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1.  From the behaviors in real time to the understanding of 

their underlying processes 

Consider the following example of two dyads of 5-year olds playing different 

games. Think of one dyad playing to build a marble track with the goal of making a 

marble to roll into a basket. The children explore the use of marbles of different sizes 

and weights; as well as the use of different wooden columns to adjust the height of the 

ramp. Also, let’s think in another dyad of children playing with a mechanism of tubes 

and valves. The children can open and close the valves, as well to connect a pump to 

the mechanism in order to inflate a balloon. In both situations, children try out 

different configurations of the materials, reaching sometimes the goal and other times 

not. While playing, the children of each dyad interact with each other in different 

ways. At some times they work independently from each other or take turns using the 

materials; other times they replicate the actions of their peer, or collaborate to attain 

the goal. In these situations the children’s behaviors involve cognitive and social skills. 

The children are engaged in the task while interacting with their peers and using 

complex scientific reasoning skills that are related to their exploration of the task. 

At first sight, the children’s behaviors may seem chaotic, a matter of trial, error 

and changing from time to time. But in fact their behavior is creative. Upon close 

inspection─ beyond the success and failure of their performances─ it is possible to 

discover patterns, not only in their actions with the tasks but also in their interactions 

with each other. Children are spontaneous learners with a ‘curious mind’. In daily 

activities, children do not only learn by themselves, but also with others. As ‘little 

scientists’, they explore and learn about the world by conducting experiments, 

establishing causal relations and elaborating explanations about it. In the last three 

decades, psychological studies have shown the striking skills of children’s minds from 

early development onwards (Gopnik, 2012). The cognitive skills capacities not only 

emerge individually, but also as part of social interactions (Melander, 2012). These 

cognitive abilities (exploring, experimenting, describing, predicting and explaining) 

are part of what is considered “scientific reasoning” and are cognitive tools that 

constitute the basis of the learning process (Khun, 2004; Zimmerman, 2007). Scientific 

reasoning skills are present in daily life every time a child solves a problem. It applies 

not only to complex reasoning in order to solve an equation, but also on everyday 

situations (Dierking, Falk, Rennie, Anderson & Ellenbogen, 2003; NRC, 2009) for 

instance when anticipating the plot of a movie, predicting and explaining a rainbow, or 

finding how to fix a bike. 
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With the challenges of our modern society, one of the interests of education is 

focusing more on the academic disciplines of Science, Technology, Ingineering and 

Mathematics (STEM). On the bases of observation that children have the spontaneous 

ability to explore and discover the world, many educational programs aim to 

encourage scientific reasoning from the early years of life (NRC, 2007, 2012; Osborne, 

2013; Klahr, Zimmerman & Jirout, 2011). An example of this effort can be seen in the 

Netherlands, with a research program   ̶ financed by the Dutch government   ̶ called 

“Curious Minds”1 (Talentenkracht in Dutch) in which seven universities develop 

research and interventions to promote early science talent and science education. 

Traditional research on scientific reasoning can be characterized by the use of 

relatively big data samples  ̶(generally collected in the controlled situation of lab 

contexts) ̶, the use of single measurements, and the analysis of outcomes in terms of 

success or failure. Although these studies on scientific reasoning have covered diverse 

domains and populations, the focus is much less on the process of reasoning than the 

more natural context of interaction. However, from the viewpoint of a complex 

dynamic systems approach, reasoning should also be studied as a process, in order to 

understand the mechanisms of change in short-term and long- term development. 

Initially, the focus was mostly on what changes in development; nowadays the focus is 

more on how changes take place (Spencer, Perone and Buss, 2011). From the 1990s 

onwards, the framework of complex dynamic systems (Thelen & Smith, 1994; van 

Geert, 2011, 2014; Schöner, 2009) has generated a change in the way psychologist 

conceived and studied development. In the last two decades, the contributions of the 

complex dynamic systems have been demonstrated by the translation of their 

conceptual bases into methodological procedures that reveal the underlying process 

of development (Spencer, Perone and Buss, 2011).  As a result, this approach has 

changed from the epistemic view of an ideal subject to the idea of a real subject 

developing in real-time, in a particular context (Kloos & van Orden, 2009; Overton, 

2014; van der Steen, Steenbeek & van Geert, 2012).  

The core idea about a complex dynamic system (see Thelen & Smith, 1994; van 

Geert, 2008) lies in their self-organized process in which the interconnected 

components enable the emergence of novel behaviors (Kunnen & van Geert, 2011).  

Below we give a brief description of the central concepts that define a dynamic 

system: 

 

                                                           
1
 For more information visit the website www.talentenkracht.nl 
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(1) The formation of attractors: behaviors are the result of a self-organized system 

that evolves towards states of equilibrium that can be evidenced in the 

presence of patterns (regularities) in variability. 

(2) Non-linearity: behaviors emerge over time as variable trajectories with 

structured patterns and not as gradual, progressive or cumulative trajectories. 

The nonlinearity of the behaviors is not seen as the result of a random effect 

but as the natural attribute development. 

(3) Multi-causality: behaviors are the result of complex underlying processes that 

are interdependent from each other  

(4) Recurrence: behaviors take place as a continuous loop of individual-context, as 

an iterative process that can be relatively stable in particular states of the 

system (attractors) 

(5) Nested time-scales: behaviors changes in short- and long- term, revealing the 

interconnection of microdevelopmental processes on long term processes. 

 

Nowadays, we often call this approach a ‘complex dynamic systems’ which has 

been applied to diverse research topics in psychology, such as interactions (e.g. 

Ensing, van der Aalsvoort & van Geert, 2012; Granic & Lamey, 2002; Steenbeek & van 

Geert, 2005), language development (e.g. Ellis & Larsen-Freeman, 2009; van Dijk, et 

al., 2013), learning processes (e.g. Fischer & Granott, 1995) and scientific reasoning 

(e.g. Meindertsma, van Dijk, Steenbeek & van Geert, 2014; Schwartz, & Fischer, 2003, 

2005; van der Steen, Steenbeek & van Geert, 2013). The characteristics of these 

studies lies in the conceptual articulation of complex systems mechanisms studying 

these psychological phenomena, but also the implementation of analytical procedures 

that are used to study developmental processes over time. One of the main 

implications of the complex systems approach is the collection of repeated measures 

in order to capture the intra-individual variability as a main source to describe how 

changes occurs at different time-scales of development (Nesselroade & Ram, 2004; 

Nesselroade & Molenaar, 2010).  

Traditional studies in psychology often examine big samples, for instance by 

inferring relations from the comparison of aggregated data of individuals.  From this 

view, a normal distribution of the observed phenomenon is often assumed. As a 

consequence, it needs to be distinguished from the measured phenomenon (van Geert 

& van Dijk, 2015). This is a nomothetic procedure that consists of examining the 

average of the variable of interest of large groups and comparing conditions (Barlow 
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& Nock, 2009). In contrast, a dynamic approach contemplates the variables of interest 

as complex systems that are constantly changing from moment to moment. Variability 

in performance is conceived not as the result of a measurement error, but as the 

nature of developing human behavior (van Geert & van Dijk, 2002). As a result, many 

complex dynamic systems studies are based on multiple measures (i.e. time series) in 

order to establish relationships between the variables observed across the sequence 

of measurements of the same individual and studying the variability, rather than 

general statements about a population (Nesselroade & Ram, 2004).  

By acknowledging that psychological processes are not homogeneous, neither 

static, it is necessary to also recognize that they are non-ergodic. Ergodicity is defined 

by the Oxford dictionary as “denoting systems or processes with the property that, 

given sufficient time, they include or impinge on all points in a given space and can be 

represented statistically by a reasonably large selection of points”. In other words, 

ergodicity indicates that the system’s components are equally representative of the 

whole system. It has been argued that this assumption does not hold true for most 

psychological phenomena (Molenaar, 2004; Molenaar & Valsiner, 2005). For this 

reason, nomothetic procedures cannot be used to understand psychological processes. 

As an alternative, an idiographic method is considered to offer a detailed focus on 

individual development across time (Molenaar & Campbell, 2009). The aim of this 

method is to provide insights into the dynamics of psychological processes evolving in 

real time. 

The studies in this dissertation are motivated by the application of the complex 

dynamic systems approach and the idiographic method as a source to understand the 

real-time performances. The goals of this dissertation is to understand the 

development of scientific reasoning and dyadic interaction of 5 year-olds, in a setting 

were children are repeatedly confronted with a sequence of tasks/on hands. We 

worked with dyads of 5-year-olds, because according to Fischer and others (e.g. 1980; 

Fischer & Bidell, 2008) around this age, children are expected to show a transition in 

their cognitive level. Their initial performance, characterized by a sensorimotor level 

(single representations) where the focus is on the attributes of the materials, change 

to a representational system (representational mapping) in which the focus is on 

causal relations. In addition, we framed our studies in a context of spontaneous 

reasoning during problem-solving. This refers to the examination of the natural 

comprehension that children display in a task without a previous instruction about 

the solution or the formal concepts involved in it. Viewed in the educational context, 

the ecological validity of our setups is relevant because it reveals the children’s initial 

knowledge that teachers will scaffold towards a formal knowledge. Furthermore, we 
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gain information about how the learning process emerges in a spontaneous way, as 

occurs in most activities of daily life. 

 In order to address the goals of this dissertation, various techniques are used to 

zoom in at the variability of the children’s performance at different time scales (micro 

and macro level). 

 

 

Figure 1. Relationship between the components of the different studies of this dissertation. 

The most important elements of the studies are depicted in Figure 1.  These are 

the children ‒as a dyad‒ relating to each other in the context of problem solving tasks. 

Each task presents its own demands of content (air pressure / inclined plane), and the 

children during their attempts to solve the task influence each other. As a result, the 

moment-to-moment relation between the children and the task generates two 

trajectories of dyadic behaviors: one about interaction and another about scientific 

reasoning. Our interest is centered in the patterns of variability of these trajectories 

because they constitute the main source of information about the dynamics of the 

dyad. The upper part of Figure 1 represents the emphasis on the structure of 

variability of children’s trajectories of reasoning and interaction that characterized 

the research questions and methods of the different studies rather than the specific 

content of the children’s performances, which are represented in the bottom part of 

the figure. 
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2. Overview of the Dissertation 

This dissertation presents four independent studies (chapters 2 to 5) that 

together provide understanding of how scientific reasoning and dyadic interaction 

emerge in the short term (within a single session) and the long-term (along six waves 

of data collection, lasting one year of observation). Chapter 2 presents a 

methodological study that demonstrates the use of a fine-grained analysis of the 

within-session changes of scientific reasoning skills and children’s interactions. This 

chapter also establishes the basis for the categories of interaction that will be used in 

subsequent studies. The studies presented in Chapters 3 to 5 are based on the 

longitudinal design (see Appendices A and B) in which two sets of problem-solving 

task were presented to two groups of dyads along six waves of data collection (4 

dyads in the air pressure task set and 3 dyads in the inclined plane task set).  

Each task set consists of one familiarization task and six experimental tasks, 

increasing in difficulty (see Figure 2) which has been used in previous studies 

(Meindertsma, Verbrugge, van Dijk, Steenbeek & van Geert, 2015; van der Steen, 

Steenbeek and van Geert, 2012). The protocols of both task sets (air pressure and 

inclined plane) were suggested as open problem-solving situations to elicit the 

spontaneous experimentation of the dyads and to provide verbalizations based on the 

use of three scientific reasoning skills (i.e. descriptions, predictions and explanations). 

In a previous study by van der Steen, Steenbeek and van Geert (2012), the air pressure 

set was presented in an adult-child assessment to examine children’s comprehension 

through the use of structured protocols based on their verbalizations. Similarly, for 

the inclined plane tasks, an adult-child assessment was used in the study of 

Meindertsma, Verbrugge, van Dijk, Steenbeek and van Geert (2015). We use the tasks 

from these previous studies, and an adjusted version of the coding schemes of 

verbalizations in order to address new research questions. In this case, the target is 

the examination of dyads of preschoolers in the context of problem solving. 

An ‘overlapping’ design was used to track the variability within a session and 

between sessions. This means that in each session two tasks were presented to the 

children. In each of the following sessions, the last task was presented again and a new 

task was introduced (Figure 3).  
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Figure 3. Overlapping design of the sequence of tasks presented in the longitudinal study. T0= 

Familiarization task, T1-T6= Experimental tasks. 

The following paragraphs introduce the contents of the chapters of this 

dissertation. 

Chapter 2 presents a methodological study that illustrates the microgenetic 

analysis of the intra-individual variability of children's behaviors in a single session. 

Two case studies are used to explore the spontaneous types of interactions emerging 

in a single problem-solving session (a balance-scale task). The observed types of 

interaction are presented with the use of three types of scientific reasoning skills 

(descriptions, predictions and explanations). Several descriptive techniques (time 

series analysis, transition matrixes and hierarchical agglomerative clustering (HAC) 

are implemented to capture the changes in a sequence of data (time-series).  

Chapter 3 elaborates on the types of interactions described in chapter 2, 

suggesting a dyadic model that examines the children´s interactions as a dyadic 

system with two main states: distributed and unequal interactions. Using a multiple-

case study, this chapter analyzes the verbal interaction between the children and links 

it with the use of scientific reasoning skills. By using a state space grid technique (SSG, 

Hollenstein, 2013), recurrent states (attractors) of dyadic interaction will be identified 

within and between sessions. In addition, the co-occurrence of the interaction states 

and types reasoning is investigated. 

Chapter 4 introduces a more detailed analysis of the development of the 

structure of real-time dyadic interactions in the two states of dyadic interaction 



General Introduction 

 
20 
 

(distributed and unequal) proposed in chapter 3.  A cross-recurrence quantification 

analysis (CRQA) is used to identify the short-term interpersonal coordination. Based 

on the categorical data of children’s interaction (time series), the CRQA technique 

quantifies the coupling behaviors of the dyads in the two states of interaction and its 

recurrence over time. This analysis provides information about the patterns (attractor 

states) of the coupling behaviors, revealing the self-organization of the dyad as a 

system that changes over time. 

Chapter 5 focuses on the spontaneous experimentation elicited by a sequence of 

problem-solving tasks. This study in particular, describes the complexity of children’s 

reasoning in actions (to solve the tasks) and verbalizations (explanations) and its 

change over the six sessions. The analysis is based on two main aspects of reasoning: 

the most complex actions (nonverbal reasoning/implicit knowledge) and the most 

complex verbalizations presented by the children (explanations/explicit knowledge) 

in each session. The complexity of these two types of reasoning is quantified by the 

application of Skill Theory (1980) and was compared between sessions and over time. 

The study thus aims to describe the more global development of the performance of 

the children. In addition, children’s transfer of scientific reasoning (in actions) is 

analyzed by comparing the key elements they used to solve a sequence of tasks. 

Chapter 6 consists of a summary and discussion of the main conclusions and 

implications of the four empirical studies and its relation to the complex dynamic 

systems. Additionally, based on the limitations and insights identified across the 

studies, we provide suggestions for future research. 
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Microdevelopment of Peer interaction and Scientific Reasoning 

in Young Children2 

 

Abstract 

Group data are often used as implicit models of the underlying processes, but recent 

research shows that this cannot be done if the ergodicity condition does not apply, 

which is the case for most processes of behavior and thinking. Traditional analyses of 

reasoning and interaction often describe the building of knowledge by comparing 

general outcomes of group data (e.g. average, frequencies, and percentages) and as a 

result, often neglect the underlying individual processes. In this paper, we present a 

case study of two dyads of children (M= 5.5 years) working on a problem-solving task 

in order to provide a methodological illustration of several techniques that capture 

the changes in a time serial data set. Particularly, we present the changes in the types 

of interaction and scientific reasoning skills (SRS) during a single problem-solving 

task. The three descriptive techniques implemented in the data analysis are: 1) a time-

series analysis to track the variability from moment-by-moment, 2) transition 

matrices to describe behavior changes and 3) a hierarchical agglomerative clustering 

(HAC), a hybrid clustering technique used to detect dyadic patterns. Our results 

capture the intra-individual variability of the dyads, which support the assumption of 

the non-ergodicity condition of psychological processes. We show that intra-

individual trajectories in the children’s behaviors are neither homogeneous nor 

stationary, but variable over time. 

Keywords: clustering, microdevelopment, non-ergodicity, peer interaction, 

scientific reasoning, time-series, transition matrices 

  

                                                           
2
 This chapter is based on Guevara, M., van Dijk, M., & van Geert, P. (2015), 

Microdevelopment of Peer interaction and Scientific Reasoning in Young Children. 
Manuscript submitted for publication. 
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1. Introduction 

Though most research on children’s learning and development is based on group 

analyses, there is an increasing attention to case studies that describe the individual 

processes that take place at the short-term (Granott & Parziale, 2002). In relation to 

this, Molenaar and Campbell (2009) have suggested the use of intra- individual 

analysis as the "new person-specific paradigm in psychology" (p. 112). The basis for 

this approach refers to the fact that psychological processes are neither homogeneous 

nor static (two characteristics known as ergodic principles). Instead, they are 

characterized by much variance across subjects and changes over time. By assuming 

this non-ergodicity, psychological studies cannot generalize the group-based findings 

to the level of the variation of the individuals. Molenaar argues that studying intra-

individual variation within single subjects is required to obtain valid information 

about developmental processes (Molenaar, 2010). In a similar way, Salvatore and 

Valsiner (2009) described psychology as an idiographic science and argue that 

individual cases provide information on psychological phenomena because they show 

how the actual processes take place in context. With regard to the relevance of 

individual variability, Kuhn, Garcia-Mila, Zohar and Andersen (1995) acknowledge the 

presence of individual differences by arguing that “at least part of the variability in 

performance across content resides in the subject, rather than exclusively in the task” 

(p. vi). 

Developmental researchers incorporating a complex dynamic systems approach 

have embraced a similar type of person-centered and ideographic perspective by 

using methods that capture the non-linearity and the dynamic nature of psychological 

processes. Therefore, they often use designs with smaller numbers of subjects but 

extensive collections of repeated measurements over extended periods of time 

(Nesselroade & Molenaar, 2010). In these studies, the within-person variation is the 

main source of information. 

In this methodological article, we demonstrate three techniques that enable us to 

capture the microdevelopmental changes in behaviors: time-series graphs, transition 

matrices and hierarchical agglomerative clustering. We illustrate this with the topic of 

scientific reasoning skills (SRS) and types of peer interaction behavior during a joint 

reasoning task. With the implementation of these techniques, we provide a process 

analysis in which it is possible to visualize and quantify the intra-individual 

differences that are characteristics of the psychological processes we are interested in.  

From the literature we know that dyadic interaction is relevant for the early 

development of social functions such as reciprocity and the development of 
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communicative skills (see Williams, Ontai & Mastergeorge, 2010). Interaction is also 

crucial for cognitive development because the construction of knowledge occurs not 

only during individual performances but also in the interaction with others (see Doise, 

Mugny & Perret-Clermont, 1976; Rojas-Drummond, 2009). For example, Srinivas 

(2011) states that collaborative learning contributes to both social and cognitive skills 

such as higher levels of thinking skills, empathy, interaction and familiarity among 

students and self-esteem.  

Related to the development of scientific reasoning skills (SRS), there exists a 

body of literature providing evidence that already young children can act as scientists, 

as they are able to formulate hypotheses, elaborate descriptions, predictions and 

explanations of events, make causal inferences, and do experimentations (Gopnik, 

Glaymor, Sobel, Shultz, Kushnir, & Danks, 2004; Gopnik & Meltzoff, 1997). However, 

Gopnik (2012) clarifies that conceiving the child as a ‘little scientist’ does not mean 

that the child's learning process happens in isolation. Instead, it happens in a social 

context, similar to how scientists interact in their scientific community. Though most 

studies on scientific reasoning are conducted in a lab context rather than in a 

naturalistic setting (Haden, 2010), social factors are always present and influencing 

the reasoning process. For instance, Morris, Croker, Masnick and Zimmerman (2012) 

highlight the social interaction and the cultural tools as factors that support scientific 

reasoning. In addition, studies on science education and cognitive development have 

described how reasoning skills are situated in social interaction (e.g. Crowley, 

Callanan, Jipson, Galco, Topping, Shrager, 2001; Mercer, Dawes, Wegerif & Sams, 

2004). For instance, collaboration enables children to integrate points of view 

(Fawcett & Garton, 2005), re-elaborating ideas in learning contexts (Mercer, 1996; 

cited by Thurston et al. 2007). Therefore studying the interaction process helps us to 

understand how the cognitive process occurs (Granott, Fischer & Parziale, 2002). 

1.1.  Interaction and Scientific Reasoning 

The educational method of peer learning has been studied from different angles, 

with a focus on terms such as “peer tutoring”, “peer assessment’’ or “collaborative 

learning” (Riese, Samara & Lillejord, 2012). In the study of cognitive development, 

researchers report how scientific reasoning skills (SRS) are shown in different 

interaction conditions. For example, some studies have used the explanations in 

science classes during discussions and collaborative inquiry to examine the students’ 

comprehension (e.g. Kaartinen & Kumpulainen, 2002; Soter, Wilkinson, Murphy, 

Rudge, Reninger & Edwards, 2008); other studies on parent-child interaction in 

museum exhibitions examine how parents support the scientific reasoning of their 
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children (e.g. Anderson, 2011; Allen & Gutwill, 2009; Crowley & Callanan, 1998; Tare, 

French, Frazier, Diamond & Evans, 2011). There are also studies using computer 

based-environments to examine the relation between discourse and complexity of 

reasoning (Hogan, Nastasi & Pressley, 1999), discovery learning processes (e. g. 

generation and testing of hypotheses) in relation to the communicative activities 

between dyads (Saab, van Joolingen & van Hout-Wolters, 2005), the role of talk (e.g. 

generation of plans, predictions, hypothesis,) in children's peer collaboration (Teasley, 

1995). The use of problem-solving strategies during collaborative learning is analyzed 

with various purposes, for instance to identify the abstraction of rules (Howe, Tolmie, 

Greer & Mackenzie, 1995), to establish the impact of expertise in the collaborative 

interaction (Nokes-Malach, Meade & Morrow, 2012), or to analyze the effect of 

different levels of reasoning in collaborative learning (Gijlers, Saab, Van Joolingen, De 

Jong & van Hout-Wolters, 2009). 

With regard to the analysis of the data, most of the studies reported above focus 

on isolated elements of the interactions, such as the type of talk, the distribution and 

proportion of utterances, or the use of particular words related to reasoning process. 

Although this information is relevant, it is not sufficient to understand the processes 

of interaction and how such processes are related to the emergence of reasoning 

skills. This paper addresses the need of future researches of using alternative types of 

analysis to reveal the dynamics of peer interaction in greater detail (Staarman & Krol, 

2005).  Therefore, we are presenting some methodological tools that can be used to 

integrate the analysis of dyadic interaction and scientific reasoning. 

1.2.  Microdevelopment 

Because interaction and scientific reasoning show variations from moment to 

moment, we will describe the microdevelopment in the trajectories of children’s 

performance by using a microgenetic method which enables us to capture 

developmental changes over short periods of time ranging from minutes to weeks 

(Fogel & DeKoeyer-Laros, 2007; Yan & Fischer, 2007; Siegler, 2002a; Smith & Thelen, 

2003; van Geert & van Dijk 2002). This method has been used in different domains of 

learning and development, such as motor development (Spencer, Vereijken, Diedrich  

& Thelen, 2000; Thelen, Corbetta, Spencer, Schneider & Zernicke 1993), scientific 

reasoning (Pine, Lufkin & Messer, 2004; Siegler & Chen, 1998), conceptual change 

(Opfer & Siegler, 2004; Rhodes & Wellman 2013), language (Siegler, 2002b; Cox & van 

Dijk, 2013), and others. A microdevelopmental analysis aims to describe the 

variations of individual trajectories and to identify the emergence of regularities or 

patterns on the short-term timescale (Yang & Fischer, 2007). In addition, it describes 
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the process of change by indicating how development and learning processes occur 

(Siegler & Crowley, 1991).  

The focus on complex interactions is also shared by the complex dynamic 

systems approach (Thelen & Smith, 1994; van Geert & van Dijk, 2015), where 

development is seen as an iterative process. This means that the current state of 

learning (or reasoning) is dependent on the previous state of it, which at its turn is 

dependent on the previous one, and so forth. Dynamic systems are self-organizing, 

thus, the resulting developmental trajectories are non-linear and show considerable 

variability on different time-scales (Lewis & Granic, 1999; van Geert, 1998). The 

dynamic systems framework has been applied to different topics, such as  social 

interactions (e.g. Ensing, van der Aalsvoort & van Geert, 2012; Granic & Lamey, 2002; 

Steenbeek & van Geert, 2005), language development (e.g. Elman,1995; Ellis & Larsen-

Freeman, 2009; van Dijk, et al., 2013), and learning process (e.g. Fischer & Granot, 

1995; Nersessian, 1992).  

In a complex dynamic systems approach, short-term and long-term development 

are seen as “coupled timescales” (Smith & Thelen, 2003; Steenbeek  & van Geert 

2006), meaning that the performance emerges at the micro level (e.g. during a specific 

problem solving task) and that it shapes development over the long term (an 

increased global capability to solve problems). At the same time, the macro level of 

development impacts the problem solving behavior in any new task setting (micro-

level). For this reason, the study of the microdevelopmental time scale is of crucial 

importance. In this study we provide a detailed description of scientific reasoning in 

dyadic interaction in a microgenetic perspective. 

1.3.  About this Study 

The purpose of this article is to illustrate the implementation of techniques that –

combined-- capture the short-term variability and the emergence of real-time process. 

The relevance of this study consists in the demonstration of techniques that 

contribute to the characterization of intra-individual trajectories in terms of their 

changes, and the identification of patterns between co-occurring processes. Although 

previous studies has been done at the group level to model learning in the 

performance of  the balance-scale task (see  Jansen, Raijmakers & Visser, 2007; 

Schmittmann, Visser & Raijmakers, 2006), the contribution of this study points to a 

different direction. The focus is not on the content of the task, but on the processes of 

reasoning and interaction.  Therefore, the main contribution of this study is to provide 

insights about the changes in real-time trajectories of the interaction and reasoning of 

dyads, which can also occur in the context of real classrooms. In addition, this study 
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extends the findings about the intra-individual variability in children's reasoning (e.g. 

Meindertsma, van Dijk, Steenbeek & van Geert, 2014). The techniques presented in the 

current article enable us to answer the following questions: 

(1) How do the interaction and scientific reasoning skills of dyads emerge as 

short-term processes? 

(2) How do changes in interaction and scientific reasoning of dyads relate with 

each other at this short-term time scale? 

2. Method 

2.1. Participants 

Two dyads of 4 to 6-year-old children (M= 5.5 years) participated in the study 

with the consent of their parents (we will call them: Willie and Tyler, and John and 

Ivan) 3. Participants were all students at  an International school in The Netherlands. 

The criterion of being fluent in English was a condition to join this study. The dyads 

were formed of two children from the same classroom who are comfortable working 

together according to their teacher. The dyads were selected from a sample of 13 

dyads. Since this study has a variability frame, any of the dyads can be selected to 

illustrate particular trajectories and patterns of interaction and SRS. 

2.2. Material 

The task used in this study was a horizontal balance-scale task (see Figure 1), 

similar to the task used in numerous studies on reasoning (e.g. Jansen & van der Maas, 

2002; Siegler & Chen, 1998; Shultz, Mareschal & Schmidt, 1994). The task consists of 

rectangular weights to be hung on it and 10 pegs in each beam. Above the pegs a 

specific perceptual clue is provided to distinguish the pegs within the same distance 

from the fulcrum. 

 

Figure 1. The balance-scale task. 

                                                           
3 The names have been changed to preserve the anonymity of the children 
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2.3.  Procedure  

The task was presented to the dyads in a single session of 15-20 minutes and was 

videotaped. The children were asked to work together   ̶ ( ‘I want you to work together 

as partners to figure out how this game works’)  ̶   in order to solve seven problems 

based on three simple types of balance scale items (Siegler & Chen, 1988). There were 

two ‘balance’ items (equal number of weights, same distance to the fulcrum), two 

‘weight’ items (unequal number of weights, same distance) and three ‘distance’ items 

(equal number of weights, different distance). The items were presented in the same 

order, requiring the use of SRS as follows: First, the children were asked to predict 

what would happen in a particular arrangement of weights, whether the scale will tilt 

to one of the sides or would remain straight (i.e. what would happened if someone  

hangs  [# or weights] here, and [# or weights] there?). After the children hung the 

weights, they were asked to give descriptions (what happened?) and explanations 

(why?). Finally, for the non-balance items, children were asked to use an extra weight 

to find the balance.  

The items used in this study required the use of Rule I and Rule II in order to 

predict the correct direction of tilt problems focusing on the side with more weights 

(Siegler, 1981). Rule I considers the number of weights and Rule II considers the 

distance from the fulcrum when the number of weights is the same. Children using 

these rules can succeed at weight and distance problems. 

2.4.  Coding system 

Each particular child’s behavior (‘event’) was coded separately by using two 

coding schemes. The codes were based on the observations from a larger sample 

(thirteen dyads). The coding scheme of interaction (see Table 1) involves the criterion 

of ‘engagement’ shown by each child of the dyad, such as (a) being engaged with the 

task and/or (b) with the peer. Five types of interaction were identified and coded with 

values from 0 to 4. It is important to note that the categories of ‘copy work’ and 

‘collaborative work’ are associated to a particular interaction of the other member of 

the dyad. Therefore, ‘copy work’ can only be present if the other child is showing a 

‘parallel’ interaction, and ‘collaborative work’ only can be present if both children are 

sharing the same goal. For the coding scheme of SRS, all the children’s verbalizations 

were characterized and scored with values from 0 to 4 (see Table 2). We coded 

explanations as being more complex than predictions because they involve causal 

relations. In contrast, predictions are constrained to establish whether the balance-

scale will tilt or not. 



 

 
30 
 

Table 1 

Interaction Coding Scheme 

Category Score Description  

No work 0 No engagement with the task or the partner 

Passive work 1 Engagement with the task without participating 

actively 

Copy work 2 Engagement with the task, repeating their partner’s 

behavior  

Parallel work 3 Engagement with the task without considering their 

partner’s perspective 

Collaborative 

work 

4 Engagement with the task by considering their 

partner’s perspective 

 

The coding procedure started with the first verbalization of one of the children. 

For each child, we coded the type of SRS and simultaneously the type of interaction 

that co-occurred. We repeated the procedure at the same point in time for the other 

child of the dyad. Every time a child changed a behavior, a code for interaction and 

SRS was inserted for their peer. This is how we ensured that both children have the 

same number of coded events in both variables in order to examine them 

simultaneously. 
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Table 2 

Scientific Reasoning Coding Scheme 

Category Score Description Example 

No answer 0 No answer      ̶̶̶ ̶ 

Others 

Verbalizations 

1 Refers to emotional 

responses 

“Yeah!”, “I do it!” 

