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This thesis was conducted on a CIFRE grant 2016/086, funded by l'Association Nationale de la Recherche et Technologie (ANRT), between the train operator company SNCF-Mobility and Université de Paris, in lab Mass transit and MC 2 Lab, respectively. Different collaborators have worked on empirical studies conducted in this thesis, during the three doctoral years. All material resources were obtained from MC 2 Lab from the Faculty of Psychology of Université de Paris, from where every laboratory experiments were conducted. This manuscript starts with an introduction on the theoretical concepts underlying the research object of this thesis. This first section highlights the different contributions in cognitive load theory, provided by different theories, but also their limitations that represent avenue for future research. An empirical section, comprising of four experiments conducted during these three years of research, is presented to add new insights to cognitive load theory field of research. These empirical studies start with a field study conducted in an actual train station, to investigate cognitive load in train travelers in real-life. This was followed by the creation of the virtual environment version of the investigated train station, to validate the use of virtual reality as a technique to investigate cognitive load. In the third study, we analyzed cognitive load in different non-optimal contexts in the virtual environment of the train station. In our last study, we perform a precise online measurement of cognitive load in train travelers using electroencephalography as main measuring technique, but also to provide insights to criticisms made on methods for evaluating cognitive load.
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Introduction

I nformation processing is one of the main functions that help us to under- stand and to act on our environment. This process is important and requires a minimum cognitive effort on the learner's part for efficient information understanding. Regulating this cognitive effort, allows us to process even more information, thereby facilitating the saving of long-term knowledge for later application, in the same or closely related contexts. This phenomenon happens every day in big cities, such as Paris, where millions of inhabitants travel through public transportation, in a continuous flow. This situation, known as mass transit, requires travelers to process information rapidly, requiring an optimum management of cognitive resources. With increasing number of travelers in Paris each day, the population in train stations keeps on increasing, representing a real risk of overcrowding and security hazard. This adds an extra difficulty in management of cognitive resources by travelers. It is thus important to evaluate how their cognitive load varies according to different environmental situations in a crowded context. Evaluation of cognitive load in different non-optimal contexts would help us unravel the neuro-cognitive mechanism at stake during information processing of a continuously moving crowd, in a train station.

Our overall aim is to analyze variations in cognitive load in train travelers with different expertise levels, from occasional to regular, assimilated as novices and experts, respectively. We conducted this investigation in an actual train station during normal train operations, and in a simulated virtual environment for nonoptimal train contexts. On a more neuro-cognitive aspect, brain waves associated with cognitive load variations were also inspected in complex environmental contexts, for a deeper investigation of the impact of information processing in a mass transit context. Recommendations about information presented to travelers were generated based on results, in order to optimize cognitive load management. Understanding the latter would be a great step in anticipating cognitive overload and stressful situations, hence providing adapted information with an optimized instructional design to future passengers. We have all been in this situation by the end of a day of work, where the simplest task seems to be difficult and cognitively demanding, though the same task is usually easy to execute early during the day. This phenomenon suggests the existence of cognitive demands, related to a task, that need to match ones available cognitive resources, in order to be in full capacity to perform the task. The ratio between cognitive demands and cognitive resources refers to cognitive load (CL) [START_REF] Cegarra | The use of Tholos software for combining measures of mental workload: Toward theoretical and methodological improvements[END_REF]. This definition echoes with mental load or workload, presents at the time of the development of the underlying cognitive load theory (CLT). Mental load is a psychological construct, defining the implication of human factors in information ergonomics through human-machine interaction (HMI) [START_REF] Hancock | Stress, workload, and fatigue[END_REF][START_REF] Wickens | Workload and Reliability of Predictor Displays in Aircraft Traffic Avoidance[END_REF].

The introduction of experimental and behavioral psychology in the definition of mental load brought a whole new dimension to this construct, not taken into consideration before the development of the theory associated to cognitive load. This involves the implementation of psychological aspects that extend the ratio of cognitive resources invested to task demand, adding to this equation the perceived effort of individuals, the actual effort put in, but also the total resources available by individuals to perform different tasks, from a pool of available resources [START_REF] Macdonald | Assessing online collaborative learning: process and product[END_REF].

Cognitive load is important in different life activities, such as taking the train in a big city like Paris, Île-de-France. Taking the train every day, twice daily necessitates a pool of cognitive resources dedicated to this process. However, besides the fact that cognitive resources are not always under our control, different environmental and intrinsic factors modulate the allocation of these resources whenever a traveler takes a train from a mass transit train station. Whenever cognitive resources do not meet the task demand, the learner (that is the traveler), has to invest additional cognitive effort to reach an optimal performance. If resources are still not sufficient to perform the task, that is the capacity of the individual does not meet the requirements of the task, cognitive overload follows [START_REF] Barrouillet | Ressources, capacités cognitives et mémoire de travail: postulats, métaphores et modèles: La charge mentale[END_REF].

Cognitive load modulations 1.2.1 Environmental factors

Environmental factors such as an important crowd of travelers can modulate the perception of each other in a closed environment (e.g. consensus in crowds: [START_REF] Dyer | Leadership, consensus decision making and collective behaviour in humans[END_REF]; choice of pedestrian crowd evacuees: [START_REF] Haghani | How perception of peer behaviour influences escape decision making: The role of individual differences[END_REF]. This phenomenon impacts decision-making in travelers, since the crowd is considered as a source of indirect information [START_REF] Dyer | Leadership, consensus decision making and collective behaviour in humans[END_REF]. Thus, cognitive resources dedicated to information processing, is partly allocated to environmental perception and decision-making. In the same vein, passengers' flow can also affect the speed of decision-making of travelers in a moving crowd, thus accelerating information processing [START_REF] Gallup | Visual attention and the acquisition of information in human crowds[END_REF].

Information conveyed to travelers in train stations, through signage boards and information displays, contain different types of information, ranging from train stations' names served by incoming trains, to planned engineering works on the network. In order for travelers to target the relevant information required for their journey, they additionally have to distinguish it from a number of irrelevant information presented [START_REF] Pimperton | Suppressing irrelevant information from working memory: Evidence for domain-specific deficits in poor comprehenders[END_REF]. In addition to this cognitive process, they have to perform the task as quickly as possible, to keep the pace of the passengers' flow. Thus, cognitive resources required to execute this task depend only partly on the relevant information needed by the travelers. Other environmental factors that may interfere with cognitive load resources in public places such as a train station are unpredictable phenomena that can be associated to vagaries such as a delayed or canceled train, technical problems on information supports such as broken screens, but also uncomfortable situations such as being harassed or robbed. All these environmental factors, independent from one's will, demand varying cognitive resources to be processed.

Executive functions & cognitive resources

Intrinsic factors, related to individual executive functions, have also an undeniable impact on cognitive load management, during information processing. These factors allow the planning and execution of each action of an individual, hence being at the center of every decision [START_REF] Miyake | The Unity and Diversity of Executive Functions and Their Contributions to Complex "Frontal Lobe" Tasks: A Latent Variable Analysis[END_REF]. In the case of train travelers, just like for learners, cognitive load resources are allocated to main executive functions, such as memory related activities (see chapter 2 section 2.2), required to recall past events during which presented information has been processed; and attention, to spot relevant information on signage boards and information displays (see chapter 4). According to different levels of knowledge, related to past experiences of travelers-learners, cognitive resources are allocated differently, being more strategic and more accurate in more experienced travelers (e.g. expert pilots: Di Nocera, Camilli, and Terenzi, 2007)(see chapter 3). Other related factors such as motivation level [START_REF] Bandura | The Explanatory and Predictive Scope of Self-Efficacy Theory[END_REF][START_REF] Mayer | The promise of multimedia learning: using the same instructional design methods across different media[END_REF][START_REF] Pintrich | An Achievement Goal Theory Perspective on Issues in Motivation Terminology, Theory, and Research[END_REF], related to individual interest to perform a given task; confidence to succeed the task; emotion [START_REF] Damasio | Reiew: Toward a Neurobiology of Emotion and Feeling: Operational Concepts and Hypotheses[END_REF], cognitive performance affected by emotion's valence; decision making [START_REF] Isen | Positive affect and decision making[END_REF]; stress level, where a high level is usually associated to a reduction in cognitive resources [START_REF] Kahneman | Attention and Effort[END_REF]; anxiety level, which is related to a drop in available cognitive resources, with increasing level [START_REF] Shackman | Anxiety selectively disrupts visuospatial working memory[END_REF], vigilance [START_REF] Galy | Performances de mémorisation en fonction de la modalité d'encodage au cours des 24 heures chez des travailleurs postés[END_REF], which refers to the physiological state of our organism, related to circadian rhythm, being generally higher during the day than at night [START_REF] Mackworth | Researches on the Measurement of Human Performance[END_REF]; fatigue level, which is a consequence of coping with a rise in working load, leading to an increase in experienced cognitive load [START_REF] Cameron | Abundances of the elements in the solar system[END_REF][START_REF] Hockey | Cognitive-energetical control mechanisms in the management of work demands and psychological health[END_REF]. CL is also influenced by acts on individuals' self-regulated process (van Merriënboer & Sluijsmans, 2009). In this context, task involvement has been associated to CLT to understand the method of resource allocation. Task involvement has been shown to vary accordingly to performance and invested mental effort [START_REF] Paas | A motivational perspective on the relation between mental effort and performance: Optimizing learner involvement in instruction[END_REF]. This non-exhaustive list of processes also interferes with main executive functions, during comprehension and processing of information. It is thus necessary to consider travelers knowledge and executive functions for a thorough evaluation of cognitive load demands and resources at stake. (1988). This theory has contributed to understand learning processes, by evaluating the limitations associated to human cognitive architecture (Plass & Moreno, 2010). By definition, Cognitive Load Theory (CLT) is a psychological theory, evaluating the behavioral and psychological aspects of information processing during learning, to understand the underlying mechanisms that promote learning. The essential part of this theory is the constant analysis of learning materials and environments, in relation to learning processes. This dual investigation allows education researchers to suggest the most effective design of learning process that fits the most cognitive behavior of learners. For instance, learning programs and materials are analyzed by considering the environmental context in which they would be deployed and the limitations associated to executive functions of the human brain. CLT depends on other theories to define the various dynamics associated to all its subsections (see chapter 2 section 2.1). One important theory associated to the definition of CLT, that successfully explains the limitations of the human memory, explaining for instance the saturation of one's memory in terms of materials to recall in a given time, or the nature of material processed (visual, spatial and verbal), is the Working Memory (WM) model. The different characteristics of this model are accounted for during learning material design and helps to understand information processing during learning [START_REF] Baddeley | The episodic buffer: a new component of working memory[END_REF][START_REF] Baddeley | Dementia and working memory[END_REF], see chapter 2 section 2.3 for an overview of the model.

Short-term long-term memory

The early development of CLT was influenced by theoretical and empirical development in cognitive psychology in the early 1990s, taking into account the different emerging and well-established theories at that time (Plass & Moreno, 2010).

