer [26]. Recently and increasingly, companies are 

trying to improve the credit scoring system by evaluating creditworthiness based on 

personality traits such as patience, impulsiveness, risk preference, and trustworthiness, among 

others [73], including social network data [27]. 
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Credit scoring is used worldwide in different domains such as individual loans, mortgages [74] 
or contracts such as telephone contracts [75]. The mechanism applies a statistical model “that 
tries to predict the future behaviour of accounts and customers based on data from the same 
or a similar group of accounts and customers from the relatively recent past” [74; p.59]. 
Every business uses its own model based on different methodologies. In the US, the Fair 
Isaac Corporation (FICO) developed an algorithm used by three major credit reporting 
agencies. The algorithm itself is unknown but it is most likely based on the ratio of debt to 

available credit [73]. Dozens of different commercially available scores for different kinds of 
debts can be distinguished, such as credit card debt, personal loans, or automobile loans [26]. 
A model produces a certain score, wherein a low score would mean low quality and high risk. 
The acceptance of a credit application and the credit conditions are decided according to the 
determined score. Edelman, however, points out that credit scoring is additionally a business 
process, which includes the “data quality, credit policy, profitability, model stability and what 
to do with decisions that the bank or the branches think are not correct” [74; p.60]. Until the 
late 1980s, only data from the credit application informed the decision of the credit scoring 
system, meaning there was one evaluation to determine creditworthiness. Nowadays, however, the 
creditworthiness is evaluated continuously after the acceptance of a credit application. These 
evaluations are done by scoring algorithms that examine if customers pay in time and if they 
are still profitable for the credit bureau, developing risk models. Risk is low enough if they are 
“carrying an interest-generating balance without maxing out” [26; p.252], meaning defaulting 
on the credit. Simultaneously, the risk and the performance of an individual can be tracked across 

all her accounts, even if she borrowed money from multiple credit bureaus [26]. Scorecards 
play an important role in determining creditworthiness. These are tools embedded in software 
packages to select customers and calculate credit scores. The software includes “back-stage 
statisticians, electronic data warehouses, risk managers, and front-stage marketing 
campaigns” [76; p.284]. Scorecards differ according to the way they translate the conditions 
in which risk is analysed. 

Calculating credit scores by using statistical models can operate under more certainty if data 
about the consumers are available, which do not stem from the consumers themselves. Digital 
data analysis allows for replacing dependency of information given by the consumers directly 
to the credit lending institution [76]. The data used for statistical credit scoring comprises up 
to 400 variables provided by credit reference agencies [74]. In the era of big data, often no 
differentiation between credit data and other data is made and many other variables which are 
not connected to the credit history of a customer are included [27, 77-80]. For instance, an 

applicant’s college, her use of capital letters in applications (whereby the use of all caps 
writing is interestingly a warning sign) and social media data [26], including online tracking 
and behavioural profiling [79, 81]. Moreover, data harvested by specific apps from smartphones 
might be included [82]. Furthermore, other network-based data is included, developing a social 
credit score based on the individuals’ position in a social structure [79]. Additionally, the 
inclusion of network data allows targeted advertising of credit products to new customers [83] 
and the inclusion of individuals who previously did not have access to credit [77]. 

As for the previously used consumer credit assessment, which only included data from the 
application made by the customers concerning their credit history, three factors are generally 
assessed through credit scoring: Stability, honesty, and the ability to repay a credit. This 
assessment is usually repeated on a regular basis [74]. Paying back debt depends not only on 
the ability to do so but also on the willingness to pay. Behavioural tendencies, for instance, 
trustworthiness, reliability, impulsivity, and risk attitude are used as defining characteristics 
to determine individuals’ willingness to pay back the debt [73]. For a detailed history of 

credit assessment and the quantification of creditworthiness, see [26]. For a historical 
perspective on the FICO score, see [76]. 
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Credit scores determine evaluations of other areas of people’s lives as well. For instance, 

some employers use the credit score to determine if the customer is a responsible employee 

and trustworthy [73]. Individuals who pay their bills on time are presumed to be responsible 

in the workplace as well, not accounting for many other factors that could cause a bad credit 

score. That might lead to a negative feedback loop as people with bad credit subsequently 

have more difficulties finding a job, making their credit even worse [16]. Moreover, 

sometimes tax inspectors use credit scores to decide whom to investigate [74]. 

ATTITUDES TOWARDS CREDIT SCORING ALGORITHMS 

Different attitudes and behaviours are formed while using ADM systems that we have 

described in chapter two: trust, complacency, automation bias, and algorithmic aversion. 

Each of these attitudes has different causes, dependencies, and results (see Figure 1). Some of 

them can be observed or applied to the use of ADM systems in credit scoring. 

In the context of credit scoring, systems barely permit human intervention. Often, employees 

are required to use the system to calculate the credit score and the contract’s conditions [26]. 

Moreover, not being able to influence the credit score even if it is perceived as unjust might 

increase algorithmic aversion. 

Furthermore, credit decisions are not mechanical, making them possibly inept to be taken 

over by such systems. Algorithms used for credit scoring are criticized for introducing 

standardization in a highly complex area and entailing negative consequences for individuals [16]. 

Burton et al. [42] suggest that ADM systems as support along every step of a decision-

making process would enable their adoption by more users and include more application 

domains. Such differentiated systems might be beneficial for credit scoring as well, as 

increasing flexibility and adaptation to the needs of customers. Burton et al. [42] define the 

successful use of ADM systems as the shared decision-making capability of the human 

operator and the system. Complete trust in or disregard of the systems point to the failure of 

the interaction between the operator and the system, even as in some application domains, full 

automation is beneficial [42]. That, however, does not seem to be the case for ADM systems 

used in credit scoring, as a shared agency, and avoidance of complacency and aversion could 

benefit the person affected by a credit score. Combining the capacities of the systems, 

considering large quantities of data on the one hand and the knowledge of human 

circumstances and individual situations, on the other hand, could make such systems more 

successful. Overall, a more human-centred approach to ADM systems would be beneficial for 

their successful use, as such an approach could solve problems of accuracy, bias, and 

transparency [84]. 

A study done by Schäufele [75] shows that operators of credit score systems often do not 

question the decisions of the system even if they could, indicating automation bias. Operators 

in that study did not see any reason to question the system even though they could object to 

decisions by filing a complaint. They seem to give away responsibility for the decision to the 

ADM system. Moreover, operators reduce their cognitive load by relying on the system too 

much for the complex credit score calculation [75]. These factors indicate automation bias in 

credit scoring systems. 

As previously mentioned, automation bias might lead to commission and omission errors [21]. 

In the case of credit scoring, commission errors seem to occur, as the type of contract a 

person gets depends on the inference of data from a profile made about her, using a model 

that might be biased. The commission error has dire consequences for some, who receive, for 

instance, bad conditions for a credit, which keeps them in debt. These consequences are 

especially difficult as a bad credit score influences other domains such as employment. In 
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consequence, people have more difficulty paying back their debt as they are not hired. 

Automation bias thus results in a negative feedback loop [16]. 

Furthermore, uncritically accepting credit scores could let customers believe the systems’ 

recommendations without comparison to other credit providers [62], thus causing complacency [16]. 

All in all, credit scoring would need to account for the unique and complex life situations of 

very different individuals and situations. And although ADM systems promise to reduce biases of 

decisions about credit scores, and the systems have more data available and a bigger 

processing capacity, the models employed are still human-made, mostly not user-centred, and 

thus criticized as biased [16], perceived to be unfair to certain individuals and can lead to 

negative feedback loops. For instance, some groups of people, to circumvent a negative credit 

score, even “play [...] the credit score game” [25; p.346], finding strategies to improve their 

credit score (also to enable upward social mobility [78]) by producing positive data; for 

instance, by joining lending circles where people lend money to each other without interest to 

build credit [85] (see also [86-88] for similarly created loops within systems, rich with social 

interaction). 

HUMAN-CENTRIC ADM SYSTEMS FOR CREDIT SCORING 

The attitude towards ADM systems is crucial for their successful and beneficial use. A survey 

conducted among U.S. adults in 2018 by the Pew Research Center shows that 31 % of 

participants deem using automated decision-making systems for credit scoring acceptable for 

companies. Respondents who would not consider such a system acceptable voiced concerns 

such as the violation of privacy, the accuracy of online data representing a person, and the 

irrelevance of online habits and behaviours for an individual’s creditworthiness [89]. The 

exploration and increasing use of alternative data sources for credit scoring, including social 

media data or information from smartphones [79, 82, 83, 90], is perceived rather critically in 

research [27, 83] and by most participants as inquired by the Pew Research Center [89]. 