Description 
2 Indicates perceptual 

details of the task 

“This is heavy”   

Prediction 

3 Indicates what would 

happen if some cards 

are hung on the balance 

scale 

“This will be tilted”  

Explanation 

4 Indicates reasons about 

the effect of hanging 

cards on the balance 

scale 

“This side is heavier 

because it is closer to 

the end” 

 

To determine inter-observer reliability, two raters (the first and second authors 

of this paper) independently coded the behaviors of the two dyads (total of 61 events 

of interactions and SRS). For the category of interaction, the inter-observer agreement 

was of 89% with a Kappa of .83 (almost perfect agreement). In the case of the 

scientific reasoning skills the inter-observer agreement was of 93% with a Kappa of 

.91 (almost perfect agreement). 

 

2.5.  Data analysis 

We are more interested in the temporal relations between different types of SRS 

and types of interaction than in the content of the task. Therefore, we present 

different techniques to depict the micro-developmental variability of interaction and 

reasoning of the dyads while solving the balance-scale problems. In order to contrast 

the traditional analysis based on descriptive statistics to an approach focused on the 

variability, we first introduce the general statistical description of children’s types of 

interactions and SRS. Second, we zoom in on the temporal relation of the data by 

applying the following techniques: (a) a time-series graph enables to track the 

variability from moment-by-moment, showing how interaction and SRS are tuned in 
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the intra- and inter-individual trajectories. The technique represents these 

trajectories as a pattern of two-dimensional quantitative variability, as a changing 

frequency or as a number that refers to a changing level of the variable (van Geert & 

van Dijk, 2002). In this study, each measurement point shows both the level of 

interaction and of SRS (see coding schemes). Furthermore, a time-series graph of the 

dyadic interaction of both children is presented to explore whether the children’s 

interactions are related through time, or not, (b) Transition matrices describe 

transition paths of each child from one type of interaction to another. Complementary 

to these time-series analysis (inter- and intra- individual), a simple Spearman 

correlation is used to test statistical associations between the trajectories of 

interaction and/or SRS. Finally, (c) The Hybrid hierarchical Agglomerative Clustering 

(HAC) is used to detect dyadic patterns across all variables.  

3. Results 

3.1.  Individual Differences in Terms of Averages 

A standard way to describe psychological processes is by their aggregated 

quantification over time, sometimes followed by the association with other aggregate 

measures, such as age, gender, and condition (experimental versus control group). 

Following this approach, Figure 2 shows the percentages of the types of interactions 

and SRS per child, indicating differences between children and dyads. For example, 

the interaction of Willie and Tyler was characterized by an asymmetric relationship: 

Willie predominantly shows parallel work (66%), while Tyler fluctuates between 

passive (39%) and parallel (34%) work. In contrast, John and Ivan showed a 

symmetric relationship: Both children contribute approximately equally to the 

parallel work (76% and 82% respectively). Despite the asymmetric relationship of 

Willie and Tyler, collaborative work appears in 27% of the observed events, while for 

John and Ivan, this type of interaction does not appear. 
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Willie-Tyler 

 
 

John-Ivan 

 

Figure 2. Percentage of the SRS and types of interaction used by the two dyads 

 

With regard to the use of SRS, Willie displayed more explanations (36%) and 

descriptions (14%) than his partner (5%) but the same amount of predictions (both 

25%). In contrast, John and Ivan showed a more homogeneous performance with high 

proportion of predictions (41% and 53%) and low proportion of explanations (16% 

and 6%) and descriptions (18% and 12%). In the next sections we present a process 
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analysis to examine the complexity of the ongoing interactions that are not visible in 

the global analysis (Figure 2). 

3.2. Intra- and inter-individual Trajectories analyzed by Using Time-

Series  

Time- series graphs are aimed at capturing and visualizing the trajectories of 

behaviors in a temporal frame. This is performed in a simple spreadsheet, with in the 

first column a timeline (e.g. events, seconds, minutes), followed by two columns with 

the sequence of interactions and SRS (events) respectively. These data is plotted in an 

XY-graph (see Figures 3 and 4). The graphs show the sequence of every single 

behavior presented by a child at a particular moment, represented as a measurement 

point on the x- axis (number of events observed on the single session), while the 

corresponding level of the behavior is expressed on the y-axis with values from 0 to 4. 

The time-series graphs in Figure 3 depict the changes in the intra-individual 

trajectories during a single task session, showing that children’s interactions and SRS 

were fluctuating over time.  For instance, Willie showed the use of predictions and 

explanations (see observations 16 to 25), during interactions that were mainly 

parallel and collaborative. In contrast to Willie, the variability of Tyler’s performances 

was initially characterized by the use of predictions during parallel and collaborative 

work (see observations 1 to 35) and later during parallel and passive work (see 

observations 36 until the end). In addition, his only two explanations were observed 

during the collaborative work. In contrast to the previous dyad, John’s and Ivan’s 

performances were more regular and homogeneous. This dyad showed parallel work 

during the elaboration of predictions and descriptions and the sporadic explanations 

were given during parallel work instead of collaboration as the other dyad.  

Complementary to the time-series, a Spearman correlation coefficient was used 

to explore the association of the intra-individual trajectories. Hence, we examine 

whether a shift on the interactions correspond to shifts on the SRS in the same 

direction. As a result, using the ordinal scale of the coding schemes, we observed if the 

skill levels are related to the interaction of the dyads. We found a high positive 

correlation between interaction and SRS (rs (42) = .563, p< .001) for Tyler, whereas for 

Willie there was no correlation rs (42) = -.030, p= .849). A high positive correlation 

between SRS and interaction was found at the individual level for John (rs (15) = .709, 

p< .001) and Ivan (rs (15) = .640, p< .01). This indicates that higher levels of reasoning 

occur during higher levels of dyadic involvement.  
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Willie and Tyler 
 

 

 
 

John and Ivan 
 

 
 

Figure 3. Individual trajectories of interaction and SRS of Willie (upper left), Tyler (lower left), 

John (upper right) and Ivan (lower right). Categories of SRS: No answer (0), Others (1), 

Descriptions (2), Predictions (3), Explanations (4). Categories of interaction:  No work (0), 

Passive work (1), Copy work (2), Parallel work (3), Collaborative work (4). 
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In summary, the trajectories of SRS and interaction revealed a higher variability 

of interactions for Willie and Tyler versus more homogeneity in the case of John and 

Ivan. In addition, each child showed diverse relations between types of interactions 

and SRS (e.g. elaboration of explanations during parallel and/or collaborative work), 

and for three out of four children (Willie, John and Ivan), the interactions correlated 

with their use of SRS. 

3.3. Microdevelopment of the dyadic Interaction by using a 

descriptive time-series analysis 

The time-series technique can also be applied to the interaction behaviors by 

plotting trajectories of both children in one graph. In Figure 4, the inter-individual 

trajectories of the dyads show moments of synchrony or simultaneous occurrence of 

interactions (parallel work) along the course of problem-solving. Willie and Tyler 

showed synchrony in part of their trajectories (see observations 35 to 44) with an 

overall high positive correlation (rs (42) = .687, p< .001). This indicates a high 

connection in the peer interaction. It seems that each child follows a particular pattern 

in his interaction, meanwhile trying to remain synchronized with the other child. For 

instance, when Willie displays parallel work, Tyler displays passive and parallel work, 

keeping this association almost until the end of the trajectory (observation 35). 

John’s and Ivan’s trajectories revealed a different dynamic of interaction such as 

considerable repetitions in their types of interactions, and rapid shifts from one type 

of interaction to another (see two moments: observation 1 to 10, and 11 to 17). John 

showed a pattern consisting of regular shifts from a stable type of interaction (parallel 

work) to a variety of types of interactions (i.e. parallel, no-work, passive, and parallel 

work). Simultaneously, Ivan shifts his interactions in the opposite way, by moving 

from irregular fluctuations (parallel, passive and copy work) to a stable interaction 

(parallel work). A Spearman correlation revealed a weak and non-significant 

statistical association between John and Ivan’s interaction styles at the real time level 

(rs (17) = -.253, p= .326). 

In general, we found that the dyadic interaction have different patterns.  One 

trajectory is characterized by a strong connection as a consequence of the  reciprocity 

of collaborative work (Willie and Tyler). The other dyadic trajectory is more 

independent (John and Ivan) without showing a clear coupling between the children’s 

behaviors. 
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Willie and Tyler 

 

John and Ivan 

 

 

Figure 4. Inter-individual trajectories of dyadic interaction: Willie-Tyler (5a) and John-Ivan (5b). 
Categories of interaction:  no work (0), passive work (1), copy work (2), parallel work (3), 
collaborative work (4). 

3.4. Summarizing the Individual Changes Between Interactions by 

Using Transition Matrices 

The transition matrix technique (Grinstead & Laurie, 1997) represents the 

conditional probabilities of moving from one state to another (like a Markov chain). 

We used this technique to obtain additional information about the changes of 

interactions over time. The procedure consists of creating a crosstab in which all the 

possible combinations of behaviors and their relative occurrences are listed. This 

procedure can be executed in a regular spreadsheet program using a pivot table. For 

the visualization of the matrices we created transition diagrams (see Figure 5). In 

these diagrams we transformed the frequencies of the transitions into percentages, 

showing the proportion of changes over the total of behaviors. The arrows in the 
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diagrams indicate the direction of the transitions from one type of interaction to 

another. 

 

Figure 5. Individual transition diagrams of interaction for each member of the dyad. 

In Figure 5, given all the shifts between interactions, we will describe the main 

paths that approximately add up to 80% of the transitions. In the  dyad of Willie and 

John, Willie presents a total of seven interaction paths four of which cover the great 

majority of transitions based on parallel and collaborative work, as follow: parallel-

parallel (49%), parallel-collaborative (14%) and collaborative-collaborative (14%). In 

contrast, Tyler shows a wide variety of transitions, presenting nine paths based on 

three types of interactions (i.e. passive, parallel and passive work). Tyler’s main five 

interaction paths were: passive-passive (21%), passive-parallel (14%), parallel-passive 

(12%), parallel-collaborative (12%) and collaborative-collaborative (12%). As to the 

John and Ivan dyad, John presents a total of three interaction paths consisted of 
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parallel and collaborative work. John’s main transition path was parallel-parallel 

(80%). His partner Ivan shows transitions between three types of interactions (i.e. 

passive, parallel, and collaborative work), resulting in seven interaction paths of 

which the following three were the most common: parallel-parallel (43%), parallel-

passive (14%), collaborative-parallel (14%).  

In summary, the transition matrices revealed individual differences in the 

transitions of children’s interactions. First, this technique reveals the number of 

interaction paths used by each child. Secondly, we identified the predominant changes 

in the interaction, as individual ‘styles’. And thirdly, the comparison of transitions of 

the dyads showed how similar or different the interactions within the dyad are. 

3.5. Looking for Similarities in the Dyads Trajectories by Using the 

HAC- Hybrid clustering 

A Hierarchical Clustering Analysis aims at grouping or clustering observations 

based on their similarities4. The HAC analysis is based on all the time series of 

interaction and SRS of each dyad separately, in order to search for the similarities 

across time. The result is a tree diagram (dendogram) grouping data in a bottom-up 

distribution. The optimal number of clusters is the one with the maximal contrast 

between internal homogeneity and external heterogeneity (Roy, 2010). We 

implemented a variation of the hierarchical cluster analysis, a hybrid procedure called 

Hierarchical Agglomerative Clustering (HAC), combined with a principal component 

analysis in order to specify the nature of the clusters. This is a two-step clustering 

algorithm helpful to identify the optimal number of clusters. The first step includes a 

fast clustering by K-means method to build low-level clusters. Second, the HAC uses 

these clusters to build a tree diagram indicating the best partitioning or number of 

clusters. Once the clusters are defined, the similarities of the internal cases are used to 

interpret them. 

  

                                                           
4 The HAC is technique is different from the classification obtained with a Hidden Markov 

Model (HMM), because it describes the structure of the latent variables that are grouped along a 

sequence of events (time series) but does not establish parameters to fit the data into a 

probabilistic model as it is done in a HMM. Instead, it provides a description of the underlying 

structure of the time series, by means of a principal component analysis.  
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Table 3 

Example of the arrangement of the time-series data to run the HAC 

Data Point 
Interaction  SRS 

Child 1 Child 2  Child 1 Child 2 

1 3 3  4 1 

2 3 3  2 2 

3 3 3  3 3 

4 3 3  3 3 

… … …  … … 

… … …  … … 

… … …  … … 

44 … …  … … 

Note. The codes correspond to the types of interaction and SRS defined in the coding 

schemas. The time-series are indicated each member of the dyad. C1= Child 1, C2= Child 

2. 

Once the data were arranged, we implemented the HAC and a principal 

component analysis using TANAGRA 1.4.485 (Rakotomalala, 2005), a free-data mining 

software. In our study, the HAC hybrid clustering is used to detect clusters in the 

dyadic trajectories of interaction and SRS (showed in Figure 3). The analysis 

complements the time-serial analysis in the sense that it describes the structure of the 

latent variables across time. Tables 4 and 5 show the clusters identified for both dyads 

by presenting the percentage of observations that are part of each cluster. Later, 

principal complement analysis was carried out with the obtained clusters in order to 

rank the latent variables inside each cluster. The test value is the resulting measure of 

the principal component analysis that shows how much each variable contributes to 

the cluster. This estimation is based according to how high (>1) or low (<-1) the latent 

variables are proportional to the total latent variables of the cluster. Therefore, the “ 

test value” ranks the latent variables given their relevance. Positive values refer to the 

variables in the cluster that are significantly higher than the average over the entire 

                                                           
5  To download TANAGRA: http://eric.univ-lyon2.fr/~ricco/tanagra/en/tanagra.html For 

detailed information of the HAC procedure, see the step-by-step tutorial http://data-mining-

tutorials.blogspot.it/2008/11/hac-and-hybrid-clustering.html  

http://eric.univ-lyon2.fr/~ricco/tanagra/en/tanagra.html
http://data-mining-tutorials.blogspot.it/2008/11/hac-and-hybrid-clustering.html
http://data-mining-tutorials.blogspot.it/2008/11/hac-and-hybrid-clustering.html
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sample, and negative values refer to those variables that are significantly lower than 

the average over the entire sample of observations. 

For Willie and Tyler the results of the combined HAC  and principal component 

analysis characterized their trajectories of interaction and SRS into three clusters 

(Table 4). Two strong clusters (1 and 2) contain respectively 50% and 43% of all the 

observations, with a third cluster that contains around 7% of the observations. Cluster 

1 is characterized by high levels of SRS and interaction (Tyler) with a high interaction 

and a low reasoning (Willie). Cluster 2 corresponds to moments of high (Willie) and 

low levels (Tyler) of SRS with low values of interaction for the dyad. Cluster 3 consists 

of moments where the trajectories of the dyad present relatively low levels of SRS and 

interaction (Willie) with high levels of SRS (Tyler). This clustering pattern reveals the 

alternation of the dyad: While one child presents high values of SRS and interaction, 

his partner tends to remain relatively passive, displaying low values of SRS and 

interaction. 

Table 4 

HAC analysis of the dyad Willie and Tyler 

Cluster 1 Cluster 2 Cluster 3 

Observations [50,0 %] 
n=22 

Observations [43,2 %] 
n=19 

Observations [6,8 %] 
n=3 

Type Test Group Overall Type Test Group Overall Type Test Group Overall 

Variab. Value Mean Mean Variab. Value Mean Mean Variab. Value Mean Mean 

  
(SD) (SD) 

  
(SD) (SD)  

 
(SD) (SD) 

INT- T 5,41 3,55 

(0,51) 

2,50 

(1,27) 

SRS-W 4,14 3,63 

(0,60) 

2,50 

(1,56) 

SRS-T 1,1 2,00 

(1,73) 

1,11 

(1,43) 

SRS-T 3,85 1,95 

(1,40) 

1,11 

(1,43) 

INT-W -1,06 3,00 

(0,00) 

3,14 

(0,73) 

INT-T 0,7 3,00 

(0,00) 

2,50 

(1,27) 

INT-W 3,65 3,55 

(0,51) 

3,14 

(0,73) 

SRS-T -4,44 0,00 

(0,00) 

1,11 

(1,43) 

SRS-W -2,84 0,00 

(0,00) 

2,50 

(1,56) 

SRS-W -2,67 1,86 

(1,49) 

2,50 

(1,56) 

INT-T -5,82 1,21 

(0,63) 

2,50 

(1,27) 

INT-W -5,16 1,00 

(0,00) 

3,14 

(0,73) 

Note. SRS= scientific reasoning skills, INT= interaction, W=Willie, T= Tyler. 
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In the case of John and Ivan, three clusters with a different were identified 

structure (see Table 5). Cluster 1 contains more than half of the observations (60%) 

whereas clusters 2 and 3 contain a small proportion (23.5% and 17.6% respectively). 

Cluster 1 shows relatively high levels of interaction and moderate to low levels of SRS 

for both John and Ivan. Cluster 2 shows moderately low levels (Ivan) and very low 

levels (John) of SRS and interaction, while Cluster 3 show low levels of SRS (Ivan) and 

interaction (John and Ivan) with moderate levels of SRS (John). Here, the clustering 

pattern showed a coupling behavior between children instead of alternation: both 

children presented similar levels of interaction and SRS. 

Table 5 

HAC analysis of the dyad John and Ivan 

Cluster 1 Cluster 2 Cluster 3 

Observations [58.8 %] 
n=10 

Observations [23.5 %] 
n=4 

Observations [17.6 %] 
n=3 

Type Test Group Overall Type Test Group Overall Type Test Group Overall 

Variab. Value Mean Mean Variab. Value Mean Mean Variab. Value Mean Mean 

  
(SD) (SD) 

  
(SD) (SD)  

 
(SD) (SD) 

INT-J 2.51 3.00 

(0.00) 

2.41 

(1.12) 

INT-I 0.95 3.00 

(0.00) 

2.71 

(0.69) 

SRS-J 1.13 3.00 

(1.00) 

2.35 

(1.06) 

INT-I 2.05 3.00 

(0.00) 

2.71 

(0.69) 

SRS-I 0.41 2.50 

(1.00) 

2.29 

(1.10) 

INT-J 0.97 3.00 

(0.00) 

2.41 

(1.12) 

SRS-I 1.76 2.70 

(0.82) 

2.29 

(1.10) 

SRS-J -2.84 1.00 

(0.00) 

2.35 

(1.06) 

SRS-I -2.73 0.67 

(0.58) 

2.29 

(1.10) 

SRS-J 1.57 2.70 

(0.82) 

2.35 

(1.06) 

INT-J -3.78 0.50 

(0.58) 

2.41 

(1.12) 

INT-I -3.7 1.33 

(0.58) 

2.71 

(0.69) 

Note. SRS= scientific reasoning skills, INT= interaction, J= John, I = Ivan. 

In summary, the clusters identified the principal relations between the 

trajectories of the dyads. For instance, at certain moments the children present a 

similar level of interaction and SRS (e.g. cluster 1 and 3 - dyad of John and Ivan) while 

in other moments, a child presents an opposite level of behavior than its partner (e.g. 

cluster 1- dyad of Willie and Tyler), or the child presents a combination of matching 

the same level of his partner for one behavior but not for the other (e.g. cluster 2- 

dyad of Willie and Tyler). 
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4.  Discussion 

In this article, we have demonstrated the use of three techniques (time-series 

graphs, transition matrices and HAC), with the aim of analyzing the behavioral data in 

a temporal frame in which we describe the moment-to-moment variability. We 

examined the types of interactions and the use of SRS in dyads of young child in a 

problem-solving session. The current findings zoom in on children’s real time 

performance revealing diverse paths in the intra- and inter-individual trajectories.  

These results demonstrate that when the analysis of this type of variability is 

included, new information is obtained, such as the co-emergence between variables 

and the type of patterns across data series. In contrast to the traditional procedures to 

study psychological phenomena with a single measure, the three illustrated 

techniques require zooming in on the micro timescale of behavior, and thus require 

coding data in a very detailed way to capture the variability of the behaviors. The 

process analyses provide insights about the transactions of behavior in real time. For 

instance, the short-term analysis showed two patterns of dyadic interactions 

(connected and independent) revealing the presence of different levels of coupling 

behaviors of the two dyads.  For the SRS, we found that the dyad presenting a tight 

coupling (connected) showed higher variability in the use of SRS, while the dyad  in 

which the coupling behavior was not clearly identified, presented an homogeneous 

performance in the use of SRS. However, the intra-individual trajectories showed that 

the children presented their own pattern in the relation of types of interaction and 

SRS. The intra- and inter-individual trajectories show that the patterns of interaction 

and SRS of the dyads are idiosyncratic (Molenaar & Campbell, 2009). The evidence 

from the transition diagrams, the hierarchical cluster analysis and the time serial 

correlations showed that the differences between the two dyads are of a qualitative 

nature. Although some dyads can present the same amount of interactions and SRS, 

their trajectories have variations in their temporal emergence and in the qualitative 

nature of their interactions. 

The value of the techniques that were demonstrated in this paper lies in 

approaching processes in real-time characterizing the variable nature of development 

in micro and macro levels with microgenetic observations that enable researchers to 

reveal the emergence of patterns that otherwise would remain unnoticed. Therefore, 

the contribution of these techniques to the toolkit of the developmental psychologist 

is that they offer integrative temporal analysis of qualitatively different variables (in 

this case interaction and SRS). Although the analyses are descriptive, the repeated 

measures can be included in multivariate analyses with bigger samples, which would 
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do a greater justice to the richness of the variability and the dynamic of the underlying 

processes. Moreover, the quantitative nature of the individual cases allows us to test 

the differences within and between persons statistically, for instance by means of 

permutation techniques (see van Geert, Steenbeek & Kunnen, 2012). The techniques 

can be applied to many different datasets, from a micro or macro perspective, and 

complement the use of content analysis. Although we still need a sufficient number of 

individual case studies for making generalizations about the population level  

(Molenaar & Campbell, 2009), our findings are very appropriate for start addressing 

developmental questions such as: “how do dyadic interaction patterns support 

learning process or the emergency of particular reasoning skills?”, and “How does the 

interaction of dyads cope in real time during learning activities?”. In addition, 

researchers should take into consideration that if development is in fact highly 

idiosyncratic, as we have argued above, group averages do not reflect the (majority of) 

the population. Future researchers can combine the described techniques with the 

State Space Grids (SSG), a dynamic systems technique (Hollenstein, 2013; Lewis, 

Lamey, & Douglas, 1999) to identify possible dyadic patterns in longer trajectories of 

interactions and the connection between the short-term and long-term patterns (e.g. 

van Dijk, Hunnius & van Geert, 2012). 

 As regards educational implications, our findings on the quantitatively different 

patterns between dyads support the idea that we must be aware that the gain of 

knowledge during dyadic interaction can take different forms. Moreover, it is 

important to recognize that the individual variations are not random but constitute 

patterns that can be similar between groups of individuals. For future research, it is 

important to relate the microdevelopmental patterns of interaction and reasoning 

with the development on the long-term. For instance, this relationship can be used to 

investigate whether one type of interaction is related with a complex type of SRS or 

whether dyads of children solving problems present a predominant pattern of dyadic 

interaction in the long-term. In addition, it is important to know how the interaction of 

the children   ̶ as a dyad  ̶ changes over time in terms of their contribution to solve the 

tasks.  The integration of these microanalyses with more global measures of change is 

important to get a better understanding of the interaction and reasoning process at 

different levels of relations (e.g. parent -child, teacher- child, small groups) in natural 

contexts of learning and development (e.g. Cox & van Dijk, 2013; Kupers, van Dijk, & 

van Geert, 2015). 
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Chapter 3 

The Dynamics of Dyadic Learning: Verbal Interactions and 

Reasoning in Preschool Children6 

 

Abstract 

Studying the interactions between peers during learning activities offers an ideal 

scenario for the exploration of engagement and reasoning in dyads. However, to this 

date, the dynamics of interaction and reasoning between dyads have not been 

extensively studied. This study explores how the dyadic verbal interaction and the use 

of scientific reasoning skills (SRS) of preschool children develop and relate to each 

other in the long term. We use a longitudinal design (six waves during a school year) 

with four dyads of children aged 4 to 6 years (Mage= 5.2 years). In sessions of 20-25 

minutes, children were asked to work together as a team and solve tasks about air 

pressure, while answering questions by means of three SRS: descriptions, predictions 

and explanations. We found that children showed four types of dyadic verbal 

interactions: Two distributed types (collaborative, dominant-dominant) and two 

unequal types (dominant-mimic, dominant-passive). In particular, two pattern-

attractors of verbal interaction were identified in the long-term development 

(dominant/dominant, dominant/passive). In contrast to our expectations, 

collaboration was barely present and when it did appear, it was not related with the 

most complex SRS (giving explanations). Therefore, we conclude that the dyadic 

patterns in preschool children during verbal interactions tend to be more 

independent than collaborative.  

Keywords: collaboration, dynamic systems, peer interaction, problem solving, 

scientific reasoning 

 

                                                           
6
 This chapter is based on Guevara, M., van Dijk, M., & van Geert, P. (2015). The 

Dynamics of Dyadic Learning: Verbal Interactions and Reasoning in Preschool Children. 
Manuscript submitted for publication. 
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1. Introduction 

The term ‘learning’ is an important construct in cognitive psychology. It has been 

recognized that learning not only emerges individually by the use of cognitive skills to 

solve problems (see Piaget, 1959), but also in social interaction (see Doise, Mugny & 

Perret-Clermont, 1976, Mugny & Doise, 1978; Vygotsky, 1986). An integrative 

perspective called ‘situated cognition’ considers the physical and social context in 

which learning takes place as a crucial factor (Brown, Collins & Dugid, 1989; Lave, 

1991, Melander, 2012). The relevance of this social aspect has also had an impact on 

educational systems, where the prospects of collaborative learning and peer learning 

are embedded in teaching practices and curriculum programs (Riese, Samara & 

Lillejord, 2012). 

Social learning theory has also emphasized that the interaction plays a crucial 

role in the learning process. Research on collaborative learning has shown that peer 

interaction enhances the children's achievements, such as the gain of individual 

knowledge and conceptual elaboration (Pinter, 2007, Teasley, 1995; Tolmie et al. 

2010). During peer interaction, individuals have the opportunity to exchange points of 

view and share knowledge, which contributes to their social and cognitive 

development (Williams, 2007). Therefore, peer interaction helps to complement the 

individual’s understanding through the correction of misconceptions, the integration 

of new information with previous learning, and the development of skills (Fawcett & 

Garton, 2005). Moreover, studies comparing collaborative and individual work have 

shown that children who co-construct and share knowledge show a better 

performance than children working individually (Koriat, 2012; Moshman & Geil, 1998, 

Samaha & De Lisi, 2000). Although collaboration is considered a high quality 

interaction that promotes learning, studies on this topic have found that co-

construction of knowledge is not so frequent (Molenaar, Sleegers & van Boxtel, 2014, 

van Boxtel, 2004). For example, during a collaborative task, children often offer their 

own perspective without really collaborating with their partner. In a previous case-

study (see Chapter 2 of this dissertation) on dyadic interaction and reasoning we 

found different types of interaction, which varied from showing lack of engagement 

with the task and the partner to collaborative work. However, little is known about 

how these types of interaction develop over time and how they support children’s 

reasoning during learning activities. In this study, we examine the development and 

the relationship between dyadic interactions and the use of scientific reasoning skills. 

Therefore, our aim is to contribute knowledge on the characteristics of the dyadic 

interaction and reasoning in a learning context. 
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1.1.   Peer learning and Scientific Reasoning  

As stated before, working in dyads or in a group offers the learner the 

opportunity to share knowledge and re-think his or her ideas. As a consequence, 

classroom activities usually integrate the collaborative activities in their curriculum as 

a strategy to promote cognitive and social skills of their students. In particular, the 

definition of peer learning as the “acquisition of knowledge and skill through active 

helping and supporting among status equals or matched companions”, as suggested by 

Topping (2005, p. 631), implies the strict engagement of the members of the dyad. 

However, as indicated above, research has shown that in collaborative activities, the 

individuals are not always collaborating with their partners (Storch, 2001), but are 

instead often working independently. Therefore, there might be diverse ways or 

patterns in which children relate to each other, and the focus of this study is to give 

more insight into the nature of these patterns. 

Most studies on reasoning are predominantly interested in the complexity of the 

skills that are used by individuals (and groups) to solve diverse tasks (Haden, 2010). 

These tasks are usually implemented in a laboratory context. In contrast, studies on 

peer interaction and collaborative learning are mainly interested on learning that 

occurs in real-life contexts, such as school classrooms. The designs reported in 

literature for both contexts, however, are primarily based on single-measurements, 

while the microgenetic and longitudinal designs that involve repeated measures of the 

same individual across a long-time frame are scarce. The approach of taking single 

measurements has two limitations: 1) it fails to capture the variety of typical 

behaviors of the individual (Nesselroade & Salthouse, 2004), and 2) it does not allow 

conclusions about processes of change and development over time (Granott & 

Parziale, 2002). In contrast, microgenetic and longitudinal designs overcome these 

limitations by capturing the dynamic aspects of the behaviors in a sequence of 

measurements that show the changes in the trajectories at the microscopic timescale 

level (those that occur during a task session) and a macroscopic one (those that occur 

after repeated task sessions).  

Although research on the topics of interaction and reasoning has provided 

interesting information on how dyads of children interact and use scientific reasoning 

skills, little is known about their relationship as time-dependent processes. In 

addition, contemporary models in developmental psychology often lack attention to 

capturing behaviors in real-time (Kloos & van Orden, 2009). The primary cause of this 

lack is the absence of a temporal frame to study processes of change in addition to the 

fact that it conceives the context as an independent variable. Hence, the current study 
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offers a temporal frame for studying processes (in the long-term) as the dynamics of 

dyadic behaviors in real-time in the context of problem-solving. 

1.2.   Understanding the Dyad as a System 

From a complex dynamic systems perspective, authors as Thelen (1992), Fischer 

(et al. 1993; Fischer & Bidell, 2006) and van Geert (2002) have urged researchers to 

focus on studying how individuals display their skills in real time. Thelen (1992) uses 

the term ‘soft-assembly’ to describe the relationship between the multiple 

components in time, such as the cognitive state of the organism in the context of a 

task. Kloos and van Orden (2009) describe soft-assembly as a mechanism that 

explains the cognitive activity as interdependent with the context in which behavior 

emerges. It means that behavior suits the constraints of the context of the task as a 

“collective action of the brain and body” (p.258). Likewise, Steenbeek, van Geert and 

van Dijk (2011) describe this dynamic relation of the members of the dyad and the 

context as a “triangulation” (see Figure 1a). In a dyadic task situation (see Figure 1b), 

the reasoning skills of the child emerge over time as an iteration of interdependent 

influences of the three continuously changing components: the individual, the 

interaction with other(s) (e.g. teacher-child, parent- child, child-child) and the task 

context.  Particularly, we study the dyad as a system by means of the dynamics of one 

of its components, which is the dyad of children solving the task (see Figure 1b). 

The dyad as a system, is changing in real time as a direct consequence of their 

interactions. For instance, the state of the dyad is affected by the behavior of each 

member, generating changes at a given time and/or at a subsequent moment. This 

temporal interdependence between the dyad and its context is fundamental to 

understanding its dynamics (Ferrer, Steele & Hsieh, 2012). In other words, the nature 

of the task changes as the result of the interaction. For instance, as a consequence of 

the preceding activity, the task is reformulated in their solution by using a particular 

element of the task, and so forth. 
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a        

 

b     

Figure 1. Dynamic representation of dyadic interaction child-adult in the context (1a) by 

Steenbeek, van Dijk & van Geert, 2011; (1b) Dynamic representation of the system examined in 

this study: the dyad of children working together, answering the researcher´s questions.  