These theories involved the advances in the comprehension of human cognitive architecture and more precisely in the understanding of human memory. This, for instance, has contributed to the development of studies on memory span, leading to the identification of the magical number 7 of [START_REF] Miller | The magical number seven, plus or minus two: some limits on our capacity for processing information[END_REF], corresponding to the number of elements that human beings can process in series, before the saturation of their memory. Memory models were also theorized to illustrate how information was processed from stimuli perception to encoding process and eventually information storage. The first serial memory model defined by [START_REF] Atkinson | Human Memory: A Proposed System and its Control Processes[END_REF] indeed, influenced the early development of CLT. This model postulate the existence of two storage areas for memory: short-term memory [START_REF] Kahneman | Attention and Effort[END_REF][START_REF] Miller | The magical number seven, plus or minus two: some limits on our capacity for processing information[END_REF] and long-term memory. This was the first memory model describing a temporary area for the processing of recently presented information with a maximum storage capacity of 7 (±2), irrespective of the type of perception: mainly visual and verbal. Figure1 shows the schematic description of the memory model of [START_REF] Atkinson | Human Memory: A Proposed System and its Control Processes[END_REF].

This model inspired the two levels of information processing: automatic processing and controlled processing. Automatic processing refers to the case of a rapid system, which does not affect working memory capacity and is acquired by extensive practice [START_REF] Shiffrin | Controlled and automatic human information processing: II. Perceptual learning, automatic attending and a general theory[END_REF] generally associated to procedural actions, while controlled processing refers to a highly demanding cognitive processes that impact working memory capacities, thereby generating working memory saturation [START_REF] Fisk | Category and word search: Generalizing search principles to complex processing[END_REF][START_REF] Posner | Attention and Cognitive Control (A[END_REF]. It is this dyad between automatic and controlled processes that helped to define schemas (see chapter 5 section 5.3), assigned to information stored in long-term memory as knowledge [START_REF] Sweller | Cognitive load theory, learning difficulty, and instructional design[END_REF].

Previous studies conducted on brain-damaged patients had shown that short-term memory was not serially linked with long-term memory. This has been put in light through two well-known cases of brain-damaged patients, namely patient HM [START_REF] Scoville | Loss of recent memory after bilateral hippocampal lesions[END_REF] and patient KF [START_REF] Shallice | Independent Functioning of Verbal Memory Stores: A Neuropsychological Study[END_REF]. Patient HM developed an anterograde and moderate retrograde amnesia (i.e. loss of the ability to generate new memories after the event that caused the amnesia, together with moderate loss of memories related to events preceding the accident) after a bilateral resection of the hippocampus. He had intact short-term memory and procedural memory, but he was unable to learn new information (especially explicit and contextualized one). On the other hand, patient KF was unable to maintain more than two elements in short-term memory, but succeeded to learn new information and recall distant memories. These cases called into question the serial relationship between the limited storage capacity of short-term memory and the unlimited permanent storage of long-term memory, to suggest a parallel relationship between these two types of memory processing and storage (i.e., not only serial). Thereafter, the concept of short-term memory was replaced by that of working-memory by Baddeley [START_REF] Baddeley | Working memory[END_REF], to emphasize the multiple and dynamic aspects of short-term memory. Further more, since the way by which individuals manipulate information was also investigated, it additionally appeared more relevant to develop the new conception of working memory rather than to investigate solely short-term memory. The processed information in working memory has been described to be transferred to long term memory where it can be categorized as explicit (or declarative) or implicit (or procedural) memory [START_REF] Anderson | A spreading activation theory of memory[END_REF]. The existence of these different categories of memory suggests that memories are created according to the nature of information encoded, and depends on the context of learning. These phenomena are important during learning processes, to define the most relevant method of information presentation, for optimum processing. This has been well studied in the working memory models, and especially in Baddeley model (1974;1986). This model has been inspiration to different theories, among which is the Cognitive Load Theory. 

Baddeley Working memory model

Working memory is a dynamic storage region in the memory system, responsible for processing newly presented information in a short time interval (seconds to a few minutes), with limited amount of material processing (7±2) [START_REF] Baddeley | Working memory[END_REF][START_REF] Baddeley | Dementia and working memory[END_REF]. This model was the first to provide an alternative to short-term memory model [START_REF] Atkinson | Human Memory: A Proposed System and its Control Processes[END_REF], for direct information processing and manipulation. The additional insight brought by this model is the integration of sensorial modalities during the process of information acquisition. These modalities are characterized through two subcomponents (called slave systems), [START_REF] Baddeley | Dementia and working memory[END_REF], based mainly on visual and verbal modules. The latter are the phonological loop and the visuospatial sketchpad, and are operated by a main structure called the central executive. The three components were first introduced in [START_REF] Baddeley | Working memory[END_REF] working memory model as shown in figure2.

Visuospatial sketchpad

This working memory model system is involved in the processing of visual information presented to learners, together with spatial information. The latter is involved in the explicit spatial localization of landmarks and objects, as well as implicit representation, through written localizations indications. This is the case in GPS for instance during navigation, where indications about localizations are given in written or visual format. The role of the visuospatial sketchpad (VSS) is also to integrate information from different sources for the same stimulus or different stimuli. The VSS is subdivided into several sub-systems, namely the visual cache and the inner scribe. The visual cache allows the temporal retention of information on a short time interval for a memory span of 5 elements [START_REF] Baddeley | Working Memory: Theories, Models, and Controversies[END_REF]. On the other hand, the interne scribe is involved in the processing of verbal information, through a repetition mechanism, characterized by repeating continuously a text to facilitate learning. In this case, the memory span corresponds to 7 elements [START_REF] Miller | The magical number seven, plus or minus two: some limits on our capacity for processing information[END_REF]. During reading, VSS process visual information only, and verbal information are not processed by this slave system and is recoded and transferred to another specialized system in the verbal and visual information: the phonological loop [START_REF] Baddeley | Dementia and working memory[END_REF]. In this system, verbal information is processed and integrated for comprehension of presented stimuli (e.g. [START_REF] Daneman | Individual differences in working memory and reading[END_REF].

Phonological loop

The phonological loop (PL) is one of the two slave systems constituting the working memory model. It is related to the processing of acoustic and verbal semantic information. This working memory system is composed of two subsystems: phonological store (inner ear) and articulatory control process (inner voice). During information processing, acoustic and verbal information is stored in the phonological store for a short period of time, after which it is deleted or copied in the articulatory control process for high level processing. The PL is characterized by the processing of different effects developed in empirical studies, such as Phonological similarity effect [START_REF] Conrad | Acoustic confusions in immediate memory[END_REF], Word length effect [START_REF] Baddeley | Word length and the structure of short-term memory[END_REF] and Articulatory suppression [START_REF] Murray | Gait as a total pattern of movement[END_REF].

Central executive

The central executive is one of the most important modules of Baddeley working memory model [START_REF] Baddeley | Working Memory: Theories, Models, and Controversies[END_REF] and is involved in the allocation of attentional resources in monitoring and coordinating the operation in the VSS and the PL.

It helps to regulate the entry of processed and repeated information from working memory to long-term memory. Regulation by the central executive helps to decide which part of information is to be rejected and which one is to be attended to. For instance, a driver talking on his/her phone cannot focus on both tasks simultaneously for optimum information processing in working memory. It is important for the driver to either stop talking on his/her phone and focus on the road, or stop the car and continue to talk. As such, the central executive orients attention and helps defining priorities to particular activities. The central executive was inspired by the attentional model of [START_REF] Norman | Attention to Action: Willed and Automatic Control of Behavior Technical Report[END_REF], for the management of priorities and the definition of strategies to be used (e.g. [START_REF] Bukiatmé | Les modèles attentionnels[END_REF]. The working memory model has undergone several criticisms, mainly by researchers in the field of attention, due to the fact that the central executive is assigned to functions, closed to attentional focus, which keeps information active during their processing, without necessarily using PL for instance (e.g. [START_REF] Cowan | Evolving conceptions of memory storage, selective attention, and their mutual constraints within the human information-processing system[END_REF]. This was defended by Baddeley who underlines the close relationship and compatibility between the two fields of work, stating that the functions of attentional focus could be extended to mnemonic acoustic traces updating [START_REF] Baddeley | Working memory[END_REF].

Episodic buffer

In (2000), Baddeley introduced the episodic buffer, the late coming subsystem of the working memory model. This component was introduced to account for the integration of information from different modalities. It acts as a storage backup between long-term memory and each working memory components [START_REF] Baddeley | Long-term memory and the episodic buffer[END_REF]. Episodic buffer thus processed the integration and short-term maintenance of new multimodal information, retrieved from long-term memory to be processed in working memory. It allows the update of stored information, contrary to the two other slave systems. When information from long-term memory is linked to working memory, a conscious awareness is generated (Baddeley, Allen, & Hitch, 2011a;[START_REF] Logie | The Functional Organization and Capacity Limits of Working Memory[END_REF][START_REF] Repov | The multi-component model of working memory: Explorations in experimental cognitive psychology[END_REF], in unitary format or in chunks (see chapter 3), according to an individual's expertise [START_REF] Repov | The multi-component model of working memory: Explorations in experimental cognitive psychology[END_REF]. The latest interpretation of episodic model integrates the use of chunks and different information integrated by the visual or verbal subsystem, under the supervision of the executive control (Baddeley et al., 2011a;Baddeley, Jarrold, & Vargha-Khadem, 2011b). The different working memory components are illustrated in figure 3.

Working Memory and Cognitive Load Theory

Cognitive load theory does not have its own model per se. In fact, it is based on working memory model of [START_REF] Baddeley | Dementia and working memory[END_REF], where long-term memory refers to stored knowledge, referred to as schema. Effects associated to PL, such as articulatory suppression, shows saturation in one slave system in the working memory model. This inhibits memory processing, thereby reducing the chance of information to migrate from working memory to long-term memory. This phenomenon echoes with one interdependent pool of cognitive load theory: extraneous load (see chapter 5 section 5.1). Non-relevant information hinders the processing of congruent one, since the number of elements that can be processed is limited according to the working memory theory. Throughout the years, WM has been criticized, either due to preliminary assumptions made on the model or due to insufficient justification for some cognitive processes. Baddeley WM theory has for instance been criticized for linking spatial information to visual information only, which is not the case in blind individuals with great spatial awareness [START_REF] Lieberman | Territoriality -Who Does What to Whom[END_REF].

It was suggested that VSS should be divided into two distinct groups for spatial and visual information. Furthermore, the activity of the central executive on the coordination of all slave systems has not been demonstrated. The relationship between working memory, short-term memory and long-term memory is not explicit from the model, which is presented as static without any evolution with the increase in expertise and practice with time.Chen, Castro-Alonso, [START_REF] Chen | Extending Cognitive Load Theory to Incorporate Working Memory Resource Depletion: Evidence from the Spacing Effect[END_REF] investigated the WM capacity and suggested an extension of CL, related to WM depletion hypothesis. The latter defends the idea that with sustained cognitive effort, cognitive resources allocated to WM level drop. A common depletion effect, shown to hinder learners' performance, is self-control, when resources are invested continuously in maintaining a behavior or performing an associated activity [START_REF] Schmeichel | Attention control, memory updating, and emotion regulation temporarily reduce the capacity for executive control[END_REF]. Other recent studies have related WM resource depletion to ego depletion, which is related to the idea that cognitive control depends on a limited pool of mental resources that decrease with increase in mental activity.