Users and customers (people who these systems decide about) seem to have a different 

attitude towards ADM systems than managers and executives of companies or institutions 

who decide about these systems. The latter seem to emphasize the timeliness and efficacy of 

their companies due to using these systems [28]. To alleviate users’ concerns and to make 

ADM systems successful and possibly fairer, a human-centric framework is necessary. 

A human-centred framework provides strategies to use AI systems to improve capabilities 

instead of replacing the workforce, including “human factors design to ensure AI solutions 

are explainable, comprehensible, useful, and usable” [91; p.44] (emphasis in original). Ethical 

design principles to ensure fairness and justice [91] are crucial for an AI systems’ human-

centric framework. The social accountability of operators and managers is important to 

establish and maintain the fairness of systems. Studies show that participants who know to be 

accountable when using ADM systems committed significantly fewer omission and 

commission errors than control groups [21]. Another study by Lee and Baykal [92] found that 

interpersonal power as well as knowledge of programming influence the attitude towards 

decisions by mathematically fair algorithms compared to group decisions. (Fair division 

algorithms use a mathematical definition of fairness, which in most cases uses equity as a 

central concept. Equity, in contrast to equality, does not advocate for treating every person 

the same, but accounts for individual differences to guarantee a fair distribution [92].) Their 

results show that participants perceived decisions made through group discussions as fairer. 

Furthermore, algorithmic decisions were thought to be unfair if the algorithm did not 

“account for multiple concepts of fairness and cognitive and social behaviours in groups, 

such as the presence of altruism and group dynamics” [92; p.1035]. The authors attribute the 
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increased perception of fairness in group discussions to the decision’s transparency and the 

possibility of individual group members’ intervention. As individuals were held accountable, 

the perception of fairness increased [92]. Overall, adapting the decision-making algorithm to 

specific tasks by increasing functional and temporal specificity might ensure fairness and 

reduce algorithmic aversion. Moreover, the social accountability of the operators could 

reduce omission and commission errors, especially for group decisions. 

Aside from social accountability, a legal framework is necessary to regulate the use of ADM 

systems and ensure algorithmic accountability. The General Data Protection Regulation 

2016/679 (GDPR) grants several new rights to citizens of member states of the European 

Union, including the right to be forgotten and to have their data deleted (Art. 17) or rectified 

(Art. 16), the right to be informed about ADM systems and their use, including the 

consequences of such systems and profiling (Art. 13) and the right not to be subject of an 

automated decision, which includes profiling (Art. 22). Exceptions to Article 22 of the GDPR 

can be granted if (1) the data subject’s informed consent is provided, (2) if the legislation of a 

member state allows such decision-making, or (3) if the decision is necessary to fulfil a 

contract (Art. 22(2)). Furthermore, the GDPR grants the right to a human reassessment of the 

system’s decision if perceived as unfair or incorrect [93]. 

Critics claim that the legal framework provides too much freedom to data controllers and 

insufficiently protects individuals [94]. Furthermore, as ADM systems are very complex, the 

information should be presented in a comprehensible manner for each individual, and the 

system’s “intentions” made clear [94]. What is problematic is that, not all parties involved 

have a right to an explanation, for instance, the general public. Providing the public with 

information concerning the ADM systems’ functioning, however, would be beneficial to 

reduce public concerns and to improve individuals’ understanding of the use of their data [94]. 

By increasing knowledge about these systems, social accountability could be created, and 

influence could be exercised to make these systems more human-centric. Especially 

regarding credit-scoring systems, which possess sensitive data about individuals, creating 

accountable and transparent systems is crucial to ensure a fair distribution of credit. 

CONCLUSION 

This article aimed to identify peoples’ attitudes towards ADM systems and ensuing 

behaviours when dealing with ADM systems with a particular consideration for credit scoring. 

Trust and algorithmic aversion were identified as common attitudes adopted towards ADM 

systems, automation bias and complacency as key behaviours. Trust, complacency, 

automation bias, and algorithmic aversion were consulted to shed light on the attitudes 

towards ADM systems for credit scoring. In credit scoring, all these aspects could be 

identified, complacency resulting in overreliance and automation bias engendering 

commission errors by the operators, causing the misuse of ADM systems. Moreover, 

complacent users might not question the credit score assigned to them. ADM systems’ 

decisions could be most beneficial for the service providers because they might be designed 

to find the most cost-efficient solutions leading to complacency by the operators and 

managers. These solutions might not be the most beneficial for the users or customers who 

must live with the consequences. 

Furthermore, aversion could be influential for operators and users. First, credit scoring systems 

do not allow for human interference, and second, they might not be perceived as fair. Multiple 

strategies are suggested in research to reduce errors and biases, such as highly functional and 

temporal specificity and a human in the loop, to reduce complacency effects [46]. Moreover, 

social accountability and transparency of the decision-making process by the algorithmic 
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systems might be useful strategies to establish trust on the one hand and reduce bias, 

aversion, and complacency on the other hand. The design of human-centred ADM systems 

would benefit customers and operators alike. That, however, would require designing systems 

based on explainability and transparency instead of data that are often opaque and biased but 

are used due to easy access and availability [89]. 

All in all, ADM systems are increasingly used, influencing decisions made by companies, 

policymakers, and individuals [18]. Even as these systems are frequently advertised to be 

more objective and reliable than human decision-makers [28, 46], and many advantages in 

applying ADM systems to complex choice problems can be identified, using ADM systems 

should be approached with care since they are sometimes based on biased models, and the 

motives for their use unreflected upon or unethical. Often unreflected use of ADM systems 

might thus too easily result in dire consequences for individuals and, more often than not, for 

the already disadvantaged groups [16, 38, 39]. 
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ABSTRACT 

This article provides a comparative analysis of two common control configurations used to control the 

side-stream distillation used to separate benzene, toluene and xylene as suggested by Doukas and 

Lyben. Their under-actuated model has been considered as the model of distillation column and the 

internal model controller is designed considering a Singular Value Decomposition (SVD) and Virtual 

Inputs (VI) techniques. An internal controller design based on VI is proposed in this article for this 

kind of underactuated systems. This design is used to control in parallel the distillation process and its 

model in real time. The proposed controller design is simple and systematic in relation with the 

desired closed loop specifications of the internal model control structure. Furthermore, the controller 

obtained ensure robustness to process variations. The SVD technique can realize the decoupling of 

under-actuated processes and wipe out unrealizable factors by introducing compensation terms, 

affecting the dynamic of the system. The aim of this article is to make a comparison between our 

proposed VI controller and the SVD approach. The results we obtained confirmed the potentials of the 

proposed controller based on VI considering the set point tracking and its robustness. 
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INTRODUCTION 

The contribution of this article is study of two different control strategies for a class of 

chemical process industries. The model of the distillation column used in this plant, which is 

characterized by an underactuated structure. According to the diversity and complexity of 

these systems, it is important to emphasize that none of the technique proposed and 

developed for fully actuated systems can be applied directly to any underactuated system. 

Therefore, it is meaningful to develop control methods for this class of systems, and more 

precisely to develop the most optimized controller design. 

The control objective for systems characterized by the fact that there are more degrees of 

freedom than actuators, is to obtain a desirable behavior of several output variables by 

simultaneously manipulating several inputs channels. Under-actuated systems are less 

sensitive to modelling errors, so it has to be controlled in its original form to obtain robust 

stability and performance [1]. 

Garcia and Morari [2], presented the concept of Internal Model Control (IMC) and have 

already proved the effectiveness of the framework for robust control of different kinds of 

Singular-Input Singular Output (SISO) systems. The IMC structure is composed of three 

principal parts: the process, the internal model in parallel to the process and the controller, 

which is the dynamic inversion of the model. Recently, many methods have been proposed to 

control MIMO systems with time delays. For example, Zhang and Pang [3] proposed a 

Closed-loop Gain Shaping Algorithm (CGSA) using Padé approximation, which is 

sufficiently accurate in view of stability analysis. Jin et al [4] introduced a design method of 

decoupling internal model control; the basic idea is to realize the decoupling of the controller 

of non-square processes by inserting some compensation Relative Normalized Gain Array 

(RNGA). An equivalent transfer function matrix is introduced to approximate the pseudo-

inverse of the process transfer function matrix, which makes the design of decoupling internal 

model control simple and easy to calculate. 

Shan and Wang [5] integrated IMC with disturbance controllers by choosing different forms 

of external input/output disturbance. When this disturbance is applied directly as input to the 

controller, the design of controller needs to compensate the effect of slow dynamic poles by 

adding some constraints. Pamela et al. [6] introduced an approach to regulate the heater power 

in those systems, which must control the temperature in food processing, pharmaceuticals and in 

polymerization. The objective is to control the system with both PI controller and IMC 

structure and to analyze its performance parameters. Jin et al. [7] proposed a novel design 

IMC controller based on Singular Value Decomposition (SVD), this approach uses SVD in 

the inverse of the steady-state gain matrix of process. The last decades have shown an increasing 

interest in the control of under-actuated systems, many IMC methods can be introduced to 

achieve considerable results on the control for these kinds of systems. For this class of system, the 

number of inputs is smaller than the number of outputs, which means that the transfer function 

matrix is not square, and the issue of inversion exists. As a result, the problem of inversion 

was solved in many literature researches previously mentioned [4-6] by decoupling the 

internal model control based on the Relative Normalized Gain Array (RNGA), Singular 

Value Decomposition (SVD) and an Equivalent Transfer Function (ETF) matrix. The 

solution brought by these methods require complicated calculations and many instructions to 

implement [7]. 