 

The conceptualization of a dyad as a ‘system’ involves various dynamic principles 

such as nested time scales, iteration, self-organization and attractor states. The term 

‘nested time scales’ refers to the changes that occur in the systems at different levels 

interacting with each other through time, such as the relation between short- and 

long-term process. For instance, the children’s reasoning process that takes place in a 

matter of minutes or seconds during a dyadic task influences their subsequent 

understanding of problem-solving, which can occurs and changes on a much longer 

time scale. The term ‘iteration’ refers to the recurrent functioning of the system, as 

loops of behaviors between the members of the dyad into a particular context of 

interaction. Each state of the system is defined by the previous one. This is,  the 

behavior of a child can occur as a result of the previous answer of his partner, 

resulting in a position in which the child is agreeing, disagreeing, copying or even 

ignoring his partner’s comment. 

In the dyadic interaction, self-organization refers to the constant activity of the 

triangulation of the dyad and the context (Steenbeek & van Geert, 2006), emerging in 

new patterns of connected events with properties that are self-sustaining over time. A 

self-organized system consists in diverse elements or subsystems interconnected by 

feedback loops (Guastello, 2002). An example is the spontaneous emergence of a 

pattern of dominant interactions of one child over the other, or a pattern of 

collaborative interaction between them. These spontaneously emerging self-

sustaining patterns are the system’s attractors. An ‘attractor’ denotes a specific state 

in which the system tends to converge, as a focus of relative stability. The recurrence 

of a system returning to the same state over and over again represents a self-

sustained pattern that can counteract disturbances and retain its structure for a 
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certain period of time after which it might shift towards a new attractor as a result of 

the changing circumstances. In a dyadic system, possible attractors involve the 

prevalent behaviors displayed over time by each member of the dyad (e.g. increased 

leadership on the task or individual work). 

In the trajectory of a system’s behavior, an attractor can be considered as 

“strong” or “weak” according to the duration and the frequency of activation of a 

particular state (behavior) over the disturbances of the system. A strong attractor 

(deep or wide) implies a long duration and a frequent return of the same state, being 

more resistant to perturbations. In contrast, a weaker attractor (shallow) is more 

influenced by the disturbances, fluctuating over time and shifting states, or toward a 

new attractor (See Hollenstein, 2013; van Dijk & van Geert, 2014; Thelen & Smith, 

2006). The relevance of recognizing attractors in a system lies in the possibility of 

determining the properties to which a system tends to evolve. 

These general principles provide a dynamic perspective to study peer behavior 

as a process emerging in time. 

1.3.   Scientific Reasoning Skills 

The study of the scientific reasoning skills (SRS) has been an important topic of 

research in the area of cognitive development. The SRS are sometimes described as 

‘cognitive tools’ that allow the individuals to abstract, analyze and transform 

information in complex ways, to understand the world and to create theories about 

how things work. Inference, classification, cognitive planning, formulation of 

hypothesis, descriptions, explanations, experimentation, evaluation of evidence, 

control-of-variables-strategy, and generalization are some of the SRS involved in these 

cognitive activities. Some of these skills are present from early childhood onwards, or 

develop in a relatively short period of time to become more stable during adult age. 

The use of SRS underlies cognitive activities that go from the discovery of the 

properties of the objects (12 to 18 months), to the elaboration of causal explanations 

of a mechanism (e.g. functioning of a bike) and the relations among its parts (7 to 8 

years). It has been argued that the core of scientific thinking is the systematic 

coordination of theory and evidence (Kuhn, 1989, 2004) through the use of a range of 

reasoning skills. 

In the present study we examine the development of reasoning by tracking the 

use of three forms of SRS, namely descriptions, predictions and explanations, which 

have been considered central to the inquiry method of science (de Groot, 1961). For 

instance, descriptions require identifying the salient characteristics of an object or 
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event and can include perceptual or more abstract relations. In contrast, predictions 

demand thinking about possible events that can take place in the future; they imply 

the anticipation of events that have not happened yet. Explanations are deductive 

arguments to understand an outcome and ask for causal relations in order to conclude 

about the underlying regularity of a situation. Explanations are considered the most 

complex of these SRS. 

1.4.   Objectives of this Study 

This study focuses on the transformation of the verbal interactions of the dyads 

that emerges during a sequence of problem-solving.  Therefore, the attention is not on 

the detailed content of the children’s verbalizations but on the general structure of the 

verbal interactions and the scientific reasoning skills. The aims of this study are, first, 

to explore the structure and development of verbal interactions of dyads in the 

context of learning to solve problems and second, to examine how the verbal 

interaction of the dyads is related to the use of three types of scientific reasoning skills 

(descriptions, predictions and explanations).  

We conceived the dyad as a dynamic system that is soft-assembled (see Thelen, 

1992). In consequence,  the interdependent components of a system are composed by 

the dyad, the task and the parameters of the interaction provided by the researcher. A 

common procedure to study a system is through one of its components ― for us this is 

the dyad of children― in which the temporal evolution of one variable is taken as an 

indicator of the underlying dynamics. The research questions addressed in this study 

are: 

1. How do dyadic reasoning (scientific reasoning skills, performance on the 

tasks) and the verbal interaction (types of verbal interaction) develop 

over repeated task sessions?  

2. Are there any temporal patterns in the verbal interactions of the dyads 

solving the tasks that have the properties of attractors? And if so, how do 

they change over time?   

3. Is there a relationship between the verbal interaction and the use of 

scientific reasoning skills of the dyads? 

In line with the dynamic system approach (van Geert, 2003), we expect to find 

systematic patterns (attractors) in the children’s behaviors when they are repeatedly 

confronted with a dyadic task situation. Hence, children self-organize their behaviors, 

forming more stable dyadic interaction over time; we expect the dyads to be more 
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collaborative over time as the tasks increase in complexity. It means that collaboration 

is expected to be an attractor state that becomes dominant over time (hypothesis 1). 

In a similar way, we expect the dyadic verbal interactions, answering the questions 

about the task, to become more stable throughout the sessions (hypothesis 2). From 

the standpoint of collaborative learning, we expect that dyads that collaborate display 

more complex scientific reasoning skills (i.e. elaboration of explanations) than the 

moments when they use other types of dyadic interaction (hypothesis 3). 

2.  Method 

2.1.  Participants 

Four dyads of children (3 boys and 5 girls) 4 to 6 years old (Mage= 5.2 years) 

participated in the study with the informed consent of their parents. We refer to them 

as Dyad 1 (J-HA), Dyad 2 (N-A), Dyad 3 (E-C) and Dyad 4 (H-M). The dyads were 

formed with classmates with whom, according to their teacher, they have a friendly 

relationship. All children were attending the same primary international school in the 

Netherlands and they were proficient and fluent in English, which was the language 

used in our protocol. They came from a larger sample of children who were randomly 

assigned to two different task conditions: air pressure, and inclined plane. Since 

methodologically we are using a process analysis in order to zoom in on the 

relationship between the verbal interaction and the reasoning of the dyads, we are 

including only the data of one of the two task conditions, the one more measurements: 

the air pressure task. In this study the context-sensitivity of the dyads solving the 

tasks, is observed as the changes of their performances along the sessions. 

2.2.  Materials 

A set of hands-on tasks about science (van der Steen, Steenbeek & van Geert, 

2012) was designed for use in this study, providing a problem-solving structure that 

potentially requires complex forms of reasoning for the age group of the preschoolers. 

Specifically, the task set (6 tasks in total) was related to the notion of air pressure (see 

Appendix A).  The sequence of tasks presented an increase in complexity from one 

task to the next. The complexity of the task was determined by the number of 

variables the children need to manipulate and the cognitive demands of the task (i.e. 

relation between elements). All tasks included involve several materials or tasks 

elements (i.e. tubes of diverse lengths and shapes, syringes of different sizes, and 

valves) that children should select and correctly connect to a target element in order 

to reach a specific goal. All the goals of the tasks were related to generating a 

particular type of displacement: to pull out the plunger of a target syringe (task 1), 
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raise a lift (task 2), move up a platform (task 3), blow up a balloon (task 4), move a 

ball inside a tube (task 5) and make a frog toy jump (task 6). Despite the different 

goals of the tasks (e.g. using a big /medium/small syringe according to the task, 

opening or closing valves), their solution was based on the same physical mechanism 

of air pressure. Therefore, the structure of all tasks was similar in the sense that 

demands from the children to use common criteria to solve each task. Figure 2 

describes the task analysis, indicating the common steps and the criteria required to 

generate the mechanism of air pressure. 

 

 

Figure 2. Task analysis representing the common requirements of all the tasks. 

2.3.  Procedure 

The trajectories of reasoning and interaction were tracked by using a 

longitudinal design of six sessions, with two months between sessions. The six tasks 

were presented in an overlapping way. This means that in the first session two 

consecutive tasks were presented, while in a second session the last task of a previous 

session was presented again, followed by a new consecutive task and so on until the 

last observation session. In each session, the researcher asked the children “to work 

together as a team” in order to solve a task and to answer questions about it. Each 

session lasted approximately 20-25 minutes during which each dyad was solving a 

sequence of two tasks. The protocol consisted of sequences of questions in which the 
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researcher asked the dyad to formulate descriptions (“What is this?”, “What 

happened?”), predictions (“What would happen if ...”) and explanations (“Why did that 

happen?”). The sequence of questions during the solution of the problem was 

repeated for every single task based on the following moments: (1) familiarization 

and description of the materials, (2) introduction of the task’s goal and selection of the 

materials to solve the task, (3) elaboration of predictions based on the selected 

materials, (4) children’s attempts to solve the task and (5) elaboration of explanations 

based on the observed results. It is important to note that there was plenty of time 

between the questions where the children were free to talk with one another, 

manipulate with the task and explore solutions together. 

For each session, after a successful attempt to solve the first task, a second task 

was introduced. In cases where the dyad did not solve the initial task, the second task 

was introduced after 12 minutes. All sessions were videotaped and coded afterwards 

with The Observer XT 10 (Noldus, 2010). 

2.4. Measurements 

Three coding schemes were used in this study. The coding scheme for interaction 

was developed in a previous study (see Chapter 2 of this dissertation) whereas the 

coding scheme on SRS was adopted from other authors (Meindertsma, van Dijk, 

Steenbeek & van Geert, 2012; van der Steen, Steenbeek & van Geert, 2012). The third 

coding scheme focuses on the dyadic interactions and is an adapted version of the 

model of Storch (2012). The first and third coding schemes transform the categorical 

data of types of interaction into ordinal scores to enable the analysis of the qualitative 

changes of children behaviors over time. As a result, the scores indicate different 

levels of complexity of a particular behavior. For instance, in the case of interactions, a 

passive interaction (score 2) is considered to be less complex than an interaction 

based on copying (score 3) or parallel work (score 4). Similarly, in the case of the 

scientific reasoning skills, descriptions (score 1) are considered more basic that 

predictions (score 2) and explanations (score 3). All the coding schemes (see table 1, 2 

and 3) are the result of an inductive process in which categories were refined after 

various rounds of coding. 

The coding scheme of types of interaction (see Chapter 2 of this dissertation) was 

used to characterize the interaction behavior of each member of the dyad while they 

were answering the protocol’s questions. The categories are based on the level of 

engagement of each child with the task and with their partner. As a result, five 

categories of interaction were identified in children’s behaviors: ‘no work’, ‘passive 
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work’, ‘copy work’, ‘parallel work’ and ‘collaborative work’ (see Table 1). The category 

‘collaborative work’ is assigned when both children display engagement in both ways, 

with the task and with their peer. A non-collaborative relation occurs when a child 

neither engages with his or her peer (i.e. parallel, passive work, copy work) or with 

the task (no work). 

Table 1 

Coding scheme of Types of Interaction 

Score Categories Definition Examples 

1 No work No engagement with the 
task 

The child does not 
answer because he or she 
is distracted by 
something else  

2 Passive  Engagement with the 
task without 
participating actively 

The child does not 
answer but keeps the 
attention on the task and 
on the other child of the 
dyad 

3 Copy  Engagement with their 
pair without 
considering the task 

The child uses the same 
answers as the other 
child of the dyad 

4 Parallel  Engagement with the 
task without 
considering their pair 

The child answers 
without considering the 
response of the other 
child of the dyad. 

5 Collaborative  Active engagement with 
the task by considering 
their pair 

The child answers 
elaborating on the 
response of the other 
child of the dyad  

 

The coding scheme of dyadic interaction is an adaptation of the model developed 

by Storch (2002, 2012). Storch’s model of dyadic interaction (2012) is represented as 

a Cartesian coordinate system whose axes describe the relation between the dyad (see 

Figure 3a). The resulting four quadrants created by the axes (x, y), represent four 

dyadic interactions labeled as follows: (1) collaborative, (2) dominant/dominant 

cooperative, (3) dominant/passive, and (4) expert/novice. On the y-axis the criterion 
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of interaction is defined as mutuality, which refers to the level of engagement among 

the individuals of the dyad. A high mutuality indicates reciprocal sharing of knowledge 

(i.e. collaboration), while low mutuality corresponds to ignoring the other’s ideas (i.e. 

dominant-passive). The criterion of the x-axis is defined as equality in order to 

indicate a balanced contribution of each individual of the dyad to the learning process 

(i.e. dominant-dominant). A higher equality refers to collaboration, whereas a low 

equality indicates a difference in the contribution of each child to the task (i.e. 

dominant/mimic).  

 

a 

 

b 

Figure 3. Model of dyadic interaction (3a) Storch’s model (2012), (3b) Adapted model. 

 

In this study, the model of interaction we will use (see Figure 3b) translates 

Storch’s framework of dyadic interaction into real-time dyadic behaviors according to 

our categories of types of interaction (see Table 1). As a result, our model consists of 

four quadrants (Q), three of them correspond to three categories of Storch’s model 

such as collaborative (Q1), dominant/passive (Q3), and dominant/dominant (Q4). The 

last quadrant corresponds to our category called dominant/mimic (Q2) which 

replaces the Storch’s category ‘expert/novice’.  See Table 2 for a detailed description 

of interactions that give place to the quadrants. 

This adaptation of the model was made because neither of the children were 

expert on the tasks we presented. In addition, we integrated the ‘cooperative’ aspect 

of Storch’s model as part of our conception of collaboration (Q1). According to this, 

the right-hand side of the adapted model represents distributed dyadic interactions in 

which both children contribute to solve the task by showing a collaborative- or a 

dominant-dominant interaction, which both correspond to children working in 
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parallel. In contrast, the left-hand side of the adapted model shows unequal dyadic 

interactions such as ‘dominant/mimic’ in which one child works in parallel and the 

other one either copies or does not work, or a ‘dominant/passive’ in which one child 

works in parallel while the other is passive. 

Table 2 

Coding scheme of Dyadic Interaction based in our adapted model 

Quadrant Name 
Quadrant 

Code 

Combination of individual 

interaction 

Type of Dyadic 

Interaction 

Collaborative Q1 Collaborative - Collaborative Distributed 

Dominant-Mimic Q2 Parallel -Copy Unequal 

Dominant- Passive Q3 
Parallel - Passive 

Parallel - No work 
Unequal 

Dominant-Dominant Q4 Parallel - Parallel Distributed 

*Note. Types of interactions, refers to the combination of interactions between the children of 

the dyad. 

The coding of dyadic interactions consisted in assigning a code to each 

simultaneous sequence of verbal events of the dyad, according to the combination of 

their individual interaction defined in our adapted model (see Table 2).  The third 

coding scheme categorizes the use of three types of scientific reasoning skills (see 

Chapter 2 of this dissertation): descriptions, predictions and explanations, as they 

appear in the children’s verbalizations. The verbalizations that differed from these 

categories were coded as “others” (see Table 3).  
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Table 3 

Coding scheme of Scientific Reasoning Skills (SRS) 

Score Categories Definition Examples  

0 Others 
The expressions that 

differ from the SRS 

Emotional expressions (“wow”, 
“Yeah!”); Attention (“look, look!”); 
Thinking loud ("I want to do 
something else"); Imagination  
(“This will be out of this world”) 

1 Description 
The statements are 
related to the features 
of the materials. 

“It’s a dark tube, I can't see 
through”, "This is a shiny tube" 

2 Predictions 
The statements refer to 
predictions of their 
actions over the task. 

"It will be higher" 

3 Explanations 

The statements are 
related to causal 
relations about the 
task. 

"[the balloon was inflated] because 
the air is coming out [from the 
pump to the balloon]. It is the air!" 

 

In addition to characterizing the use of the scientific reasoning skills, we also 

provide information about the dyadic performance in the problem-solving behavior, 

as a complementary overview of the reasoning of the dyads. Accordingly, we quantify 

the proportion of “solutions” -as global and partial solutions, resulting from the total 

trials performed by the dyads in each session.  

In order to determine the inter-rater reliability of the dyadic behaviors 

(interaction and reasoning), random videos were taken from the larger study (12 out 

of the 42 videos), which were independently coded by the first author and a trained 

coder for the categories of interaction and reasoning. There was a very good level 

(M=.915) of inter-rater agreement (Fleiss, 1981) for all main categories such as 

interaction and scientific reasoning skills. The percentage of agreement for the 

segments of dyadic interaction was 95.8%, resulting in a kappa of .956. 

2.5.  Data Analyses 

After presenting a global overview of the group data, all analyses are performed 

on the level of the individual dyads. First, to address the research question of how the 

SRS and the interaction develop over the long term, descriptions of the total average 
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of types of interaction and SRS and the percentage of the adapted categories of dyadic 

interaction will be given. Therefore the number of verbal interactions of all the dyads 

will be given for the six sessions. We tested whether the children´s interactions and 

SRS increase in complexity in the long-term by inspecting the increment of frequency 

(slope) during the six sessions. Similarly, we inspected the increase (slope) of dyadic 

interactions for each dyad in order to test our first hypothesis about the increase of 

collaboration throughout the sessions.  

In order to answer the second research question, about the presence of 

patterns/attractors on the dyadic verbal interaction and their respective long-term 

change, we used a State Space Grid technique (SSG, Lewis, Lamey, & Douglas, 1999) for 

an exploration of the changes of dyadic interaction. The illustration of the SSG is 

presented for three of the six sessions of data collection (sessions 1, 3 and 6) because 

it provides a  reliable picture of the changes of the dyadic interactions in long-term 

scale. 

The coded behaviors correspond to the combination of each individual 

interaction of the dyad within a session. Each dot in the cells is an ‘event’ of a single 

dyadic interaction. The diameter of the dots represents the duration of each event (in 

seconds). The lines connecting the dots represent the transitions between one dyadic 

interaction and the next one, plotting the temporary sequence of behaviors within a 

session. Once the more frequent dyadic interactions were identified with the SSG 

measure called ‘cell visits’ (number of behaviors in a particular cell), we inspected the 

presence of attractor states and tested their respective strength based on the SSG 

measurement called ‘return time’. This measure is based on the average duration of 

the intervals between visits to the selected cell. We checked the latency of the dyad to 

return to the most frequent interactions (Hollenstein, 2013 p. 47). A higher return 

time in a particular dyadic interaction indicates the presence of an attractor 

(recurrent interaction pattern). In addition, the return time measure provides 

information about how strong (deep and wide) or weak (shallow) an attractor is. If an 

attractor takes place in the interaction, then the particular types of interaction will 

show an increase or higher presence over other interaction types. Therefore, once the 

attractors of dyadic interaction were identified due to their higher frequency along the 

six sessions (number of cell events), we examined the strength of the attractors by 

testing whether they show a long-term increase (slope of return time). In addition, 

this information was used to test hypothesis 2 about the stability of dyadic verbal 

interactions on the long term.  
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Finally, to answer our third research question, about the relations of dyadic 

interaction and the use of SRS, we established the proportion of SRS during each type 

of dyadic interaction. Specifically, for each dyad the frequency of explanations given 

during a particular dyadic interaction (Q1, Q2, Q3, Q4 of our adapted model) was 

divided by the total of their explanations during all the sessions. As a result, it was 

possible to identify which types of dyadic interaction were related to the elaboration 

of explanations as the most complex SRS. We tested whether the presence of 

explanations as the most complex SRS emerged during the dyadic collaboration 

(hypothesis 3) rather than other dyadic interactions. 

Additionally, by using a Hamming distance measure (Lichtwarck-Aschoff, 

Kunnen, & van Geert, 2009; Pinheiro, Seillier-Moiseiwitsch & Sen, 1998) we examined 

the variability of the dyadic time-series of interactions and the use of SRS along the 

sessions. The procedure consisted of identifying how variable the trajectories were 

along the sessions using a binary code. For each time-series of interaction and SRS, we 

compared each measurement point with the next one (n compared with n+1). When 

the consecutive data points were the same, we assigned 0 as a code. When a change 

appears from one data point to the next one, we coded as 1. We tested whether the 

variability of the interaction trajectories was related to the variability on the SRS 

trajectories of the children. Moreover, a total variability of interaction and SRS (overall 

Hamming distance) of the dyads was computed without considering their temporary 

order. In this case, we computed the average of the hamming distance of the 

interactions and the SRS.  

A Monte Carlo permutation technique (Todman & Dugard, 2001) was used to test 

the results obtained with the described procedures, such as the increment of 

frequency (slopes) of the children’s interactions, dyadic interactions, return time of 

the pattern/attractors and the proportion of explanations presented during the four 

types of dyadic interactions. The Monte Carlo technique consists of creating random 

datasets by shuffling the empirical data in order to compare them and to identify how 

often the empirical measures (e.g. an observed difference between two types of data) 

can be observed in a random sample. For instance, in this study we used 10,000 

permutations of the data. As a result, if the number of positive cases counted over all 

the random data generates a significant p-value, it means that it is very unlikely that 

the observed difference is a matter of chance.  
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3.   Results 

3.1. Group Overview: Verbal interaction and Scientific Reasoning 

Skills  

The average proportions of the types of peer interaction and the use of SRS along 

six sessions are presented in Figure 4, in order to illustrate the global development of 

the verbal interaction and the use of SRS over time. With regard to the peer 

interaction (Figure 4a), we observe that parallel work is the most frequent interaction 

used by the children throughout all sessions. This was followed by the frequency of 

passive work and collaborative work respectively. In contrast, no work and copy work 

were barely present in the interaction of the children. The increase of parallel 

interaction for all the dyads over time was significant (p=.005), while this was not the 

case for no work (p= .529), passive work (p= .0143), copy work (p=.054) or 

collaborative work (p= .343). 

 a. 

 

b. 

Figure 4. Total average of types of interaction (4a) and use of SRS (4b) of the dyads over the six 

sessions. 

With respect to the use of SRS, the results show that descriptions were more 

frequently used than explanations and predictions, respectively (see Figure 4b). 

However, it is important to note that the distribution of the various types of skills is 

shaped by the characteristic of the protocol. Despite the fact that the research 

questions were more focused on the explanations of the solution to the problem, it is 

interesting to observe that descriptions are more prevalent. It should be noted that 

many of these descriptions were used as an answer to questions requiring 

explanations. We found that the increase of the use of SRS along the sessions was 



The Dynamics of Dyadic Learning 

 
64 
 

significant for descriptions (p= 0.033) and explanations (p=.021), but not for 

predictions (p= .141). 

3.2. Dyadic Performance Solving the Tasks 

The summary of the dyadic performance along the six sessions is depicted in 

Figure 5 as the proportion of solutions (including partial and global solutions) 

obtained from repeated trials to solve the tasks. Although the difficulty of the tasks 

increases along the sessions, we can observe that the average of  solution of Dyads 1 

and 2 is a relatively stable trajectory of solutions, with a slight increase from the first 

to the last session (D1= 25 to 33.3, D2=33.3 to 44.4). A different pattern of 

performance was found for dyads 3 and 4 that over time showed a steep increase in 

their proportion of solutions. This can be observed in Dyad 3  from the second session 

to the last one (Mean= 0 to 62.5),  and in Dyad 4,  from the first session to the last one 

(Mean= 0 to 75).  

 

Figure 5.  Percentage of the dyadic performance solving the tasks along the six sessions of 

observation. 

3.3.  The Emergence of Dyadic Interactions Patterns in the Long-term 

The dyadic verbal interactions developed over the six sessions for each of the 

dyads are presented in Figure 6. The dyadic interactions represent the four quadrants 

(Q1, Q2, Q3, Q4) of our adapted dyadic model (Figure 3b). We found there were two 

main patterns of interactions for all the dyads: dominant-dominant (Q4) with a 

significant increase over time (Dyad 1 p= .004; Dyad 2 p= .003; Dyad 3 p= .001; Dyad 4 

p= .002), and dominant- passive (Q3) with no significant increase over time (Dyad 1 

p= .083; Dyad 2 p= .223; Dyad 3 p= .222; Dyad 4 p= .255). These patterns were more 
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stable between sessions for some dyads (Dyad 3 and 2) while others (Dyads 1 and 4) 

showed more session-to-session variability. 

In addition, collaborative interactions (Q1) barely appeared for some of the 

dyads (Dyads 1 and 3); this in contrast to other dyads (dyads 2 and 4) in which its 

presence is moderate for almost all the sessions. These results do not confirm our 

expectation, which was that collaborative dyadic interactions would increase over 

time (hypothesis 1). It suggests that the children display more parallel work than 

collaborative work even when they explicitly have been asked to collaborate. 

 

Figure 6. Percentage of the dyadic interaction over the six sessions of observation for each dyad. 

Q1= collaborative, Q2= dominant-mimic, Q3= dominant-passive and Q4 = dominant-dominant. 

3.4.  Change of Verbal Interaction Patterns in Long-term 

In order to answer whether the two patterns identified previously can be 

conceived as attractors and whether they change over time, Figure 7 presents the 

state space grids (SSG) of the verbal interaction of each dyad for three of the six 

sessions (1, 3 and 6). In addition, a summary graph of SSG with the compilation of the 

dyadic behaviors in all sessions is also presented. 
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Figure 7. State Space Grids that show the temporary transitions of the dyadic interactions. 

According to our adapted model of interaction, the quadrants of the right cells (Q1= 

collaborative, Q4=dominant-dominant) show the distributed dyadic interaction and the 

quadrants of the left cells (Q2= dominant-mimic, Q3 = dominant-passive) unequal dyadic 

interaction. The yellow frame indicates side of the grid that correspond to Distributed Dyadic 

Interactions (i.e. Q1 and Q4), while the opposite side of the grid correspond to unequal dyadic 

interactions (i.e. Q2 and Q3). 
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The SSGs showed the changes in the dynamics of the dyadic interaction 

indicating considerable variability within and between sessions. Moreover, it is 

possible to observe the recurrence of particular patterns of dyadic interaction as a 

form of relative stability in children’s behaviors. For instance, the SSG of all the 

sessions (fourth column) suggest the presence of at least two attractors, such as 

dominant-passive (Q3) and dominant-dominant (Q4) (see bottom cells).  

The measures obtained with the SSG graphs (number of events or dots in the 

cells) showed differences in the dynamics of the two mentioned patterns. Dyad 1 

shows interactions that shift from Q3 to a combined interaction of Q3 (45.16%) and 

Q4 (43.55%). Dyad 2 shows an increase of interactions along the sessions focused on 

the two types of dyadic interaction Q3 (29.31%) and Q4 (50.34%). In contrast, dyad 3 

increases the variability of their interaction over all the quadrants, remaining most 

frequent in Q3 (34.86%) and Q4 (50.46%). Finally, dyad 4 shows a relatively high 

degree of stability between the two bottom quadrants with a higher concentration on 

the Q4 (57.85%) than Q3 (M=28.10%). The interactions of the dyads in the upper cells 

(Q1 and Q2) were less frequent (M=15.09%). The total average of the collaborative 

interactions (right upper cell) was 8.45% while the total average of dominant-mimic 

interactions (left upper cell) was 6.64%.  

In summary, the long- and short-term changes in the interaction behaviors 

showed two pattern-attractors: 1) dominant-dominant and 2) dominant -passive. This 

is supported by the SSG measure called ‘return time’ (see Table 4) which expresses 

the strength of these attractors as the number of times that the dyad returns to the 

same behavior (i.e. quadrants of interaction). 

Table 4 

Return time of the dyadic behaviors to the different types of interaction (Quadrants)  

Quadrant / Dyad Q1 Q2 Q3 Q4 

Dyad 1 20 7 59 50 

Dyad 2 40 14 59 57 

Dyad 3 20 8 48 49 

Dyad 4 49 0 40 58 

Total 129 29 206 213 
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We tested whether this measure increases over time and the results show that 

their recurrence in long-term was not significant for any of the dyads (Dyad 1 p= .493; 

Dyad 2  p= .915; Dyad 4  p= .429). This indicates that their strength does not increase 

over time. Instead, the attractors seem relatively shallow due to their rapid shifts from 

a particular state to another as a consequence of external influences (see figure 8). 

The attractors are relatively variable within sessions; however, they remain stable 

over time, going back and forth between the same types of interaction: parallel and 

passive work. These results support our expectations (hypothesis 2) of stability along 

sessions. 

  

Figure 8. Illustration of two types of attractor states. The attractor with deep valleys represents 

a “strong” attractor in the sense that the behavior of the dyad once gets into one of the two 

states, requires certain time to move out. In contrast, the attractor represented with shallow 

valleys is considered a “weak” attractor in which the dyadic behavior moves easily between one 

state and the other. 

3.5.  The Association of Dyadic Interactions and the Use of SRS 

In order to describe the relationship between the interaction between the 

children and their SRS, we identified the dyadic interaction displayed by the children 

when they were using SRS (i.e. giving descriptions, predictions, explanations). Table 5 

shows the relationship of the use of the three types of SRS and their respective types 

of dyadic interaction for each dyad. We found that the three types of SRS examined in 

this study (descriptions, predictions and explanations), seemed to be mainly present 

during the two attractors of dyadic interaction: dominant-dominant (Q4) and 

dominant-passive (Q3).  
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Table 5 

Raw frequencies and proportions of the use of SRS in relation to the dyadic interactions 

of the six sessions of observation 

Dyad / 

Quadrant 

Descriptions  Predictions  Explanations 

Q1 Q2 Q3 Q4  Q1 Q2 Q3 Q4  Q1 Q2 Q3 Q4 

Dyad 1 11 4 32 92  0 2 11 19  3 0 21 32 
(4.8) (1.8) (14.1) (40.5)  (0.0) (0.9) (4.8) (8.4)  (1.3) (0.0) (9.3) (14.1) 

Dyad 2 6 10 30 84  6 5 9 27  7 3 18 41 
(2.4) (4.1) (12.2) (34.1)  (2.4) (2.0) (3.7) (11.0)  (2.8) (1.2) (7.3) (16.7) 

Dyad 3 5 2 26 36  0 2 4 11  0 1 19 18 
(4.0) (1.6) (21.0) (29.0)  (0.0 (1.6) (3.2) (8.9)  (0.0) (0.8) (15.3) (14.5) 

Dyad 4 17 2 15 33  1 0 2 12  1 1 10 12 
(16.0) (1.9) (14.2) (31.1)  (0.9) (0.0) (1.9) (11.3)  (0.9) (0.9) (9.4) (11.3) 

Total 39 18 103 245  7 9 26 69  11 5 68 103 

Mean 10 5 26 61  2 2 7 17  3 1 17 26 

SD 12.78 7.70 42.68 102.53  2.91 4.26 11.47 27.86  4.79 1.97 28.14 43.83 

Note. Dyadic interaction: Q1= collaborative, Q2= dominant-mimic, Q3 = dominant-passive and 

Q4 = dominant-dominant. 