However, diverging results indicate the need to define experimental protocols of ego depletion tests to CLT parameters [START_REF] Dang | An updated meta-analysis of the ego depletion effect[END_REF][START_REF] Etherton | Bayesian analysis of multimethod ego-depletion studies favours the null hypothesis[END_REF].

Long term working memory

One main counter model to that of Baddeley working memory is the long-term working memory [START_REF] Ericsson | Long-term working memory[END_REF]. Expertise effect, where experts are known to express higher performance than novices, is characterized by higher schemas in experts. This phenomenon is not accounted for by Baddeley working memory model, where no specific route is defined for different expertise and knowledge levels. The long-term working memory model explains expertise effect by the fact that information does not flow in a unidirectional way from working memory to long-term memory. In fact, the LTWM suggests a bidirectional relationship between these levels, where information from LTM is copied to WM when activated, in addition to information copied from WM to LTM in Baddeley's WM model. This activation would make past information available in experts' WM, enhancing the comprehension of information being processed, thus reaching a higher performance. In this model, the spatial memory introduced in Baddeley WM model is not considered, and WM is considered as the only active and dynamic part of long-term memory. This assumption is in line with Cowan's work on memory span and attention [START_REF] Cowan | Evolving conceptions of memory storage, selective attention, and their mutual constraints within the human information-processing system[END_REF][START_REF] Cowan | Working memory capacity[END_REF][START_REF] Cowan | Working Memory Underpins Cognitive Development, Learning, and Education[END_REF]. With the LTWM model, no capacity limit is defined, since information processing depends on the individual's expertise level and intrinsic load associated to the task to be performed. LTWM, however, does not justify the different activations of visual and verbal systems, and the corresponding interference as defined in Baddeley WM model through the VSS and the PL.

Chapter 3 Expert memory

In any field where a particular knowledge is required to understand the mechanism behind the theory, expertise can be developed if ever sufficient time and practice are invested in the investigated field. This definition of expertise implies that any real-life activity can be subjected to expertise. For instance, a train traveler taking the train every day can develop an expertise for the path taken in a train station from the entrance to the correct platform, without depending on the environmental explicit information on signage boards and information displays. This example raises one issue, usually encountered in studies on expertise: the difference between expertise and familiarity. Researchers working in the field of expert memory have been defining the characteristics of expert memory since the high performance of experts, compared to novices, have been defying known models of memory, such as Baddeley WM model. Studies in the field of expertise have initially been conducted on chess players, and especially in chess master players. This is due to the fascination built behind the tremendous information processing, associated to extremely high cognitive load, as compared to the processing of a simple task.

In his famous study on Chess players [START_REF] De Groot | Thought and Choice in Chess[END_REF] initiated the premises of the study on expert memory, defending the thesis that memory and information processing represent the most important way of understanding expert memory. This is due to the fact that there are no new moves in chess, and that chess players should memorize old moves to be able to upgrade their expertise level.

Other well-known studies on Chess players have been conducted by Chase and Simon (1973). Theses researchers postulated that chess Master players were able to generate groups of information, based on common characteristics, referred to as chunk (for e.g. [START_REF] Gobet | Expert memory: a comparison of four theories[END_REF]. Studies have been trying to quantify the number of chunks or groups of information to be learned, in order to reach the level of chess Master using a computer simulator MAPP (Memory Aided Pattern Perceiver) [START_REF] Simon | A simulation of memory for chess positions[END_REF].The latter gave an estimation of 10-100K chunks for 10 years of chess practice. Furthermore, experts are capable of bulk processing of data from their field of expertise in a short period of time (for review: expertise of taxi drivers for street names, [START_REF] Kalakoski | Taxi drivers' exceptional memory of street names[END_REF]; Chess masters' performance compared to novices', [START_REF] Reingold | Visual Span in Expert Chess Players: Evidence From Eye Movements[END_REF]. This difference in processing level suggests that less cognitive resources are required by experts, and a greater application of past schemas and knowledge. It is thus important to control prior knowledge of learners to monitor expertise level before cognitive load analysis [START_REF] Kalyuga | The expertise reversal effect[END_REF]. We can wander how schemas, associated to a high knowledge level, can be activated quite easily in experts in a short time interval, as it is the case in expert chess players.

During activation of schemas in experts, information is categorized in groups, related to a common semantic, called chunk. In this way, large schemas can be packed in fewer than 7 elements to convey large amount of information [START_REF] Cowan | The magical number 4 in short-term memory: A reconsideration of mental storage capacity[END_REF]. For instance, if we try to learn the value of pi (π) = 3.14159265359, instead of learning individually each number of this value, we can try to regroup a few numbers with a semantic link: 14-15, Year of birth: 92, Age of father: 65; Number of siblings: 3; Age of mother: 59. This semantic clustering of names help us convert a 12-digit value into 5 individual chunks, fitting the memory span. The mnemonic strategy used, greatly impacts the concept of memory limit, allowing the storage of a large number of elements in knowledge creation or provide more cognitive resources to perform other tasks. With rise in expertise level, such as in experts, the number of elements in chunks can increase after continuous exposure to the investigated stimulus or due to excessive training, thus a broader spectrum of information stores in their long-term memory [START_REF] Miller | The magical number seven, plus or minus two: some limits on our capacity for processing information[END_REF]. Hence, fewer chunks are required by experts to activate same schemas, reducing intrinsic load and enhancing information processing [START_REF] Ericsson | Long-term working memory[END_REF]. The process of chunk creation could thus help novices to process efficiently more information than they could theoretically. However, according to [START_REF] Cowan | The magical number 4 in short-term memory: A reconsideration of mental storage capacity[END_REF], if the number of chunks exceeds 4, memory performance would decrease and working memory would be saturated. This could nevertheless be avoided by using information from different sources such as visual and verbal, hence depending exclusively on the sensorial modality to define amount of information to be processed [START_REF] Baddeley | Working memory[END_REF].

In studies conducted on experts, it is important to define the threshold used to assign the expert level, but also to define the novice level. This, however, depends on the type of task performed, but also on the relative and absolute definition given to expertise [START_REF] Chi | Two Approaches to the Study of Experts' Characteristics[END_REF]. For instance, an individual can learn every possible move in a chess play and become an expert chess player, by perfectly applying the optimal move in the corresponding gameplay context. A train traveler, on the other hand, can also be assigned an expert level, relative to a novice traveler, according to his/her frequency of utilization of a given train station; to the path taken in the train station every day; to the train operator of the investigated train station. To define expertise level, a 7-level characteristic list has been introduced [START_REF] Chi | The nature of expertise[END_REF]. These criteria are related to the high number of complex schemas, relevant to the learners. This allows the contextual application of the stored schemas by experts, giving them a better performance than novices in a shorter time interval. With a less limited working memory, and a more strategic use of memory span, experts use a deeper level of processing and inspection than novices. Qualitative analysis in problem-solving is also a characteristic of experts, with a higher self-regulated skill. The performance of experts and associated characteristics are assigned to one field of expertise only and cannot be applied in a totally different field [START_REF] Anderson | Translating Thoughts Into Actions by Finding Patterns in Brainwaves[END_REF][START_REF] Sweller | Measuring Cognitive Load[END_REF]. Expert memory has also been investigated as a general theme of research in terms of relationship between working memory and long-term memory. This has been categorized in different theories, namely: Chunking theory (Chase & Simon, 1973); Long-term working memory [START_REF] Ericsson | Long-term working memory[END_REF]; SEEK theory [START_REF] Holding | The psychology of chess skill[END_REF] and template theory [START_REF] Gobet | Templates in chess memory: A mechanism for recalling several boards[END_REF]. The latter is a compiled version of all the expert memory theories, that aimed to connect low to high knowledge level, giving a full interpretation of expertise level of learners.

Template Theory

In template theory, visual information is the main source of information, allowing chunks and templates to be used, for the processing of large amount of information. This theory relies on redundancy of stored information, assessed according to the context and characteristics of information processed. Template theory has been developed with Chess players and explained that verbal strategies allow to upgrade the efficiency of players, in addition to the visual information obtained from the chess player board, and the characteristics of the game play. Typically, an experienced chess player would associate the first moves of the opponent with the names of a few known moves and eventually reduced to one, through verbal activation. Chess players thus anticipate the next moves of their opponent.

Through the processing of templates related to the game play, grouped in a few schemas, experienced chess players can activate large amount of information. In other words, the use of template generates a dynamic version of the short-term memory (STM). This theory can be extrapolated to other fields of expertise, due to the common basis of high number of complex chunks related to the core knowledge of the field of expertise. Through continuous exposure, general templates are created and linked to the same chunks in different contexts, thereby creating different access routes for information in experts. Hence, templates help to activate different contexts related to the same knowledge in experts, increasing the efficacy of chunks. In train travelers, this would be related to the navigation process of experts in the premises of the train station to go to a specific region. For instance, going from entrance 1 to platform A, the traveler may find some landmarks that could also be encountered when going from entrance 2 to the same platform A, and so on for entrance 3, 4 and 5. Eventually, common environmental perceptual characteristics are activated when walking through these paths. Each path corresponds to a template that activates chunks related to specific knowledge, making the expert traveler a relative expert for the context in which stored templates can be activated.

Neurological structures of expert memory

Every activity that we perform can be represented by a cerebral activity, such as playing the piano or reading a book and even sleeping. For each of these activities, the brain is considered as the center of all operations and different regions seem to be activated in different contexts. These activations vary from one individual to another, according to their expertise level in the field of research (for meta-analysis: [START_REF] Guida | How chunks, long-term working memory and templates offer a cognitive explanation for neuroimaging data on expertise acquisition: a two-stage framework[END_REF] A clear distinction between cerebral activations in experts and novices has been shown in MRI and PET scan studies. Additional activations are indeed observed in experts in the cerebral region responsible for the particular expertise investigated. In tasks related to working memory activity, common activations are observed in experts and novices for prefrontal and parietal regions. An additional activation of the medial temporal lobe in the hippocampal region is however, observed in experts. More precisely, both parietal and prefrontal regions are activated during schemas' activation from long-term memory [START_REF] Campitelli | Brain localization of memory chunks in chessplayers[END_REF]Parker, 2007, parietal: Cowan, 2001;[START_REF] Cowan | Working memory capacity[END_REF] with right prefrontal activation in both spatial and non-spatial WM and additional left prefrontal activation in non-spatial WM [START_REF] Prabhakaran | Integration of diverse information in working memory within the frontal lobe[END_REF][START_REF] Todd | Capacity limit of visual short-term memory in human posterior parietal cortex[END_REF].

Medial temporal lobe activation in hippocampal and parahippocampal regions has also been shown to be higher in experts [START_REF] Campitelli | Brain localization of memory chunks in chessplayers[END_REF][START_REF] Chen | Neural correlates of serial abacus mental calculation in children: A functional MRI study[END_REF][START_REF] Pesenti | Mental calculation in a prodigy is sustained by right prefrontal and medial temporal areas[END_REF]. On a biological point of view, expertise effects are related to the additional production of grey matter in the brain around neuron cell bodies in regions responsible during expert activity, with a reduction in white matter production associated to a decrease in ramifications of neurons [START_REF] Chang | Reorganization and plastic changes of the human brain associated with skill learning and expertise[END_REF].

Besides, neurological investigation of experts has been shown to vary in terms of brain waves, namely theta and alpha.