Otherwise, our proposed approach; Virtual Inputs is used to augment the system inputs inserting a 

certain number of virtual columns to the model in order to make it a square matrix. These 

virtual columns have no influence on the response of the system, and they will be eliminated 
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after. The control of under-actuated systems is challenging, hence the necessity to identify the 

control technique with less interactions and better performances such as overshoot, setting 

time etc. Based on internal model control for discrete under-actuated systems a comparison 

based on the inversion technique of the model will be made between Singular Value 

Decomposition (SVD) and Virtual Inputs (VI) to realize the internal model controller. 

In this article, section 2 summarizes the fundamental control problem to be solved. Section 3 

describe the general IMC structure. Section 4 details the design of the internal controller 

based on Singular Value Decomposition. Section 5 details the design of the internal controller 

based on Virtual Inputs. At the end, we show how our proposed methodology based on 

Virtual Inputs at distillation column could give good results compared to the other method 

described previously. 

PROBLEM FORMULATION  

The process to be controlled is assumed linear and discrete-time governed by the following 

equation [8] 

  (1) 

Wheren x  ℝn
 i is the system state, u  ℝm 

is the vector of manipulated variables, y  ℝ 
n 
is 

the vector of system outputs, ijt is the time delays, F, H and C are matrices of corresponding 

dimensions [8]. For the IMC design technique, it is convenient to express this model in frequency 

response form. Taking Z transforms of (1), the following input-output model is obtained: 

  (2)
 

Where ( )G z  is the system transfer matrix of dimension (n×m), the number of control inputs 

is equal to m, the number of outputs is equal to n, making it a rectangular matrix, which has the 

form 

  (3) 

Where the elements g (z)ij , are the transfer functions of z and ijt  is the delay in the response 

of output i to input j. The synthesis of an IMC controller that is equal to the inverse of the 

model expression and is fundamental to ensure perfect set-point tracking and this represents 

the basic problem of the IMC approach. In fact, the realization of the direct model inverse is 

difficult, and sometimes not possible to realize, for many physical systems [8, 9]. This perfect 

controller cannot be implemented for the following reasons.  

1.) If the model contains time delays, its inverse involves predictive terms, which make the 

controller unrealizable. 
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2.) If the zeros of the transfer matrix of the model outside the complex unit circle yield an 

unstable perfect controller. 

3.) System equipped with a perfect controller is extremely sensitive to modelling errors and 

time delays. 

4.) The direct model inversion is also impossible in the case of underactuated systems. 

In fact, the model must provide an accurate description of the process dynamics and 

characteristics. Therefore, the model expression must be very close to that of the plant. For 

underactuated systems, the number of control inputs is less than the number of outputs and 

therefore we will have a rectangular matrix that is invertible. This represents the major 

problem encountered. In this article, to resolve this problem, it is proposed to develop some 

methods of inversion in the case of under-actuated systems. 

INTERNAL MODEL CONTROL DESCRIPTION 

The development of the IMC structure has progressed in recent years in order to design an 

optimal feedback controller. In this section we present the general IMC structure and we 

describe its basic principles and properties. Due to the fact that the traditional IMC methods 

cannot solve the control problem of non-square systems, we introduce two design technique 

to realize the internal controller but, when using a matrix to describe a non-square system, the 

issue of inversion often emerges. 

THE GENERAL IMC DESCRIPTION 

The general IMC structure of multivariable systems adopted in this article is shown in Figure 1, 

where (z)y , (z)my and (z)u are the output vector of the process, the output of internal model and 

the control variable, respectively. r(z) is the set-point vector, d(z) is the disturbance, (z)G and (z)M  

represent the transfer function matrix of process and its model, C(z) is the transfer matrix of 

the IMC controller. 

 

Figure 1. The general IMC structure. 

We begin by reviewing the properties of the IMC structure. This structure is equivalent to a 

conventional feedback loop with controller. From Figure 1 the inputs vector u(z) and the 

system outputs vector y(z) are expressed by 

G(z)C(z)

M(z)

+
-

+
+

e(z)r(z) u(z)

y(z) - ym(z)

y(z)

d(z)

+
-

ym(z)

Controller Process

Internal model 
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[ ]

-1
( ) ( )( ( ) - ( )) ( )( ( ) - ( ))u z I C z G z M z C z r z d z= +

 (4) 

 
[ ]

-1
( ) ( ) ( ) ( ) ( )( ( ) - ( )) ( ( ) - ( ))y z d z C z G z I C z G z M z r z d z= + +

 (5) 

Property 1. Dual Stability; Assuming an ideal model M(z) = (z)G  and ( ) 0d z = , stability of 

both the controller C(z) and the process (z)G is then sufficient for overall system. Then 

equations (4) and (5) becomes: 

 
(z) (z) (z)u C r=

 (6) 

 
( ) ( ) ( ) ( )y z C z G z r z=

 (7) 

Therefore, the system poles as well as the controller poles must lie inside the unit circle (UC) 

for stability. On the other hand, when ( ) ( )G z M z=  the stability is not affected by adding 

constraints on the inputs. 

Property 2. Perfect Control; Assume that the controller 1(z) (z)C M -= , yields a closed-loop 

stable IMC loop, this controller is equivalent to the inverse model to achieves perfect set-

point satisfaction despite any disturbance. Furthermore, 1(z)M -  is often not realizable. When 
1(z) (z)C M -= is verified, transfer function (7) becomes 

 
-1( ) ( ) ( ) ( ) ( )y z M z G z r z r z= =

 (8) 

Property 3. Zero Offset; Assume that the steady state gain controller is equal to the inverse 

model gain 1(1) (1)C M -=  and the closed-loop system in Figure 1 is stable. 

The key to apply the IMC structure is the controller who would yield the best output response 

possible. However, as in the under-actuated case, this perfect controller cannot be 

implemented for previous reasons. We will discuss in the next section the controller design 

using two different methods; Singular Value Decomposition (SVD) and Virtual Input (VI). 

These methods are based on the transfer function matrix of the model of the process. 

IMC STRUCTURE BASED ON SINGULAR VALUE DECOMPOSITION  

The application of the internal model structure to under-actuated systems is considered like 

our main target. In this section, we will describe the design phase of the internal controller 

based on SVD and the implementation at the level of the structure IMC. This approach of 

design can realize the decoupling of under-actuated processes and eliminate the unrealizable 

factors by inserting compensated terms. Meanwhile, a non-diagonal filter is designed based 

on SVD matrix theory. We discuss with more details this approach in the following. 

The IMC structure of an under-actuated systems based on SVD is shown in Figure 2, where CSVD(z) 

is the IMC controller.  
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Figure 2. IMC structure based on SVD method. 

The SVD of the transfer matrix G(z) of the under-actuated systems is as follows: 

  (9) 

Where, U is an ( )m m´ orthonormal matrix and 
'

mU U I= , ( mI  is the identity matrix), ∑ is 

an diagonal matrix with singular values of (z)G  in the diagonal, 
HV is an (n×m) orthonormal 

matrix and 
'

mV V I=  and H  represented the conjugate transpose. The SVD is essentially 

trying to reduce the rank of the matrix and to approximate them as a linear combination [10]. 

The closed loop transfer function matrix deduced from Figure 2 is given by: 

  (10) 

where (z)SVDC  is a non-square internal model controller based on Singular Value 

Decomposition has two main roles; on one hand make the internal control, while 

compensating and decoupling the system to reduce coupling between channels and, on the 

other hand, it can satisfy the robustness and the performances of the systems. The design 

method of the under-actuated internal model controller (z)SVDC is given below. 