In contrast to what we expected (hypothesis 3), the use of the explanations as the 

most complex reasoning skill was relatively infrequent during collaboration (Q1, 

M=3), but instead was most frequent during parallel/parallel interactions (Q4, M=26). 

However, the relation between the use of explanations of both dyadic interactions 

such as collaborative-collaborative work (Dyad 1 p= .749; Dyad 2 p= .257; Dyad 4 p= 

1) and parallel-parallel work (Dyad 1 p= .889; Dyad 2 p= .741; Dyad 3 p= .810; Dyad 4  

p= .747) were not significant. In general, the three SRS such as descriptions, 

predictions and explanations are predominantly displayed during parallel work (Q3= 

dominant-passive and Q4=dominant-dominant), which is not surprising, since these 

interactions were most frequent across all sessions.   

In addition, to analyze the different types of interactions and the use of the 

scientific reasoning skills used by the dyads, we also indicate how variable was the 

social and the cognitive performance of the dyads by analyzing the amount of changes 

in the respective trajectories. Table 6 presents the results of the hamming distance 

technique, which quantifies how much variability was observed on the time-series of 

the dyads. The results indicate that the variability of the SRS was higher than the 
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variability observed in the interactions of the dyads. This result supports our finding 

about the characterization of the dyadic interaction over time, in which only 2 out of 4 

types of interaction were the most characteristic for all the dyads along the six 

sessions. Complementarily, the total Hamming distance indicates the total variability 

of the dyads in interactions and reasoning. A Monte Carlo analysis reveals that the 

total variance of each dyad was significant (p=.001) in comparison to random data, 

indicating that is not a random effect. In summary, these results have shown that the 

structure of variability of interactions and SRS is different and independent from each 

other. 

Table 6 

Average and standard deviations of three measures based on Hamming distances (HD) 

Measure 

Dyad 1 

(n = 149) 

Dyad 2 

(n = 173) 

Dyad 3 

(n = 91) 

Dyad 4 

(n = 77) 

  

M SD p  M SD p  M SD p  M SD p 

HD (INT) 0.23 0.42   0.30 0.46   0.36 0.48   0.34 0.48  

HD (SRS) 0.44 0.50   0.45 0.50   0.40 0.49   0.41 0.49  

Total average 

HD  

0.34 0.47 ***  0.37 0.48 ***  0.38 0.49 ***  0.38 0.49 *** 

Note. n= data points, HD= Hamming Distances, INT= interactions, SRS=Scientific reasoning 

skills. *p < .001 indicates that the total hamming distance was significantly higher than the 

shuffled data of the resampling data. 

4.  Discussion 

The results showed that different patterns of verbal interaction exist in the dyads 

during the use of scientific reasoning skills.  Contrary to the expectations, 

collaboration was not related to the use of the most complex skill of giving 

explanations. Instead, the dominant-dominant interaction (Q4) was the condition in 

which explanations were provided most frequently. This corresponds to a distributed 

dyadic interaction in which each child works individually. Our results are in contrast 

with previous literature on children 6 to 7 and 10 to 11 years old (Fawcett & Garton, 

2005, and Teasley, 1995, respectively), in which higher performance of reasoning is 

described as a result of collaborative work more than individual work. However, two 
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minds are not always functioning better than one (see Bahrami, Olsen, Latham, 

Roepstorff, Rees, & Frith, 2010; Koriat, 2012). This study shows that collaborative 

work is not necessarily the dominant type of dyadic interaction. Our results showed 

that children aged 4 to 6 years, mainly used parallel or passive work over other 

interaction types (i.e. no work, copy work, collaborative work), despite the fact they 

were asked to work together. Moreover, the results showed that the collaborative 

work did not increase over time with the increased complexity of the tasks as was 

expected, but remained highly infrequent. Although Tomasello, Carpenter, Call, Behne 

and Moll (2005) have shown that some collaborative behaviors appear in early child 

development, such as sharing goals (9 to 12 months) and collaborative engagement 

(12 to 15 months), it seems that the collaborative work is not necessarily the main 

interaction used by preschoolers during dyadic activities. Since the present study 

reflects a typical educational setting, in which the adult provides the required 

questions as a background of the children's interaction, it seems relevant to consider 

the presence of individual styles of interaction as a valid strategy of learning in a 

regular educational context. 

The verbal interactions of the dyads also showed the children's preference for an 

independent and unequal dyadic interaction ‘dominant–passive’ that indicates turn 

taking. A possible explanation is that the requirement of a verbal performance during 

the task leads the children more often to express their own points of view rather than 

considering the view of their peer to explain the task. In relation to this, Fogel (1993) 

mentions that the point of view of the observer of having a common goal can differ 

from the participants’ perspective. Mercer (1995) has described similar outcomes of 

absence of collaboration on group discussion in classrooms, claiming that children are 

not likely to share views effectively in order to build knowledge collaboratively. 

It is important to stress that in the current study we are using a lenient 

interpretation of the term collaboration. We identified an interaction as ‘collaborative’ 

when a child responded in any verbal way to the content of his or her partner’s 

answers. In our results, the children hardly presented this kind of behavior in any of 

the sessions. Thus, one limitation of our study has to do with the perception children 

have of collaborative work during the solution of tasks. According to Carr and Walton 

(2013) collaboration is a type of interaction that might be perceived as a strategy to 

pursue a shared goal. This is related to a point made by Van Geert and Steenbeek 

(2008) in the domain of social interaction, which is the relevance of interpreting the 

dyadic behaviors in terms of the children’s concerns of ‘involvement’ and ‘autonomy’ 

as emerging over time in their interactions. In our study is possible that the shared 

goal was perceived for the children only during the attempts to solve the tasks, but it 
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does not account for their elaboration of explanations. In other words, the limitation 

corresponds to the protocol used to prompt the SRS and its relationship with the goal 

of the tasks. However, this limitation also applies to many educational interactions: 

though teachers may think that they have asked children to collaborate, this may not 

be sufficient for the children to make this a real goal or concern in that particular 

situation. Another limitation of this study is the small number of case studies. The 

current study had a clear exploratory focus, and aimed at describing the changing 

interaction behaviors in detail. For future studies, we suggest the use of a bigger 

number of case studies in order to analyze possible differences in styles with regard to 

the relation between collaborative work and giving explanations. 

A relevant aspect to point out about the dyadic behaviors is the dynamic process 

between its members (e.g. Ferrer, Steele & Hsieh, 2012, Steenbeek & van Geert, 2006). 

In a single moment, a particular type of behavior is displayed by a child, which 

interacts with the peer’s behavior, influencing each other over time. This has also been 

observed in a previous study of adult-child verbal interactions (van der Steen, van Dijk 

& van Geert, 2014) where the answer of the child influences the subsequent question 

of the adult whereas the new question influences the reasoning of the child. Therefore, 

the dyadic behaviors show attractors of interaction (dominant-dominant and 

dominant-passive) describing the self-organization of the dyadic interaction in 

relation to the task (soft/assembly). The children’s behaviors showed relative 

variability within sessions by transiting back and forth between diverse verbal 

interactions. In general, the dynamics of how dyads of preschool children interact and 

reason in the short and long term can be characterized by high variability of the use of 

SRS in the short term and stable dyadic interaction in the long term. In this study, we 

did not find any evidence suggesting that collaboration is related with higher levels of 

reasoning. 

In summary, we found that the dynamics of the learning process of the dyads 

emerged in the iteration of distributed (parallel and collaborative work) and unequal 

dyadic interaction (passive work) to solve the tasks. Our results offer two main 

contributions. First, our data empirically support three of the four types of peer 

interaction as described in Storch’s model (2001) that we adapted for this study. 

These types are characterized as collaboration (Q1), dominant-passive (Q2) and 

dominant-dominant (Q4), and include a complementary interaction called dominant-

mimic (Q3). Second, the explanations given by the preschool children seldom occur 

during collaboration, but mainly as individual construction of knowledge (parallel 

work). These results have various implications in the field of education for this young 

age group. It seems that if the activities focus on the actions, the learning process that 
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can emerge during verbalizations is more efficient in independent work than in 

collaboration. When fostering collaboration in verbal interaction between preschool 

children, the young learners need to identify their verbalizations as the source of the 

task-related goal. As a consequence, teachers should guide the collaborative work by 

making explicit to the children that their verbalizations are the center of their learning 

discussions. As a result, learners can perceive the shared goal and collaborate with 

their partners.  

For future research, we suggest considering an integrated approach to dyadic 

learning by analyzing children’s actions and verbalizations. For this purpose, more 

refined analyses about interaction dynamics (such as by means of Cross recurrence 

quantification analysis, see Coco & Dale, 2013; Shockley, Butwill & Webber, 2002) can 

be used to explore how the coupled behaviors of the dyads as distributed and how 

unequal interactions take place as nested processes occurring at different time scales 

(within and between sessions). In general, we recommend studying social and 

cognitive processes as contextualized phenomena evolving and emerging over time. In 

other words, the analysis of these processes needs to consider the intertwining 

threads of short- and long-term changes that configure the big picture of learning and 

development. 
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On the Attractor Dynamics of Dyadic Interaction: 

A Recurrence Based Analysis 7 

 

Abstract 

The aim of this study was to investigate interpersonal coordination in young children 

during dyadic problem solving, by using Cross-Recurrence Quantification Analysis 

(CRQA). We examined the interactions of seven dyads of children (Mage= 5.1 years) in 

a longitudinal design (6 sessions) with a sequence of problem-solving tasks increasing 

in complexity. An innovative implementation of CRQA is presented in order to study 

the attractor dynamics of dyadic interaction. The analysis consisted of distinguishing 

two metastable states (attractors) in the relationship between children and the task. 

The first is a distributed dyadic interaction (DDI) indicating that both children 

contribute equally to the solution of the task, and the second is an unequal dyadic 

interaction (UDI) indicating that only one of the children contributes actively to the 

solution of the task. Results showed that the DDI was more frequent than the UDI but 

that the dynamics of these two attractor states were quite similar. Both increased in 

complexity over time, although DDI did so more strongly than UDI. The overall 

recurrence, which indicates the global level of coordination between the individuals in 

the dyad across all time points, was moderately correlated with the performance of 

the children. 

Keywords: cross-recurrence quantification analysis (CRQA), dyadic interaction, 

interpersonal coordination, problem-solving, reasoning 

  

                                                           
7
 This chapter is based on Guevara, M., Cox, R., van Dijk, M., & van Geert, P. (2015). On 

The Attractor Dynamics of Dyadic Interaction: A Recurrence Based Analysis. Manuscript 
in preparation. 
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1. Introduction 

From the level of the dyad to the large scale of society, individuals are able to 

engage with each other in a flexible and adaptive way (Fusaroli, Konvalinka & Wallot, 

2014). In order to understand these interactions between individuals, it must be 

studied as a process of self-organization (Dale, Fusaroli & Richardson, 2013). Self-

organization is the process in which a system evolves towards a more organized level 

(see Haken, 2006), and in which the global state of organization of the system emerges 

from interactions between the components of the system (Camazine et al., 2001). 

Looking at social interactions from the perspective of complex systems dynamics, self-

organization can be understood as the process by which interactional structure 

emerges from the multimodal and multifaceted exchange between the individuals at 

many timescales. From this ongoing exchange, patterns of coupled behaviors arise and 

are sustained over time, and become more organized, that is, are of higher order and 

stability than the states of the individuals separately. In general, the study of 

interpersonal coordination requires paying attention to the structure of variability of 

human behavior in real time. This relation of the individual and the context is known 

as a process of ‘soft-assembly’ (Kloos & Van Orden, 2009) in which self-organization is 

based on the interaction between the components of the behavior interact with the 

characteristics of the given context.  

A growing number of interdisciplinary studies have explored the temporal 

structure of interpersonal coordination by using non-linear time-series techniques, 

such as Cross-Recurrence Quantification Analysis (CRQA). Recurrence methods 

characterize the dynamics of processes by describing their recurrent state behaviors, 

which can be represented in recurrence plots (Marwan & Webber, Jr., 2015). CRQA 

quantifies patterns of interpersonal coordination, basing their analyses on the 

sequence of behaviors (single time series), performed in real-time activities (Shockley 

& Riley, 2015). CRQA (Shockley, Butwill & Webber, 2002) is a variation of RQA that 

has been used to analyze the coupling structure of two time series of continuous or 

categorical data (see Coco & Dale, 2013). Basically, CRQA identifies to what degree a 

behavioral state in some system (e.g. child 1) is matched by a particular behavioral 

state in another system (e.g. child 2), at some time earlier or later during the 

interaction or at the same time (Reuzel et al., 2013; Webber & Zbilut, 2005). CRQA has 

been used previously to study the interpersonal coordination, for instance, in studies 

on mother-child joint action (Richardson & Dale, 2005), attachment and infant sleep 

(De Graag, Cox, Hasselman, Jansen & de Weerth, 2012), early language development 

(Cox & van Dijk, 2013; Richardson, Dale & Kirkham, 2007; Spivey & Dale, 2006), 
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aggression (Lichtwarck-Aschoff, Hasselman, Cox, Pepler & Granic, 2012), client-staff 

effective communication (Reuzel et al, 2013; 2014), and movements (Shockley, 2005; 

Schmidt & Richardson, 2008). 

Interpersonal coordination in dyads has predominantly been studied in the 

controlled context of the laboratory and often with motion capturing technology 

(Shockley & Riley, 2015). Synchrony of dyadic interactions in more natural settings of 

learning has been explored much less. However, in everyday activities, peer 

interaction is important to foster learning (Anderson & Soden, 2001). For instance, 

there is consensus on the relevance of collaborative work as an ideal condition in 

which learners can reach complex levels of reasoning in comparison to working 

individually (Kerr & Tindale, 2004). Nevertheless, collaboration is not always more 

efficient than individual work (Bahrami, Olsen, Latham, Roepstorff, Rees, & Frith, 

2010; Koriat, 2012; Storch, 2012,). In addition, collaborative and individual work are 

not the only types of interaction that can occur. For instance, dyadic interaction can be 

characterized by the levels of engagement and mutuality that are displayed in a task or 

activity. In a previous study (see Chapter 3 of this dissertation), we described the 

occurrence of five types of interaction (i.e. no work, passive work, copy work, parallel 

work and collaborative work), and distinguish two attractors of dyadic interactions in 

young children: distributed and unequal interactions. In the distributed dyadic 

interactions, both children contribute equally to the solution of the task, whereas, in 

contrast, the unequal dyadic interactions indicate that only one of the children 

contributes actively to the solution of the task. The current study explores the dyadic 

coupling of preschoolers in the context of problem-solving, based on these two 

attractor states of interaction. 

As has been mentioned before, interpersonal coordination emerges in relation to 

specific contextual constraints. For instance, it has been suggested that intrapersonal 

coordination is less sensitive to context than interpersonal coordination (e.g. Paxton & 

Dale, 2013). In relation to this, a previous study using CRQA to quantify the joint 

action in a cooperative precision task, observed in postural coordination (Ramenzoni, 

Davis, Riley, Shockley & Baker, 2011), revealed that intrapersonal coordination is 

affected by the demands of the task. As the task increased in difficulty, the 

interpersonal coordination also increased in degree and stability. These results 

suggest that joint action and cooperation emerge in relation to the constraints and the 

cooperative demands of the task.  

The current study is part of the Dutch Program called ‘Curious Minds’ 

(TalentenKracht in Dutch, www.talentenkracht.nl), in which researchers of 
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universities of the Netherlands and Belgium examine and promote the talent of 

children in the areas of science and technology. Based on the findings of a previous 

study within this program (see Chapter 3 of this dissertation) we aim to analyze the 

temporal structure of the dyadic interactions of two children, who are working 

together on a series of problem-solving tasks. We study the coupling of interaction in 

terms of distributed and unequal interactions, over multiple time scales, exploring 

how the structure of the interactions changes in relation to the tasks and their 

increase of difficulty. 

1.1. CRQA of Interpersonal Coordination 

Interaction between people can be conceived of as a complex dynamic system in 

which every individual continuously affects and is affected by the others (see Dale, 

Fusaroli, Duran & Richardson, 2013). Interpersonal coordination not only consists of 

the components of the individuals’ behavior, such as the elements of speech or 

movement, but also forms larger patterns of coupled responses of the individuals 

involved in the interaction. This way, the structure of the interactions can be 

conceptualized in terms of attractor dynamics. An attractor refers to the stable state of 

a system that recurs over time. This regularity on the dynamics of the system 

generates a relative stability of the system (Hollenstein, 2013). If an attractor state is 

resistant to the perturbations, it is considered to be stronger (deeper). In contrast, an 

attractor is considered weaker (shallower) if it is more sensitive to the perturbations. 

CRQA is a technique that allows indexing the attractor strength (Richardson, Schmidt 

& Kay, 2007). 

It is becoming increasingly clear that the study of interpersonal coordination can 

be approached from the general framework of complex dynamical systems (see Kelso, 

2009; Schmidt, & Richardson, 2008). A main characteristic of this framework is that it 

exploits the temporal structure of a system’s behavior to gain information about the 

self-organization processes underlying that behavior. CRQA offers an accessible and 

powerful way to analyze the temporal structure of dyadic interaction at different time 

scales ranging from micro-interactions to the duration of the entire observation. In the 

present study we used CRQA to analyze how the behavior of two children is coupled in 

the context of problem-solving tasks. This method not only compares the behaviors of 

the children at each individual time point, but also does so with all possible temporal 

shifts (i.e. delays) between the individual behaviors of the children. These 

progressively delayed comparisons provide information about coupling and 

attunement of children’s behaviors in the ‘here and now’ as well as earlier and later 

during the interaction.  
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Specifically, CRQA (see Fusaroli, Konvalinka & Wallot, 2014; Marwan, Zou, 

Donner & Kurths, 2009; Marwan, Romano, Thiel & Kurths, 2007; Shockley, 2005; 

Weber & Zbilut, 2005) is a nonlinear time-series analysis tool that enables researchers 

to quantify the temporal structure of behavior, by providing several measures of 

dynamic organization (see Appendix C). For instance, the Recurrence Rate on the Line 

of Synchrony (RRLOS) quantifies the proportion in which two individuals present a 

matching behavior at the same point in time. Also, the Recurrence Rate Overall 

(RROVERALL) quantifies the proportion of recurrent states in the entire recurrence plot, 

and expresses the global level of coordination between the individuals in the dyad 

across all time points. Other measures aim at larger structures of recurrent points, and 

quantify the amount, length and distribution of diagonal and vertical line structures in 

the recurrence plot (See Appendix C). 

In addition, CRQA provides two measures for the presence of ‘attractors’ or 

metastable patterns of interpersonal coordination (e.g. De Graag et al., 2012; Cox & 

Van Dijk, 2014), Trapping Time (TT) and Maximum vertical lines (MaxVL), which will 

be conceptualized as follows in the context of this study: TT indicates how stable a 

particular attractor state is, that is as a recurrent pattern in which the matching 

behavior tends to return over and over. MaxVL indicates the strength of a particular 

attractor state by quantifying the maximal duration of the matching behavior. 

Complementary to this, Laminarity (LAM) is a measure of flexibility of the coupled 

behaviors and Entropy of vertical lines (EntVL) is a measure that captures the 

complexity of the deterministic structure of the system (Marwan, Romano, Thiel & 

Kurths, 2007). High entropy indicates both high levels of uncertainty and disorder in a 

system and/or high levels of complexity, whereas low entropy reflects regularity. 

Thus, entropy increases when the system evolves toward a more chaotic dynamics, 

but also when the system is driven by a more random dynamics (Letellier, 2006). In 

our study, entropy will be used as an indicator of the complexity of dyadic interaction. 

Thus, the higher the level of entropy, the higher the complexity of the dyadic system is.  

1.2.  Research Questions 

In this study, we were interested in the attractor dynamics underlying dyadic 

interaction based on the metastable states we described above: ‘distributed’ and 

‘unequal’ dyadic interactions, and a third state of ‘no work’ in which the child is 

neither involved with the task nor with the peer (see Figure 1). Based on these two 

attractor states of dyadic interaction, the following research questions were asked: 
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1. How does the temporal structure of the dyadic coupling of interactions 

develop over a period of 11 months in a series of problem solving tasks? Is 

there a difference in the change of the strength of the two dyadic attractor 

states (i.e. distributed vs. unequal interaction)? 

2. 
How are the measures of dynamic organization (derived from CRQA) related 

to task performance (i.e. skill levels of children’s actions) of the dyads 

working in two sets of problem-solving (i.e. air pressure and inclined plane)? 

 

 

Figure 1. The hypothetical state space in this study, with the two metastable states, the 

attractors Distributed Dyadic Interaction (DDI) and Unequal Dyadic Interaction (UDI). 

2.  Method 

2.1.  Participants 

For the current study, we used the longitudinal data of the interaction behaviors 

of seven dyads of children (Mage= 5.1 years) observed during their performance on a 

series of problem-solving tasks. Seven dyads were randomly assigned to working on a 

set of hands-on tasks related to physics notions. Four of them (Dyads 1 to 4) were 

working on a task set about air pressure and the other three dyads (Dyads 5 to 7) on a 

task set about inclined planes. All children were students from an international 

primary school in The Netherlands and were proficient in English as a second 

language.  The dyads were selected by the teacher, based on the children’s mutually 

positive relationships. The participation of the children in the study was based on the 
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informed consent of their parents and on the respective approval of the Ethical 

Committee of Psychology (ECP) of the University of Groningen. 

2.2.  Data Collection 

All the dyads were video recorded solving a particular set of tasks (Air pressure 

or Inclined plane) during six sessions, each one with a duration of 20-25 minutes (see 

Appendices A and B).  This database of dyadic interaction of verbal and non-verbal 

behaviors is part of a larger study of dyadic interaction and reasoning (see Chapter 5 

of this dissertation). In a previous study, we analyzed the dyadic interaction during 

verbal reasoning through a non-linear analysis (see Chapter 3 of this dissertation).  

The data were collected during one school year, with a period of two months between 

each session. There was an increasing complexity over tasks. Each task was presented 

to the dyads of children, under the instruction of working together. During the 

administration of the task, children were able to manipulate with the material and 

performed several attempts to solve the tasks.  

The time series of the individual interaction behaviors were coded by second, 

using five categories of interaction (for detailed information see Chapter 3):  (1) No 

work: No engagement with the task, (2) Passive work: Engagement with the task 

without participating actively, (3) Copy work: Engagement with the other member of 

the dyad without considering the task,  (4) Parallel work: Engagement with the task 

without considering the other member of the dyad, and (5) Collaborative work: Active 

engagement with the task considering the other member of the dyad. 

These five individual categories of interaction were combined into two dyadic 

attractor states of interaction (distributed and unequal) and one No dyadic interaction 

state. Distributed Dyadic Interaction (DDI, see also in Figure 2) indicates that both 

children are actively engaged with the task and both contribute to it solution. This 

dyadic interaction category is the result of the combination of two equal intra-

individual behaviors: collaborative- collaborative and parallel-parallel. Unequal Dyadic 

Interaction (UDI, see also in Figure 2) indicates that only one child is contributing to 

solve the task while the other child of the dyad is engaged in the task but not active. 

This particular category of dyadic interaction result from the combination of three 

combinations of individual behaviors: parallel-no work, parallel-passive and parallel-

copy.  Non Dyadic Interaction (NDI, see also in Figure 2), refers to the combination of 

behaviors that do not result in one of these two dyadic attractor states of interaction. 

The performance of the dyads solving the task sets (non-verbal skills) was scored 

according to Fischer´s skill theory (1980). Using this theory, the actions of the children 
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were ranked from the simplest to the most complex as follows: (1) the children 

centered their actions on isolated elements of the task (2) children used functional 

actions, relating elements of the task, (3) children coordinate different elements of the 

task, performing partial solutions and (4) children coordinate the key elements of the 

task, building the complete mechanism (air pressure/ inclined plane) to solve the task. 

The demand of both task sets   ̶ despite the differences in their appearance and goal ̶ 

was the comprehension of the underlying mechanism of air pressure and inclined 

plane. The dyads of children were asked to solve the tasks by selecting the materials 

they thought would enable to solve the tasks. In all cases the dyad needed to build 

systems of air through using syringes and tubes or inclined plane systems by using 

blocks of wood and ramps. 

The interaction behavior and the cognitive performance of each member of the 

dyad were coded in “The Observer XT 10” (Noldus, 2010). For each dyad, six time-

series of observations were obtained, one for each session, resulting in a total of 42 

time series. The inter-rater reliability of interaction was calculated for 71% of the 

videos (30 out of 42 videos). In addition, the inter-reliability of the cognitive 

performance of the dyads was calculated for the air pressure task set with 75% of 

videos (18 out of 24 videos) and for the inclined plane with 66% of the videos (12 out 

of 18 videos). The percentage of agreement for the coded interactions was 95.8%, and 

for the coded performance was 90%. In both cases resulting in an ‘almost perfect 

kappa’ (see Viera & Garrett, 2005). For the interaction the kappa was .956 and for the 

performance of the air pressure and inclined plane, was .985 and 962, respectively. 

Because the length of the observations (data points) varied for each session, we 

used the shortest time series for each dyad as a cutting point for the rest of their 

trajectories (see * in Table 1) in order to carry out CRQA. As a result, within each dyad 

we analyzed the same range of data points for all the six time series resulting of the six 

sessions. 
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Table 1 

Length of the number of data points for the six trajectories of interaction of each dyad 

Time series 

(Trajectories) 

Number of data points per time series 

Dyad 1 Dyad 2 Dyad 3 Dyad 4 Dyad 5 Dyad 6 Dyad 7 

1 1875 705* 1395 1681 858 823* 853 

2 1301* 908 1025* 1078 876 1046 980 

3 1361 974 1234 1093 1303 1154 696* 

4 1736 1101 1063 1443 1058 1690 1354 

5 1489 1383 1173 913* 857* 1160 1043 

6 2667 779 1242 1841 960 1194 1136 

Note. * indicates the cutting point of data used in each dyad for CRQA. Each measurement point 

of the time series corresponds to one second of observation. 

2.3.  Data Analysis 

Three analyses were performed in this study. First, CRQA was performed twice, 

in order to quantify, separately, the temporal structure of each of the two attractors of 

dyadic interaction: Distributed Dyadic Interaction (DDI) and Unequal Dyadic 

Interaction (UDI). Second, a Monte Carlo analysis was carried out to test the 

significance of the possible change of the CRQA outcomes over time, and finally a 

Pearson correlation was carried out to test the relation between the CRQA measures 

and the dyadic skill levels of performance (non-verbal behavior) to solve the tasks. 

These procedures are described below. 

CRQA8: Three interaction states were calculated from the individual time series of 

the dyad: DDI, UDI and NDI.  The DDI and UDI represent the two attractor states of the 

dyadic system, which are the main focus of our study and a Non Dyadic Interaction 

(NDI) represents all non-recurrent (i.e. non-matching) states of the dyadic system (see 

Table 2). These dyadic interaction states (DDI, UDI and NDI) are the result of 

combined individual behaviors, as explained above, which makes them metastable 

states. Although others have explored alternative conceptualizations of recurrence 

(e.g. ‘matching’; Reuzel et al., 2013; 2014), we used a different conceptualization of 

‘recurrence’, based on a theory-based and context-appropriate matching of the 

children’s behavior, which consists on types of dyadic interaction. Figure 2 depicts the 

                                                           
8
 For the dyad 1 there was a missing data point for session 1. 
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three types of dyadic interaction states (see the shadow areas inside the square: DDI, 

UDI and NDI) defined in this study. To our knowledge, this is the first CRQA study that 

explicitly distinguishes between ‘several types’ of recurrences throughout the 

analysis. 

                
C

h
il

d
 1

 -
 B

e
h

a
v

io
rs

 

5 
        DDI   

4 
  UDI   DDI     

3 
            

2 
  NDI   UDI     

1 
            

  1 2 3 4 5   

    Child 2 - Behaviors   
 

 Figure 2.  State space of the dyadic system (child 1- child 2).  The areas of the state space result 

from the combined individual behaviors, represented in the axes with values from 1 to 5 as 

follows: No work (1), Passive (2), Copy (3), Parallel (4), and Collaboration (5). The shadowed 

areas with code “DDI” correspond to the Distributed Dyadic Interaction and the areas with code 

“UDI” identify the coupling as Unequal Dyadic Interactions respectively. The area with code 

“NDI” indicates the non-Dyadic Interaction or non-recurrence of distributed or unequal 

interactions. The dashed areas indicate that there are some combinations of individual 

behaviors that are not possible.  

 

Distributed Dyadic Interaction (DDI area in Figure 2) indicates that both children 

are actively engaged with the task and both contribute to its solution. This type of 

interaction emerged from the combination of two same intra-individual behaviors: 

collaborative- collaborative and parallel-parallel. Unequal Dyadic Interaction (UDI area 

in Figure 2) indicates that only one child is contributing to solve the task while the 

other child of the dyad is not active. This type of interaction emerged from the 

combination of three same intra-individual behaviors such as: parallel-no work, 

parallel-passive and parallel-copy.  Non Dyadic Interaction (NDI area in Figure 2), 
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refers to the combination of behaviors that do not result in the two dyadic attractor 

states. 

Data resulting from the observations constitute categorical time series. The 

various kinds of recurrences can be depicted in a recurrence plot (RP) as colored dots 

(red and blue for DDI, UDI, respectively, and white for NDI) (see Appendix C).  

Table 2 presents the baseline of possible occurrences of the three states of 

interaction. These baselines represent the a-priori probability based on the possible 

combinations of the five interaction states (i.e. no work, passive work, copy work, 

parallel work, collaborative work), and apply to the global CRQA measures of RRLOS 

and RROVERALL. The baselines of RRLOS and RROVERALL are estimated from the two 

coupled dyadic interactions of DDI and UDI states as a total and separately. For the 

RROVERALL, a baseline for the non-recurrent state, NDI, also was included. If the two 

types of the dyadic states (DDI, UDI) significantly deviated from their baseline, this 

means that the underlying dyadic attractor states of interaction are not uniformly 

distributed across the state space. In other words, the deviation of the baseline 

indicates the extent to which a state of the dyadic interaction is more likely to be 

coupled to each other than on the basis of chance. In contrast, when the CRQA 

measures are at their baseline level this indicates the absence of coupling, because 

there is an equal chance for each individual behavior to occur. 