Theta wave

It is the main wave of interest in experts, varying between a frequency of range 4 to 7 Hz and occurring at an amplitude of 50µV [START_REF] Stam | Brain dynamics in theta and alpha frequency bands and working memory performance in humans[END_REF]. Studies investigating expertise and theta activations make use of electroencephalography (EEG) technique. This technique allows the investigation of brain activity, at the surface of the scalp, from signals detected and conducted by a set of electrodes to an amplifier system in order to identify the characteristics of the waves captures, such as their frequency and amplitude. Theta wave is known to be expressed in a lower spectral power in experts than novices, and has also been shown to be a good indicator of working memory span, showing higher activations for a low performance in memory [START_REF] Beatty | Operant control of posterior theta rhythms and vigilance performance: Repeated treatments and transfer of training[END_REF][START_REF] Klimesch | Interindividual differences in alpha and theta power reflect memory performance[END_REF]. Theta waves demonstrate a higher spectral activity during encoding process of memory [START_REF] Başar | Brain oscillations in perception and memory[END_REF][START_REF] Klimesch | Interindividual differences in alpha and theta power reflect memory performance[END_REF][START_REF] Paré | Amygdala oscillations and the consolidation of emotional memories[END_REF], as well as during information retrieval from long-term memory [START_REF] Kahana | Theta returns[END_REF]. Furthermore, its activity increases with attentional demand [START_REF] Gevins | Neurophysiological Measures of Working Memory and Individual Differences in Cognitive Ability and Cognitive Style[END_REF]Vidulich & Tsang, 2012). Being closely related to working memory activities, theta waves have been shown to be particularly activated in frontal and parietal regions [START_REF] Fournier | Electrophysiological, behavioral, and subjective indexes of workload when performing multiple tasks: manipulations of task difficulty and training[END_REF][START_REF] Gevins | The future of electroencephalography in assessing neurocognitive functioning[END_REF][START_REF] Gevins | EEG and ERP Imaging of Brain Function BT -Detection of Change: Event-Related Potential and fMRI Findings[END_REF]. Inspection of theta waves in EEG topography demonstrates a high activity in these regions (see chapter 14).

Alpha wave

Contrary to theta waves, alpha waves are known to vary accordingly to rise in performance of individuals, and the latter are expressed at a frequency range of 8 to 13 Hz, with an amplitude of 20-50 µV [START_REF] Stam | Brain dynamics in theta and alpha frequency bands and working memory performance in humans[END_REF]. In fact, alpha waves are associated to high cognitive performance and is characterized by lower activations during working memory span test with lower amplitudes [START_REF] Klimesch | Interindividual differences in alpha and theta power reflect memory performance[END_REF][START_REF] Neubauer | Intelligence and spatiotemporal patterns of event-related desynchronization (ERD)[END_REF]. Alpha waves spectral activity drops with increase in task difficulty [START_REF] Klimesch | Interindividual differences in alpha and theta power reflect memory performance[END_REF][START_REF] Sterman | Concepts and applications of EEG analysis in aviation performance evaluation[END_REF][START_REF] Sterman | Multiband topographic EEG analysis of a simulated visuomotor aviation task[END_REF]. It has been shown that alpha waves are mainly activated in occipital and parieto-occipital regions. It is usually associated to a lack of visual stimulations due to its high activity when eyelids are closed [START_REF] Klimesch | Interindividual differences in alpha and theta power reflect memory performance[END_REF]. Thus, it is important to take into account the level of alpha waves at rest before investigating its impact in an alert situation, since the expression of this wave has an interindividual nature, varying from one person to another [START_REF] Klimesch | Memory processes, brain oscillations and EEG synchronization[END_REF]. Alpha waves vary differently from theta waves and their respective topographic characteristics represent an indicator of expertise level 

Chapter 4 Attention

Whenever we perform a cognitive task, a minimum attentional level is required to focus on a particular information or region in space. This cognitive function is defined as the possession taking by the mind, by one particular information source among several ones, which involves "concentration of consciousness" (James, 1890). Attention is required to activate schemas stored in long-term memory or to maintain information in working memory for processing. In train travelers, for example, it is important that a minimum attentional level is maintained by the travelers to be able to detect congruent information presented on signage boards and information displays about their journey. Attention thus can serve as an automatic filter of information, usually unconscious, but can be subjected to a controlled filter, in the case of conscious information.

Once captured, attention has to be sustained on the particular region of interest, before switching to another region. These different characteristics of attention give an illustration of how cognitive resources allocated to attention are operated in a cognitive task. This has given rise to different definitions of attention, according to the task performed by the individual but also to different theories of attention. This is the case for sustained attention, where an individual is believed to focus for 30 minutes on a given information, and stabilized after 1h30 [START_REF] Mackworth | Visual search for successive decisions[END_REF].

Selective attention

Just like memory, attention can be divided into different subsystems that allow the comprehension of each section of attentional processes. Attention is, first of all, involved in the selection of the relevant information among a cluster of information. This has been theorized through selective attention theory by [START_REF] Broadbent | The effects of noise on behaviour[END_REF] and [START_REF] Treisman | Selective attention in man[END_REF]. These models are described as bottleneck theories that limit the flow of information through the different sensory entrances. This concept is illustrated in figure5.

According to these models, when attention is focused on particular information, an unlimited storage buffer is activated, before selecting congruent information based on its physical characteristics. One main difference between Broadbent's and Treisman's model is that in the selection process in the first model, nonattended stimuli are forgotten and rejected, requiring information to go through the bottleneck process again for information processing, thus beingfiltered at an early stage. On the other hand, Treisman's model defends the idea of deactivated items that could be triggered back when necessary. This idea is in favor of late filtering of information. This suggests a high storage capacity, and uses large amount of cognitive resources. According to [START_REF] Treisman | Strategies and models of selective attention[END_REF], selective and shared attention are located at opposite extremities of a continuum and are distinguished on the basis of the amount of information processed.

To test selective attention, the shadowing effect has first been investigated [START_REF] Cherry | Some Experiments on the Recognition of Speech, with One and with Two Ears[END_REF][START_REF] Wood | The cocktail party phenomenon revisited: how frequent are attention shifts to one's name in an irrelevant auditory channel? Journal of experimental psychology[END_REF]. The original shadowing effect, introduced by Cherry (1953), made use of a dichotic listening task, where distinct messages were sent in each ear, through a headphone. The participant task in this experiment is to report verbally both sets of information. It was found that whenever attention was directed towards one information source, the other source was neglected. Certain follow-up studies have shown that certain characteristics of the listener could intervene in information processing. This involves for instance the expertise of the individual towards the task or word to perform, or according to the nature of the module solicited, verbal or visual, or the use of words that have a high valence for the listener, such as his/her name and foul language [START_REF] Hirst | Dividing attention without alternation or automaticity[END_REF], cited in Cowan, 2001). The idea of selective attention has also been illustrated by [START_REF] Cherry | Some Experiments on the Recognition of Speech, with One and with Two Ears[END_REF], in a social phenomenon known as the cocktail party effect. In this situation, one can focus on a particular conversation, while not paying attention to all other conversations around.

In everyday activities, such as taking a train, selective attention is experienced, whenever information is processed in the train station; finding the relevant information among the vast pool of information presented in the train station. Two main modules are used in this context, verbal and visual, which allow parallel information processing. However, in big train stations such as in a big city like Paris, the different pools of resources can easily be saturated due to the high level of information transferred to train travelers in a context where 3.5 million people travel each day across the different train stations of Paris. The processing speed is greatly pushed and it is somehow difficult to gather all necessary information at one glance. Further studies have been conducted through the years to unravel the mechanism at stake in processing different tasks simultaneously.

Shared attention

It has been put in light that the time between the presentations of two stimuli being processed is very important, and can help to understand why it is possible to listen to music while working but not processing a math problem while learning our vocabulary.

Adding a delay at the start of the processing time of one of the stimuli to be processed can enhance performance (as compared to a context without delay) [START_REF] Salvucci | The multitasking mind[END_REF], 2008). In experts, the delay between competing tasks could be reduced, due to extensive training and activation of different sensorial systems, namely verbal and visual components [START_REF] Schumacher | Virtually Perfect Time Sharing in Dual-Task Performance: Uncorking the Central Cognitive Bottleneck[END_REF]. If this delay is shortened, stimuli presentation could generate interference on both tasks, leading to a Psychological Refractory Period (PRP) [START_REF] Schumacher | Virtually Perfect Time Sharing in Dual-Task Performance: Uncorking the Central Cognitive Bottleneck[END_REF].

The latter is a critical period during which the processing of a secondary task or stimulus would impact negatively on the performance of the first task [START_REF] Welford | The 'psychological refractory period' and the timing of highspeed performance-a review and a theory[END_REF]. This idea raises one critical question about how are cognitive resources stored and processed with respect to the nature of the task to be performed. More explicitly, can we process two or more information or tasks simultaneously, or can we only process one task then switch to another one. To answer this question, it is crucial to understand how cognitive resources are stored and how they work. Some theories have defended for years the hypothesis that all resources are stored in one channel and that every processing should be using the same processing path. This, however, implies that information processing would be hindered if two or more tasks were performed simultaneously. If we consider an expert chess player, we note that he/she has to perform in parallel tasks of different natures, such as identification of spatial positioning of chess pieces on the board to identify the schema related to that particular move. Also, they have to anticipate the next potential move of the opponent, while preparing his/her own move. This mental activity requires important cognitive resources that cannot be efficiently done if only one pool of resources is available. Besides, studies conducted on the Stimulus-Onset Asynchrony (SOA), which defines the time between the presentation of two stimuli for effective processing of both items, showed that according to the nature, the level of difficulty of the task or the expertise of the individual in the task to be performed, the delay between the presentations of both stimuli would eventually vary (see [START_REF] Salvucci | The multitasking mind[END_REF][START_REF] Wickens | Multiple resources and performance prediction[END_REF][START_REF] Wickens | Multiple Resources and Mental Workload[END_REF] Thus, theories that reached a better consensus on the subject, stipulated that cognitive resources are stored in different reservoirs or modules, for effective processing of information simultaneously. This suggests that the different modules are activated for the processing of different information types. This assumption is in line with CLT, where different pools or reservoirs are defined and are responsible for the processing of information (see chapter 5).

Other theories investigated attention according to different dimensions, such as [START_REF] Cowan | Evolving conceptions of memory storage, selective attention, and their mutual constraints within the human information-processing system[END_REF] who discussed about the storage and manipulation of information attended. Another conception of attention is to define attention through different networks: alert, orientation and executive control (e.g. [START_REF] Posner | Structures and function of selective attention[END_REF] More recent conceptions of attention defined the internal and external aspects of attention based on the object of the task [START_REF] Kuhl | Memory and Attention[END_REF]. The relationship between attention and working memory has also been investigated, where attention is defined as the main actor for maintaining information in working memory to be processed [START_REF] Cowan | Working Memory Underpins Cognitive Development, Learning, and Education[END_REF]. This followed the insights provided by [START_REF] Miyake | The Unity and Diversity of Executive Functions and Their Contributions to Complex "Frontal Lobe" Tasks: A Latent Variable Analysis[END_REF] on the ultimate function of attention being responsible for the management of cognitive resources for highly demanding tasks such as inhibition, mental planning, and eventually information monitoring and update in WM. (Sweller, 2010a). The theory defines information processing through different pools of cognitive load, depending on the nature of information and the difficulty of the task itself. In other words, it defines how total cognitive resources are allocated to different steps of information processing in the limited working memory [START_REF] Cowan | The magical number 4 in short-term memory: A reconsideration of mental storage capacity[END_REF][START_REF] Miller | The magical number seven, plus or minus two: some limits on our capacity for processing information[END_REF]. To understand the dynamics of cognitive load during information processing, it is important to investigate the two independent pools that have added up to give total cognitive load: extraneous and intrinsic cognitive load, together with an additional load responsible for learning and schemas creation: germane cognitive load. The latter is dependent on intrinsic cognitive load and is affected whenever total cognitive load is exceeded, thereby reducing learning.