In the nominal case, ( ) ( )mG z G z=  equation (10) becomes 

 
{ }(z) (z)C (z) (z)C (z) diag (z)SVD m SVD iiH G G h= = =

 (11) 

Where, hii ≠ 0, i = 1, 2, …….., m. Hence, in the traditional IMC structure [11], the closed loop transfer 

function (z)H  and the general decoupled internal model controller (z)IMCC  should be respectively 

 
(z) (z) (z)m IMCH G C=

 (12) 

 

1(z) (z)H(z)IMC mC G-=
 (13) 

It is obvious that once 
1(z)mG-

 and H(z)  are specified, it is possible to determine (z)IMCC . We 

start by finding the 
1(z)mG-

 but in under-actuated systems; the exact inverse of the model does 

not exist, so we replace it with the generalized inverse of (z)mG [12]. Hence, the result of this 

inversion is the unit matrix
* (z)mG : 

G(z)CSVD(z)

Gm(z)

+
-

+
+

e(z)r(z) u(z)

y(z) - ym(z)

y(z)

d(z)

+
-

Gf(z)
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  (14) 

Where 
* (z)mG  and ( )H

mG z are the pseudo-inverse and the Hermitian matrix of (z)mG respectively. 

The expression (13) becomes  

  (15) 

Next, we choose the appropriate ( )H z . Whereas the model (z)mG  consists into two parts to 

handle many limitations in this technique  

 
(z) (z) (z)m m mG G G- +=

 (16) 

Where ( )mG z+  contains time delays and zeros of ( )mG z outside the unit circle such ( )mG z-  

has a stable and realizable inverse. 

In the traditional internal model controller design [12], adding the filter is used to supplement 

the model mismatch and ignore the error caused by the non-minimum phase portion, as 

shown in equation (17).  

 

1(z) (z) (z)IMC mC G F-=
 (17) 

Substituting equations (16) and (17) into equation (12) leads to: 

 

1(z) (z)C (z) G (z)C (z) G (z)G (z) (z) (z) G (z) (z)IMC m IMC m m m mH G G F F-

+ - += = = =
 (18) 

Where ( )F z  is a designed filter of internal model controller. It can be considered as the 

general form [13]: 

 

1

1
(z)

1

f

f

b z
F

a z

-

-
=

-
 (19) 

Among them: 

 

( )
T

fa e l=
 (20) 

 
1f fb a= -

 (21) 

In the above formula,  is the time constant of the design filter, it determines the bandwidth of 

the closed-loop system and thus serves as a tuning parameters for performance and 

robustness, T  is the sampling time of the system. Furthermore, when the high performance is 

required, F(z)  Im but it is intuitively obvious that this choice makes the system very 

sensitive and it can very easily become unstable even for small modeling errors. In addition, 

the completely decoupling can be obtained by choosing ( )mG z+  and ( )F z diagonal. Even 

when dynamic interactions are allowed, ( )mG z+  and ( )F z  must satisfy [13]: 

 
(1) , (1)m m mG I F I+ = =

 (22) 
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In the following discussion, we give procedures for finding (z)mG +  and a rule for filter 

design. Assume (z) (z)mG G= , and that ( )mG z+  is diagonal with the following form [14]  

  (23) 

where 
T

ijt is the maximum prediction in the i-th row of
* (z)mG , pz  is the pole in outside of the 

unit circle, pz
-

 is the conjugate complex of pz , ir  represents the maximum number of the 

same pole of 
* (z)mG .  

IMPROVEMENT OF FILTER 

According to the equation (17), the robustness of the (z)SVDC  often cannot meet the 

requirement, for solving this problem, this approach need to improve the filter F(z). The 

filtering structure is designed in general, which makes control system bear the capacity of 

high-dimensional decoupling and fast response. First, we use the SVD in the inverse of the 

transfer functions matrix of process (z)G . Then, we can use the term after decomposition to 

improve the filter (z)F and to obtain the controller based on SVD.  

Step 1: Use the SDV in the inverse of the steady-state gain matrix of (z)G  

  (24) 

Step 2: Let vW  satisfy the following formula  

 

H

VV W I=
 (25) 

Step 3: The improved internal model controller is as follows 

 

* 1(z) G (z)G (z) W (z) WSDV m m v vC F -

+=
 (26) 

The robustness of the system can be greatly enhanced by adding a filter ( )fG z in the feedback 

loop, and the filter time constant can be set to half of the maximum delay time in this loop [15]. 

IMC STRUCTURE BASED ON VIRTUAL INPUTS (VI) 

Focusing now on the inversion method of the under-actuated systems based on Virtual Inputs. 

To successfully apply our approach, firstly we need to modify the IMC basic structure mentioned 

in Figure 1, so that it becomes applicable to underactuated systems with more outputs than 

control inputs. Secondly, we design an approximate inverse of the model plant which is 

inspired by the studies of [16, 17] in the case of MIMO systems and over-actuated systems [18]. 

The modified IMC structure presented in Figure 3 is characterized by two more blocks with 

respect to the basic IMC structure presented in Figure 1 [19]. The first new block is the 

Virtual Inputs Augmentation VIA (z) which is used to augment the system inputs inserting 

virtual (n× (n - m)) column to the transfer matrix of the non-square system in order to make it of 

dimension (n × m), so that it can be inverted. The second one is the Virtual Inputs Removing 

VIR (z) block which is used to eliminate the exceeding virtual inputs [19].  
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Figure 3. IMC structure based on Virtual Inputs method. 

The inserting columns mentioned previously can be chosen as first-order transfer functions, which 

verify the stability criterion, and in order to simplify the study and avoid inversion problems [19].  

The studied system can be shown through the following equation [18, 19]: 

 

1 11 12 1 1

2 21 22 2 2

1 2

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

m

m

n n n nm m

y G z G z G z u

y G z G z G z u

y G z G z G z u

     
     
     
     
     
       (27) 

When the model and the system match perfectly ( ) ( )mG z G z= , the augmented system Ğ(z) 

and its exact model are expressed as: 

 

11 1 1 1 1

1 1

(n m) (n ( m)

(z) ( )

m m n

m

n nm nm nn

Initial transfer function Added transfer function
n

G G G G

G G z

G G G G





  

   
   

 
   
      

 (28) 

The Virtual Inputs Controller CVIN (z) design presented in Figure 4 is based on the inversion 

method reported in [18, 19].  

The closed-loop transfer function matrix CVIN (z) between e(z) and u(z) is derived as: 

  (29) 

Where 1K  is an invertible square matrix ( )n n  used to ensure the stability of the controller 

and it can be expressed by 1 mI ,K R    , a second gain 2K  is introduced as reported in 

Figure 4 in order to compensate the static errors. The gain 2K  is given by equation (30). 

  (30) 

 

G(z)CVIN(z)

Gm(z)

+
-

+
+

e(z)r(z) u(z)

y(z) - ym(z)

y(z)

d(z)

+
-

VIA(z) VIR(z)
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Figure 4. Structure of the Virtual Input controller. 

For sufficiently high values of a , the controller CVIN(z) approaches the inverse of internal 

model Ğm(z): 

 
   

1

VIN mC z G z



 (31) 

For the construction of the controller, it is necessary to respect the fact that: 

 
   . I

VIN m n
C z G z 

 (32) 

The virtual inputs method proposed for the design of the controller by internal model is valid 

whatever the number of outputs n  ℕ*
 and inputs m  ℕ* 

of a physical system. In fact, this 

approach is applicable for the following classes of systems: 

 Monovariable system where 1n m= = , 

 Overactuated system where n < m, 

 Underactuated system where n > m. 

SIMULATION RESULTS AND COMPARISON 

To analyze the comparative study on the above control technique, we considered a chemical 

process industry. In order to test the control effect of discrete underactuated internal model 

controller based on SVD and VI, a side-stream distillation control problem suggested by 

Doukas and Lyben will be used [20].  

Figure 5 shows the side-stream distillation scheme that serves to separate benzene, toluene 

and xylene. The problem posed in this case was to control the concentrations of four 

impurities in three product streams with only three manipulated variables: reboiler duty, 

reflux ratio and side stream flow rate. 

Doukas and Lyben [20] treated the distillation column as a 4 × 3system. An internal 

controller should be design for the under-actuated system. Doukas and Lyben model can be 

represented as  

 

u(z)
K1(z)+

-
K2(z)

e(z)

( )mG z

e(z) u(z)
( )VINC z
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Figure 5. Schematic diagram of distillation column [20]. 

 

11 12 131

1

21 22 232

2

31 32 333

3

41 42 434

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

G z G z G zy
u

G z G z G zy
u

G z G z G zy
u

G z G z G zy

  
   
        
 

    
     (33) 

where the toluene in bottom (y1), toluene in bottom (y2), benzene in side draw (y3) and 

benzene in side draw (y4) are the four controlled variables. The reboiler duty (u1), reflux ratio 

(u2) and side draw (u3) are the manipulated variables [20].  