Monte Carlo Analysis:  A Monte Carlo analysis is a permutation test that consists 

of comparing the repeated randomized data (10000 permutations) against the 

empirical data, to estimate the probability that a particular observation deviates from 

a random result. If the chance that the observed result is based on the simulated data 

is very small, the test will indicate a significant p value. For the two dyadic attractor 

states (DDI and UDI), we tested the different CRQA measures (RRLOS, RRVERALL, TT, 

MaxVL and EntVL) against the null hypothesis that there is no increase or decrease.  
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Table 2 

Baseline of Recurrence Rate of Line of Synchrony (RRLOS) and Recurrence Rate Overall 

(RROVERALL) 

Measure Type Baseline State Space Possibilities 

Total RRLOS * 50% 8 out of 16 

RRLOS _DDI 12.5% 2 out of 16 

RRLOS _UDI 37.5% 6 out of 16 

Total RROVERALL * 32% 8 out of 25 

RROVERALL _DDI 8% 2 out of 25 

RROVERALL _UDI 24% 6 out of 25 

RROVERALL _NDI 68% 17 out of 25 

Note. From the total of the 25 possible combinations of interactions, RRLOS as coupling at the 

same point in time can only take place in 16 combinations.  (*) Total RRLOS and Total RROVERALL 

refer to the respective total recurrence rate of adding distributed (DDI) and unequal dyadic 

interaction (UDI). 

 

We carried out the following steps: (1) We created random data by randomizing 

(i.e. shuffling) the empirical time series of each individual dyad in order to simulate 

the null hypothesis that there is no particular structure in the pattern of variation over 

time, except for the overall frequencies of the categories over time. (2) CRQA was 

carried out using both the empirical and randomized time series. An illustration of 

these time-series is presented in Figure 3. As a result, we obtained two outcomes of 

CRQA measures (RRLOS, RROVERALL, LAM, TT, MaxVL, EntVL), one for the empirical and 

one for the randomized data. (3) We calculated the linear slope of all CRQA measures 

‒ for empirical and randomized data ‒ for DDI and UDI based on the group average of 

their trajectories and compared the respective slopes by using 10000 permutations. 

As a result we obtained the p-values for each CRQA measure and the attractor states 

(DDI and UDI). 

  



Chapter 4 

 
89 

 

Empirical time-series 

 
 

Randomized time-series 

 

Figure 3. Example of the empirical and randomized time-series of a dyad corresponding to a 

single session of problem-solving. C1= trajectory of child 1, C2= trajectory of child 2. 

 

Pearson Correlation: A Pearson correlation analysis was carried out in order to 

explore the relation between the CRQA measures (TT, MaxVL, RROVERALL, and EntVL) 

and the performance on the task. To do this, we used the average optimal 

performance of the dyad as a whole. 
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3.  Results 

In order to examine the coupling of the dyadic interaction and its relation with 

cognitive processes, we first, present the global performance of the dyads, followed by 

CRQA of the dyadic interaction. After this, we explore the relation of the two attractor 

states of dyadic interaction (DDI and UDI) with the performance level reached by the 

dyads in the problem-solving tasks. 

3.1.   CRQA of Dyadic Interaction 

Based on the categorical time series of dyadic interactions, the results of the 

CRQA reveals the hidden structure of the attractor dynamics of the two metastable 

states. Figure 4 shows the changes in RRLOS and RROVERALL over the six sessions of 

observation, for both DDI and UDI. A visual inspection reveals that DDI is clearly the 

predominant attractor state. Across all six sessions, the values for DDI in both 

recurrent measures (RRLOS, RROVERALL) are higher and exceed the baseline in every 

observation. In contrast, the values for UDI were below (RRLOS) or around (RROVERALL) 

the baseline.  

What also stands out is the difference in variability of the DDI over time for the 

recurrence measures of each of the two attractors of dyadic interaction. The 

variability between dyads seems larger for RRLOS (bandwidth 46% - 82% to 32% - 

78%) than for RROVERALL (bandwidth: 42%-60% to 31% - 65%). This indicates that the 

individual differences are caused by the degree in which the same behavior is 

performed by the children at the same time. In addition, the overall recurrence of DDI 

is more similar across dyads. 
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Figure 4.  Recurrence Rate of the Line of Synchrony (RRLOS) and Recurrence Rate Overall 

(RROVERALL) for distributed and unequal dyadic interactions (DDI, UDI) along sessions. 

 

The Monte Carlo analysis revealed no significant increase or decrease (in terms 

of the linear slope) for any of the two attractor states (RRLOS DDI, p=.302; RRLOS UDI, 

p=.421; RROVERALL DDI, p=.107; RROVERALL UDI, p=.334). 

The results of the CRQA measures pertaining to the vertical line structure are 

presented in Figure 5. Values of Laminarity (LAM) were at maximum value (100%) 

across all the sessions for DDI and UDI. This means that all recurrent points (matching 

behaviors) constitute vertical lines, which is reflecting a high degree of patternedness 

in the interaction. 

Distributed Dyadic Interactions 

 

Unequal Dyadic Interactions 
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Figure 5. Trapping time (TT), Maximal vertical lines (MaxVL) and Entropy of vertical lines 

(EntVL) for the distributed and unequal dyadic interactions (DDI, UDI) along sessions. 
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The measures of TT and MaxVL showed a global decrease from the first session 

to the final session (TT DDI= 119.6 to 66.5; TT UDI= 96.2 to 45; MaxVL DDI= 280.6 to 

194.9; MaxVL UDI= 280.6 to 194.9). Since TT indicates the rigidity of the dyadic 

system and MaxVL the strength of a particular attractor state, their decrease over time 

is interpreted as increase of flexibility of the intrapersonal coordination within the 

dyads. TT and MaxVL show a similar pattern over time for DDI and UDI. In addition, 

the patterns of both DDI and UDI trajectories were similar for the three laminar state 

measures of LAM, TT and MaxVL.  

The measure of EntVL as indicator of complexity of the coupling of dyadic 

interaction, showed a global increase for the DDI and UDI, where the trajectories of 

UDI were slightly more variable. The Monte Carlo analysis revealed that the 

probability that the observed decrease (linear slope) of the measures of TT and 

MaxVL (indicators of the attractor states), was produced by chance was very low for 

both attractors of dyadic interaction (TT DDI, p=.001; TT UDI, p=.001; MaxVL DDI, 

p=.001; MaxVL UDI, p=.001).  This was also the case for the increase (slope) of EntVL 

or complexity of the dyadic system, in both attractors of dyadic interaction (EntVL  

DDI,  p=.016; EntVL UDI, p=.060). 

3.2.   Dyadic Skill Level of Performance 

Figure 6 presents the average complexity of the performance of the dyads solving 

the two tasks sets during six sessions of observation. Dyads working on the air 

pressure set, showed a medium-high range of performances (Min average = 2.7; Max 

average= 3.7), which seems to increase only slightly across time. Most of the children 

focused their performance in the exploration of the materials (SL 2, use of functional 

actions), at the same time that other children presented partial and global solutions 

(SL 3 and 4, coordination of functional actions). Dyads working on the inclined 

pressure task, showed somewhat higher performance (Min average= 3.6, Max 

average= 3.3), by mainly using partial and global solutions (SL 3 and 4, coordination of 

functional actions). 
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Figure 6. Average of the optimal skill levels of the dyadic performance on the two task sets along 

six sessions 
 

3.3.  Intrapersonal Coordination and Dyadic Skill Level of 

Performance 

Table 3 presents the Pearson correlations and shows that the performance levels 

are moderately to strongly related with the CRQA measures RROVERALL (DDI: p = .012; 

UDI: p= .015), but not with the measures of TT, MaxVL or EntVL. 
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Table 3 

Correlation of the average skill levels of the dyadic performance (Skill levels) with the 

average of the CRQA measures 

CRQA 
Measures  

TT MaxVL RROVERALL  EntVL 

DDI UDI DDI DDI DDI UDI DDI UDI 

 
Pearson 
Correlation 

-.046 -.135 .212 .212 .381 .370 .212 .277 

Sig. (2-tailed) .770 .388 .168 .168 .012 .015 .168 .076 

 

4. Discussion 

In this study, we examined the temporal structure of two metastable states of 

dyadic interaction (Distributed dyadic interaction, DDI, and Unequal dyadic interaction, 

UDI). These attractor states reflect the different levels of involvement of the children 

with each other and the task, as well as its relation with the performance that was 

attained on the solution of the tasks. 

CRQA revealed the dynamics of the coupling between the children within dyadic 

interactions.  First, CRQA showed maximum levels of LAM across all sessions for DDI 

and UDI, indicating a high degree of patternedness in the interaction. Second, the 

CRQA shows that the coupling interaction at the same time point (RRLOS) and the 

overall coupling interactions (RROVERALL) are more frequent for the DDI attractor than 

for the UDI. Thus, the coupling of the dyadic interaction indicates a high engagement 

of both children with the task and each other during the solution of the tasks in which 

both children contribute actively to the task (i.e. collaborative-collaborative and 

parallel-parallel). Conceiving the dyadic interaction as a system consisting of two 

metastable states (DDI and UDI), the DDI can be represented as a stronger and more 

stable attractor than UDI.  

Third, the measures of laminar states (TT and MaxVL) showed that the amount of 

coupled behaviors for the DDI and UDI decrease over time. This is in contrast to 

findings of intrapersonal coordination examined in motor behavior (Ramenzoni, et al., 

2011), where the coupling for dyadic interactions increased over time. In our study, 

the structure of the dyadic interaction ‒DDI and UDI ‒ became less coupled over time 

and task difficulty. Possibly, this context-sensitivity is an adaptive response to the 

complex demand of the tasks. 
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Fourth, about the underlying complex dynamics of the dyadic system, we found a 

significant increase of the EntVL for the DDI trajectories, and an increase for UDI over 

time that approached significance. These results indicate that the dyadic system tends 

to emerge towards a more complex dynamics. 

Regarding the CRQA measures and its relation with the performance on the tasks, 

we found that the skill levels were relatively stable despite the increasing complexity 

of the task. In particular, there was a moderate positive correlation of the skill levels of 

performance with the RROVERALL of DDI and UDI, which are global measures of 

recurrence of the interaction. It suggests that the cognitive performance of the dyads 

emerges in the presence of the two dyadic attractor states of interaction. However, no 

statistical association between the skill levels and the other CRQA measures were 

found. Combined, it means that the skill levels of the children’s performance may be 

related with the global ‘amount’ of coupling between the children in terms of the DDI 

and UDI attractor states, but not with the strength, stability, and complexity of those 

attractors. 

The structure of the dyadic system shows that although the children move back 

and forth from one interaction state to another, the coordination changes over a 

longer time span: initially, the dyadic interaction is relatively rigid, but it becomes 

more flexible over time. Depicting the structure of the dyadic system as two valleys 

representing the two attractors of dyadic interaction (DDI and UDI), the dyadic 

coupling changed from ‘dwelling’ in a particular attractor (DDI and UDI) before 

moving to another, to ‘switching’ more frequently (perhaps adaptively) between the 

two attractor states. In addition, similar patterns of the trajectories were observed for 

the laminar state measures (LAM, TT and MaxVL) for DDI and UDI, revealing a similar 

temporal dynamics of these two attractors of dyadic interaction. Combined, these 

results suggest that the coupling of the interaction behavior becomes more complex 

over time. However, to get a clear understanding of the underlying dynamics, future 

research needs to be done contrasting how dyadic interaction evolves in a sequence of 

tasks with similar or increasing difficulty. This would give us more information about 

how the two dyadic interactions change in various contexts. 

In summary, the results of CRQA have shown that the two attractors of dyadic 

interaction evolved toward a more complex (ENT, Letellier, 2006) self-organizing 

system (Camazine et al., 2001; Haken, 2006). It seems that these changes in the dyadic 

dynamics take place as part of the soft-assembly process of the children’s behaviors 

and the tasks with different levels of difficulty.  
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This study has provided a new way to approach the examination of dyadic 

interaction. For instance, this study presented a new way of implementing CRQA in 

categorical data, defining multiple states of a system. Additionally, CRQA has been a 

useful tool to examine the dyadic behavior as a system, for instance, characterizing the 

level of engagement between the children and how their interactions are coupled in 

different points in time. We hope this study will inspire further explorations of 

naturalistic behaviors of dyads, which are needed to improve our understanding of 

dyadic interaction. 
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The Complexity of Children’s Reasoning: Actions, 

Verbalizations and Transfer in Spontaneous Experimentation9 

 

Abstract 

This study examines how the processes of reasoning and transfer evolve in young 

school children during a series of problem solving tasks.  First, we examined the 

complexity of reasoning as two different qualitative processes: implicit and explicit 

knowledge. Secondly, we examined transfer as a history-dependent process which 

occurs from each task to the next. In a context of spontaneous experimentation, seven 

dyads of 5-year-olds (Mage= 5.1 years) participated in this study. The dyads were 

asked to solve a set of hands-on tasks, increasing in complexity over six sessions. The 

results indicate that on average the complexity of children’s reasoning was higher for 

actions than for verbalizations, both within sessions and over time. This means that 

children identified more structural relations of the underlying mechanism in their 

actions than in their explanations. The intra-individual analysis reveals that children 

showed variable patterns of (implicit and explicit) reasoning and transfer. These 

results suggest that the children’s trajectories of reasoning and transfer vary and self-

organize over time as a result of the intricate relation with the affordances of the 

tasks. 

Keywords: explicit knowledge, implicit knowledge, reasoning, skill levels, 

transfer, children, variability, nonlinearity 

  

                                                           
9
 This chapter is based on Guevara, M., van Dijk, M., & van Geert, P. (2015). The 

Complexity of Children’s Reasoning: Actions, Verbalizations and Transfer in Spontaneous 
Experimentation. Manuscript in preparation. 
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1. Introduction 

Promoting reasoning skills is central in the educational agenda of many modern 

societies. The two most important aspects concern the complexity of reasoning and its 

transfer across contexts (Sjøberg, 2003). These two aspects are often stimulated in 

educational settings by providing learning contexts in which learners can build 

knowledge and apply it to new situations, inside and outside the classroom. The 

development of scientific reasoning skills is often seen as an essential feature of 

becoming a scientifically literate adult (Croke & Buchanan, 2011) who is able to 

explain and predict natural phenomena, evaluate arguments based on evidence (NRCl, 

1996), and apply conclusions from such arguments. Most science education 

interventions aim to nurture, enrich and sustain children’s natural and spontaneous 

interest in scientific knowledge and procedures (Klahr, Zimmerman & Jirout, 2011) 

and to enhance understanding of scientific phenomena (De Lange, et. al. 2008; Kuhn, 

2011). In addition, a modern society that demands innovations, requires people to 

adapt to changes and face new situations by transferring knowledge (see Vries, 2003). 

For this reason, educational systems invest in preparing students for future learning 

processes through the use of important skills such inquiry (Brandsford & Schwartz, 

1999) and the integration of implicit and explicit knowledge (Sun, Slusarz & Terry, 

2005). The impact of education is measured by the way in which learners are able to 

transfer their knowledge to other contexts than those in which a particular skill or 

knowledge has been taught. 

A specific difficulty faced by educators is the low achievement of transfer, a 

phenomenon also known as ‘inert knowledge’ (Perkins, 1992), in which learners tend 

to isolate pieces of information (Hale, 2013).  It seems that what people have learned 

at a particular moment is not available or accessible at another moment (Larsen-

Freeman, 2013). Some authors argue that this may be mainly a result of task-specific 

instructions, the specific domains of knowledge and the type of knowledge that is to 

be transferred (Butterfield & Nelson, 1991). However, there is a lack of literature 

addressing the emergence of spontaneous transfer over time. In the present study we 

provide a combination of a microgenetic and a longitudinal approach to explore the 

development of reasoning in young school-age children and their transfer of scientific 

reasoning during a series of problem-solving tasks. Knowledge about the emergence 

of these processes is necessary in order to improve our understanding of the nature of 

scientific reasoning in young children. Accordingly, we need more insights about the 

actual temporal patterns of scientific reasoning and transfer over the short and long-
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term timescale (For temporal analyses of interaction see also Chapters 1 and 2 of this 

dissertation). 

1.1. Scientific Reasoning in Young Children 

Scientific reasoning can be understood as the application of methods of inquiry to 

a problem-solving situation (Kuhn & Franklin, 2007). According to the Scientific 

Discovery as Dual Search (SDDS) model (Klahr, Fay & Dunbar, 1993), inquiry skills 

refer to three main domain-general scientific reasoning processes: hypothesis-

generation, experimentation and evidence evaluation. Based on the average of age 

groups, Piekny and Maehler (2013) found an asynchronous development of these 

three skills during early and middle childhood (6-10 year olds). The development of 

evaluating evidence starts by understanding that experimenting is different from 

producing a desired outcome. The development of this skill is observed during the 

transition from preschool to the first primary school years. After this, the hypothesis-

generation skill appears, being the most difficult for young children. 

Studies on scientific reasoning have not only explored the use of different skills of 

reasoning in verbalizations (explicit knowledge) but also in actions (implicit 

knowledge) (see Beilock & Goldin-Meadow, 2010; Garnham & Perner, 2001). Earlier 

studies (e.g. Goldin-Meadow (2010, 2014) have indicated that gestures and actions 

convey information that not always is present in verbalizations. Despite the consensus 

on the distinction between implicit (procedural or know-how) and explicit knowledge 

(declarative or know-what), there is much debate about how particular knowledge 

develops over time. One perspective, proposed by Anderson (1983), corresponds to 

the theory of skill acquisition as an adaptive control of thought (ACT). This theory 

suggests that knowledge emerges as a top-down process: first as explicit knowledge, 

which is automatized with practice and later becomes implicit for memory efficiency. 

In contrast, a bottom-up approach suggests that implicit knowledge develops before 

explicit knowledge: children and adults “can perform a task with increasing 

awareness and efficiency before they are able to completely understand and explain 

their success” (Piekny & Maehler, 2013, p.285). For instance, Ebersbach and Resing 

(2008) found that there are more five-year-olds who can use magnitudes to depict 

linear and exponential growth than there are five-year-olds who can explain the 

change of these quantifications over time. Similarly, Pine and Messer (1999) showed 

that the relation between implicit and explicit knowledge is age-related. They found 

that 5-year-olds show a good performance in a balance scale task but poor 

verbalizations explaining their outcomes, while 9-year-olds succeed in both.  
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Another example in which implicit knowledge precedes explicit knowledge is the 

case of gestures. Previous studies (Goldin-Meadow, 2003; Goldin-Meadow & Alibali, 

2013) have shown that children first appear to display an idea in a gesture before they 

are able to express it verbally. Also, these nonverbal performances represented a 

higher cognitive level than their verbalizations. In addition, it is argued that when a 

child is asked to explain a problem-solving task, there is no way of ensuring that the 

child’s verbalized explanation is a reliable indicator of what the child knows (Pine, 

Lufkin & Messer, 2004). An alternative approach argues that implicit and explicit 

knowledge are interconnected and develop simultaneously (Sun, Merrill, & Peterson, 

2001; Willingham & Goedert-Eschmann, 1999).  

The literature on this subject shows that from early childhood onwards, children 

are able to use causal models as a mechanism of learning (Carey, 1995; Gopnik, Sobel, 

Schulz & Glymour, 2001; Goswani, 1991; Waismeyer, Meltzoff & Gopnik, 2014). 

Children are able to construct causal theories that help them make sense of their 

experiences, even though these theories are often incorrect and incomplete (Kuhn, 

2011). In everyday activities, causal knowledge can be seen as a spontaneous skill, 

which takes place during exploratory learning activities and play. In these activities, 

children manipulate objects, and perform spontaneous experimentation. Several 

studies support the idea that children are able to elaborate causal models to predict 

and design interventions (Buchsbaum, Bridgers, Weisberg and Gopnik, 2012; Cook, 

Goodman & Schulz, 2011).  

In general, mature scientific reasoning requires, among others, two fundamental 

things. One is the ability to demonstrate implicit and explicit reasoning, and the other 

is the ability to establish causal relations. Despite the number of studies about 

reasoning, little is known about the individual development of these abilities at the 

early school age, on both, the short- and long-term time scale. Though some 

longitudinal designs have been used to study reasoning and the ability to transfer 

reasoning skills, many are based on a single or a limited number of measurement 

points which are separated by long intervals (Brandsford & Schwartz, 1999). This 

does not provide information about which are the patterns of change and how the 

complexity of reasoning evolve over time. The approach of the present study is to 

focus on the process of emergence of scientific reasoning and the ability to transfer ‒

by using repeated measures‒ and the group and intra-individual differences in the 

short- and long- term patterns. 
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1.2. Dynamic Systems Theory and the Complexity of Reasoning 

The complex dynamic systems approach to scientific reasoning is explicitly 

interested in the individual process of development and the eventual inter-individual 

differences in those temporal patterns. This approach argues that development of 

reasoning is the result of a process of self-organization that takes place in the form of 

a continuous person-environment loop. The interrelation of the individual’s behavior 

in the context is defined as a process of ‘soft-assembly’. In this process the 

components of behavior can interact depending on the circumstances of the context in 

which they take place (Kloos & van Orden, 2009). In this sense, soft assembly 

contrasts with the view that reasoning is a direct reflection of an internal pattern of 

action (often called an internal representation). Instead, it is seen as a temporal 

integration of a wide variety of internal and external contextual conditions assembled 

‘on the spot’. From this view, the context is not something that acts like an external co-

determinant of the way the ability is expressed, but an integral and a constituent part 

of the ability as a process of real-time performance. 

In addition, the complex dynamic systems approach claims that scientific 

reasoning has an iterative nature, which indicates co-causality. For instance, a 

behavior caused at time point t+1 is co-determined by the previous behavior at time 

point t. Every time children interact in a context, they use their previous knowledge 

and preceding experiences (i.e. the preceding performance). Because of a constant 

feedback loop with the environment, small differences between the children’s initial 

understanding can increase or decrease, depending on whether the feedback is 

positive or negative (van der Steen, Steenbeek & van Geert, 2012).  

According to the complex dynamic systems approach, variability is another 

central characteristic of development and not a random fluctuation based on external 

independent conditions (van Dijk & van Geert, 2015). Therefore, intra-individual 

variability shows a characteristic structure (e.g. Kello, Anderson, Holden & van Orden, 

2008). For instance, several studies have shown that an increase in variability can 

precede a developmental transition (see Bassano & van Geert, 2007; Lewis & Cook 

2007; van Dijk & van Geert, 2007). In the course of a reasoning task, the performance 

of children can show intra-individual variability (van der Steen, Steenbeek & van 

Geert, 2012) and this is currently seen as an important factor that may be related to 

the ability to reach higher levels of reasoning or to a transition to another pattern of 

behavior (Howe & Lewis, 2005). For instance, Kloos, Fischer and van Orden (2010), 

have demonstrated that variability in cognitive development is closely related to the 

interdependence between the individual and the task constraints. Smith and Thelen 
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(2003), state that behaviors are variable and context-dependent, suggesting that they 

need to be studied and understood as systems, which “always are in flux” (p.  343). 

This means that the complexity of the skills displayed in a task is related to changes in 

task context or content. More specifically, Vallacher, Nowak & van Geert (2014) 

indicate that variability is a property of the intrinsic dynamics of behavioral processes 

instead of a result of an extrinsic source of the context. With regard to this, van Dijk 

and van Geert (2015) point out that variability plays an important function in the 

process of development. On the one hand, it provides information about the 

transitions when cognitive change takes place. On the other hand, variability is a 

functional component of development, as the force and cause of change. For these 

reasons, the authors argue that variability is important when studying developmental 

change.  

Fischer’s dynamic skill theory (Fischer 1980) offers a framework to explain the 

variability of the cognitive development based on the principles of dynamic systems 

theory. In this theory (Fischer, 1980), the complexity of scientific reasoning is 

described through three tiers: sensorimotor (2-5 years), representational (4- 8 years), 

representational system (7-12 years) and abstractions (12-20 years). Each tier is 

made up of three levels: ‘single’, ‘mapping’ and ‘system’ (Fischer & Bidell, 2006). At the 

sensorimotor tier, the child’s focus lies on the physical sensorimotor experiences, for 

instance on perceiving and describing the object itself. Later, on the sensorimotor 

mapping level, the child combines two sensorimotor characteristics, such as the object 

and its attributes. At the system level, two mappings can be combined and 

manipulated as an observed result and a related action. In the second tier of single 

representations, the child coordinates several systems and can understand that an 

object has a characteristic beyond the situation in which it has been observed. At the 

mapping level, several characteristics can be linked together as establishing causal 

relations. It is not until the final level of the representational tier that a child can relate 

two mappings in one more complex and detailed skill. The third tier corresponds to 

abstractions, where the child generalizes ideas about an event beyond the concrete 

observed situation, as principles. Skill Theory also provides a model for the transition 

among complexity levels of scientific reasoning, which in our case can be considered 

as a reference for the transition between implicit and explicit knowledge and the 

complexity levels of the ability to transfer. 

In relation to these complexity levels, Bidell and Fischer (1994) state that 

people’s capacities are not fixed but can vary across a range of levels at any time 

during development. Because there is much variability in each child’s activities, the 

levels of reasoning that are described are not meant as distinct stages, but as a 
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description of the quantitative change in skill organization. For these authors, the 

variability of the cognitive levels is related to the cognitive demand that underlies the 

relation between individual and context. For example, on a functional level, children’s 

skills are the result of their spontaneous performance on a task without practice or 

support. On an optimal level, the children’s skills are the result of their upper level of 

understanding, as a result of practice and/or scaffolding. 

Skill theory also describes variability of the cognitive trajectories as an important 

feature of development and describes a “scalloping” pattern in which periods of high 

variability and low variability alternate (Fischer, 2008). Thus, the process of learning 

is conceived of as a dynamic cycle in which higher levels of understanding are the 

result of a repeated process of building a skill. 

1.3. The Nature of Transfer 

Performances vary because the psychological structures underlying them are the 

result of the self-organizing process that takes place in real-time performance as well 

as on the long-term level of development (Fischer & Bidell, 2006). Hence, we expect 

that transfer is also variable in a similar way. Transfer should therefore not be 

conceptualized as a mechanic ‘exportation’ of knowledge, but as a transformation of it 

(Larsen-Freeman, 2013; Nokes, 2009). Nokes (2009) suggests that learners can use at 

least three mechanisms to transfer knowledge according to the demands of the task 

and the knowledge that needs to be transferred.  One is the most common mechanism 

of transfer, based on the analogical relations between tasks or their structural 

similarities (see Gentner, & Markman, 2006). The other two mechanisms correspond 

to ‘compilation’, in which learners translate declarative knowledge in procedures, and 

‘constraint violation’, that refers to an ongoing process of ‘generate-evaluate-revise’ 

actions to solve the task. Another important aspect of transfer is that the specific 

affordances of the different tasks can increase the chances that transfer takes place 

(Day & Goldstone, 2012). For example, in order to transfer what has been learned in 

situation A to situation B, it is necessary that the learner identify the structural 

similarities and differences between tasks –, adjusting their actions in function of the 

new goal. 

Looking for an understanding of transfer as a dynamic process, we can 

complement the previously mentioned mechanisms of transfer with the concepts of  

‘self-organization’ (i.e. the order or coordination emerges from the local interactions 

between the components) and ‘soft–assembly’ (i.e. individual-context interaction) 

(see van der Steen, Steenbeek & van Geert, 2012). We argue that transfer is the result 
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of soft assembly of performance that is self-organizing instead of being a mechanical 

move of knowledge from one domain to another. During transfer, experiences and 

memories resulting from earlier problem-solving situations are becoming integrated 

—soft-assembled — in a similar or new domain.  

1.4.  Research Questions 

In the previous section, we have introduced the three main aspects of our study. 

First, scientific reasoning during spontaneous experimentation consists of implicit 

(e.g. actions to solve the tasks) and explicit (e.g. verbal explanations indicating the 

causal relation of the tasks) knowledge (Klahr, Fay, & Dunbar, 1993). Second, from a 

complex dynamic systems perspective, reasoning skills are conceived of as emerging 

from the interaction of the individual with the context, i.e. as ‘soft-assembled’ 

phenomena (Thelen & Smith, 1994; Spencer, Perone & Johnson, 2009; van der Steen, 

Steenbeek & van Geert, 2012). Third, there is a need to rethink transfer as a dynamic 

process, in which learning is transformed and adapted in function of the demands of 

the context. Adopting a complex dynamic systems approach emphasizes the 

importance of studying individual patterns of development. Hence, for a better 

understanding of scientific reasoning and transfer we must also have knowledge 

about the individual patterns of their development on the short and long-term 

timescale. 

This study is part of a research program called Curious Minds (TalentenKracht in 

Dutch, www.talentenkracht.nl) in which researchers at universities in The 

Netherlands and Belgium elaborate on the study of diverse aspects of children’s skills 

in science and technology, with the goal of promoting children’s talent and providing 

means to improve educational practices in the areas of science and technology. In the 

current study, we propose two aims. First, we aim to investigate the short-term as 

well as long-term emergence of the complexity of reasoning of individual children as 

implicit knowledge (action events, AE) and explicit knowledge (verbal events, VE) by 

using the framework of skill levels as a quantitative measure of such emergence. We 

work with 5-year-olds, because according to Fischer and others (1980; Fischer & 

Bidell 1998) these children are expected to function around the transition between 

giving sensorimotor (single representations) to representational system 

(representational mapping) explanations. The second aim is to study the emergence of 

transfer as an integral aspect of the development of scientific reasoning in the context 

of spontaneous experimentation with hands-on task sets about physics. Specifically, 

the research questions are: 



Chapter 5 

 
109 

 

1. How does children’s complexity of reasoning as implicit (AE) and explicit 

knowledge (VE) emerge over time? 

2. How comparable are the intra-individual trajectories of the levels of 

complexity of children’s implicit (AE) and explicit knowledge (VE), in two 

different task sets? 

3. Do the two task sets elicit similar complexity levels of reasoning for 

implicit (AE) and explicit knowledge (VE)?  

4. How does transfer of scientific reasoning emerge in the children’s AE from 

task to task?  

2. Method 

2.1.  Participants 

Participants were fourteen 5 year olds (Mage= 5.1 years, SD= 0.48; 7 girls and 7 

boys) who were part of a larger sample of a study on reasoning and peer interaction. 

Participants were recruited from an international school in The Netherlands and all of 

them were proficient in English. The children worked in dyads that were brought 

together by their teacher, based on having a good relationship between the children as 

classmates. The present study was carried out with the approval the Ethical 

Committee of Psychology of the University of Groningen, and the respective informed 

consent of the children’s parents. 

2.2.   Materials 

Two sets of hands-on tasks based on the domain of physics (one on air pressure 

and another on inclined plane) were used (see Appendix A and B). Each set consisted 

of 6 tasks: one familiarization task, followed by a sequence of five experimental tasks 

of increasing complexity. The familiarization task was used only to introduce the 

structure of the solving problem context to the children, and was not included in the 

results. Hence, the analysis is focused on the five experimental tasks. 

The two task sets are designed to elicit spontaneous experimentation in the 

children. The goal of the task was explained to the children, and they were asked to 

find out the best way to reach the goal by selecting from several materials those that 

they thought would work best. The air pressure tasks included the use of materials 

such as tubes of different length and shape, syringes of different size, a pump, a 

balloon, small balls of different materials and valves. The goal in these tasks was based 
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on generating air pressure through the connection of syringes and tubes to produce a 

particular result such as to raise the plunger of a syringe, to rise a lift until the edge of 

a wooden wall, to rise a platform to a given mark, to blow up a balloon, to make a ball 

move inside a tube. The inclined plane tasks included the use of wooden marble tracks 

consisting of marbles of different size and weight, ramps of different length and 

texture, and wooden columns of different height to provide different inclinations. For 

this set of tasks, the goal was based on the features of the ramps in order to make a 

marble roll very far, to roll a ball until it jumps in a basket or a plastic box, to select a 

height to roll a marble down-up in two connected ramps until it jumps off the ramps.   