Extraneous cognitive load

This pool of cognitive load is defined by [START_REF] Sweller | Cognitive load during problem solving: Effects on learning[END_REF][START_REF] Sweller | Cognitive technology: Some procedures for facilitating learning and problem solving in mathematics and science[END_REF] and is related to problem solving, requiring cognitive resources, but does not lead to the ultimate goal of instruction designing: learning and schemas' creation. The method used in instruction design is based on means-end analysis, implying that learning outcomes depend greatly on the method used for instruction creation.

Extraneous cognitive load is essentially defined by the mechanism behind the instructional design whenever information is presented to learners. During information processing, schemas stored in long-term memory are activated to understand presented information and to facilitate update of past knowledge. However, in situations where schemas are not present such as in novices, the lack of knowledge on the presented item needs to be compensated by instructional guidance. This situation generally generates extraneous cognitive load, due to the high demand of cognitive resources involved during schemas creations. Though expertise can be an advantage based on the available schemas, a phenomenon of information overlapping can arise, where schemas and instructional design do not match, thus requiring individual processing of each version of information, before matching the two sources of information. This process requires cognitive resources processed for extraneous cognitive load that reduces available resources for learning. Besides, if a consequent updating or creating process of schemas is required for the understanding of information, large cognitive resources would be required, thereby increasing extraneous cognitive load. Eventually, the implication of time in information processing is also a source of extraneous cognitive load. Spacing instruction and information to be processed in space and time imposed a consequent load on available cognitive resources. This increases the level of extraneous cognitive load during learning and task resolution process. Hence, cognitive resources greatly depend on the comprehension level of information presented to learners; the higher the demand in information processing, the greater would be the extraneous cognitive load to be invested and lower would be the available resources for schemas creation. It is thus important to optimize instructional design and method of information presentation that matches schemas of learners, to reduce extraneous cognitive load, providing more resources for knowledge creation.

Intrinsic cognitive load

Intrinsic cognitive load is the second interdependent pool of cognitive load added to the conception of cognitive load. This aspect has been introduced to explain cognitive resources associated purely to the characteristics of information to be processed [START_REF] Sweller | Cognitive load theory, learning difficulty, and instructional design[END_REF]. This additional cognitive load was derived from difficulties in studies conducted on transitive reasoning inferences in children [START_REF] Halford | Capacity limitations in children's reasoning: A dual-task approach[END_REF][START_REF] Maybery | Information-processing demands of transitive inference[END_REF], cited in Sweller, 1993[START_REF] Sweller | Cognitive load theory, learning difficulty, and instructional design[END_REF]. It is, however, important to take into account the number of interactions between certain elements in instructional design for estimation of cognitive resources required in optimal intrinsic cognitive load. This aspect has to be necessarily monitored to identify the interactivity level among every element to be investigated. Besides, prior knowledge of learners related to the investigated information has to be monitored, since information presented to novices would activate more single elements than in experts. The latter would have more schemas, with more interactions between each element to be processed. However, contrary to extraneous load, intrinsic load is fixed and cannot be reduced without expertise development, that is whenever schemas are generated [START_REF] Paas | Cognitive Load Theory: A Special Issue of Educational Psychologist[END_REF][START_REF] Sweller | Cognitive load theory, learning difficulty, and instructional design[END_REF].This is important whenever both intrinsic and extraneous load are high. Reducing the corresponding cognitive load would avoid a global increase in total cognitive load that could reduce the chance of cognitive overload. This would hinder learning and schemas' creation [START_REF] Sweller | Cognitive load theory, learning difficulty, and instructional design[END_REF].

Germane cognitive load

The third source of cognitive load introduced is germane cognitive load. This third pool of cognitive load is associated to learning and to schema creation and automation. The ultimate purpose of information processing is to create schemas and generate knowledge, by reducing extraneous load through instructional design, optimizing intrinsic load from interacting elements and prior knowledge, while reorienting available resources to activities relevant to schemas creation of presented task/situation/information [START_REF] Van Merrienboer | Cognitive load theory and complex learning: Recent developments and future directions[END_REF]. Thus, there is an evolution from a single to a double and eventually a triple-level model, integrating extraneous, intrinsic and germane load, respectively. Reducing element interactivity to optimize intrinsic load would impact on comprehension of information. This represents a contradiction in the theory, since released resources should be used for germane load and learning. Studies have been conducted to find alternatives to reduce intrinsic load, such as chunking, sequencing and training sessions [START_REF] Gerjets | Designing Instructional Examples to Reduce Intrinsic Cognitive Load: Molar versus Modular Presentation of Solution Procedures[END_REF], 2006;[START_REF] Lee | Optimizing cognitive load for learning from computer-based science simulations[END_REF][START_REF] Pollock | Assimilating complex information[END_REF]van Merrienboer, Kirschner, & Kester, 2003). Still, only extraneous load has been efficiently reduced to liberate cognitive resources for germane load, due to lack of measures for each dimension. Other related factors have also been investigated to reduce the different cognitive resources involve in each interdependent pool of cognitive load, mainly by modifying learning effects (see chapter 7). The evolution of the integration of the different pools of cognitive load, in the development of the Cognitive Load Theory is illustrated in figure 6.

Chapter 6

Measurements of cognitive load

One of the main issues addressed with cognitive load theory, is the measurement of cognitive load [START_REF] Gevins | EEG and ERP Imaging of Brain Function BT -Detection of Change: Event-Related Potential and fMRI Findings[END_REF], and more precisely an online measurement of cognitive load during task execution [START_REF] De | Cognitive load theory, educational research, and instructional design: some food for thought[END_REF][START_REF] Martin | Measuring cognitive load and cognition: metrics for technologyenhanced learning[END_REF][START_REF] Paas | Cognitive Load Theory: A Special Issue of Educational Psychologist[END_REF][START_REF] Schnotz | A Reconsideration of Cognitive Load Theory[END_REF][START_REF] Sweller | Measuring Cognitive Load[END_REF] and taking into account variations in cognitive load level with time, that cannot be accounted from classical techniques [START_REF] Paas | Cognitive Load Theory: A Special Issue of Educational Psychologist[END_REF][START_REF] Xie | Review and reappraisal of modelling and predicting mental workload in single-and multi-task environments[END_REF]. Besides, it is important to take into account individual's perception of cognitive load, since the latter depends on psychological effects associated to individuals' beliefs and any related thoughts on the perception of their load [START_REF] Bannert | Managing cognitive load-recent trends in cognitive load theory[END_REF]Moreno, 2006 cited in Plass andMoreno (2010)). Mental load for instance has been used to investigate subjective experience of learners related to stress, motivation, fatigue, effort, task difficulty, to name a few [START_REF] Kantowitz | Mental Workload[END_REF]. Different approaches are usually used for the measurements of cognitive load and it is important to identify the most reliable measures relevant to the study. To monitor knowledge on a given process, it is important to control learners' prior knowledge in studies conducted on cognitive load, since intrinsic load depends on the outcomes of prior knowledge, together with elements interactivity [START_REF] Kalyuga | Levels of Expertise and Instructional Design[END_REF].

The common measures of cognitive load are based on the objectivity vs. subjectivity and direct vs. indirect aspect of the cognitive metric, chosen according to the aim of the study. Other authors suggested the use of three types of measures, namely subjective, behavioral and physiological [START_REF] Cain | A review of the mental workload literature[END_REF][START_REF] Cegarra | The use of Tholos software for combining measures of mental workload: Toward theoretical and methodological improvements[END_REF][START_REF] Kramer | Physiological metrics of mental workload: A review of recent progress[END_REF]Vidulich & Tsang, 2012). However, these different approaches are sometimes not correlated, in studies using a multidimensional approach for measurement of cognitive load [START_REF] Funke | Evaluation of Subjective and EEG-Based Measures of Mental Workload[END_REF].

Cognitive load has long been studied by ergonomists, and most measures related to this field of research have initially been developed to measure a large concept in which cognitive load was associated to different factors of emotional and affective nature: mental load [START_REF] Chanquoy | La charge cognitive: Théorie et applications[END_REF]. In the following chapter, the name mental load will be used in situations where the corresponding measurement has been used to measure emotional and affective dimensions in addition to cognitive load.

Behavioral measure -performance analysis

Performance analysis is the most common behavioral measure used in the context of cognitive load. This measurement has been introduced in order to measure cognitive load associated to task resolution. However, it is important that learners perform a secondary task in parallel to the main task being assessed. This additional task is important, as it allows to distinguish between learners who invest more cognitive resources to reach the same performance as learners investing fewer resources to obtain the same result (for e.g. [START_REF] Borghini | Measuring neurophysiological signals in aircraft pilots and car drivers for the assessment of mental workload, fatigue and drowsiness[END_REF][START_REF] Wickens | Multiple resources and performance prediction[END_REF] One obvious limitation to the use of a secondary task is the addition of cognitive load that adds a systematic error to performance measure. Performance analysis has been investigated by analyzing the time taken for task completion but also through analysis of solution to a given problem [START_REF] Rojas | The impact of secondary-task type on the sensitivity of reaction-time based measurement of cognitive load for novices learning surgical skills using simulation[END_REF]. In real-life activity, such as in our case study of train travelers, performance can be assessed through memory analyses of information presented to travelers and the time taken to process information in a train station. In the different studies conducted in this thesis, we measured factual and contextual memory of travelers, to obtain a binding memory score for the behavioral measure of cognitive load. This was relevant to account for performance related to episodic information presented to travelers during their journey in a train station, since information is learned according to a specific context of presentation, and contribute to the identification of relevant decisions. It is however essential to monitor different aspects of cognitive load, to get a full understanding of the cognitive load at stake in such a context.

Binding memory score

Remembering past events and the corresponding contexts in which they take place, that is spatial localization or temporal localization, corresponds to the most important characteristic of episodic memory [START_REF] Tulving | Episodic and semantic memory[END_REF]. In order to integrate different elements encoded about a particular item into a single complex memory item, a binding process is required [START_REF] Mather | Emotional Arousal and Memory Binding: An Object-Based Framework[END_REF]. It is important in this context to distinguish between recollection process and familiarity. When retrieval takes place linking stored events with their encoding context, the binding process relies on recollection, while a memory without all the contextual details, is based on familiarity [START_REF] Yonelinas | Recognition memory for faces: When familiarity supports associative recognition judgments[END_REF]. The binding process varies according to the complexity of the task, related to the intrinsic characteristics of each episodic item. The recall of less demanding episodic events does not require additional effort, once perceived (e.g. [START_REF] Hommel | How Much Attention Does an Event File Need? Journal of experimental psychology[END_REF][START_REF] Hommel | The Theory of Event Coding (TEC): a framework for perception and action planning[END_REF][START_REF] Troyer | The effect of divided attention on memory for items and their context[END_REF][START_REF] Zimmer | Remembering perceptual features unequally bound in object and episodic tokens: Neural mechanisms and their electrophysiological correlates[END_REF] while more complex structures would require a higher attentional level (e.g., [START_REF] Uncapher | Episodic Encoding Is More than the Sum of Its Parts: An fMRI Investigation of Multifeatural Contextual Encoding[END_REF][START_REF] Zimmer | Remembering perceptual features unequally bound in object and episodic tokens: Neural mechanisms and their electrophysiological correlates[END_REF].