The (4 3)´  transfer function matrix presented in equation (33) as follows 

 

2
1 1

11 12 2

-5.12 z - 0.61 0.0017 z  + 0.0356 z + 0.0117
( ) , ( )

 z - 0.41 z  - 1.27 z + 0.40
G z z G z z  

 (34) 

 

2
1 1

13 212

-0.3811 z  - 1.078 z - 0.07728 2.507z + 0.5044
( ) , ( )

 z  - 1.263 z + 0.3985 z - 0.4967
G z z G z z  

 (35) 

 

2
1 6

22 232 2

-0.0175 z  - 0.0208 z - 0.0566 0.0016 z + 0.0015
,

z  - 1.72 z + 0.74 z  - 1.95 z + 0.95
G z G z- -= =

 (36) 
2 2

1 1

31 322 2

2.35 z  + 0.0182 z + 0.17  0.0077 z  + 0.003837 z + 0.0111
( ) , ( )

z  - 0.0018 z +   0.0077 z  - 0.49 z + 0.0607
G z z G z z- -= =

 (37) 

 

2
1 1

33 412

-0.29 z  - 0.0225 z - 0.0091 -5.66 z - 0.87
,

z  - 0.0299 z + 0.0002 z - 0.44
G z G z- -= =

 (38) 

 

2 2
1 1

42 432 2

-0.0706 z  - 0.0324 z - 0.0166 0.94 z  + 0.63 z + 0.0008
,

z  - 0.46 z + 0.0551 z  - 0.81 z + 0.16
G z G z- -= =

 (39) 

In this section, we evaluate the controller performance using the above-mentioned approach.  

40
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SIMULATION RESULTS USING THE SVD CONTROLLER 

Starting with the internal controller based on Singular Value Decomposition, and using the 

whole approach seen in section 4. Using equation (23), ( )mG z+ can be obtained by 

  (40) 

Using equation (24), , ,L VS is given as follows 

  (41) 

  (42) 

  (43) 

Using equation (25), 
1,v vW W -
 are given as follows 

  (44) 

  (45) 

Considering the realization of the controller, the added filter ( )F z  is 

  (46) 

In order to increase the robustness of system, we add a feedback filter in feedback loop. The 

expression of the added filter is as follow: 

 
{ }11 22 33 44( ) ( ) ( ) ( ) ( )f f f fG z diag G z G z G z G z=

 (47) 

where,  
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11 222 2

0.0001422
( ) , ( )

0.001 0.004 0.0002846 0.00000125
f f

z z
G z G z

z z z z

-
= =

- + - +  (48) 

 
33 442 2

0.9971 0.006362 0.00008516
( ) , ( )

0.009359 0.0001379 0.000001784
f f

z z
G z G z

z z z z

- -
= =

- + -  (49) 

The expression of the inverse of (z)mG , 
* (z)mG  is given as follows 

  (50) 

where, 

 

2
* 1 *

11 122 2

0.023 0.0006079 0.000699 0.0005
,

0.0366 0.0003355 0.2707 0.01832
m m

z z z
G z G

z z z z

-- - -
= =

- + - +  (51) 

 

2 2
* 1 * 1

13 142 2

0.01035 0.000875 0.04769 0.006181
,

0.03663 0.0003355 0.139 0.004828
m m

z z z z
G z G z

z z z z

- -+ - -
= =

- + - +  (52) 

2 2
* * 1

21 222 2

-0.3386 z  + 0.07526 z - 0.001504  -0.7011 z  + 0.3355 z - 0.04626
, z

 z  - 0.03663 z + 0.0003355                z  - 0.2707 z + 0.01832
m mG G -= =

 (53) 

 

2 2
* 1 *

23 242 2

 0.01847 z  + 0.001332 z -0.0025 z  - 0.03611 z - 0.00231
z ,

 z  - 0.03663 z + 0.0003355       z  - 0.139 z + 0.004828
m mG G-= =

 (54) 

 

2 2
* 1 * 1

31 322 2

 -0.07642 z  + 0.003053 z 0.105 z  - 0.05384 z - 0.06541
  z , z

 z - 0.03663 z + 0.0003355 z  - 0.2707 z + 0.01832
m mG G- -= =

 (55) 

 

2 2
* *

33 342 2

-1.182e-08 z  - 7.598e-07 z 0.04368 z  + 0.002231 z - 7.429e-06
,

z  - 0.03663 z + 0.0003355  z  - 0.139 z + 0.004828
m mG G= =

 (56) 

The final expression of the internal controller based on SVD described by the equation (26) is 

the following  

 

* 1(z) G (z)G (z) W (z) WSDV m m v vC F -

+=
 (57) 
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Figure 6. Outputs System with internal controller based on SVD. 

SIMULATION RESULTS USING THE VIRTUAL INPUT CONTROLLER 

Dealing now with our proposed approach, the Virtual Input methods applied on the same 

system studied previously. Considering the same underactuated system with three control and 

four outputs. The system transfer matrix G(z) is given by (33). 

Let us consider the case of perfect modeling ( ) ( )mG z G z= , The augmented model transfer 

function is of dimension 4 × 4. The system and the model outputs are expressed respectively 

by (58) and (59). 

 
[ ]1 2 3 4 ( )

T
y y y y G z u=

 (58) 

  (59) 

The model transfer functions 11mG  until 43mG  are successively chosen to be close to 11G  until 

G43. The augmenting (n × (n-m)) virtual column 14mG , 24mG , 34mG  and 44mG  are chosen as first 

order transfer functions so that they ensure the invertibility conditions of the matrix ( )mG z . 
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It is mandatory to study the discrete-time internal controller stability, in order to set the 

stability interval of the gain matrix 1K  which ensures the stability of the IMC structure. The 

expression of the controller (29) detailed in the previous section can be reformulated using 

the representation of sate as: 

  (60) 

Where x(k)  ℝn
, e (k)  ℝn

 and u (k) ℝn
, are the state, input and output vectors respectively 

of the controller, the matrices F, H and C are known constant matrices. The stability 

condition highlighted by Lyapunov theory allows to assess the necessary and sufficient 

condition of the controller stability. Using this theory, we can conclude that the system 

presented by the equation (60) is stable if and only if there exists a positive definite matrix 

0TP P  , satisfying the following Lyapunov inequality [21]: 

 
( )0 , - 0TP F PF P> <

 (61) 

Solving the LMI equation (61), the interval of the gain 1K  which assures the stability of the 

internal controller is – 0.1 < K1 < 0.01 × I4. In the case of this system, we choose 0.01a =  

such that K1 =  × I4. 

The gain matrix 2K  relative to K1 = 0.01 × I4 is given by: 

  (62) 

The set responses of the studied system with both controller design is presented through the 

Figure 6 and Figure 7; we note that the steady state error is not null in the case where we used 

the controller based on SVD. 

COMPARISON ANALYSIS 

After using both Singular Value Decomposition and Virtual Inputs approaches, it seems to be 

quite interesting making a comparison between them showing their effectiveness in terms of 

stability, robustness, precision and tracking signal. 

From the data presented in table 1, it is relevant to note that the desired specifications of the 

closed-loop responses are not met with the SDV controller and this is expected because of the 

problem of the interaction which are too strange as illustrated by the decoupling of the 

controller and the simulation results obtained with the SVD controller in Figure 6. SVD method 

has a problem if we do not make the right choice of the parameter of the filter, in this case, 

the approximation cannot be made with effectiveness and the system can be diverging. Added 

to that this approach towards the under-actuated process is to square the system by make the 

decoupling of the model affecting the characteristic of the system. Unfortunately, this 

operation can decrease the performance of the system and making it so poor by neglecting 

some information’s. 
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The internal model controller using a Virtual Inputs as inversion approach of the model 

( )mG z better performances in terms of rise time, settling time and in terms of error dynamics 

precision are obtained, as shown by table1, these results are satisfactory because the steady 

state is zero for all responses as shown in Figure 7. This mean that the set-point tracking is 

ensured. The internal model control using the Virtual Input approach is having the benefits of 

small overshoot, faster tracking features, and less interaction compared to the Singular Value 

Decomposition method as indicated by the Figures 6 and 7 and by the table below. 

The Virtual Input method may be fails when the system has a disturbance acting on the 

outputs of the system. For this reason, with load disturbance the response needs to be 

controlled to attain robustness and performance. 

Table 1. Quantitative comparison between IMC Controller based SVD and Virtual Inputs. 

 Parameters to control 
Outputs of System 

Y1 Y2 Y3 Y4 

IMC controller 
based 

on SVD 

Rise Time (s) 93 160,6 -6 240 

Steady state error (%) 12,99 1,96 66,24 21,36 

Settling time (s) 560 320 247 400 

IMC controller 
based on VI 

Rise Time (s) 53,95 23,92 30,02 30,14 

Steady state error (%) 0 0 0 0 

Settling time (s) 96,02 42,05 42,05 47,97 

Figure 7. System outputs with internal controller based on Inputs Virtual. 
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In order to verify the robustness of the proposed internal model controller, we added a 

white noise with a variation of 0,2 acting on the outputs of the system in the interval of time 

100 s, 150 s, 200 s, 250 s. The influence of this noise is observed in Figure 8. 