The air pressure task set (see Appendix A) had been used in a previous study by 

van der Steen, Steenbeek and van Geert (2012). Similarly, tasks number 4 and 5 of the 

inclined plane set (see Appendix B) were used in a previous study by Meindertsma, 

van Dijk and van Geert (2012). In our study, we have developed the protocols for the 

two task sets in order to create an open problem-solving context that elicits 

spontaneous experimentation. 

2.3.  Design and Procedure  

The seven dyads were assigned randomly to two task conditions: four dyads 

[Dyad 1, Dyad 2, Dyad 3, and Dyad 4] to the set of the air pressure tasks and the other 

3 dyads [Dyad 5, Dyad 6 and Dyad 7] to the set of inclined plane tasks. We used a 

longitudinal design of six sessions (during one school year) with two months between 

sessions. Each session lasted approximately 20 to 25 minutes and was video recorded. 

For each session, we identified the most complex levels of reasoning for both, implicit 

and explicit knowledge ‒(we will use the terms ‘action events’, AE, and ‘verbal events’, 

VE, onwards)‒  in order to examine its development over time, in addition to 

exploring whether transfer was present in the children’s performance (AE). Within 

each task condition, there is a familiarization task and a sequence of five experimental 

tasks (T1 to T5) on which we based our analysis (see appendices A and B).  The 

experimental tasks were presented in an overlapping way as follows: In each session 

two tasks with increasing complexity were presented. We started with the last task of 

the previous session followed by a new second task (see figure 1). As a result, over the 

6 waves of data collection, we obtained a total of 48 measurements in the air pressure 

set and 36 measurements in the inclined plane set. 
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Figure 1. Overlapping design of the sequence of tasks. T0= Familiarization task, T1-T5= 

Experimental tasks. 

All tasks were administered by the same experimenter (the first author). For 

each session, she took the children to a separate room where the task material was set 

up. The protocol in both conditions included the following five steps: familiarization 

(“do you know what this is?”), goal-task (e.g. “make a lift to go up with a weight (metal 

disc) to the edge of this wooden wall”; see Appendix A, tasks n. 2), prediction based on 

the selection of materials (“what would happen if ..?”), attempts to solve the task and 

explanation (“What causes this to happen? Do you know why?”). The last three steps 

(prediction, attempts and explanation) were repeated until the task was solved. If the 

dyad failed to solve the first task, a second task was introduced after 12 minutes of 

failed attempts. 

2.4. Data Coding 

For the present study, Fischer’s Skill Theory (Fischer, 1980; Fischer & Bidell, 

2006; Fischer & Yang, 2002) is used to measure the complexity of children’s 

behaviors. A coding scheme of Meindertsma, van Dijk, Steenbeek and van Geert, 

(2012) based on this theory, has been used as a guideline to measure the complexity 

of children’s verbalizations (see table 1). In addition, we develop a coding scheme to 

measure the complexity of children’s actions resulting from the spontaneous 

experimentation (see table 2). The adaptation of the skill theory levels for measuring 

actions has been less frequently implemented in the literature (e.g. Mascolo, 2013) 

due to the traditional use of verbalizations as an indicator of reasoning. However, we 

start from the assumption that both implicit knowledge (AE) and explicit knowledge 
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(VE) can provide information to have a better understanding of children’s reasoning. 

In this study, we examined the complexity of children’s reasoning in the context of a 

functional level (Bidell & Fischer, 1994), namely as the spontaneous behaviors 

displayed by the children to solve the task without receiving any teaching or support 

from the researcher to reach the goal. However, it was possible that the children 

support each other during collaborative work. As units of behavior, we defined every 

attempt of the child to solve the tasks as an action event (AE-unit) and every 

explanation of the child as a verbal event (VE-unit). 

Table 1 

Coding Scheme of Skills Levels of Verbal Events (VE) 

Score Skill Level Definition Examples per Task Set 

1 Sensorimotor 
Describing the 
object as a whole  

AP: “Because it is a syringe”,  

IP: “Because it is a marble” 

2 
Single 
Representation 

Describing 
attributes of the 
object 

AP: “Because it is a big syringe,  

IP: “Because the marble is heavy” 

3 
Mapping 
Representations  

Coordinating 
several attributes 
(two single 
representations) 

AP: “The lift went up because I 
pushed it" 

 IP: “The marble rolls because it is 
round” 

4 
Representational 
System 

Coordinating 
several relations 
(two mappings) 

AP: “This happened because the air 
goes along the tube and pushes the 
other syringe” 

IP: “The marble went far away 
because it is heavy and I put it so 
high (on the ramp)” 

Note. AP= Air pressure task set, IP= Inclined plane task set 
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Table 2 

Coding Scheme of Skill Levels of Action Events (AE) 

Score 
Solution Type 

Skill Level Definition Examples per Task Set 

1 

No Solution 

Sensorimotor 
system 

Isolated action 
centered in particular 
element(s) without 
using functional 
actions 

AP: Turning the syringe / Taking a 
tube and roll it /Turning the syringe 
barrel 

IP: Holding the marble / Touching 
the surface of the ramp  

2 

Exploration of the 
task 

Single 
Representations 

Functional actions 
focused on one or 
more element(s) 
without solving the 
task 

AP: Pulling out the plunger of the 
syringe until taking it out/ Trying to 
connect a the tips of a tube  

IP: Rolling a marble outside the 
ramp/ Tilting the ramp 

3 

Partial Solution 

Representational 
Mapping 

Coordination of 
functional actions for 
solving the problem in 
a partial way 

AP: Connecting the target syringe 
with a tube to an incorrect syringe 
(different size), and pressing the 
added syringe (as a result the lift 
overpasses the target goal). 

IP: Using a correct ramp (smooth 
surface) with and incorrect marble 
(light) / Using an incorrect ramp 
(textured) with a correct marble 
(heavy) (as a result the marble does 
not roll very far). 

4 

Global Solution 

Representational 
System 

 

Coordination of 
functional actions with 
the key elements of 
the task solving the 
problem by the 
discovery of their 
mechanism 

AP: Connecting the target syringe 
with a tube to a syringe of the same 
size, to make the lift rise up until the 
goal  

IP: Using a correct ramp (smoothed) 
and a correct marble (heavy). Then, 
the marble rolls very far 

Note.  AP= Air pressure task set, IP= Inclined plane task set.  For procedures it is not possible to 

track the abstract level due to the concrete nature of the actions.  
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For the VE, we focus only on the explanations. In contrast to the descriptions and 

predictions, this reasoning skill enables to track the optimal explicit understanding of 

the causal relations that children establish between the tasks elements. In addition we 

also coded if every single AE and VE was correct, partially correct or incorrect. 

With regard to the examination of transfer, the analysis was based on the 

individual trajectories of the children (AE) along a sequence of tasks. In this case the 

verbalizations (VE) were not included for the analysis of transfer, because in several 

cases children do not provided answers or they reported descriptions of the observed 

results instead of explaining the relations implied on the tasks. Also it is important to 

note that in this study, we do not use an instructional phase of learning. Between the 

consecutive attempts to solve the tasks, the researcher does not point out the 

similarity between them. Instead, the participants generate their own ideas about 

each task and explore by themselves how to solve it. Although there was no explicit 

instruction linking the similarities along the sequence of five tasks increasing in 

complexity, the provided materials were perceptually (e.g. ramps - column blocks- 

marbles; syringes- tubes) or functionally similar (e.g. syringes/pump, ramps /curved 

surface) over tasks. In order to solve the sequence of tasks, children had to use 

particular materials that we called ‘key elements’ (see appendices A and B). For 

instance, in some of the air pressure tasks, the basic mechanism is created with a 

target syringe (provided in the task) connected with a tube to an added syringe. 

However, the success of the task depends on selecting the right properties of the 

materials, such as the size of the added syringe and type of tube. In the case of the 

inclined plane set, the key elements are related to creating a ramp by selecting column 

blocks, marbles and the surface of the ramp with the right properties such as a 

particular height, weight and texture respectively. Therefore, we operationalized 

transfer in terms of the ‘key elements’ required to succeed in the tasks. 

Our interest in using these exploratory tasks was to provide the children a 

context to discover the variance and regularities of the mechanisms (i.e. air pressure 

or inclined plane task set), as is often the case in naturalistic conditions. As we have 

mentioned before, we assumed that transfer is the result of the self-organization 

process of the child and the task. Therefore, with the increasing difficulty of the tasks, 

the ability to transfer needs a re-configuration of the tasks key elements. In each new 

task, children should go beyond the perceptual appearance of the elements that 

allowed them to solve the previous task (attributes of the key elements) to focusing on 

their structural functionality to discover the new key elements. For instance, children 

should discover that a particular size of a syringe does not lead to the solution but the 

amount of air that it can generate does.  
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The inter-rater reliability was established by comparing independently coded 

videos by the first author and by a second trained rater. For the air pressure tasks, 

75% (behaviors of three dyads for the six waves, equivalent to 18 complete 

videotapes) of the data was coded by both raters and 66% (behavior of two dyads for 

the six waves, equivalent to 12 complete videotapes) for the inclined plane task. For 

each task set, the unit of actions was defined as each single attempt to solve the task, 

and for verbalizations the unit was every explanation provided by the child. The 

kappa (Table 3) was ‘almost perfect’ for the main categories (range of 0.81–0.99; see 

Viera & Garrett, 2005). In addition, the probability that they were based on chance is 

in all cases very small (see p-values). 

Table 3 

Kappa Calculation for all Categories with Bonferroni Correction 

Task 
Kappa Skill Level Kappa Correct-Incorrect 

AE P-value VE P-value AE P-value VE P-value 

Air 

Pressure 

 

.971 p=.001 .928 p=.001 .952 p=.001 .980 p=.001 

Inclined 

Plane 
.929 p=.001 .942 p=.001 .932 p=.001 .878 p=.001 

Note. AE= Action events, VE= Verbal events. 

2.5. Data Analysis 

As mentioned before, we focused our analysis on the most complex behaviors of 

AE and VE displayed by the children in each session. For this reason, we have selected 

the AE and VE with the highest complexity level among all attempts for each child in 

each single task. We conducted different analyses as follows: 

(1) A global overview of children’s performance is provided by the use of descriptive 

statistics as the average of skill levels, transfer, correct/partial/incorrect solutions, in 

the different task sets and different conditions (AE, VE) over time and attempts. 

(2) For a temporal approach of the data, time-series graphs (group and intra-

individual) were plotted in order to describe the changes in children’s performance 

over the sessions.   
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(3) The analysis of transfer was based on the use of key elements to solve the tasks 

(AE) (see Appendices A and B). Because the tasks were different between and within 

conditions (air pressure, inclined plane), we identified the number of relations that 

children needed to make in order to solve the task.  After this, we established a 

percentage of ‘successful performance’ for each single task based on the number of 

key elements and relationships that were used between tasks.  Thus, transfer is 

operationalized as is the use of particular key elements to solve the tasks. These key 

elements have different perceptual attributes but a similar functionality.  Additionally, 

for each task set we calculated the changes in the proportion of transfer (use of key 

elements) from one task to the next one.  This procedure consisted of a descriptive 

quantification of the percentage of children that showed an equal, decrease, or 

increase of transfer along the sequence of tasks (T) of air pressure and inclined plane 

(e.g. T1- T2, T2-T3, T3-T4, T4-T5). 

(4) Finally, in order to determine the probability that the observations are based on 

chance, Monte Carlo analysis (Good, 1999) was performed. This method consists of 

running multiple trials based on shuffled data (10000 random permutations) in order 

to determine whether the empirical results are different from what would be expected 

if the data correspond with a random distribution. The following tests were 

performed: 

 To test the differences of the number of attempts / highest complex attempt 

between and within task sets: we first shuffled the total average of attempts 

along the six sessions, for AE and VE respectively. After this, we compared –

within and between task sets- the average of attempts of the empirical data 

with the shuffled data. We repeated this procedure to test the attempt in 

which the child reached the highest complexity level in each session attempt 

for AE and VE. 

 

 To test the differences of the skill levels of AE and VE between and within task 

sets: for each task we shuffled the scores of optimal skill levels, computing the 

group average of AE and VE. Second, we compared –between task sets- the 

empirical group average of skill levels of AE and VE with the respective 

shuffled data. The same procedure was repeated at the intra-individual level 

(individual average of skill levels of AE and VE). 

 
 To test the developmental change of the skill levels of AE / VE between task sets: 

we used the shuffled data that was used for the skill levels test, but, in this 

case, we computed and shuffled the average increase (linear slope) of AE and 
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VE respectively. After this, we computed the difference in the slopes of AE and 

VE between tasks in the empirical and shuffled data. Finally, we compared 

this difference between the slopes in the empirical and shuffled data 

respectively. This procedure was repeated at the intra-individual level.  

 

 To test the variability of the skill level trajectories: we calculated the amount of 

variability in the trajectories of AE and VE for both task sets. First, within task 

condition, we averaged the skill levels of the individual trajectories for each 

session. Second, independently for AE and VE, we added the differences or 

changes of this trajectory from one session to the next. For instance, if the 

average skill levels from the first session to the third one are 3, 4 and 2, the 

resulting difference between sessions is 3. Third, we shuffled the individual 

trajectories of each task condition (air pressure and inclined plane), and we 

repeated the procedures for calculating the average and the estimation of 

variability for each task set.  Finally, within tasks, for empirical and shuffled 

data, we subtracted the variability of AE with the variability of VE and 

estimated the probably that this difference was based on chance. 

 
 To test the level of success in transfer and its development for each task 

condition and child: First, per child, we shuffled the average number of key 

elements used to solve the task along the six sessions. Second, we computed 

the total average of success (key elements) and the slope of transfer for each 

task.  Finally, we compared the total average of success and the slope of the 

empirical data with the respective shuffled data.  The same procedure was 

carried out at the intra-individual level to examine the variations in the 

development of transfer. 

The Monte Carlo analyses were carried out in Microsoft Excel in combination 

with PopTools (version 3.2). Being aware of the controversial use of a specific 

predetermined alpha to determine significance (see Gigerenzer, 2004; Schneider, 

2015), we only report the exact p-values which indicate the probability that the 

finding is based on chance with the procedures described above. In addition, we 

present a descriptive characterization for the intra-individual trajectories. 
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3.  Results 

First, we provide a global overview of the children’s performances as the total 

number of attempts and the attempt in which the most complex AE and VE appeared. 

Based on the most complex level of AE and VE, (a) we inspect the developmental 

change over the entire measurement period and finally (b) the spontaneous transfer 

(AE) of the two task sets. In both cases, we also provide a close examination of the 

intra-individual trajectories. 

3.1. Overview of Children’s Reasoning in Actions (AE) and      

Verbalizations (VE) 

Table 4 shows the group average of the number of attempts per task set (AE and 

VE), as well as the average of the number of attempts the children needed to reach 

their highest performance. Here we observe that for both tasks, children used a higher 

amount of AE attempts compared with the VE attempts of the same task set. In 

addition, we found that children working on the air pressure set needed more 

attempts before reaching the highest level of AE and less attempts to reach their 

highest level on VE than the children working on the inclined plane task. A Monte 

Carlo test revealed that the probability that these differences are based on chance 

were very small, both for the total number of attempts (p=.001) as for the number of 

attempts they need to reach their highest performance (p=.001).  This indicates that 

the air pressure set was probably more complex, requiring more attempts to be solved 

than the other task set. 

Table 4 

Average of number of attempts performed by the children in the two task sets and the 

corresponding average of the number of attempts with the highest skill level for AE and 

VE 

 
Task Set 

Average of Total Attempts 
 Attempt Average with  

the Highest Skill Level 

Action 
(AE) 

Verbal 
(VE) 

P- value1  
Actions 

(AE) 
Verbal 
(VE) 

P- value1 

Air Pressure      9.6 2.3 p=.001        7.4 1.3 p=.001 

Inclined 
Plane 

    3.4          5.7 
p=.001  

      2.2   2.7 
  p=.001 

 
P- value2  

p=.001 p=.001 
  

p=.001 p=.001 
 

Note. P-value1 = Comparison within tasks, P- value2= Comparison between tasks 
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3.2. Overview of the Complexity in Children's Actions (AE) and 

Verbalizations (VE) 

Figure 2 shows the group trajectories, presented in terms of optimal skill level 

per session.  Here, we observe that on average, children showed higher skill levels for 

AE than for VE within each set of tasks, consistently over all sessions. Moreover, there 

are clear differences in the trajectories of these two task sets.  

 

Air pressure Inclined Plane 

 
 

Figure 2. Average of children’s optimal skill level of actions (AE) and verbalizations (VE) in the 

two task sets.  T1 to T5= sequence of tasks presented in overlapping sessions (e.g. T1 in 

sessions 1-2, T2 in sessions 2-3, etc.). 

In the air pressure set, the skill levels of AE and VE show a global increase in 

complexity level across time. In particular, the AE were characterized mainly by 

partial solutions (skill level 3- representational mapping, M= 3.25) and less by correct 

solutions. For instance, children with a partial comprehension were focusing on 

building a mechanism (e.g. connected syringes), but they fail by omitting the 

structural functionality of the materials. In contrast, children with a better 

comprehension of the tasks found out that the structural characteristics of the 

elements matter to reach the goal (e.g. the syringe’s size is related with the amount of 

air pressure that can produce). On the other hand, children’s explanations (VE) were 

mainly focused on single attributes of the task elements (skill levels 2 - single 

representations), (e.g. “Because of the air!”, “Because it is big [the syringe]”) and 

causal relations between the task elements (skill level 3- representational mapping) 



The Complexity of Children’s Reasoning 

 
120 
 

(e.g. “Because when you push here [one of the syringes], it blows”, “Because the air... 

goes so big and there was so much air”). 

Regarding the inclined plane set, the skill levels of AE and VE seem to be 

relatively stable over sessions. The AE were mainly characterized by the combination 

of partial and correct solutions (skill level 3 (representational mapping) and skill level 

4 (representational system), M=3.77) in which children partially or totally build and 

solve the task (i.e. mechanism of air pressure or mechanism of inclined plane). For 

example, children with a partial comprehension of the task (skill level 3) focused their 

performance on building a ramp, paying less attention to other characteristics as the 

type of marble, the relation of the height of the ramp with the goal to be reached. In 

contrast, children who successfully solve the task (skill level 4) were able to integrate 

these particular attributes of the materials in their performance. In contrast, the VE 

were based on the descriptions of the materials (skill level 2-single representations) 

(e.g. “Because that one [ramp] is not so high”, “Because it [marble] is too light”) and 

the partial explanations of the mechanism of the task (skill level 3- representational 

mapping) (e.g. “Because it [marble] is so small that it goes really fast”), rather than on 

the complete explanation of the mechanism of the task.  

In addition, the Monte Carlo analysis showed that the skill levels of AE were 

higher than the skill levels of VE for both the air pressure set (MAE=3.25, MVE=2.29), 

(p=.001) and the inclined plane set (MAE=3.77, MVE=2.75) (p=.001). However, the 

analysis revealed that there are no indications that there is a difference between the 

two tasks, neither for AE (p=.601) nor for VE (p=.406). Furthermore, the analysis of 

the increase of skill levels (slope) in both task sets, showed an increase of complexity 

for the VE in the inclined plane set over the air pressure set (p=.001), and for the AE in 

the air pressure set compared with the inclined plane (p=.030). The variability of the 

group trajectories of AE and VE in both tasks sets seemed to show slightly higher 

changes in the trajectories of VE (air pressure set = 5, inclined plane set = 2) than for 

AE (air pressure set = 3, inclined plane set= 0). However, the Monte Carlo analysis 

indicate that the probability that these differences are based on chance are relatively 

large (air pressure, p=.362; inclined plane, p=.360). This means that the variability of 

the average trajectories is roughly the same for VE as for AE. 
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3.3. Intra-individual Trajectories of the Complexity of Children's 

Reasoning 

Looking at the group data, we have seen a clear pattern on the two trajectories of 

reasoning such as AE and VE. Nevertheless, in order to gain more information about 

the emergence of the children’s reasoning in real-time, we also have to zoom-in and 

inspect the respective intra-individual trajectories of reasoning. Figures 3 and 4 

present the intra-individual trajectories of AE and VE for the air pressure and inclined 

plane. Here, we observe that the individual trajectories are mainly characterized by 

idiosyncrasy. In some of the individual trajectories we can observe the higher levels of 

AE in relation to the VE, while in other cases, an equal level between the level of AE 

and VE is observed. 
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Figure 3. Skill levels of the children’s action (AE) and verbalizations (VE) in the air pressure task 

set (T1 –T5). Members of the dyad: C1= child 1. C2= Child 2.  See p-values - table 5 
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Figure 4. Knowledge level of the children’s actions (AE) and verbalizations (VE) in the Inclined 

plane task set (T1 –T5). Members of the dyad: C1= child 1. C2= Child 2.  See p-values in Table 5. 

The differences between the AE and the VE were tested for each individual with 

the Monte Carlo analysis. The results from the air pressure set (see Figure 3 and Table 

5), showed 5 out of 8 children in the air pressure task and all 6 children of the inclined 

plane task, had higher skill levels for AE than for VE (see Figures 3 and 4, and Table 5).  

Moreover, table 5 shows that despite the idiosyncrasy of the children’s performance, 

there were no differences between VE and AE in the intra-individual increase (slope) 

of the skill levels neither  for air pressure  or inclined plane. 
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Table 5 

P-values of the Monte Carlo Test comparing by children the difference between skills 

levels and slopes for AE and VE 

Task 
Condition 

Dyad Child 
P-value Skill 
levels  
(AE vs. VE) 

P-value Slope  
(AE vs. VE) 

Air 
Pressure 

Set 

Dyad 1 
C1 .046 .509 

C2 .728 .046 

Dyad 2 
C1 .002 .393 

C2 .001 .880 

Dyad 3 
C1 .337 .202 

C2 .018 .638 

Dyad 4 
C1 .004 .909 

 C2 .154 .060 

Inclined 
Plane Set 

Dyad 5 
C1 .001 .537 

C2 .002 .785 

Dyad 6 
C1 .003 .099 

C2 .024 .144 

Dyad 7 
C1 .001 .311 

C2 .001 .180 
 

3.4. Overview of Transfer of scientific reasoning in children’s 

performance (AE) 

In figure 5, we present the average percentage of successful transfer (use of key 

elements of the task) for each session in both tasks. On average, children on the 

inclined plane set showed a high-stable percentage of transfer between tasks (ranges 

from 83.3% to 91.7%). In contrast, children working in the air pressure set presented 

a medium-high percentage of transfer between tasks (ranges from 58.3% to 72.5%). 

On average, there is an increase in their rate of transfer between session 2 and 3 

(54.2% to 87.5%), after which a slight decrease seems to set in. This suggests that in 

the air pressure task the transfer is affected by the task series (complexity or content). 

This is not the case for the inclined plane tasks, were children’s transfer appear 

relatively stable along the different tasks. 
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Figure 5. Percentage of children’s success (in terms of the selection of key materials) solving the 

task sets of air pressure and inclined plane.  

A Monte Carlo analysis revealed that the proportion of transfer (key elements) 

for the inclined plane set (M= 87.5) seems to be larger than in the air pressure task set 

(M=72.7; p=.020). There are no indications that the increase (slope) of transfer is 

larger for one of the two task sets (p=.323). 

3.5. Intra-individual Trajectories of Transfer of Scientific Reasoning 

(AE) 

For a closer inspection of the development of transfer in real-time, figure 6 shows 

the individual trajectories, representing the percentage of transfer of AE in both task 

sets. In relation to the group data of transfer, the intra-individual data added 

information about the differences within and between tasks. The average of transfer 

in the air pressure set showed medium-high values (Mtasks= 71.1%) and high 

variability from the beginning until the end of the children's trajectories, shaped as 

progressions and regressions (scalloping). In contrast, the average of transfer in the 

inclined plane set, presented a high average of transfer (Mtasks= 87.5%) and reduced 

variability within and between the children's trajectories. 

In general, the group and the intra-individual data showed that the ability of 

children to transfer structural information from one task to the next varies over time. 

For both task sets, transfer does not necessarily decrease with the complexity of the 

tasks, but shows a constant degree of fluctuation between the sequences of tasks. 
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Air Pressure task set 

 

 

Inclined plane task set 

 

Figure 6. Individual percentage of transfer (selection of key materials) used by the children in 

the task sets of air pressure and inclined plane.  C1= child 1. C2= child 2. 

For each task condition, the changes of transfer from one task to the next are 

presented in figure 7. We can observe that between a pair of tasks, the proportion of 

transfer is not stable (i.e. use of equal amount of key elements), but instead shows 

fluctuations by increasing or decreasing the amount of transferred elements.  In the 

air pressure set, two salient changes are observed. One corresponds to the decrease in 

the children’s performance of transfer at the beginning (T1-T2) and at the end (T4-

T5) of the sequence of tasks. The other corresponds to the increase of the proportion 

of transfer (T2-T3). In the inclined plane set, different characteristics of transfer are 

observed. For instance, in half of the tasks, the children’s performances are equally 

distributed between equal, decrease and increase of transfer (i.e. use of key elements). 
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In contrast, in the second half of the tasks, children’s transfer is more consistent, 

showing a combination of predominant performances as equal/increase of transfer 

(T3-T4 = 50% and 33.3% respectively) and decrease/increase of transfer (T4-T5= 

50% and 33.3% respectively). These results show a nonlinear process of transfer, 

because across all sessions there are frequent increases, but also decreases in the 

amount of information transferred from one task to the next one. 

 

Air Pressure task set Inclined plane task set 

 

 

 

Figure 7.  Proportion of the transfer showed by the children in each task set from one task to the 

next one.  T1 to T5 = Task 1 to Task 5. 

4.  Discussion 

The aim of this study was twofold. The first was to examine the developing 

complexity of young school children’s reasoning in action events (AE) as implicit 

knowledge and verbal events (VE) or as explicit knowledge during a spontaneous 

experimentation in two sets of hands-on tasks. The second aim was to inspect 

whether these children transfer the information in their actions gained in a task to 

solve a new one. With regard to the first aim, we looked at how children performed in 

each task set (air pressure and inclined plane) by analyzing their optimal skill level of 

AE and VE in each session. We found that on average the 5-year-olds showed higher 

complexity levels of implicit knowledge (AE) than of explicit knowledge (VE) in both 

task sets, across all sessions. The fact that children find it more difficult to verbalize 

their understanding of the task than showing it through their actions, support the 

assumption that implicit knowledge usually precedes explicit knowledge (Reber, 
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1993; Siegler & Stern, 1998; Sun, Merrill & Peterson, 2001). However, from a more 

dynamic perspective, it may also mean that within task sets, AE and VE require a 

different process of soft-assembly. From a complex dynamic systems perspective, it 

can be seen as the implicit knowledge (AE) following a different process of short-term 

emergence than the explicit knowledge (VE) does. 

Furthermore, our results showed task differences for both the optimal skill levels 

of AE and VE. In the inclined plane set, children need fewer attempts to solve the task 

(AE), but their explanations (VE) are less complex. In contrast, for the air pressure 

task, children need more attempts and often solve the task only partially (AE), but 

show relatively similar skill levels of   explanations (VE) than the children working on 

the inclined plane. Possible explanations of the difference in the number of attempts 

include the children’s familiarity with the task’s affordances (Greeno, 1994; 

Meindertsma, van Dijk & van Geert, 2013) and the respective gain of information 

obtained as a result of the inconsistency with prior knowledge (Legare, 2014). In our 

study, the air pressure task probably shows more inconsistency with prior knowledge 

than the inclined plane set, due to the unfamiliarity of the children with the task 

structure (e.g. syringes and tubes vs. marble tracks) and goals (e.g. to rise a lift vs. to 

make a marble roll) of the tasks. For this reason, the knowledge gain may be greater in 

the air pressure set in which children need to learn from their failed attempts to 

adjust their actions compared to the inclined plane set, where the children’s 

familiarity with the task facilitates its solution. Subsequently, in the unfamiliar task, 

we can speculate that the children’s knowledge gain through their procedures (AE) 

may have had a positive influence on the complexity level of their explanations 

(relatively high skill levels of VE).  The results suggest a different process of soft-

assembly between implicit and explicit knowledge, due to a prevalence of the actions 

(AE) over the sequence of verbalizations (VE).  Although it seems that this difference 

between AE and VE is not task dependent, the characteristics of the tasks ‒such as the 

familiarity with the task affordances and the consistency with children’s prior 

knowledge‒ seems to have influenced the complexity levels of implicit and explicit 

knowledge reached by the children. 

When inspecting the average development, the difference between VE and AE is 

relatively constant across the entire measurement period. However, a closer 

examination of the intra-individual trajectories showed more differences over time 

(e.g. scalloping, Fischer, 2008). In addition, the intra-individual variability in the 

children’s reasoning adds evidence to previous studies about the non-linearity of 

scientific reasoning. For instance, a microgenetic study by  Meindertsma, van Dijk, 

Steenbeek and van Geert, (2012) on predictions and explanations in a floating and 
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sinking task indicated that 5-year-olds presented high inter- and intra-individual 

variability in their complexity levels and content of their explanations. Another 

example from the longitudinal study of van der Steen, Steenbeek & van Geert (2014) 

shows constant fluctuations in the complexity of a 4-year-old child’s understanding of 

air pressure. This indicates that individual development is in many cases much more 

variable than the group results suggest. Therefore, our data add plausibility to the fact 

that variability is a property of the intrinsic dynamics. 

With regard to transfer, the children's performance showed high variability, 

which is a typical feature of learning in general (e.g.  Siegler, 2007). Based on the 

variability of the empirical data, we might re-consider the concept of transfer as an 

automatic exportation of information in favor of a more dynamic approach in which 

transfer is an ongoing process of the interplaying of the history of knowledge of the 

learner and the affordances of the task. In daily life, learning does not occur as the 

accumulation of concrete events or experiences, but as a continuous flow of 

knowledge in transformation. In contrast to traditional approaches, we have 

measured transfer not in a single measurement or in terms of either success or failure, 

but in repeated trials, examining the levels of success of the children’s actions. The 

focus was on the use of key elements of the tasks as indicator of the children’s 

comprehension of the mechanisms of air pressure and inclined plane. The overview 

results of children’s success revealed that between task sessions, children were able to 

transfer the use of most of the key elements to build the respective mechanisms of air 

pressure and inclined plane. Overall, the main characteristic of trajectories of transfer 

is the nonlinearity observed between tasks but also along the sessions. 