Binding score allows quantifying the performance of learners for episodic memory, involved with long-term contextual memory. This episodic investigation can thus give a more precise behavioral evaluation of cognitive load, since individuals' knowledge and schemas are addressed on a more specific level than their longterm memory as a whole. Feature binding episodic memory has been shown to be supported by the hippocampus [START_REF] Slotnick | remember" source memory rocs indicate recollection is a continuous process[END_REF] and in other brain regions such as the parahippocampal gyrus and the cingulate cortex, shown to be affected in Alzheimer patients and mild cognitive impaired patients [START_REF] Chételat | Using voxel-based morphometry to map the structural changes associated with rapid conversion in MCI: A longitudinal MRI study[END_REF][START_REF] Fox | Imaging cerebral atrophy: normal ageing to Alzheimer's disease[END_REF][START_REF] Gerardin | Multidimensional classification of hippocampal shape features discriminates Alzheimer's disease and mild cognitive impairment from normal aging[END_REF][START_REF] Risacher | Baseline MRI predictors of conversion from MCI to probable AD in the ADNI cohort[END_REF]. Analyzing cognitive load in train travelers through binding episodic score would give a more specific performance analysis of information, presented on signage boards and display screens for instance.

Response time and performance

Response time is another reliable metric of performance in cognitive load. This is based on the fact that response time increases with task difficulty and more generally with rise in cognitive load. This performance metric has been developed in the time-based resource-sharing model [START_REF] Barrouillet | Time Constraints and Resource Sharing in Adults' Working Memory Spans[END_REF], where cognitive load is investigated as a proportion of time during which attention is captured by learners to perform a given task. Though response time is a good indicator of performance, it however does not account for the intensity with which cognitive load varies during a task (Borghini2004). For instance, a learner experiencing a high cognitive load can express the same time performance as another learner with a low cognitive load, depending on their expertise or knowledge level of the investigated stimuli [START_REF] Wickens | Multiple resources and performance prediction[END_REF]. It is thus necessary to investigate other indicators of cognitive load, to be able to analyze its variations with time.

Physiological measure -biofeedback analysis

Cognitive load metrics based on physiological measures is an objective measure conducted on learners that give an indirect insight on cognitive resources invested in the evaluated task. Physiological measure offers an indirect assessment of cognitive load. When performing a cognitive task, physiological responses vary according to variations in cognitive and mental load. This is observed through eye metrics activities for visual information processing, but also through cerebral activities related to particular brain waves, according to cognitive resources invested.

Besides, electrodermal activity has been used as an indirect physiological measure of cognitive load, through variations in skin conductance. In the different studies conducted in this research program, these three aforementioned physiological metrics have been monitored and served as indicators of physiological measure of cognitive load. For relevant measurement, an eye-tracking device, an electroencephalography device and an electrodermal activity sensor were used, respectively. These different measuring techniques gave different approach of an indirect measure of cognitive load, expressing a different relevance in different contexts.

Eye-tracking

This measuring technique is used to analyze eye movements that allow indirect measure of cognitive load [START_REF] Mele | Gaze and eye-tracking solutions for psychological research[END_REF]. The device uses an infrared camera on the inside of the glasses (for portable eye-tracking device) or on the frontal side of the bar (for fixed remote eye-tracking device). Infrared light is used for the reflection on the user's eyes. The reflection generates two beams of incidental light, on the pupil and the cornea, respectively. Pupil reflection gives an indication about its diameter, while corneal reflection informs about the precise direction of gaze. Eye-tracking has been used to measure cognitive load in different education contexts [START_REF] Park | Educational technology & society : journal of International Forum of Educational Technology & Society and IEEE Learning Technology Task Force[END_REF][START_REF] Park | Emotional design and positive emotions in multimedia learning: An eyetracking study on the use of anthropomorphisms[END_REF]. Three main metrics can thus be derived from an eye-tracking device, that are indicators of cognitive load: pupil diameter [START_REF] Kiefer | Measuring Cognitive Load for Map Tasks Through Pupil Diameter[END_REF][START_REF] Klingner | Effects of visual and verbal presentation on cognitive load in vigilance, memory, and arithmetic tasks[END_REF][START_REF] Van Der Wel | Pupil dilation as an index of effort in cognitive control tasks: A review[END_REF], gaze duration [START_REF] Reyes | Effects of cognitive load presence and duration on driver eye movements and event detection performance[END_REF], blink rate [START_REF] Paprocki | What Does Eye-Blink Rate Variability Dynamics Tell Us About Cognitive Performance[END_REF] and saccade amplitude [START_REF] Duchowski | Using Microsaccades to Estimate Task Difficulty During Visual Search of Layered Surfaces[END_REF].

Pupil diameter

Pupil diameter has been shown to be an indicator of various cognitive activities.

It has been shown to vary according to operations in working memory and problem solving [START_REF] Ahern | Pupillary responses during information processing vary with Scholastic Aptitude Test scores[END_REF][START_REF] Beatty | Task-evoked pupillary responses, processing load, and the structure of processing resources[END_REF][START_REF] Kahneman | Pupil diameter and load on memory[END_REF]. As illustrated in chapter 4, attention is important for focusing and processing information in working memory [START_REF] Cowan | The magical number 4 in short-term memory: A reconsideration of mental storage capacity[END_REF]. This attentional demand can be measured through analysis of pupil diameter, where an increase in its size relates to a higher attentional focus [START_REF] Lisi | Pupil dilation reveals top-down attentional load during spatial monitoring[END_REF]. Pupil diameter has also been used to investigate learning, and related processes. This is the case in split-attention theory (see chapter 7), where attention is divided into different locations in space and/or time to gather different sections of information for learning (Chandler & Sweller, 1991;[START_REF] Mayer | A split-attention effect in multimedia learning: Evidence for dual processing systems in working memory[END_REF]. For optimal information processing, it is important to reduce environmental brightness whenever pupil diameter is analyzed during an experiment due to multiple reflections that may occur on the eye-tracking device, affecting precise measurement of pupils [START_REF] Pomplun | Pupil dilation as an indicator of cognitive workload in human-computer interaction[END_REF]. Pupil diameter is a useful indicator during information processing, in the laboratory as well as in real-life experiments. Portable eye-tracking glasses have been used in field studies for investigating information processing, such as in a driving simulator (Palinko, Kun, Shyrokov, & Heeman, 2010). This method can be useful to investigate cognitive load of train travelers in an actual train station, to analyze how train travelers process information on signage boards and information displays. This function has proven its efficacy in previous studies evaluating information on internet projected in a computer screen [START_REF] Wang | An eye-tracking study of website complexity from cognitive load perspective[END_REF]. It has also been used to investigate ageing population (Van Gerven, [START_REF] Van Gerven | Memory load and the cognitive pupillary response in aging[END_REF]. With increase in expertise, pupil diameter has been shown to decrease, being narrower than novices' diameter, for the processing of the same information [START_REF] Szulewski | The Use of Task-Evoked Pupillary Response as an Objective Measure of Cognitive Load in Novices and Trained Physicians[END_REF].

Gaze duration and saccade amplitude

When reading a message on a screen, the eyes follow each word, moving from one fixation point to the next by a saccadic movement. The time spent on fixation site and the distance covered by eye movement, correspond to the gaze duration and the saccade amplitude. These two metrics of the eyes inform about the information processed and their implications on the reader's cognitive activity, related to the successive saccadic and fixation characteristics. As the difficulty of a task increases, the gaze fixation increases [START_REF] Tole | Visual scanning behavior and mental workload in aircraft pilots[END_REF], the higher is the frequency related to the velocity of the saccade (Di Stasi, Marchitto, Antolí, & Cañas, 2010). These eye metrics are important to investigate cognitive load in field study, such as among train travelers, as it would allow the evaluation of cognitive load, associated to information processing on signage boards. The latter would help to provide insights for better instructional design and relevant contents, based on gaze duration and saccade amplitude.

Electroencephalography

This non-invasive technique allows the monitoring of electrical activity produced by the brain, using electrodes positioned on the surface of the scalp. It allows an indirect measure of brain activities through particular markers, in terms of brain waves and neuronal activity in time. The signal captured by electrodes and amplified are interpreted by a Fast Fourier Transform (FFT), allowing extraction of signals through different band width frequencies [START_REF] Gross | Emotion, Emotion Regulation, and Psychopathology[END_REF][START_REF] Picot | Détection d'hypovigilance chez le conducteur par fusion d'informations physiologiques et vidéo[END_REF]. These frequencies correspond to brain waves that are generated through the synchronize activity of groups of neurons when the individual is performing a particular task (Varela, Lachaux, Rodriguez, & Martinerie, 2001). These brain waves have been introduced in chapter 3, section 3, and are theta and alpha waves.

They are the predominant brain waves markers of cognitive load activities, being higher for theta in high cognitive load situation than for alpha waves (for e.g.: [START_REF] Borghini | Measuring neurophysiological signals in aircraft pilots and car drivers for the assessment of mental workload, fatigue and drowsiness[END_REF][START_REF] Holm | Developing neurophysiological metrics for the assessment of mental workload and the functional state of the brain[END_REF][START_REF] Holm | Estimating Brain Load from the EEG[END_REF]Vidulich and Tsang, 2012, ) Cerebral cognitive load markers Alpha and theta waves are the predominant waves involved in cognitive load activities. These waves, described in Chapter 3 section (??), have been shown to express differently according to cognitive load level expressed by individuals. Theta waves have been shown to be associated to working memory and attentional networks (e.g. [START_REF] Jensen | Frontal theta activity in humans increases with memory load in a working memory task[END_REF][START_REF] Kahana | Theta returns[END_REF] while alpha waves are involved whenever information is assessed and retrieved from long term memory [START_REF] Klimesch | EEG alpha oscillations: The inhibition-timing hypothesis[END_REF][START_REF] Klimesch | Interindividual differences in alpha and theta power reflect memory performance[END_REF]. Whenever cognitive load increases with the complexity of a task, alpha waves are desynchronized (e.g. [START_REF] Penfield | Epilepsy and the functional anatomy of the human brain[END_REF][START_REF] Sterman | Multiband topographic EEG analysis of a simulated visuomotor aviation task[END_REF] causing a drop in spectral activity of alpha waves. Theta waves on the other hand are synchronized during complex information processing, characterized by an increase in spectral activity of theta waves [START_REF] Gevins | High-resolution EEG mapping of cortical activation related to working memory: effects of task difficulty, type of processing, and practice[END_REF].