  

  

Figure 8. System outputs with disturbed internal controller based on Virtual Inputs. 

It is shown that the closed loop system is not sensitive to noise. We conclude that the method 

it offers strong robustness in case of the given perturbation and good tracking features. 

CONCLUSION 

To control an under-actuated industrial process demands not only to know all the 

characteristic of his model, but also to achieve the desired performance when there exist load 

disturbances. Both Virtual Input and SVD approaches are applied to distillation column 

process, to prove the controller achievability for this industrial process and that it is the most 

efficient approach in terms of rapid response, set-point tracking and disturbance rejection. 

Through a comparative analysis, the Virtual Inputs approach avoids the complex calculation, 

such as calculate the inverse of the matrix, the controller structure is simple, has a few tuning 

parameters, and is easy to be accepted by operators. 

The simulation results show that our proposed method (Virtual Inputs) ensures suitably the 

set-point tracking and the disturbance rejection for the external disturbance as illustrated in 

distillation control problem suggested by Doukas and Lyben and gives better results 

compared to SVD approach. The modified internal model control scheme gives more degree 

of freedom in the controller design technique in order to improve the performance of the 

controlled system. 

As future works, it will be interesting to handle with unstable multivariable non-square 

systems and non-linear systems as proposed in order to design an internal controller with 

more flexibility and to apply the proposed Virtual Input controller to real processes. 
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ABSTRACT 

Music is an integral part of our everyday lives. Through continuous exposure to a particular music 

style, an individual implicitly learns the laws of music, including the typical progression of chords 

that accompany the leading melody. Previous research has shown that the typical chord order in 

compositions is perceived as expected and satisfying, whereas the violations of the typical chord 

progressions are perceived as unexpected and unsatisfying. In this paper, we investigated how implicit 

musical knowledge influences satisfaction during listening to expected and unexpected chord 

progressions by taking into account the participant’s music education and the overall pitch height of 

the chordal sequences. Ninety-seven participants (43 musicians and 54 non-musicians) took part in 

the experiment. They were asked to rate the degree of their satisfaction during listening to expected 

and unexpected chord progressions, either during the high-pitch or low-pitch height conditions. The 

results showed that the participants were more satisfied with expected than unexpected chord 

progressions, confirming previous findings on the role of implicit learning of rules of harmony. 

Although results did not reveal an effect of music education during listening to expected chord 

progressions, musicians evaluated unexpected progressions as less satisfying than non-musicians, 

suggesting that musicians’ are more susceptible to violations of typical chord order. Finally, the 

results have shown that the difference in satisfaction between expected and unexpected progressions 

was larger in high-pitch vs. low-pitch condition, suggesting that under low-pitch condition, chord 

progressions were more difficult to discriminate, confirming the theory of low-interval limit. 
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INTRODUCTION 

Music is an integral part of our everyday lives. Through exposure to a particular music style, 

an individual implicitly learns the laws of rhythm, melody, harmony, and other aspects of 

sound organization, forming implicit expectations about how these features are supposed to 

develop through auditory experience [1]. If these expectations are met, the individual 

experiences satisfaction while listening to music and vice versa – if the expectations are 

violated, the listener is not satisfied with the listening experience [2]. The aim of this paper 

was to investigate how implicit musical knowledge influences satisfaction during listening to 

expected and unexpected harmonic musical sequences and how this interacts with the 

participant’s music education and the overall pitch height of the sequences. 

Music is formed by a series of notes played sequentially or simultaneously, forming a melody 

and harmony, respectively. A chord, which is the fundamental building block of harmony, 

consists of three or more simultaneously played notes, while a chord progression is a 

sequence of chords. The most common chord order in traditional western music is a tonic – tonic 

in the first inversion – subdominant – dominant – tonic [3]. Specifically, a typical chord 

progression begins and ends with a tonic chord, whose keynote matches the scale. For 

example, in a composition that is written in C major, the keynote is C, and the tonic chord 

consists of C, E, and G. After the first tonic chord, inverted tonic chords, whose function is to 

lengthen the sense of the first tonic chord, usually follow. An inverted chord simply means 

that a note other than the keynote is at the bottom. Based on the lowest note from the chord 

(e.g., E or G in C major), we can determine its inversion. In the first inversion, the lowest 

note is the third of the triad (E in C major), with the fifth (G in C major) and the keynote 

(C in C major) stacked above it. After the lengthening of the tonic chord with the inverted 

tonic chords, the subdominant (e.g., in C major, the subdominant chord consists of F, A, C) 

and the dominant (e.g., in C major, the dominant chord consists of G, B, D) usually follow. 

Same as at the start of the progression, the chord progression typically ends with the tonic. 

With the continuous exposure to western music, individuals implicitly internalize the 

structure of the typical chord progression to the extent that the typical form of the harmonic 

syntax in compositions is perceived as expected and satisfying, whereas the violations of the 

syntax rules are perceived as unexpected and unsatisfying [2, 4]. Loui and Wessel [5] have 

demonstrated this effect for both musicians and non-musicians. Although musicians were, in 

general, more satisfied when listening to musical sequences than non-musicians, the pattern of 

satisfaction to expected and unexpected chord progressions did not differ between musicians 

and non-musicians [5]. Similarly, the sensitivity to the violations of the typical harmonic 

context of both musicians and non-musicians has been shown by reaction times [6, 7] and 

event-related potentials [8, 9] studies. Together these studies show that both musicians and 

non-musicians implicitly internalize rules of music harmony and make harmonic 

expectations, on which they base their response for a musical phrase. 

In contrast to Loui and Wessel [5], Dellacherie et al. [10] found differences between 

musicians and non-musicians in how they respond to expected and unexpected musical 

sequences. Specifically, they investigated the response to consonant and dissonant musical 

excerpts. Dissonances, which can be defined as a combination of sounds that do not belong to 

a particular musical style [11], can - similarly to the unexpected chord resolutions - be treated 

as tensions in western music, which can induce unexpectancy and unpleasantness during 

listening to music. Dellacherie et al. [10] found greater negative emotional self-reports and 

physiological response of musicians to dissonances compared to non-musicians, whereas 

their response to consonant excerpts did not differ. They explain their findings with the 

possibility that a negative bias is formed through the experience of music training. They 
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proposed that because of long-term associative learning, a link between dissonance and 

negative emotions is formed. Consistent with Dellacherie et al. [10], Pagès-Portabella and 

Toro [12] reported that during listening to dissonances, early right anterior negativity as 

measured by EEG was observed in both musicians and non-musicians, indicating automatic 

processing of harmonic inconsistencies (i.e., violations of musical syntax). However, a larger 

effect of harmonic inconsistencies was reported for musicians vs. non-musicians, suggesting 

that music training modulates how different violations of the harmonic context are processed. 

Since musical education seems to modulate the response to violations of music syntax, 

another intriguing question is whether the overall pitch height of chord progression also plays 

a modulatory role. Pitch height seems to be an important factor that composers consider when 

creating music. In order to achieve clarity and purity between the intervals, the tones are 

presented above the so-called ‘low interval limit’, a concept that determines the lowest 

pitches at which intervals can still be perceived without sounding uncollected or muddy [13]. 

When the lower tones become too layered, they create dissonance and lose their clarity [14]. 

The limits are not absolute but represent areas below which there is a risk that the resultant 

sound will not work well within a normal harmonic context. To our knowledge, no study so 

far has investigated how pitch height influences satisfaction while listening to expected and 

unexpected chord progressions. Based on the low interval limit concept, we hypothesize that 

resolutions of chord progressions in the low-pitch condition will be experienced as 

unfocused, which may prevent participants from discriminating between the types of 

resolutions. This should result in a smaller difference in satisfaction between expected and 

unexpected chord progressions in low- vs. high-pitch conditions. 

In summary, our study aimed to investigate how implicit musical knowledge affects 

satisfaction while listening to expected and unexpected resolutions of chord progressions and 

how this interacts with music education and the overall pitch height of chord progressions. 

Because of the internalization of the typical harmonic syntax [7, 8, 15], we assume that both 

musicians and non-musicians will experience chord progressions that are frequently used and 

are typical in western music as more satisfying than uncommon chord progressions. 

Furthermore, based on Loui and Wessel’s [5] study, we expected that the overall satisfaction for 

both expected and unexpected chord progressions would be higher in musicians vs. non-musicians. 

As studies investigating the effect of musical education on the perception of violations of 

musical syntax do not yield consistent findings (e.g. [5, 10, 12]), two alternative hypotheses 

can be formed. First, we might expect that the effect of expectancy will be larger in musicians 

vs. non-musicians, as their extensive exposure to music might lead to even stronger 

internalization of musical syntax [10]. The alternative is that the effect of expectancy will not 

differ between musicians and non-musicians, which would indicate that both groups 

implicitly learn the harmony to a similar extent and that this is independent of music 

education [5]. Lastly, we were interested in the effect of pitch height of the chord progressions. 