Although these results show that children identified the structure of each task 

(i.e. mechanism of air pressure and inclined plane) and tried to re-create it in a new 

task, it is difficult to establish whether and how the children's performance is 

influenced by their experience with the previous tasks (e.g. task 1-task 2; task 2-task 

3…). For instance, the question is whether the children would have achieved the same 

proportion of success in the second task if they had not worked with the first task at 

all. Consequently, it can be argued that one of the main limitations of the study is the 

lack of a ‘control group’ in order to test the children’s success solving a particular task, 

without the sequence of tasks. Despite this possible limitation, we can still  consider 

two aspects: First, with the increasing complexity of the tasks, if children were not 

transferring any kind of information, their performance would probably have shown a 

decline as they reached the most complex tasks. A possible explanation of children’s 

success from task to task is the use of the ‘constraint violation’ mechanism (Nokes, 

2009). As has been mentioned, learners using this mechanism of transfer go beyond 
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the perceptual information in order to ‘generate-evaluate-revise’ the actions to reach 

the goal. Nevertheless, from a dynamic approach, transfer as a process that emerges in 

real-time,  ‘here’ and ‘now’, is highly likely to involve a soft-assembly process between 

the learner and the task (e.g. affordances of the tasks and the previous performance 

history of the learner). Therefore, the adjustment of the children’s knowledge to solve 

each new task is a constant dynamic process in which previous knowledge and new 

knowledge are always interacting elements.  

Second, if children would only base their performance on the analogic 

mechanism of transfer, their performances would have succeeded only for the initial 

tasks, because the perceptual structure of later tasks was totally different (see 

appendices A and B). The results show that the percentage of success does not decline, 

which does not mean that children do not use analogical mechanisms, but that they 

are adjusting the relations discovered in the previous task. In addition, what we call 

transfer is in fact a part of a dynamic, soft assembly process of the history-dependent 

solving of a series of problems. Therefore, we suggest that the nature of transfer is not 

static but dynamic, a process that is continuously updated with the previous 

knowledge of the learners, the characteristics and the demand of the task, and 

obtaining a variety of performances with different levels of accuracy.   

The intra-individual variability of the trajectories of transfer reflects the 

consistency of the children's understanding of the key elements of the tasks. We find 

relative medium-high (air pressure) and high (inclined plane) proportion of success 

on the tasks. If the children's performance would be caused only by a trial-error 

strategy, we would not have found in all children the consistent trends of success 

across time. However, it is important to notice that the intra-individual variability of 

the trajectories in some cases resemble the group data, but in others not. This 

variability indicates that reaching a higher level of transfer does not imply a 

subsequent stability.   

The combination of the analysis of group trends and intra-individual 

measurement allows us to show the underlying dynamics of implicit and explicit 

knowledge at a point in time in which the complexity of reasoning is expected to show 

a transition from sensorimotor to representational levels (Fischer & Bidell, 2006). In 

this study we have captured all actions and verbalizations of the child in a specific task 

in order to identify the optimal level of reasoning and follow its changes across time. 

This would not be possible with a single-shot measurement. Furthermore, in our 

study, the complexity of reasoning is described on the basis of the children’s behaviors 

in a naturalistic task context. The skill level perspective focuses on the complexity of 

the cognitive functioning and not on the dichotomy of success and failure. 
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In summary, this study has shown that the spontaneous experimentation of 5-

year-olds ̶working in these task series ̶, consistently show a dominance of AE over VE. 

However, the individual and task differences should not be underestimated. The 

short- term processes of reasoning and transfer show nonlinearity and variability, 

which fit with a complex dynamic systems interpretation of these processes. 

Moreover, it seems that the dynamic loop of exploration and explanation not only 

works as a mechanism for generating and testing hypotheses (Legare, 2012, 2014), 

but also influences the levels of reasoning of the implicit and explicit knowledge.  

An implication of our findings is that teachers should be aware that knowledge is 

not only present in verbalizations but also in actions (Goldin-Meadow, 2014). In 

activities combining ‘doing’ and ‘saying’, children have more opportunities for 

evaluating the inconsistency of their previous knowledge and are able to display 

relatively complex levels of reasoning.  However, the difference between the verbal 

and nonverbal ways of reasoning is not present for all children and not at every 

moment. Therefore, teachers should be aware of individual and temporal differences, 

as is the case for many aspects of learning.  

We acknowledge that from a traditional perspective, the small number of 

participants can be seen as a limitation. However, from a process-oriented view, using 

a small sample enables us to zoom in on the time serial process of change. Another 

limitation is that in the current analyses we did not look at the moment-to-moment 

variability within sessions. The reason for this is that the number of attempts was very 

different in each session, which complicated a straightforward interpretation of the 

group data. Future research with a defined range of attempts would be suited to 

explore the real time variability of children´s behaviors. It should also be noted that 

this study focused on children’s individual spontaneous performance when being 

paired up with a peer. However, it is known that children can show more complex 

performances when they receive the support of an adult (Rappolt-Schlichtmann, 

Tenenbaum, Koepke & Fischer, 2007). Therefore, in an educational setting, teachers 

can combine scaffolding techniques (e.g. using follow-up questions) with an 

instruction based on the framework of the “empirical cycle” of scientific reasoning in 

order to provide a rich context to foster learning and transfer of scientific concepts 

(Wetzels, Steenbeek & van Geert, 2015).  

Finally, with regard to the research on transfer, a process approach is highly 

suited to provide a better understanding of the nature of transfer as a mechanism of 

learning because it replaces the traditional concept of transfer for a notion of history 

dependence of the thought processes over the medium-term of repeated sequences of 
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tasks. We have shown that 5-year-olds are able to show spontaneous transfer in a 

domain of knowledge in which they have not received instructions. The characteristic 

of the tasks seems to support the ‘constraint violation’ mechanism of transfer 

suggested by Nokes (2009) as a procedure that allows learners to transform their 

understanding. In this sense, transfer should be thought of as a continuous process 

instead of a local segmented procedure from one task to the next. In conclusion, both, 

transfer and reasoning are considered to be essential for a better understanding of 

learning, and, at the same time can provide a basis to foster the development of 

scientific skills in early childhood education. 
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1. Research Motivation and Context 

Understanding the processes of reasoning and interaction during learning 

activities is essential to generate rich learning environments and to promote 

children's reasoning skills. In the last three decades, empirical research has shown 

that children not only are able to reason and learn in complex, structured and abstract 

ways from early childhood onwards (Gopnik, 2012), but also that they learn and 

develop through the interaction with others (Doise, Mugny & Perret-Clermont,1976, 

Rogoff, 1990; Valsiner, 1994; Valsiner, Branco & Dantas,1997). Moreover, 

developmental theories have described which cognitive skills children are able to 

achieve at certain ages. However, a challenge that remains is to understand how these 

processes of reasoning and interaction take place and evolves over time. The focus of 

this dissertation is on exploring how scientific reasoning (i.e. scientific reasoning 

skills, skill levels and transfer) and dyadic interaction of 5-year-olds emerge and 

change in a sequence of problem-solving tasks. The empirical studies are based on the 

children’s behaviors that occur in real-time, and are focused on analyzing the history 

of changes in the trajectories in the short- and long-term time scale. The design 

consisted of six waves of data collection – each one with a duration of approximately 

25 minutes-, in the course of one school year. The age of five years was selected 

because it corresponds to a transitional period in the development of the reasoning 

skills. Around 5 years of age, children's understanding becomes more complex 

because they change their focus from identifying a single characteristic of the objects 

(i.e. single representations) to establishing relations between several attributes (i.e. 

representational mapping)  (see Fischer, 1980, 2008). 

Based on the complex dynamic systems approach, we follow the children’s 

reasoning and interaction by using repeated measures. The assumptions of this 

approach are that human behavior is variable and self-organized (van Dijk & van 

Geert, 2015), and that for studying processes it is necessarily to consider the variable 

of time (van Geert 2011). The methodological core of the studies presented in this 

dissertation consists of an examination of the intra-individual variability of case 

studies. This approach  ̶ known as idiographic method (Molenaar & Valsiner, 2005) ̶ is 

centered on individual change. In contrast to the standard approach of group-based 

analyses (between-subject variation), the idiographic method (focusing on within-

subject variation) provides valuable information about the underlying psychological 

processes, its patterns and changes over time (Molenaar, 2003; Velicer, 2010). 

Based on complex dynamic systems principles, such as self-organization, 

dependence on time, recurrence, multi-causality and nested time-scales, we described 
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children’s behaviors as the result of soft-assembly (Kloos & van Order, 2009), in other 

words, as emerging in the ‘here and now’, in interaction with specific task content. The 

empirical studies of this dissertation explored several aspects. On the topic of 

reasoning, we focused on (1) the use of three scientific reasoning skills (descriptions, 

predictions and explanations), (2) the complexity levels of reasoning expressed in 

actions (implicit knowledge) and verbalizations (explicit knowledge), and (3) transfer 

of reasoning across a sequence of tasks. For the topic of interaction, the focus was on 

(4) the individual types of children’s interactions during the problem-solving activities 

(no work, passive, copy, parallel and collaborative work), but also (5) the dyadic 

interaction types of distributed dyadic interaction (DDI) and unequal dyadic 

interaction (UDI), indicating the engagement of the two children with their partner 

and the task. In addition, we explored how the interaction types (at the individual or 

dyadic level) were related with the use of scientific reasoning skills. Our aim was to 

identify the concrete and real patterns of reasoning and interaction of the 

preschoolers in the context of problem-solving and spontaneous experimentation.  

We applied a variety of methods to capture the richness of the data. The 

empirical data are based on time series of coded behaviors that stem from video-

recordings of children working on problem solving tasks. These time-series were 

explored with different techniques, such as hierarchical agglomerative cluster analysis 

(HAC, Hastie, Tibshirani & Friedman, 2009), transition matrices (Ivanouw, 2007), 

State Space Grids (SSG, Hollenstein, 2013), Hamming distances (see Lichtwarck-

Aschoff, Kunnen, & van Geert, 2009) and Cross Recurrence Quantification Analysis 

(CRQA, Marwan & Webber Jr., 2015). What these techniques have in common is that 

they reveal the characteristics and patterns of variability by tracing the temporal 

changes in the time-series of the observed behaviors.  

2. Summary of Findings 

In the first two studies (chapters 2 and 3), we analyzed the relation between 

interaction and scientific reasoning. In Chapter 2, we presented a case-study of two 

dyads working in a single session with a balance-scale task. In this study, we carried 

out a micro-developmental analysis of the changes that take place from moment to 

moment. Here, the focus was on identifying the co-occurrence of five types of 

interactions (i.e. no work, passive, copy, parallel and collaborative work) with the use 

of the three types of scientific reasoning skills (i.e. descriptions, predictions and 

explanations) in children’s verbalizations. The results show clear individual 

differences in scientific reasoning. In one of the cases, one of the children led the 

interaction with the use of the most complex skills (i.e. explanations and predictions), 
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whereas in the other case, both children used all the reasoning skills. In addition, the 

use of reasoning skill did not remain stable along the tasks, but fluctuated over time. 

With regard to the verbal interactions, parallel and passive work were predominant, 

whereas collaborative interactions were barely present.  

In Chapter 3, we wanted to explore how the dyadic interaction evolves over 

repeated problem-solving sessions and how it relates to reasoning. The individual 

categories of interaction   ̶ as described in chapter 2   ̶   were used to form a dyadic 

model consisting of two dimensions:  Distributed Dyadic Interaction (both children 

work on the task) and Unequal Dyadic Interaction (only one of the children works on 

the task). The results show that the most complex reasoning skills (i.e. explanations 

and predictions) were present during two main patterns of dyadic interaction (as in 

Chapter 2): parallel-parallel work (corresponding to distributed dyadic interaction) 

and parallel-passive work (corresponding to the unequal dyadic interaction). These 

two patterns seemed to be rather stable across all sessions, even with the increasing 

difficulty of the tasks. Whereas earlier studies suggest that collaboration is an ideal 

learning scenario, these findings show that collaboration is not a central characteristic 

of spontaneous dyadic interaction as a way to solve problems (Bahrami, Olsen, 

Latham, Roepstorff, Rees, &  Frith, 2010; Koriat, 2012). It should also be noted that we 

used a very lenient definition of ‘collaboration’ including all types of verbal 

interactions and responses, which is not is not very different from the way 

collaboration happens in the classrooms. Therefore, the findings indicate the presence 

of a spontaneous ‘independent’ style of problems solving and the lack of interest in 

sharing views and building knowledge collaboratively (see also Mercer, Dawes, 

Wegerif & Sams, 2004).  

In Chapter 4, we examined the dyadic interaction from a different angle. Here, 

the two main dyadic dimensions of Distributed Dyadic Interaction (DDI) and Unequal 

Dyadic Interaction (UDI) ̶  as described in Chapter 3  ̶  were used to characterize the 

interpersonal coordination of the dyads in a series of problem-solving tasks (air 

pressure and inclined plane tasks). By considering the dyad as a system, our aim was 

to characterize the underlying dynamics of their interaction in terms of attractor 

states (see Hollenstein, 2013). Across the repeated sessions of the tasks, the temporal 

analysis (Cross Recurrence Quantification Analysis, CRQA) showed the predominance 

of DDI over UDI. However, the dynamics of these two attractors were similar in the 

sense that in both, the dyadic coupling became more flexible and more complex over 

time.  
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In Chapter 5, different aspects of the children’s reasoning were brought together 

to examine the long-term changes in a series of problem-solving tasks (air pressure 

and inclined plane tasks). Specifically, we examined the complexity of the optimal 

performance of the children’s actions (implicit knowledge) and verbalizations 

(explicit knowledge) in the context of spontaneous experimentation, and also the 

transfer of scientific reasoning. In the first part of our examination, we found that on 

average, the overall skill levels of reasoning of the dyads were higher for actions than 

for verbalizations. This difference was stable for the entire measurement period, 

suggesting that children show a better understanding when they solve the tasks 

rather than explaining them. In actions, children were able to establish partial and 

total relations with the tasks elements, while in verbalizations they were mainly 

focused on naming the attributes of the materials and to establish some basic relations 

between the task’s elements. This finding suggests that in this age range, the implicit 

knowledge (actions) is and remains more advanced than explicit knowledge 

(verbalizations). However, it may also suggest differences in the demands of 

performing implicit and explicit knowledge, and the relation of these two types of 

knowledge with the affordances of the tasks. With regard to the individual trajectories 

of reasoning, we found clear differences in the individual performance over time that 

cannot be interpreted as straightforward random variations on a common pattern. 

This indicates that the findings of the group analyses cannot be generalized to the 

individuals and vice versa. The second part of our examination was about the 

trajectories of transfer in which we analyzed the changes in the elements used by the 

children to solve the sequence of tasks. On average, the children’s performance seems 

to show a gain of knowledge in subsequent tasks. However, the intra-individual 

trajectories of transfer turned out to be more variable. There was no global increase 

or decrease across time, but there constant fluctuations, indicating that variability is a 

characteristic of how transfer takes place. 

3.  Integrative Findings 

The different findings of our studies leave us with various ideas about how 

spontaneous learning and social interaction take place in real-time during problem-

solving situations. In our studies, children discovered the solutions by exploring 

functional relations between the task’s elements (in actions and verbalizations) 

without receiving instructions to solve the tasks. Although children’s explanations do 

not include all complex actions they performed on the task, they were able to mention 

relevant attributes and causal relations about the task. In contrast to a traditional 

analysis focused on success and fail, more information about the children’s behaviors 
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can be obtained by actually observing the history of changes in real-time and in the 

self-organization of their performance towards a goal (e.g. Meindertsma, van Dijk, 

Steenbeek & van Geert, 2014; van der Steen, Steenbeek, & van Geert, 2012). 

The dyadic interaction reveals the spontaneous relation between the children 

and the task. Children seem to prefer an independent style by working simultaneously 

on the tasks or taking turns over a collaborative style. This finding suggests that for 

the 5-year olds the strategy of joining efforts is not as relevant as finding their own 

way out of the challenging situations. Furthermore, looking at the changes of the 

interactions, we have seen that children do not take a stable role in the interaction 

across the learning situations (e.g. collaborating, leading or remaining passive) but 

that they alternate between different types of interaction and levels of engagement 

with their partner and the task. Although independent work (i.e. parallel work) occurs 

most frequently, it is not the only type of interaction that was used during the process 

of scientific reasoning. This finding suggests that the relation of particular types of 

interaction and complexity levels of scientific reasoning is not unidirectional but 

multidirectional, influencing each other. 

One conclusion of this dissertation is the idiosyncrasy of the children’s behaviors 

and the way they develop and change over time. Though in some cases there were 

clear and robust trends in the development as a group, the individuals took different 

paths. At the individual and dyadic level, we also found considerable variability at 

different time-scales. These results emphasize the nonlinearity of the observed 

processes (see also Meindertsma, van Dijk, Steenbeek & van Geert, 2014; Steenbeek & 

van Geert, 2008). The observed behaviors turned out to vary not only across different 

tasks and sessions, but also within the same task. This is consistent with findings from 

other domains of learning and development, in which variability is an essential 

characteristic of development (Alibali & Sidney, 2015; van Dijk & van Geert, 2015).  

With regard to the variability in the children’s interactions, we have found particular 

regularities or recurrent behaviors. For instance, we showed that the dyadic patterns 

of interaction (i.e. distributed and unequal dyadic interactions) worked as attractor 

states of the dyadic system, and that they become somewhat more flexible and 

complex over time. Therefore, the observed variability is not a ‘measurement error’, 

but represents meaningful structure of the behaviors. This fits with the idea from the 

complex dynamic systems approach, which explains variability as the result of the 

soft-assembly of behaviors of each attempt to solve the task (see Kloos & van Orden, 

2009). In our studies, the behaviors of interaction and reasoning emerge from the 

soft-assembly of the children’s skills (social and cognitive), the features of the 

problem-solving context and the history of these elements. According to Spencer, 
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Clearfield, Corbetta, Ulrich, Buchannan and Schöner (2006), the soft-assembly process 

allows the human behavior to be flexible and adapted to the demands of the context. 

The observed variations in the interaction and reasoning of the preschoolers support 

the non-ergodicity condition of psychological processes (Molenaar, 2010). This 

condition entails that psychological processes are not homogeneous or static (i.e. 

ergodic principles), but variable over time. Our findings add support to the idea that 

the process of interaction and reasoning on 5-year-olds are ruled by dynamic 

principles (i.e. non-linearity, recurrence, formation of attractors, multi-causality, and 

nested time-scales).  

Our studies have various implications for the educational context. The first one is 

that collaborative work as a strategy of learning needs to be guided in preschool ages 

in order to occur.  As has been suggested by Teasley (1997), it seems that at this age 

children require explicit instructional support to discover the benefits of working in 

collaboration as a strategy to gain knowledge (Fawcett & Garton, 2005, Garton & Pratt, 

2001; Slavin, 1996). The second implication is that independent work while working 

in the presence of others is an important source for preschool children to 

spontaneously solve situations. Therefore, educational practices can also provide 

space for children to display their own efforts in learning activities. A third implication 

is that both actions and verbalizations should be seen as indicators of children’s 

reasoning. We have demonstrated that problem-solving actions are often more 

complex than what is verbally expressed. This means that teachers have to consider 

both verbal and nonverbal types of reasoning when assessing children’s 

understanding.  In addition, teachers must learn to interpret actions as expressions of 

deep insights of the children’s reasoning.  Finally, teachers should also consider the 

individual differences between children by acknowledging that not all children follow 

the same path of learning that the group.  

4. Limitations 

Aside from the specific limitations that have been mentioned in the separate 

chapters, there are some general limitations of this dissertation as a whole. The first 

limitation is related to the implications for educational settings. In our studies, we 

have observed the behavior of the dyads working only in the presence of the 

researcher. We are aware that this context of interaction may not be fully 

representative of the natural conditions in a regular classroom, in which a teacher and 

a group of children are constantly interacting. In addition, the protocol used in these 

studies is not the same as the scaffolding process of the teacher with their students. 

Although the situations created for these studies may be less complex in terms of the 
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interactions with the adult, we are convinced that the processes described in our 

studies can also be found in naturalistic conditions (e.g. a teacher working on a science 

lesson). We are aware that when studying similar processes in a larger teaching 

group, more variations will probably be found, because changes in the interacting 

elements of the system can lead to different emerging behaviors (Alibali & Sidney, 

2015). A second limitation related to the use of the current protocol is that children 

did not have the opportunity to elaborate more on their explanations. Since the 

elaboration of explanations is beneficial for learning (Legare & Lombrozo, 2014) and 

considering the fact that young children have difficulties evaluating their own 

explanations (see Legare, Schepp & Gelman, 2014), the use of more questions can be 

useful at this respect. A third general limitation is that it is difficult to know exactly 

how much the children of the dyad influence each other even when they work 

independently. For instance, we found that children mainly work independently (i.e. 

parallel work) to solve the tasks. However, we do not have information about how 

much of the individual performance is based on the individual exploration or on the 

observation of the other member of the dyad. We also do not know how much 

knowledge is gained from the content of the tasks (see an illustration of these aspects 

in Yang, Sidman, & Bushnell, 2010). For now, we can argue that the understanding of 

the dyads as a system without trying to isolate their specific parts, due to the dyad is 

the result of the interaction between the children and the task, even when they are 

“doing things individually together”.  

A final limitation of the study is the bilingual context in which the studies took 

place. One possible concern that arises is whether the children's verbalizations were 

restricted by their knowledge of the second language (i.e. English) that was used in 

the protocols. However, we verified with their teachers that all the children were 

fluent in the second language before starting the data collection. In addition, is 

important to mention that the second language was used in most of the children's 

families because the parents had different nationalities. Although we cannot be sure 

that the results would be identical for monolingual children, we are convinced that the 

performance of the participants was not particularly hindered by their bilingualism 

due to their strength and fluency in English. 

5. Concluding Remarks 

Altogether, the findings in this dissertation indicate that both interaction and 

reasoning skills of preschoolers are characterized by idiosyncratic patterns. This is 

not surprising, considering the non-linear nature of developmental processes 
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(Valsiner, 2006; van Dijk & van Geert, 2015). We hope that our findings can provide 

insights in the design of learning contexts and assessments that involve different ways 

in which the children can acquire particular levels of knowledge.  Recognizing the 

several dimensions that characterize peer interaction and reasoning during problem-

solving activities, can lead to better instructional support in the classroom to foster 

the learning opportunities of the children, individually and in the interaction with 

others. 
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Appendix A: Air Pressure Task Set 

 

 

N  Task’s name Goal Key Elements 

0 

 

Familiarization 

To press the plunger in 
and out, covering the tip 
of the syringe with the 

finger 

--- 

1 

 

Task  Syringes 
and tubs 

To push the plunge out 
until the red mark 

Medium syringe, Straight 
tube (short/long), Target 
syringe 
 
Connection:  Target syringe + 
tube + medium syringe  

2 

 

The platform lift  
To lift the weigh until 

the edge of the wooden 
wall 

Small syringe,  Straight tube 
(short/long), Target syringe 
 
Connection: Target syringe + 
tube + small syringe  

3 

 

Two platforms  
To push the platform up 

until the bee mark 

Big syringe, Straight tube 
(short/long), Target syringe 
 
Connection: Target syringe + 
tube + Big syringe 

4 

 

Machine with 
balloon 

To inflate a balloon 

Pump, Balloon, Slim tube, 
Valves of the balloon and the 
Big tube 
Connection: Open→ slim 
tube. Close valve→ big tube 
Pump→ slim tube 
Balloon→ open access 

5 

 

Machine with 
trail 

To roll a ball inside the 
big tube until the end of 

the trail (green) 

Light ball (pin-pon), Pump, 
Big tube,  Main valve, Valves 
of the balloon and the Big 
tube 
Connection:  Open valves→ 
big tube, Main valve/Closed 
Valve→ slim tube 
Pump→ slim tube 
Balloon→ open access 

6 

 

Black Box 

To draw the mechanism 
that should be inside the 
box, and to make a frog -

attached to the box- 
jump 

Pump, Balloon, Syringe, Frog 
Valves inside the box  
Connection: 
Opened valve→ placed on the 
tube connected to the frog 
Closed valves→ placed on the 
tube connected to the 
syringe/Balloon  
Balloon→ open access 
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Appendix B: Inclined Plane Task Set 

 

 

  

N.  Task’s name Goal Key Elements 

0 

 

Familiarization  

Exploring the function of 
the ramp and the 

characteristics of the 
marble/texture ball  

--- 

1 

 

Texture ramps 
To make a marble roll 

the furthest 
Smooth ramp 
Big marble 

2 

 

Marble 
Container 

(Drum) 

To make a marble roll 
down and stay inside of 

a container (drum) 

Medium column 
Smooth ramp  
Connection of the 
elements 
 

3 

 

Marble Basket 
To make a marble roll 

into the basket net 

Columns higher that the 
basket 
Inclined ramps 
Connection of the 
elements 
 

4 

 

Rolling down 

To roll a right marble 
down so that it jumps 
into a container from 

both the top and middle 
mark 

Big column  
Round tip column 
Big heavy marble 
Connection of the 
elements 
 

5 

 

Rolling up 
To roll a marble up until 

it reaches a certain 
distance 

Medium column  
Round tip column 
Small marble (light) 
Connection of the 
elements 

6 

 

The Funnel  
To make a marble roll 

until the funnel  

Propeller, two ramps and 
two targets (funnel and 
basket net)  
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Appendix C: Recurrence Plots of Dyadic Interaction 

 

 
Note. The upper part shows how different areas of the recurrence plot (RP) relate to the 
temporal coordination of the dyads: The two shadow triangular areas indicate coupling of the 
children on different time scales, where behavior is matched either earlier or later in time. The 
black diagonal line indicates moments in which the dyadic interaction matches at the same 
point on time. The bottom part illustrates two empirical RPs of dyadic interaction during two 
sessions of problem-solving. The different colors depict the three metastable states of the 
system: blue areas represent DDI, the red areas UDI, and the white areas NDI. The recurrence 
domains revealed by the characteristic “checkerboard texture" (block structures) in the RPs are 
typically indicating metastability (Graben & Hutt, 2013; Eckmann, Kamphorst & Ruelle, 1987), 
and are evidently more pronounced in recurrence analysis of categorical time series. From the 
RPs we attained the following measures for each of the states DDI, UDI, and NDI: Recurrence 
Rate on the Line of  Synchrony (RRLOS) is the proportion of recurrent states at the same point in 
time, Recurrence Rate overall (RROVERALL) is the proportion of recurrent states in the entire 
recurrence plot, Laminarity (LAM) is the proportion of recurrent states creating vertical lines, 
Maximal Vertical Line (MaxVL) is the length of the longest vertical line, Trapping Time (TT) is 
the average length of the vertical lines, and Entropy (ENTVL) is the Shannon entropy of the 
distribution of the lengths of the vertical lines. 
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Summary 

1. Research Motivation and Context 

As ‘little scientists’, children have spontaneous curious minds. They conduct 

small experiments, ask numerous questions and try to understand the world around 

them. Moreover, children are social learners. From the preschool age onwards, they 

are very good at playing and interacting with others   ̶ adults and peers  ̶ , creating 

games and exploring objects with incredible joy (see Gopnik, 2012). During their 

explorations, children are able to discover regularities even before they are exposed 

to formal knowledge about it.  

The present dissertation explores how scientific reasoning and dyadic 

interaction of 5-year-olds emerge and change in a sequence of problem-solving tasks. 

The empirical studies are based on the children’s behaviors that occur in real-time, 

and are focused on analyzing the history of changes in the trajectories of their 

behaviors in the short- and long-term time scale. Inspired by the complex dynamic 

systems approach (van Geert, 2008), we were interested in understanding the real-

time performances of reasoning and interaction. From this theoretical framework, the 

study the psychological phenomena are understood as abilities that are soft-

assembled in a particular context (see Kloos & van Orden, 2009; Overton, 2014; van 

der Steen, Steenbeek & van Geert, 2012). Therefore, the interest is not only in 

describing the qualitative changes in behavior that occur over time, but on how 

changes take place (see Spencer, Perone & Buss, 2011). In each of the studies of this 

dissertation, we aim to understand how reasoning and interaction behavior emerge 

and change and how they are related to each other.  

Consequently, the design consisted of six waves of data collection (repeated 

measures with the same children)-, spread over one school year. Over the six sessions, 

a set of practical scientific tasks with increasing difficulty was presented to the 

children (n = 14). The age of the participants was selected because it corresponds to a 

transitional period in the development of reasoning skills. Around the age of 5 years, 

children's understanding becomes more complex because they change their focus 

from describing a single characteristic of the objects (i.e.’ single representations’) to 

establishing relations between several attributes (i.e. ‘representational mapping’)  

(see Fischer, 1980, 2008). 
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The methodological approach of the studies presented in this dissertation is 

based on the idiographic method (Molenaar & Valsiner, 2005), which is centered on 

intra-individual variability. Across the studies, we applied a variety of techniques to 

capture the richness of these data. The empirical data are based on time series of 

coded behaviors of children working on problem-solving tasks (for instance, a marble 

had to reach a certain objective, a scale that had be balanced by using a certain 

number of weights, or a syringe had to make a platform go up). The time-series were 

explored with different techniques, such as Hierarchical Agglomerative Cluster 

analysis (HAC, Hastie, Tibshirani & Friedman, 2009), transition matrices (Ivanouw, 

2007), State Space Grids (SSG, Hollenstein, 2013), Hamming distances (see 

Lichtwarck-Aschoff, Kunnen, & van Geert, 2009) and Cross Recurrence Quantification 

Analysis (CRQA, Marwan & Webber Jr., 2015). What these techniques have in common 

is that they reveal the characteristics and patterns of variability by tracing the 

temporal changes in the time-series of the observed behaviors. 

2. Main Findings 

In the first two studies (chapters 2 and 3), we analyzed the relation between 

interaction and scientific reasoning. In Chapter 2, we presented a case study of two 

dyads working in a single session of a balance-scale task. In contrast to the traditional 

approaches that provide an overall picture of the frequencies of the behavior, in this 

study, we carried out a micro-developmental analysis of the changes that take place 

from moment-to-moment. Here, the focus was on identifying the co-occurrence of five 

types of interactions (i.e. no work, passive, copy, parallel and collaborative work) with 

the use of the three types of scientific reasoning skills (i.e. descriptions, predictions 

and explanations) in children’s verbalizations. The results show clear individual 

differences in scientific reasoning (e.g. the dyad were different in the way the children 

contributed to the solution of the task).  In addition, use of scientific reasoning skills 

did not remain stable, but fluctuated over time. The cluster analysis showed that the 

dyads were different in the way the reasoning skills and interaction behaviors co-

occurred over time. With regard to the interaction behaviors, parallel and passive 

work were the most frequent interactions displayed by the children, whereas 

collaborative work was barely present. 

In Chapter 3, we used the individual categories of interaction behaviors to form a 

dyadic model of interaction that categorizes the dyadic interactions into two 

dimensions: Distributed Dyadic Interaction, DDI (dyadic interactions in which the 

work was divided, such as collaborative-collaborative and dominant-dominant) and 

Unequal Dyadic Interaction, UDI (dyadic interactions in which the distribution was 
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uneven, such as dominant-mimic or dominant-passive). These two dimensions specify 

the level of engagement of the dyad with the task and each other. The results based on 

a series of tasks on air pressure, show that the use of the most complex reasoning 

skills (i.e. explanations and predictions) were present during two main patterns of 

dyadic interaction (as in Chapter 2): parallel-parallel work (DDI) and parallel-passive 

work (UDI). These two patterns seemed to be rather stable across all sessions, even 

with the increasing difficulty of the tasks. As in the previous study (Chapter 2), we 

found that collaboration was barely present throughout the sessions. Whereas earlier 

studies suggest that collaboration is an ideal learning scenario, the current findings 

show that collaboration is not a central characteristic of spontaneous dyadic 

interaction as a way to solve problems at this age (Bahrami, Olsen, Latham, Roepstorff, 

Rees, &  Frith, 2010; Koriat, 2012). Therefore, the findings indicate the presence of a 

spontaneous ‘independent’ style of problems solving and a limited interest in sharing 

views and building knowledge collaboratively (see also Mercer, 2004).  