Electrodermal activity

Electrical properties of skin vary according to emotional, physical and cognitive responses [START_REF] Boucsein | Electrodermal activity[END_REF]. One of the most studied properties of electrodermal activity (EDA) is skin conductance. This property is investigated by the measurement of electrical activity between two points on the skin. The electrical activity [START_REF] Dawson | The Electrodermal System[END_REF] originates from Sympathetic Neuronal Activity (SNA) that consists of both a tonic and a phasic component: Skin Conductance Level (SCL) and Skin Conductance Responses (SCRs), respectively. Among the various physiological measures used to evaluate variations in sympathetic system, EDA is the most reliable technique that is not affected by parasympathetic activity, sensitive to emotional and cognitive variations. Combining different cognitive states and variations in attention and emotional level grants EDA the potential of a good indicator of cognitive load.

Besides, skin conductance from EDA allows the measurement of implicit physiological responses that are generated unconsciously. Analyses of EDA signal can be performed through two procedures, namely normalization and standardization.

The first technique allows the correction of skewness of a signal for parametric statistical analysis. The second technique allows in-between, unbiased comparison. Figure 7 below shows the characteristic form of a SCR from [START_REF] Dawson | The Electrodermal System[END_REF].

In the case of train travelers, EDA provides a relevant physiological measure of attentional demand recruited to perform a cognitive task. This attentional requirement, argued by [START_REF] Cowan | The magical number 4 in short-term memory: A reconsideration of mental storage capacity[END_REF] as being the minimum requirement by an individual to process information in working memory and to make connections with stored schemas in long-term memory. Fluctuations in cognitive resources should affect attentional span required for the processing of particular information, hence indicating a variation in EDA.

Subjective measure -Standardized questionnaires

Subjective measure is the most investigated type of measure in the field of CLT. It relies on self-perception of cognitive load items that allows individuals to quantify cognitive load perceived [START_REF] Paas | Cognitive Load Theory: A Special Issue of Educational Psychologist[END_REF][START_REF] Paas | Variability of worked examples and transfer of geometrical problem-solving skills: A cognitive-load approach[END_REF][START_REF] Paas | The Efficiency of Instructional Conditions: An Approach to Combine Mental Effort and Performance Measures. Human Factors: The Journal of the Human Factors and Ergonomics Society[END_REF]. This self-report method solely relies on the individual interpretation of cognitive load demand related to a task. Thus, subjective measure greatly depends on interindividual differences that eventually generate different estimations of cognitive load. To remedy this limit in subjective measure, it is essential to combine the ratings with other dimensions that impact cognitive load, such as anxiety, fatigue, depression, to name a few, depending on the context of task resolution. Besides, this type of measure does not allow an online estimation of cognitive load, and does not account for individual part of the tested task, generating a framing effect [START_REF] Xie | Review and reappraisal of modelling and predicting mental workload in single-and multi-task environments[END_REF]. This represents a serious limitation in cognitive load investigation, for tasks assessing cognitive load at different instants. Though this limitation can be overcome by constant subjective evaluation of learners, a more ecological approach is required, while giving more insights about cognitive processes that generate the perceived cognitive load (for e.g. [START_REF] Paas | Cognitive Load Theory: A Special Issue of Educational Psychologist[END_REF] Furthermore, subjective measure does not account for each individual pool of cognitive load from CLT.

Among the common questionnaires used for subjective measure of cognitive load are the multidimensional measures: NASA-Task Load Index (NASA-TLX) [START_REF] Hart | Development of NASA-TLX (Task Load Index): Results of Empirical and Theoretical Research[END_REF], which evaluates mental load associated to each dimension of the task; Subjective Workload Assessment Technique (SWAT) [START_REF] Reid | The Subjective Workload Assessment Technique: A Scaling Procedure for Measuring Mental Workload[END_REF] and Workload Profile (WP) [START_REF] Tsang | Diagnosticity and multidimensional subjective workload ratings[END_REF], that measure the mental load experienced by learners rather than load generated by the task directly. A unidimensional measure, the Paas scale, has also been introduced as a measure of subjective cognitive load [START_REF] Paas | Training strategies for attaining transfer of problem-solving skill in statistics: A cognitive-load approach[END_REF]. Thus, depending on the type of standardized subjective measure, cognitive load is described as a multi-or unidimensional measure [START_REF] Meshkati | Heart Rate Variability and Mental Workload Assessment[END_REF][START_REF] Wickens | Multiple resources and performance prediction[END_REF]. These questionnaires suggest different applications based on the evaluated task. For instance, according to the task performed, the outcome may not be the same from one questionnaire to another, or for the same questionnaire in time (for a complete comparison of the different questionnaires see: [START_REF] Rubio | Evaluation of Subjective Mental Workload: A Comparison of SWAT, NASA-TLX, and Workload Profile Methods[END_REF] This limitation in the unstable self-perceived subjective load, suggests a more fundamental difficulty, which is the ability to describe one's cognitive resources [START_REF] Schnotz | A Reconsideration of Cognitive Load Theory[END_REF]. Hence, choosing the correct subjective measure depends on the task and the aim of the study in relation to cognitive load. For example, measuring subjective mental load of train travelers during navigation in a train station ideally requires different dimensions that could interfere with travelers' cognitive load such as the dimensions measured in NASA-TLX. This would give a complete interpretation of travelers' mental load in terms of mental demand, physical demand, temporal demand, performance and effort, with respect to the task.

Combining measures

It is clear that the different measures used to investigate cognitive load vary in efficacy, according to their relevance to the type of task assessed, and the aim of the study. For instance, investigating cognitive load of learners for visual information in static presentation requires evaluation of eye metrics (pupil diameter, saccade amplitude, gaze duration and/or blink rate). This helps to identify the stimuli processed by the learner, together with corresponding cognitive load associated to the process. In this case, if another physiological measure such as heart rate or EDA was assessed, this would not give enough information about visual cognitive load, which is more relevant in this case. Evaluating different cognitive load measures (physiological, subjective and behavioral), helps to account for the multifactorial aspect of cognitive load [START_REF] Jex | Measuring Mental Workload: Problems, Progress, and Promises[END_REF][START_REF] Matthews | The Psychometrics of Mental Workload[END_REF]. In this vein, [START_REF] Cegarra | The use of Tholos software for combining measures of mental workload: Toward theoretical and methodological improvements[END_REF] have suggested the combination of multiple measuring techniques to investigate cognitive load, that would help to analyze different cognitive dimensions involved in cognitive load measurements. Some authors have tried to integrate different measuring techniques through machine learning, using an artificial neuron network (ANN) to anticipate and predict variations in cognitive load to precisely classify cognitive load based on measurements obtained from neuropsychological tests of experts over several sessions [START_REF] Baldwin | Adaptive training using an artificial neural network and EEG metrics for within-and cross-task workload classification[END_REF][START_REF] Wilson | Real-Time Assessment of Mental Workload Using Psychophysiological Measures and Artificial Neural Networks[END_REF], 2007). This technique helps to anticipate cognitive load level of learners, based on data obtained from training sessions of other learners with the same expertise and prior knowledge. Further research is, however, required to investigate the combination of measures to provide a more precise multifactorial analysis of cognitive load.

Chapter 7 Learning effects in cognitive load

Learning is considered as the ultimate function of CLT. It has been shown that learning processes depend not only on the task itself (intrinsic cognitive load) but also on the instructional design used to teach the different learning processes. The main function of this instructional design is to promote knowledge through the creation of schemas in long-term working memory, after being processed by the limited storage area of working memory. Understanding the limitations of the latter will help to produce more relevant instructional design for optimal knowledge creation. Instructional design has undergone several applications in real-life activities and considered as the center of complex learning situations [START_REF] Merrill | First principles of instruction[END_REF]van Merriënboer & Kirschner, 2001). Experts in this field of research have put in light the different sources contributing to the complexity of learning tasks in real-life activities, and relate them to the ability to learn separate skills, and more importantly, the ability to coordinate them during problem-solving. Apart from skills per se, it is important to integrate attitude and behavior, to reach a higher performance.

Studies conducted in CLT, have shown that cognitive load varies according to different phenomena that generate variations in cognitive load outcomes. These effects are called learning effects, and are described according to their supposed impact on the different types of cognitive load. According to CLT, for optimal learning, it is required to minimize extraneous load, to maximize germane load. These different learning effects contribute to the construction of an adapted instructional design, required for optimal processing of cognitive load. The five main learning effects are redundancy effect (Chandler & Sweller, 1991;[START_REF] Sweller | Cognitive load theory, learning difficulty, and instructional design[END_REF]; splitattention effect (Chandler & Sweller, 1991, 1992;[START_REF] Sweller | Cognitive load theory, learning difficulty, and instructional design[END_REF][START_REF] Sweller | Cognitive load as a factor in the structuring of technical material[END_REF]; goal-free effect [START_REF] Owen | What do students learn while solving mathematics problems[END_REF][START_REF] Sweller | Development of expertise in mathematical problem solving[END_REF][START_REF] Tarmizi | Guidance during mathematical problem solving[END_REF]; worked-example effect [START_REF] Cooper | Effects of schema acquisition and rule automation on mathematical problem-solving transfer[END_REF][START_REF] Sweller | The Use of Worked Examples as a Substitute for Problem Solving in Learning Algebra[END_REF]; completion effect [START_REF] Paas | Training strategies for attaining transfer of problem-solving skill in statistics: A cognitive-load approach[END_REF][START_REF] Van Merriënboer | Strategies for Computer-Based Programming Instruction: Program Completion vs. Program Generation[END_REF]. Redundancy effect is related to the presentation of information through multiple sources. For instance, presenting the whole information visually through a picture, and at the same time presenting the same full information verbally, through spoken messages. This effect represents an advantage in novice learners who do not have high prior knowledge about the given information. On the other hand, expert learners may not benefit from this effect, since experts have to compare each version of the presented information to match stored schemas. This additional effort requires cognitive resources that cause an increase in cognitive load. Split-attention effect, on the other hand, is related to the presentation of section of information at different spatial locations in different modalities, that once combined, would give the meaning of the whole information.

Goal-free effect is related to focusing attention on means to solve a problem rather than to the whole situation. Worked-example effect relates to the presentation of steps to solve a problem rather than means-end analysis. Completion effect involves the use of partially solved problems, to give hints to learners to solve the whole problem. Other learning effects are sometimes associated to these 5 learning effects that may arise according to the context. This is the case for instance in train station, where the modality of presentation [START_REF] Low | The Modality Principle in Multimedia Learning[END_REF], may affect the way information is received by travelers, through the presentation of information in different formats that can be understood only if all the modalities are integrated in a single meaningful information. The use of new technologies for information presentation in train stations from megacities, in terms of multimedia presentation, can also play a role in information processing. This also depends on the format of information being presented and its content. Besides from the characteristics of information, the travelers' profile also interferes with information processing, according to their prior knowledge and their expertise of the given train station. It is thus important to account for expertise level among learning effects in instruction design, as in certain conditions, the schemas of experts may not be applicable and other mental dimensions can get involved such as frustration and anxiety. This can lead to another learning effect: expertise reversal effect [START_REF] Kalyuga | World Conference on Educational Multimedia, Hypermedia & Telecommunications[END_REF][START_REF] Kalyuga | The expertise reversal effect[END_REF].