As explained above, based on the low-interval limit concept, we expect the effect of 

expectancy to be larger in high vs. low-pitch positions, as in lower pitch positions, chords 

might be perceived as unclear and dissonant [14], making it more difficult to discriminate 

between expected and unexpected resolutions and thus reducing the effect of expectancy. 

METHOD 

PARTICIPANTS 

194 Slovenian university and high school students, including students of music conservatories, 

signed the informed consent to participate in an online experiment. The results of 89 

participants who did not complete the experimental task were excluded from the analysis. 



Which chord progressions satisfy us the most? The effect of expectancy, music education, … 

583 

Further, the results of another 8 participants were excluded from the analysis because they 

completed the task in less than 10 minutes, which was estimated to be the minimal time 

needed to perform the task. The final sample included 97 participants (71 females), aged from 

15 to 25 years (M = 18,37, SD = 2,07). Those with more than eight years of formal education 

in music theory (N = 43 participants) were considered musicians, while the participants with 

less than eight years of formal education in the field of music theory were considered non-

musicians (N = 54 participants). 

APPARATUS AND MATERIALS 

Nine typical chord progressions that consisted of five chords (Table 1, Figure 1) were 

constructed for the experiment. They either had an expected (the progression resolved on the 

I. chord or the tonic of the key) or unexpected (the progression resolved on the IV. chord or 

the subdominant of the key) resolution. 

Table 1. List of chord progressions with an expected and an unexpected resolution. 

Expected resolution Unexpected resolution 

G-C-F-G-C (V-I-IV-V-I)  G-C-F-G-F (V-I-IV-V-IV)  

C-a-F-G-C (I-vi-IV-V-I) C-a-F-G-F (I-vi-IV-V-IV) 

e-a-d-G-C (iii-vi-ii-V-I) e-a-d-G-F (iii-vi-ii-V-IV) 

C-a-d-G-C (I-vi-ii-V-I) C-a-d-G-F (I-vi-ii-V-IV) 

C-G-a-F-C (I-V-vi-IV-I) C-G-a-F-F (I-V-vi-IV-IV) 

C-F-a-G-C (I-IV-vi-V-I) C-F-a-G-F (I-IV-vi-V-IV) 

C-e-F-G-C (I-iii-IV-V-I) C-e-F-G-F (I-iii-IV-V-IV) 

C-F-C-G-C (I-IV-I-V-I) C-F-C-G-F (I-IV-I-V-IV) 

C-F-d-G-C (I-IV-ii-V-I) C-F-d-G-F (I-IV-ii-V-IV) 

 

 

Figure 1. Chord progression examples. A) Chord progression with an expected resolution 

(the progression ends on the I. chord). B) Chord progression with an unexpected resolution 

(the progression ends on the IV. chord). 

The constructed expected and unexpected chord progressions were recorded in low and high pitch 

conditions. In low pitch condition, the tonic of the chord progression was note C2 (65,41 Hz), 

and in high pitch condition, the tonic of the progression was note C4 (262 Hz). Each of the 
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constructed chord progressions was additionally transposed by or two semitones higher or 

lower than the original progression, resulting in two starting points for each chord 

progression (original, transposed). 

All progressions were recorded in the time signature of 4/4 in the tempo of 130 beats per 

minute within eight bars. All of the chords were played within one bar, except for the last, 

resolving chord, which was played over the last four bars. The progressions were recorded 

digitally using Logic Pro X, ver. 10.4.4. [16], which is a digital audio workstation. We used a 

virtual sampled upright piano called ‘The Gentleman’ [17] that runs in Kontakt 6 player [18] 

– an industry-standard software for sampling. This provided a clean, clear, and natural 

sound of a piano with a touch of natural reverb. Psytoolkit software [19, 20] was used to 

present the chord progressions and collect keyboard-click responses. 

TASK 

The experimental task consisted of 72 trials (9 chord progressions  2 resolution types  2 

pitch heights  2 starting points) presented in random order across participants. Each trial 

started with the presentation of the chord progression lasting for about 15 s. Following the 

chord progression, the participant’s task was to rate each progression on a scale from 0 (not 

satisfactory at all) to 100 (most satisfactory) depending on how much subjective satisfaction 

they experienced while listening to it. 

PROCEDURE 

We used the snowball sampling method to reach the participants. Participants were 

informed about the study through different web mediums, such as e-mail, Facebook posts, 

direct messages, etc. Those interested in participating in the study accessed the study 

through an experimental website, which contained a detailed description of the study’s 

purpose, terms, and the task itself. 

Before signing the informed consent, the participants were instructed to perform the task 

in a quiet environment using headphones, which allowed them to attend to the task 

without any interruption and to take a break if they felt fatigued. They were able to test 

whether both left and right channels of their headphones work properly. 

After reading and signing the informed consent, the participants were asked to provide 

information regarding their age and musical education. After they have read the 

instructions, they could begin the experimental task. At the end of the experiment, they 

could provide comments regarding their experience. 

RESULTS 

To analyze the data, we used a mixed measures three-way analysis of variance (ANOVA) 

with within-subject factors type of resolution (expected vs. unexpected) and pitch height 

(low vs. high) and between-subject factor music education (musicians vs. non-musicians). 

First, we were interested in the effect of implicit learning of harmony. Specifically, we 

tested whether chord progressions with expected resolutions satisfy our participants more 

than chord progressions with unexpected resolutions. The results show that the type of 

resolution (expected vs. unexpected) significantly affected participants’ subjective ratings 

of satisfaction, F(1, 95) = 42,28, p < 0,001, η
2

g = 0,051, revealing that the participants 

were more satisfied with the expected chord progressions than with the unexpected ones 

(see Figure 2). 
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Figure 2. Subjective ratings of satisfaction with chord progressions in musicians and 

non-musicians depending on the type of resolution of harmonic progression and the 

progression’s pitch condition. Error bars represent 95 % Cousineau-Morey confidence 

intervals (CI) adjusted so that non-overlap of CIs corresponds to statistically significant 

difference as calculated with a mixed ANOVA [21]. 

Next, we were interested in whether musicians are in general more satisfied when listening to 

chord progressions than non-musicians, regardless of the resolution type. Results did not reveal 

a main effect of music education (musicians vs. non-musicians) on participants’ subjective 

ratings of satisfaction with chord progressions, F(1, 95) = 2,00, p = 0,161, η
2

g = 0,013. 

However, the results did show a significant interaction between music education and 

resolution type, F(1, 95) = 7,61, p = 0,007, η
2

g = 0,054.  

To identify which particular differences between pairs of means are significant, we 

performed additional post hoc tests with FDR-adjusted alpha levels. First, we compared 

musicians’ and non-musicians’ satisfaction rates separately for expected and unexpected 

resolutions. The results did not yield a significant main effect of music education in the 

expected resolution condition, F(1, 95) = 0,04, p = 0,841, η
2

g < 0,001, however, it revealed a 

significant effect of music education in the unexpected resolution condition, F(1, 95) = 5,59, 

p = 0,0270, η
2
 = 0,056, showing that musicians are less satisfied with the unexpected 

resolutions than non-musicians. Next, we compared satisfaction rates in expected and 

unexpected conditions separately for musicians and non-musicians. The results revealed a 

significant effect of resolution in both musicians, F(1, 42) = 28,36, p < 0,001, η
2

g = 0,096, 

and non-musicians F(1, 53) = 13,93, p < 0,001, η
2

g = 0,041, reflecting higher satisfaction 

rates in expected vs. unexpected condition for both musicians and non-musicians. 

Lastly, we tested whether the participants are more satisfied with chord progressions in the 

high pitch condition than in the low pitch condition. The results showed that the 

progression’s pitch height significantly influenced participants’ ratings of chord progression 

satisfaction, F(1, 95) = 24,49, p < 0,001, η
2

g = 0,010, suggesting that the participants were 

more satisfied with the progressions in high pitch condition than with the progressions in low 

pitch condition. The interaction between the progression’s pitch position and type of 

resolution was also significant, F(1, 95) = 9,37, p = 0,003, η
2

g = 0,002, revealing a larger 

effect of type of resolution in high pitch position than in low pitch position (Figure 2). 
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We carried out an additional exploratory analysis to test whether participants’ satisfaction 

while listening to chord progressions might have also been affected by the specific sequence 

of the selected chord progression and whether this might have interacted with the resolution 

of progressions. We performed a two-way ANOVA with within-subject factors chord 

progression (nine typical chord progressions, see table 1) and type of resolution (expected vs. 

unexpected). The results showed a significant effect of the chord progression on the 

subjectively experienced satisfaction ratings, F(8, 768) = 39,60, p < 0,001, η
2

g = 0,021, as 

well as significant interaction between type of resolution and type of progression, F(8, 768) = 

3,50, p < 0,001, η
2

g = 0,003, suggesting that the extent of the effect of resolution type differed 

between different chord progressions.  