Chapter 4 examines the dyadic interaction from a different angle. Here, the two 

main dyadic dimensions of DDI and UDI   ̶ as described in Chapter 3 ̶  were used to 

characterize the interpersonal coordination of the dyads in a series of problem solving 

tasks (in this case about air pressure and inclined plane task sets). By considering the 

dyad as a system evolving over time, we aimed to characterize the underlying 

dynamics of their interaction in terms of two attractor states (DDI and UDI)  (see 

Hollenstein, 2013). The temporal analysis (Cross Recurrence Quantification Analysis, 

CRQA) showed the predominance of the coupling on DDI over UDI across the sessions, 

indicating that most of the time both children actively contribute to the solution of the 

task. However, the dynamics of the two attractors were similar in the sense that in 

both cases, the dyadic coupling became more flexible and complex over time. In 

addition, children’s performance levels indicate a moderate to strongly correlation 

with the overall recurrence of  DDI and UDI. This mean that children present the same 

type of interaction  (DDI or UDI) at the same point in time or any other point in time, 

which can be seen as having the same global interaction ‘style’ across the session. 

In Chapter 5, different aspects of the children’s reasoning were brought together 

to examine the long-term development of reasoning in a sequence of problem-solving 

tasks (again on air pressure and inclined plane) in the context of spontaneous 

experimentation. Considering the increasing difficulty of the tasks, we examined the 

changes in the complexity of the optimal performance of the children’s actions 

(implicit knowledge) and verbalizations (explicit knowledge), and also the transfer of 

scientific reasoning between tasks. For this analysis, we used a coding system based 

on Skill Theory (Fischer, 1980, 2008). In the first part of our examination, we found 
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that on average, the dyads displayed a better understanding of the tasks in their 

nonverbal attempts to solve them than when they were explaining how the tasks 

works. In actions, children were able to make partial and total relations with the tasks 

elements, while in verbalizations they were mainly focused on naming the attributes 

of the materials and establishing some basic relations between the task’s elements. 

The difference was present across all six sessions. In addition, looking at the 

individual trajectories of reasoning, we found clear differences in the individual 

performance over time. This indicates that the findings of the group analyses cannot 

be generalized to the individuals and vice versa. The second part of our examination 

was about the trajectories of transfer in which we analyzed the changes in the 

elements used by the children to solve the sequence of tasks. On average, the 

children’s performance seems to show a gain of knowledge in subsequent tasks. 

However, the intra-individual trajectories of transfer turned out to be more variable. 

There is no global increase or decrease of transfer (from one task to the next one) 

across time, but there are constant fluctuations. 

3. Limitations and Implications  

One limitation of the studies is related to the educational setting. In our studies, 

we have observed the behavior of the dyads working only in the presence of the 

researcher. We are aware that this context of interaction may not be fully 

representative of the natural conditions in a regular classroom, in which a teacher and 

a group of children are constantly interacting.  In addition, the protocol used in these 

studies is not the same as the scaffolding process of the teacher with his/her students. 

Although the situations created for these studies may be less complex, we are 

convinced that the processes we have described in our studies can also be found in 

naturalistic conditions (e.g. a teacher working on a science lesson). However, we agree 

that when studying similar processes in a larger teaching group, more variations will 

probably be found, because changes in the interacting elements of the system can lead 

to different emerging behaviors (Alibali & Sidney, 2015). 

In summary, the findings of this dissertation indicate scientific reasoning and 

interaction behaviors of preschoolers are characterized by moment-to-moment 

variability and the process of dyadic coordination. This supports the non-linear nature 

of developmental processes (Valsiner, 2006; van Dijk & van Geert, 2015). We hope 

that our findings are helpful for the design of learning contexts and assessments that 

involve different ways in which the children can achieve particular levels of 

knowledge. For instance, one implication of our findings is a call to teachers to be 

aware that knowledge is not only present in children’s verbalizations - as it is 
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commonly assessed-,  but also in their actions (Goldin-Meadow, 2014), and that 

parallel (as collaborative) work is a valid and way of learning. Another important 

implication is that reasoning is highly context dependent and shows much temporal 

variability. Recognizing these aspects of peer interaction and reasoning can lead to 

more adaptive support in the classroom to foster the learning opportunities of the 

children, individually and in the interaction with others. 



 
 

 



 
 

Samenvatting 
 

(Dutch Summary) 

1. Motivatie voor en Context van het Onderzoek 

Er wordt wel eens gezegd dat kinderen ‘kleine wetenschappers’ zijn, omdat ze 

een spontaan talent hebben om de wereld om hen heen te onderzoeken. Ze zijn 

nieuwsgierig, stellen voortdurend vragen en doen vaak spontane experimentjes. 

Kinderen zijn ook sociale wezens; al vanaf de kleuterleeftijd zijn ze goed in het spelen 

en interacteren met anderen (zowel volwassenen als kinderen). Ze bedenken 

spelletjes en exploreren van alles om hen heen, vaak met veel plezier (zie Gopnik, 

2012). Op deze manier ontdekken jonge kinderen vaak wetmatigheden en verwerven 

ze kennis over allerlei verschijnselen, nog voordat ze hier formele kennis over kunnen 

vergaren.  

In dit proefschrift werd onderzocht hoe het wetenschappelijk redeneren en 

dyadische interactie van vijfjarige kinderen ontstaan en veranderen tijdens een serie 

probleemoplossende taken. De onderzoeken zijn gebaseerd op het real-time gedrag 

van de kinderen (het feitelijke gedrag zoals het zich van moment tot moment 

voordoet) en richtten zich op het analyseren van het verloop van veranderingen over 

zowel de korte als lange termijn.  

Geïnspireerd door de benadering van ontwikkeling als een complex dynamische 

systeem (zie Van Geert, 2008), waren we vooral geïnteresseerd in het begrijpen van de 

real-time redeneerprestaties en de interactie tussen de kinderen. Vanuit dit 

theoretisch perspectief worden psychologische verschijnselen gezien als 

vaardigheden die in interactie met een bepaalde context tot stand komen. We noemen 

dit proces ‘soft assembly’ (zie Kloos en van Orden, 2009; Overton, 2014; van der 

Steen, Steenbeek en van Geert, 2012). Er werd niet alleen gekeken naar de 

kwalitatieve veranderingen, maar vooral naar hoe deze door de tijd heen veranderden 

(zie Spencer, Perone en Buss, 2011). In elk van de studies in dit proefschrift was het 

doel te begrijpen hoe het redeneren en de interactie tot stand kwamen, veranderden 

en met elkaar samenhingen.  

Om deze reden werd het onderzoek zo ontworpen dat er zes keer data werd 

verzameld in één schooljaar bij steeds dezelfde kinderen (n=14). In deze sessies (die 

elk ongeveer 25 minuten duurde) werden praktische wetenschappelijke taakjes 
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afgenomen, die over de zes sessies steeds moeilijker werden. Er is gekozen voor 

participanten van deze leeftijd omdat zij zich op dat moment in een overgangsfase in 

de ontwikkeling van redeneringsvaardigheden bevinden. Rond de leeftijd van vijf jaar 

beginnen kinderen complexere situaties te begrijpen: hun aandacht niet langer alleen 

gericht op een enkelvoudig kenmerk van een voorwerp (‘single representations’) 

maar zij gaan relaties leggen tussen verschillende eigenschappen (‘representational 

mapping’) (zie Fischer, 1980, 2008). 

De onderzoeksmethodologie in dit proefschrift is gebaseerd op de idiografische 

methode (Molenaar & Valiner, 2005), die zich richt op de intra-individuele 

variabiliteit. Er zijn verschillende methodes gebruikt om de rijkdom van de data goed 

te kunnen vangen. De empirische data zijn gebaseerd op tijdreeksen van gecodeerde 

gedragingen van kinderen die werken aan taakjes waarin een probleem moet worden 

opgelost (bijvoorbeeld een knikker die een bepaald doel moet bereiken, een 

weegschaal moet in balans komen of een luchtspuit moet een platform opdrukken). 

Deze tijdreeksen zijn met behulp van verschillende technieken geanalyseerd, 

waaronder Hierarchical Agglomerative Cluster analysis (HAC, Hastie, Tibshirani & 

Friedman, 2009), transition matrices (Ivanouw, 2007), State Space Grids (SSG, 

Hollenstein, 2013), Hamming distances (zie Lichtwarck-Aschoff, Kunnen & van Geert, 

2009), en Cross Recurrence Quantification Analysis (CRQA, Marwan & Webber Jr., 

2015). Deze technieken hebben gemeen dat ze kenmerken en patronen van 

variabiliteit in kaart brengen omdat ze de temporele veranderingen in de tijdreeksen 

van het geobserveerde gedrag als uitgangspunt nemen. 

2. Belangrijkste Bevindingen 

In de eerste twee onderzoeken (hoofdstuk 2 en 3) werd de relatie tussen de 

interactie tussen de kinderen en hun wetenschappelijk redeneren geanalyseerd. In 

hoofdstuk 2 bestaat uit een case-study van twee dyades in een sessie met een 

balanstaak. In tegenstelling tot traditionele benaderingen waarin een globaal beeld 

van de frequenties van het gedrag wordt beschreven, hebben we in dit onderzoek een 

micro-analyse uitgevoerd van de voortdurend plaatsvindende veranderingen in 

gedrag. We concentreerden ons hierbij op het  identificeren van het gelijktijdig 

voorkomen van vijf soorten interacties (namelijk: geen werk, passief, nadoen, parallel 

en samenwerken) met drie soorten wetenschappelijk redeneren (beschrijvingen, 

voorspellingen en verklaringen). De resultaten laten zien dat er duidelijke verschillen 

in het redeneren waren (de dyades verschilden bijvoorbeeld in hoeverre de kinderen 

bijdroegen aan de oplossing van de taak). Daarnaast fluctueerde de manier waarop ze 
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redeneerden met de tijd en bleven ze dus niet stabiel. Een clusteranalyse toonde aan 

dat er grote verschillen waren tussen de dyades in de manier waarop de gedragingen 

in combinatie met elkaar voorkwamen. Qua gedrag tijdens de interacties lieten de 

kinderen voornamelijk parallel en passief werk zien, maar nauwelijks samenwerking.  

In hoofdstuk 3 zijn de individuele gedragsinteractie categorieën gebruikt om een 

dyadisch model op te stellen dat de interacties tussen de kinderen in twee dimensies 

indeelt. Dit zijn de Distributed Dyadic Interaction, DDI (dyadische interacties waarin 

het werk werd verdeeld, d.w.z. samenwerkend-samenwerkend en dominant-

dominant) en de Unequal Dyadic Interaction, UDI (dyadische interacties waarbij de 

verdeling ongelijk was, d.w.z. dominant-nadoen of dominant-passief). Deze twee 

dimensies geven aan hoe geëngageerd de dyades zijn met de taak en met elkaar. De 

resultaten van de studie (gebaseerd op een serie taken over luchtdruk) laten zien dat 

de meest complexe redeneringsvaardigheden (d.w.z. het geven van verklaringen en 

voorspellingen) werden gebruikt tijdens de twee meest voorkomende patronen van 

dyadische interactie (net zoals in hoofdstuk 2): parallel-parallel werk (DDI) en 

parallel-passief werk (UDI). Deze twee patronen blijken redelijk stabiel over alle 

sessies, terwijl de taken steeds moeilijker werden. Net als in het vorige onderzoek 

(hoofdstuk 2) zagen we dat er nauwelijks werd samengewerkt in de sessies. Hoewel 

eerdere studies suggereren dat samenwerken een ideaal scenario voor het leren is, 

tonen deze bevindingen aan dat samenwerken geen centraal kenmerk van spontane 

dyadische interactie op deze leeftijd is (Bahrami, Olsen, Latham, Roepstorff, Rees & 

Frith, 2010; Koriat, 2012). De bevindingen laten dus zien dat er een spontane en 

redelijke stabiele ‘onafhankelijke’ probleemoplossende stijl aanwezig is, alsmede een 

beperkte interesse in het delen van opvattingen en samen kennis opbouwen (zie ook 

Mercer, 2004).  

In hoofdstuk 4 bekeken we de dyadische interactie vanuit een ander oogpunt. In 

dit hoofdstuk gebruikten we de twee dyadische dimensies (DDI en UDI, zoals 

beschreven in hoofdstuk 3) om de interpersoonlijke coördinatie van de dyades tijdens 

de taken (in dit geval over luchtdruk en hellend vlak) te beschrijven. Door de dyade te 

zien als een systeem dat met de tijd evolueert wilden we de onderliggende dynamiek 

van hun interactie beschrijven in termen van twee attractortoestanden (DDI en UDI) 

(zie Hollenstein, 2013). De temporele analyse (Cross Recurrence Quantification 

Analysis, CRQA) liet zien dat in alle sessies DDI vaker voorkwam dan UDI, wat 

aantoont dat over het algemeen beide kinderen actief deelnamen aan het oplossen van 

de taak. De twee attractortoestanden hadden echter een gelijksoortige dynamiek; in 

beide gevallen werden de interacties na verloop van tijd flexibeler en complexer. Ook 

bleek dat er een matige tot sterke positieve correlatie was tussen de prestatie van de 
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kinderen wat betreft het redeneren en de algemene ‘recurrence’ van zowel DDI en 

UDI over de sessie. Dit betekent dat de prestaties beter zijn als  de kinderen vaker 

hetzelfde interactiegedrag (DDI of UDI) laten zien op hetzelfde of ander moment in de 

sessie, oftewel als de kinderen globaal dezelfde stijl van interactie hebben. 

In hoofdstuk 5 zijn  de verschillende aspecten van het redeneren van de kinderen 

samengenomen en is  gekeken naar de veranderingen hierbinnen op lange termijn. 

Het uitgangspunt was dat de praktische wetenschappelijke taakjes (opnieuw over 

luchtdruk en hellend vlak) een goede context boden voor het doen van spontane 

experimenten. Omdat de taken steeds moeilijker werden, keken we naar de 

complexiteit van de optimale prestaties van de handelingen van kinderen (als maat 

voor impliciete kennis), hun verklaringen (als maat voor expliciete kennis) en de 

transfer (overdracht van kennis) van taak tot taak. Hierbij werd gebruik gemaakt van 

een codeersysteem gebaseerd op de Skill Theory (Fischer, 1980, 2008). In het eerste 

gedeelte van het onderzoek kwam naar voren dat de kinderen over het algemeen de 

taken beter op non-verbale wijze konden oplossen dan dat ze deze konden uitleggen 

met behulp van verklaringen. Door middel van hun handelingen konden de kinderen 

de elementen van  de taak gedeeltelijk of volledig in hun verband brengen. Echter, 

wanneer ze dit probeerden te verwoorden beperkten ze zich veelal tot het benoemen 

van de eigenschappen van het materiaal en het verband tussen slechts enkele 

elementen. Dit verschil was constant over alle sessies. Daarnaast zagen we in de 

individuele trajecten van de kinderen duidelijke verschillen per kind. Dit betekent dat 

de bevindingen van de groepsanalyse niet zomaar toegepast kunnen worden op de 

individuen, en andersom. Het tweede gedeelte van dit onderzoek richtte zich op 

transfer (de overdracht van kennis van de ene taak naar de volgende), waarbij we 

analyseerden hoe de elementen die de kinderen gebruikten om de taken op te lossen 

veranderden. Over het algemeen verkregen de kinderen steeds meer kennis naar mate 

de taken vorderden. Er was echter meer variabiliteit te vinden in de intra-individuele 

trajecten. Er bestond hier vaak geen algehele toe- of afname in de loop van de tijd, 

maar er waren voortdurende schommelingen. 

3. Beperkingen en Implicaties van het Onderzoek 

De belangrijkste beperking van het onderzoek heeft te maken met de 

generalisatie naar de onderwijssituatie. In ons onderzoek hebben we bij de dyades 

alleen het gedrag in het bijzijn van de onderzoeker geobserveerd. We zijn ons ervan 

bewust dat een dergelijke interactie niet helemaal representatief is voor de normale 

omstandigheden in een klaslokaal, waar een leerkracht en een groep kinderen 

voortdurend interacteren. Daarnaast is het protocol dat we in het onderzoek hebben 
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gebruikt niet hetzelfde als het proces van scaffolding dat de leerkracht met zijn of haar 

leerlingen gebruikt. Hoewel de situaties die voor dit onderzoek zijn ontworpen 

wellicht minder complex zijn, zijn wij er van overtuigd dat processen die we in ons 

onderzoek beschreven hebben ook onder natuurlijke omstandigheden aanwezig zijn 

(bv. een leerkracht die een wetenschappelijke les draait). Waarschijnlijk zou er wel 

sprake zijn van meer variatie en complexiteit als we vergelijkbare processen in 

grotere groepen zouden onderzoeken, omdat de interacterende elementen van het 

systeem tot ander emergent gedrag kunnen leiden (Alibali & Sidney, 2015). 

Samenvattend hebben de resultaten van dit proefschrift laten zien dat het 

wetenschappelijk redeneren en de interactiegedragingen van deze jonge kinderen 

worden gekenmerkt door variatie van moment tot moment en een proces van 

dyadische coördinatie. Dit past bij het idee dat ontwikkelingsprocessen niet-lineair 

verlopen (Valsiner, 2006; van Dijk & van Geert, 2015). We hopen dat deze 

bevindingen een bijdrage leveren aan het ontwerp van onderwijscontexten en de 

manier waarin de prestaties van kinderen worden gemeten. Een implicatie van het 

onderzoek is bijvoorbeeld dat leerkrachten zich bewust moeten zijn van het feit dat 

jonge kinderen hun kennis niet alleen verbaal tot uitdrukking brengen, maar ook 

middels hun handelingen (Goldin-Meadow, 2014) en dat parallel werken een valide 

manier van leren is (net als samenwerken). Een andere belangrijke implicatie is dat de 

prestaties van kinderen wat betreft het redeneren erg contextafhankelijk zijn en van 

moment tot moment variëren.  Het herkennen van deze verschillende dimensies van 

de interactie en het redeneren kan leiden tot een meer adaptieve instructieve 

ondersteuning in de klas, om zo de leerkansen van individuele en interacterende 

kinderen te stimuleren. 
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(Spanish Summary) 

1. Motivación y Contexto de la Investigación 

Como ‘pequeños científicos’ los niños poseen una curiosidad espontánea. Ellos 

son capaces de llevar a cabo pequeños experimentos y hacer muchas preguntas para 

tratar de comprender el mundo que les rodea. Igualmente, son esponta neamente 

sociables. Desde la edad preescolar ellos muestran su intere s por jugar e interactuar 

con  otros   ̶ adultos y compan eros  ̶, creando juegos y explorando de objetos con gran 

entusiasmo (ver Gopnik, 2012). Durante sus exploraciones, los niños son capaces de 

descubrir regularidades incluso antes de que recibir conocimiento formal al respecto. 

La presente disertación explora la emergencia y el cambio del razonamiento 

científico y la interacción diádica de niños de 5 años en una secuencia de tareas de 

resolución de problemas. Los estudios empíricos están basados en los 

comportamientos en tiempo real y se enfocan en analizar la historia de cambio en las 

trayectorias de comportamiento a corto y largo plazo. A partir del enfoque de los 

sistemas dinámicos (ver van Geert, 2008), la presente disertación se basa en 

comprender los desempeños de razonamiento y la interacción en tiempo real. A partir 

de este marco teórico, el estudio de los fenómenos psicológicos son entendidos como 

habilidades que se crean en la interacción con un contexto particular, a lo cual se le 

denomina “soft-assebly” (ver Kloos and van Orden, 2009; Overton, 2014; van der 

Steen, Steenbeek &van Geert, 2012). Por consiguiente, el interés no sólo acerca de 

describir los cambios cualitativos del comportamiento que se producen con el tiempo, 

sino en describir cómo dichos cambios se llevan a cabo (ver Spencer, Perone & Buss, 

2011). Los principales objetivos de los estudios presentados en  esta tesis doctoral, 

consisten en comprender cómo los procesos de razonamiento e  interacción emergen 

y  cambian en el tiempo, además de indicar cómo se relacionan entre sí. 

Metodológicamente se emplearon seis sesiones de recolección de datos  

(medidas repetidas con los mismos niños) –, a lo largo del año escolar. Durante las seis 

sesiones, un conjunto de situaciones de resolución de problemas que incrementaba en 

dificultad fue presentado a los niños (n = 14). La edad de los participantes fue 

seleccionada porque corresponde a un período de transición en el desarrollo de las 

habilidades de razonamiento. Alrededor de los 5 años, el pensamiento de los niños se 

hace más complejo. Su foco de interés pasa de considerar las características 
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individuales de los objetos  (i.e. representaciones individuales), para establecer 

relaciones entre varios atributos (i.e. mapeo representacional) (ver Fischer, 1980, 

2008). 

La aproximación metodológica de los estudios que comprende esta disertación, 

se basa en el método idiográfico (Molenaar & Valsiner, 2005). Este método se centra 

en la variabilidad individual. En los diferentes estudios se aplica una variedad de 

técnicas para capturar la riqueza y variabilidad de los datos. Los datos empíricos se 

basan en las series de tiempo de los comportamientos de los niños en las tareas de 

resolución de problemas. Las series de tiempo fueron analizadas con diferentes 

técnicas, tales como Hierarchical agglomerative cluster analysis (HAC, Hastie, 

Tibshirani & Friedman, 2009), Transition matrices (Ivanouw, 2007), State Space Grids 

(SSG, Hollenstein, 2013), Hamming distance (see Lichtwarck-Aschoff, Kunnen, & van 

Geert, 2009) y Cross recurrence quantification analysis (CRQA, Marwan & Webber Jr., 

2015). El punto en común de estas técnicas es que revelan las características y 

patrones de variabilidad, permitiendo así un seguimiento de los cambios temporales 

de los comportamientos de interacción y razonamiento. 

2.  Resultados Principales 

En los primeros dos estudios (Capítulos 2 y 3), se analizó la relación entre 

interacción y razonamiento científico. En el Capítulo 2, se presenta el estudio de caso 

de dos diadas resolviendo una tarea de la balanza de equilibrio. En comparación con 

los enfoques tradiciones que brindan un panorama general de las frecuencias de los 

comportamientos observados, en este estudio, se lleva a cabo un análisis 

microgenético de los cambios que se producen de momento a momento. En este caso, 

el énfasis consistió en identificar la co-ocurrencia de cinco tipos de interacciones (i.e. 

no trabaja, trabajo pasivo, trabajo de copia, trabajo paralelo y trabajo colaborativo) 

con el uso  de tres tipos de habilidades de razonamiento científico (i.e. descripciones, 

predicciones y explicaciones) observadas en las verbalizaciones de los niños. Los 

resultados mostraron diferencias individuales en el razonamiento científico (e.g. 

diferencia en la forma en que los niños contribuyen en la solución de la tarea). 

Adicionalmente, las habilidades de razonamiento no fueron estables sino fluctuantes a 

lo largo del tiempo. El análisis de conglomerados mostró que las diadas usan 

diferentes formas en las que los comportamientos de interacción y razonamiento co-

ocurrían en el tiempo. Con respecto a la interacción diádica, el trabajo paralelo-pasivo 

y el trabajo paralelo-paralelo fueron los más frecuente, mientras que el trabajo 

colaborativo escasamente estuvo presente. 
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En el Capítulo 3, las categorías de interacción individual fueron usadas en el 

modelo de interacción diádica. Dicho modelo caracteriza las interacciones en dos 

dimensiones: Interacción Diádica Distribuida (DDI), (el trabajo es distribuido entre los 

miembros de la diada: paralelo-paralelo, y/o colaborativo-colaborativo) e Interacción 

Diádica Desigual (UDI), (el trabajo de la diada es desigual: dominante-copia, y/o  

paralelo-pasivo). Estos dos dominios especifican el nivel del compromiso de los niños 

con la tarea y entre ellos mismos. Los resultados basados en la secuencia de tareas de 

presión de aire, muestran que el uso de las habilidades de razonamiento más 

complejas (i.e. explicaciones y predicciones) se presentan durante dos patrones de 

interacción (como en el capítulo 2): trabajo paralelo- paralelo (DDI) y trabajo 

paralelo- pasivo (UDI). Estos dos patrones de interacción parecen ser estables a través 

de todas las sesiones, incluso con el incremento de dificultad de las tareas.  Al igual 

que en el estudio previo (Capítulo 2), se encontró que la colaboración escasamente se 

presenta a lo largo de las sesiones. Mientras que estudios previos sugieren que el 

trabajo colaborativo es un escenario de aprendizaje ideal, nuestros resultados 

muestran que a edad preescolar, el trabajo colaborativo no es una característica 

central de la interacción espontánea de las diadas al resolver situaciones problema 

(Bahrami, Olsen, Latham, Roepstorff, Rees, &  Frith, 2010; Koriat, 2012). Por 

consiguiente, estos resultados indican la presencia de un estilo ‘independiente’ para 

resolver problemas y limitado interés en compartir puntos de vista y la construir 

conocimiento en colaboración  con otros (ver también Mercer, 2004). 

El capítulo 4 examina la interacción diádica desde un ángulo diferente. Aquí las 

dos dimensiones de interacción (DDI y UDI), fueron usadas para caracterizar la 

coordinación interpersonal de las diadas en una serie de tareas de resolución de 

problemas (en este caso, tareas de presión de aire y planos inclinados).  Considerando 

la diada como un sistema que cambia en el tiempo, nuestro objetivo consistió en 

caracterizar la dinámica subyacente de sus interacciones en función de dos atractores 

(DDI y UDI) (ver Hollenstein, 2013). El análisis temporal (Cross Recurrence 

Quantification Analysis, CRQA) mostró la predominancia del acoplamiento de la 

interacción diádica distribuida (DDI) sobre la interacción diádica desigual (UDI) a lo 

largo de las sesiones. Esto indica que la mayoría del tiempo los niños de la diada 

contribuyen activamente a la solución de la tarea.  A pesar de esta predominancia,  la 

dinámica de los dos atractores (DDI y UDI) mostró ser similar en el sentido de que en 

ambos casos el acoplamiento diádico se hace más flexible y complejo con el tiempo. 

Adicionalmente,  los niveles de desempeño de los niños mostraron una 

correlación  moderada- fuertemente con la recurrencia global de los tipos de 

interacción de DDI y UDI. Esto  implica que los niños presentan el mismo tipo 
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comportamiento (DDI o UDI) en un mismo momento o en cualquier otro momento, a 

través de la sesión de observación. 

En el Capítulo 5, diferentes aspectos del razonamiento de los niños fueron 

examinados a largo plazo. La premisa era que las tareas de resolución de problemas 

científicos (tareas de presión de aire y planos inclinados) proporcionan un buen 

contexto para la experimentación espontánea. Considerando el incremento de 

dificultad de las tareas, se examinó la complejidad del desempeño óptimo de las 

acciones de los niños (i.e. conocimiento implícito) y de sus verbalizaciones (i.e. 

conocimiento explícito), además de la transferencia del razonamiento científico entre 

tareas. Para este análisis se usó un sistema de codificación basado en teoría de 

habilidades de Fischer (Skill theory, Fischer, 1980, 2008). En la primera parte del 

análisis, se encontró que en promedio las diadas despliegan un mayor entendimiento 

en sus acciones para resolver las tareas, que cuando explican el funcionamiento de las 

tareas. Por medio de acciones, los niños fueron capaces de hacer relaciones parciales y 

totales entre los elementos de las tareas, mientras que sus verbalizaciones se 

enfocaron en nombrar los atributos de los materiales y en establecer relaciones 

básicas entre los materiales. Esta diferencia entre acciones y verbalizaciones fue 

observada a lo largo de todas las sesiones. Adicionalmente, las trayectorias 

individuales de razonamiento, se encontraron diferencias en los desempeños 

individuales a lo largo del tiempo. Por consiguiente, los resultados de los análisis 

grupales no pueden ser generalizados a los individuos ni vice versa.  La segunda parte 

del análisis fue acerca de las trayectorias de transferencia, en la cual se analizaron los 

cambios en los elementos usados por los niños para resolver la secuencia de tareas. En 

promedio, los desempeños de los niños parecen mostrar ganancia de conocimiento en 

las tareas posteriors. Sin embargo, las trayectorias individuales de transferencia se 

mostraron más variables. De esta manera, no hay un aumento o disminución global en 

el tiempo del proceso de transferencia, pero en su lugar, fluctuaciones constantes. 

3.  Limitaciones e Implicaciones 

Una limitación de los estudios se relaciona con el entorno educativo debido a que 

en nuestros estudios el comportamiento de las diadas fue observado solo en presencia 

del investigador. A este respecto, somos conscientes de que este contexto de 

interacción no representa completamente las condiciones naturales de un aula regular 

de clase, en la cual la maestra y el grupo de niños están interactuando 

constantemente. Adicionalmente, el protocolo usado en los diferentes estudios, no es 

equivalente al proceso de acompañamiento que la maestra lleva a cabo con sus 

estudiantes. Aunque las situaciones creadas para estos estudios pueden ser menos 
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complejas, nosotros estamos convencidos de que los procesos que hemos descrito en 

nuestros estudios pueden también ser encontrados en condiciones naturales (e.g. 

clases de ciencias). Sin embargo, estamos de acuerdo que al estudiar procesos 

similares en un grupo numeroso de participantes, probablemente se pueden 

encontrar más variantes. Por consiguiente, se reconoce que los cambios en los 

elementos constitutivos del sistema pueden conllevar a la emergencia de 

comportamientos diferentes (Alibali & Sidney, 2015).  

En resumen, los hallazgos de esta disertación indican que los comportamientos 

de interacción y de razonamiento científico de los niños preescolares, se caracterizan 

por la variabilidad observada en cada momento y por el proceso de coordinación 

diádica. Estos resultados apoyan la naturaleza no-lineal de los procesos de desarrollo 

(Valsiner, 2006; van Dijk & van Geert, 2015). Esperamos que nuestros hallazgos 

puedan proporcionar pautas para el diseño de contextos de aprendizaje y 

evaluaciones que consideren las diferentes maneras en que los niños pueden alcanzar 

determinados niveles de conocimiento. Por ejemplo, implicación de nuestros 

hallazgos consiste en un llamado para que los profesores sean conscientes de que el 

conocimiento no sólo está presente en las verbalizaciones de los niños – como 

comúnmente es evaluado-, sino también en sus acciones (Goldin-Meadow, 2014),  y 

que el trabajo en paralelo (como el trabajo colaborativo) constituye una forma valida 

de aprendizaje. Otra consecuencia importante es que el razonamiento es altamente 

dependiente del contexto, mostrando mucha variabilidad en el transcurso del tiempo. 

Reconocer estos aspectos de la interacción entre pares y las habilidades de 

razonamiento, puede contribuir al fortalecimiento adaptativo de los procesos de 

enseñanza en el aula, además de fomentar las oportunidades de aprendizaje de los 

niños (individualmente y en la interacción con otros). 
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