Figure 3. Subjective ratings of satisfaction concerning the nine types of harmonic progressions 

used (1 to 9) and the type of resolution. Error bars represent 95 % Cousineau-Morey CIs adjusted 

so that non-overlap of CIs corresponds to statistically significant difference as calculated with 

a within-subject ANOVA [21].  

DISCUSSION 

Our study aimed to assess how implicit musical knowledge affects the experience of 

satisfaction while listening to expected and unexpected chord progressions and how this 

interacts with music education and the overall pitch height of chord progressions. 

Our study’s first goal was to evaluate the effect of implicit learning of harmony by comparing 

participants’ satisfaction rates between expected and unexpected chord progressions and to 

assess whether this effect can be observed in both musicians and non-musicians. The results 

showed a significant effect of the type of resolution in both groups, reflecting higher 

satisfaction rates for expected vs. unexpected chord progressions. Our results suggest that 

both musicians and non-musicians implicitly learned the rules of harmony, which is 

consistent with previous research (e.g. [7, 8, 15]). Our study confirms that exposure to a 

particular type of music makes individuals internalize the music style and learn the rules of 

the harmony implicitly [2]. 
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Next, we checked whether musicians and non-musicians differ in how they experience 

expected and unexpected resolutions in chord progressions. The satisfaction of musicians 

generally did not differ from the satisfaction of non-musicians, suggesting that participants, in 

general, experienced a similar degree of satisfaction while listening to the chord progressions. 

However, there was a significant interaction between the type of resolution and musical 

education. Post hoc analyses revealed a difference between musicians and non-musicians in 

how they experience satisfaction only in the unexpected chord progression condition, showing 

that the satisfaction in the unexpected resolution condition was smaller in musicians than in 

non-musicians. This contradicts previous findings indicating that musicians generally felt 

more pleasure while listening to both expected and unexpected chord progressions (e.g. [ 5]). 

Results allow different interpretations. We can assume that musicians have attained better 

implicit knowledge based on their musical theory training compared to non-musicians [22]. 

Implicit knowledge can represent a sound basis for the development of long-term working 

memory, which enables musicians to recall the appropriate information from long-term 

memory faster and more efficiently than non-musicians [23]. This includes better recall of the 

typical chord progressions according to the western music style, as used in our study. 

Therefore, one explanation of why musicians’ level of satisfaction in unexpected chord 

progressions was smaller than in non-musicians might be related to their superior implicit 

musical knowledge. The musicians possibly predicted the progressions to end on the tonic, 

and violations of the typical resolution in unexpected chord progressions had a larger 

negative effect, reflected in lower satisfaction rates than in non-musicians.  

Another possible explanation of the difference in satisfaction of musicians and non-musicians 

while listening to unexpected resolutions might be related to how we assigned participants 

into two groups; musicians and non-musicians. In the first group, we included participants 

who have completed eight or more years of formal music education. That means that they 

have gained a lot of explicit, theoretical knowledge about western music theory. In the 

feedback provided after task completion, some musicians reported that they were disrupted 

because the chord progressions did not end on the tonic but on other scale levels. This suggests 

that musicians used not only their implicit but also their explicit knowledge to reason and rate 

their satisfaction level, emphasizing the role of declarative, long-term-explicit knowledge in 

shaping the experience of satisfaction. The role of implicit and explicit knowledge in shaping 

musical perception has previously also been recognized by other researchers [24]. 

Next, the present study results are consistent with the findings of Dellacherie et al. [10], who 

found that musicians respond more negatively to dissonances than non-musicians, whereas 

their response to consonances is similar. Dissonances as well as the unexpected resolutions, 

which were used in our study, can both be treated as tensions in western music, which can 

induce dissatisfaction during listening to music. Dellacherie et al. [10] suggest that a 

connection between dissonance and negative emotions is established because of long-term 

associative learning, possibly leading to a more pronounced effect of expectancy violations in 

musicians. Our results are also congruent with the findings of the EEG study of 

Pagès-Portabella and Toro [12], who found a larger early right-anterior negativity (ERAN) in 

response to listening to dissonance in musicians vs. non-musicians. 

In summary, our results show that musical education modulates the processing of violations of 

typical chord progressions. Our next question was whether the chord progression’s overall pitch 

height might also modulate the satisfaction while listening to expected and unexpected chord 

progressions. The results showed a significant main effect of pitch height on the reported levels of 

satisfaction, revealing that the participants rated the resolutions in high pitch height as more 

satisfactory than the resolutions in low pitch height. This finding is consistent with the low 
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interval limit theory, which conjectures that the intervals in lower pitch positions sound muddy 

and unfocussed [14], possibly leading the participants to experience greater dissatisfaction while 

listening to low vs. high-pitch chord progressions. 

Our results also showed a significant interaction between the type of resolution and pitch height, 

reflecting a larger effect of resolution type in the high-pitch condition. A possible explanation 

why the experience of listening to resolutions in the low pitch height was less affected by the type 

of resolution is that under low-pitch condition, resolutions were experienced as unfocused, which 

prevented the participants from discriminating between the resolution types in the first place. We 

can conclude that although a low interval limit is not an absolute limit and merely suggests the 

risk for the chord (or interval) to be experienced as unfocussed, our results show that the pitch 

height chosen for the low-pitch condition in our study did induce the experience of the dissonance 

and unclarity to at least some extent. This finding can help understand how the same harmonic 

pattern can evoke different experiences based on its pitch height. 

STUDY LIMITATIONS 

The present study has some potential limitations. First, we have noted a significant participant 

dropout. Of the 194 participants who initially began the test, only 105 completed the entire 

experiment. In their feedback, many participants reported having found the time necessary to 

complete the task too long. Additionally, many found the test itself boring. The dropout can therefore 

be attributed firstly to the duration of the experiment, which took approximately 30 minutes to 

complete, and secondly, to the type of chord progressions included in the task. The progressions 

mainly consisted of the same five chords that only varied in the sequence in which they appeared. 

This repetitiveness is why the participants could have found the task boring. We advise researchers 

conducting similar studies to use shorter chord presentation times to avoid the experiment being too 

time-consuming and present the participants with more diverse chord progressions. 

Second, the additional exploratory analysis results revealed significant differences in participants’ 

satisfaction between the selected chord progression sequences (i.e., participants preferred certain 

progressions types over others). Moreover, the effect of specific chord type significantly interacted 

with the resolution type of chord progressions, suggesting that the extent of the effect of resolution 

type differed between different chord progressions. This is an important finding that should be 

taken into account when designing future studies. Future studies should ensure that listeners 

experience a similar amount of satisfaction while listening to the selected chord progressions so that 

the studied effect of resolution type would not be confounded with other factors. 

In addition to the participant dropout and the types of included progressions, we must also 

address the suitability of the criteria used to separate the participants into groups of musicians and 

non-musicians. Only those who reported having obtained at least eight years of formal education 

in music theory were assigned to a group of musically educated individuals, which resulted in a 

severely heterogeneous group of non-musicians. The latter included musically completely 

uneducated participants as well as individuals who have received several years of formal musical 

education. Despite not having been enrolled in as many years of music theory training as 

musicians, non-musicians could have had a comparable level of musical knowledge and 

experience as individuals with eight or more years of formal musical education. In this case, it 

would be more appropriate to include these individuals in the group of musicians. As the 

heterogeneity of the participants in the group of non-musicians could have had a potentially 

significant effect on the obtained results, we advise researchers conducting future studies to 

define their criteria for distinguishing the musically educated from the musically uneducated 

participants in a more elaborate and detailed way. We also suggest using music ability tests to 

objectively determine the participants’ music perception skills, such as pitch discrimination. 
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CONCLUSIONS 

In the present study, we explored the effect of expectancy, music education, and pitch height 

on the satisfaction rates during listening to different chord progressions. As expected, the 

results showed that the participants were more satisfied with expected than unexpected chord 

progressions, confirming previous findings on the role of implicit learning of rules of 

harmony. Although results did not reveal an effect of music education during listening to 

expected chord progressions, musicians evaluated unexpected progressions as less satisfying 

than non-musicians, suggesting that musicians process music differently than non-musicians, 

and are more susceptible to violations of typical chord order. The results have also revealed 

that the difference in satisfaction between expected and unexpected progressions was larger 

in high-pitch vs. low-pitch condition, suggesting that chord progressions were more difficult 

to discriminate under low-pitch condition supporting the theory of low-interval limit. Though 

the results clearly show that the effect of resolution type is modulated by music education and 

the overall pitch height of music sequences, the findings need to be interpreted with caution 

due to methodological limitations. 
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