Expertise reversal effect is initially assessed in relation with redundancy effect, whenever instructional content is beneficial for novice learners due to their lack of stored schemas, but redundant for experts who have equivalent information stored in their long-term memory. Experts have to create links between instruction and stored knowledge, before understanding presented information. The reorganization process results in extraneous cognitive load in experts. However, if instructional design was changed to facilitate performance of experts, novices' performance would be this time affected, due to random searches, characterized as inefficient cognitively, before testing the stored information for relevance. This process necessitates cognitive resources due to resources invested in working memory activities.

During information processing in real-life contexts, such as in a public place, like a train station, it is important to process the surrounding information to orient ourselves in the right direction. In this context, information processing varies according to travelers' expertise level of the visited train station. This expertise level can be compared to that of learners, with different levels of prior knowledge and varying number of stored schemas (for e.g. [START_REF] Kalyuga | World Conference on Educational Multimedia, Hypermedia & Telecommunications[END_REF][START_REF] Kalyuga | The expertise reversal effect[END_REF] Monitoring expertise level is thus important when assessing cognitive load in learners, irrespective of the context of learning. With application of CLT, information presented to travelers in our example, can thus be optimized according to their expertise level for a better management of cognitive load and prior knowledge.

Chapter 8

Investigating cognitive load during navigation

From the first virtual reality (VR) beginning in ( 1838) by Wheatstone with the use of the stereoscope, to the creation of the first HMD by [START_REF] Sutherland | The Ultimate Display[END_REF], VR technology has undergone several mutations before reaching the high level of immersion offered by today's HMD devices. According to the definition of [START_REF] Lanier | Virtual reality: the promise of the future[END_REF], "VR is a computer-simulated environment that can simulate physical presence in places in the real world or imagined worlds, while recreating sensory experiences, including virtual taste, sight, smell, sound, touch, etc". When designing a virtual environment (VE), it is important to take into account three characteristics that answer the questions of why, how and what simulating a VE. These characteristics are the real-time interaction, the naturalistic immersion and the behavioral interface, respectively [START_REF] Fuchs | Les interfaces de la réalité virtuelle[END_REF]Fuchs & Moreau, 2006a[START_REF] Fuchs | Le traité de la réalité virtuelle[END_REF]. This rule of the 3 "I" (interaction, immersion and interface) helps to design VE in different fields of research, where ecological simulations allowed the study of human interaction with simulated humans (avatars) and environment. It allows monitoring of secondary variables that may influence the outcome of a study that are sometimes difficult to control in a field study (e.g. varying crowd simulators: [START_REF] Musse | Hierarchical model for real time simulation of virtual human crowds[END_REF][START_REF] Ulicny | Crowd simulation for interactive virtual environments and VR training systems[END_REF] or ethically difficult to carry out in real-life. The technology also allows the user to project himself/herself in an alternative world, in a futuristic context, in the past or in an exact replica of an actual environment.

In the context of CLT, VR represents a potential research material, in which different learning contexts can be evaluated [START_REF] Burgess | Simulation and virtual reality-based learning of non-technical skills in driving: critical situations, diagnostic and adaptation[END_REF]. This could be for instance, for testing multimedia learning through different instructional setups, designed in 3D, with which tested learners can interact, while assessing their cognitive load variations. This evaluating method represents a gain in time for testing, a beneficial investment not requiring the actual production of material and most interesting the unlimited modeling and testing of concepts. VR technology has been used in studies with healthy adults (for e.g.: [START_REF] Carrozzino | Beyond virtual museums: Experiencing immersive virtual reality in real museums[END_REF][START_REF] Jebara | Effects of enactment in episodic memory: A pilot virtual reality study with young and elderly adults[END_REF][START_REF] Plancher | The influence of action on episodic memory: A virtual reality study[END_REF][START_REF] Plancher | Age effect on components of episodic memory and feature binding: A virtual reality study[END_REF][START_REF] Plancher | The integration of realistic episodic memories relies on different working memory processes: Evidence from virtual navigation[END_REF] as well as patients (for e.g.: La Corte, [START_REF] Corte | Episodic Memory Assessment and Remediation in Normal and Pathological Aging Using Virtual Reality: A Mini Review[END_REF][START_REF] Plancher | Using virtual reality to characterize episodic memory profiles in amnestic mild cognitive impairment and Alzheimer's disease: influence of active and passive encoding[END_REF][START_REF] Riva | Virtual reality in psychotherapy[END_REF][START_REF] Tuena | Virtual Enactment Effect on Memory in Young and Aged Populations: A Systematic Review[END_REF] 

Ecological virtual environment

When designing a virtual environment is it essential that users experience a fullbody immersion in the VE to express same experience as in real-life [START_REF] Murray | Changes in bodily awareness induced by immersive virtual reality[END_REF]. It is essential that the VE is vivid and close to the real world, to reach a higher sense of presence [START_REF] Barfield | The effect of update rate on the sense of presence within virtual environments[END_REF][START_REF] Bystrom | A Conceptual Model of the Sense of Presence in Virtual Environments[END_REF]. This can be measured using the subjective sense of presence questionnaire [START_REF] Schubert | The experience of presence: Factor analytic insights[END_REF]. Besides, when designing a VE it is essential to compare it to its real-life version, to make sure that measurements made in the VE could be used to understand real-life activities. This has been done for instance in the study of paranoia in London subway, through the simulation of the platform and subway, to analyze how passengers behave in different environmental conditions, based on a battery of measures related to factors in the cognitive model of paranoia [START_REF] Freeman | Virtual reality study of paranoid thinking in the general population[END_REF]. In other studies, such as in training of surgeons, VR has been shown to reproduce naturalistic sensations that are encountered in the real-world during a surgery, allowing trainees to get more practice before performing an actual surgery [START_REF] Gurusamy | Virtual reality training for surgical trainees in laparoscopic surgery[END_REF]. Studies in VR have also focused on the treatment of patients with certain phobias, showing reliable physiological reactions in the VE that are close to real-life physiological activity, suggesting the use of VR to study real-life physiological-related situations (da Costa, [START_REF] Da Costa | Virtual reality exposure therapy for fear of driving: analysis of clinical characteristics, physiological response, and sense of presence[END_REF][START_REF] Mühlberger | Virtual reality for the psychophysiological assessment of phobic fear: Responses during virtual tunnel driving[END_REF][START_REF] Wiederhold | Fear of Flying: A Case Report Using Virtual Reality Therapy with Physiological Monitoring[END_REF]. It is however important that movement in the VE is naturalistic and free from vestibular system discomfort, to reduce the risk of cybersickness [START_REF] Bruck | The factor structure of cybersickness[END_REF]. This is characterized by mild headache and nausea. An optimized VE, designed from an actual environment, should produce similar physiological measures as in real-life, thus allowing designing different experimental set-ups in VR.

Chapter 9

Theoretical conclusion and prospective in CLT CLT has undergone multiple evolutions since the first appearance of cognitive load in the literature. The initial focus of studies in CLT was mainly directed on the interdependent pools of cognitive load, namely intrinsic, extraneous and germane load. The main aim was to evaluate how cognitive load varies in these different dimensions, while identifying various learning contexts in which at least one cognitive load dimension was affected. Understanding how cognitive resources are linked with the different dimensions of cognitive load is also an important issue in the field of CLT. The mechanism behind these interconnections brings additional insights in understanding the relationship between working memory capacity and long-term memory dynamics. The development of different types of measuring technique, from subjective to objective and from direct to indirect, has deepened the understanding of the cognitive load mechanism. Variables and contexts affecting learning have also been investigated to frame instructional design for learners.

CLT thus offers a multidimensional research perspective that together contributes to understand learning mechanism and schemas creation. However, these different aspects present some limitations and at the same time great perspectives for future research.

The definition of the different types of CL as interdependent pools suggests a first limitation of the CLT. Having variations in intrinsic load while controlling extraneous load will not give additional insights on cognitive resources invested strictly in presentation format. This part is required to target cognitive load associated to instructional design, for optimal learning. A second limitation is fundamentally based on the construction of CLT. Without its own model per se, CLT depends on validated model of WM and attention. WM for instance, explains the processing of information through three subsystems, among which the visuospatial sketchpad (VSSP) (see chapter 2 subsection 2.3.1) [START_REF] Baddeley | Dementia and working memory[END_REF]Miyake & Shah, 1999). In this subsystem, spatial ability is attributed to the same processing channel as that of visual information. This suggests the processing of spatial information in terms of visual mental rotation, spatial orientation and manipulation of visual patterns in space [START_REF] Carroll | Human cognitive abilities[END_REF][START_REF] Lohman | Spatial ability : a review and reanalysis of the correlational literature[END_REF]. Studies have also investigated the link between spatial abilities and extraneous load in VR studies. The latter requires WM resources that depend on spatial abilities. This was shown by the greater performance of participants with higher spatial abilities, irrespective of their visual performance [START_REF] Waller | Individual differences in spatial learning from computer-simulated environments[END_REF]. However, other studies showed that concurrent spatial activities affect visuospatial working memory for illustrations' presentation with text, in high spatial ability, indicating a common system for spatial and visual stimuli processing [START_REF] Gyselinck | Visuospatial memory and phonological loop in learning from multimedia[END_REF]. This suggests that high spatial ability can be a predictor of higher performance, whenever instructional design generates high cognitive load.

Measuring cognitive load is a real issue in CLT, and finding a good indicator represents a serious challenge. The first problem is methodological, since in most studies, cognitive load is assessed after a given task, rather than during the task itself. This global average proves to be irrelevant to the investigation of cognitive load at different instants in the task. Applying subjective load at different instants in an experiment can help to overcome this situation. Besides from this limitation in measurement timing, there is also a problem related to the validity of subjective load, and to the specific cognitive load measured by each item in this type of evaluation. It is difficult for learners to rate his/her cognitive load level, while covering all proposed dimensions, even if some authors suggest that learners are able to explicit their cognitive processes [START_REF] Paas | Cognitive Load Theory: A Special Issue of Educational Psychologist[END_REF]. Variations in task complexity thus make it difficult to investigate cognitive load at one point and in one dimension. This task complexity is associated to the intrinsic cognitive load according to CLT. In a previous study, extraneous and germane load were controlled, such that cognitive load perceived was related to the complexity of the task and relying solely on intrinsic load [START_REF] Ayres | Impact of reducing intrinsic cognitive load on learning in a mathematical domain[END_REF]. Other authors have investigated the measurement of different types of cognitive load [START_REF] Cierniak | Explaining the split-attention effect: Is the reduction of extraneous cognitive load accompanied by an increase in germane cognitive load?[END_REF]. These different metrics of cognitive load have recently known a promising new subjective questionnaire, investigating different types of cognitive load, assessed through 10 different items [START_REF] Leppink | Development of an instrument for measuring different types of cognitive load[END_REF][START_REF] Leppink | Effects of pairs of problems and examples on task performance and different types of cognitive load[END_REF].

Information retrieved from long-term memory can vary drastically from one individual to another. Retrieving particular information, uses cognitive resources, and can thus be analyzed for cognitive load, but also schema creation, after analysis of prior knowledge [START_REF] Müller-Kalthoff | The effects of graphical overviews, prior knowledge, and self-concept on hypertext disorientation and learning achievement[END_REF]. Combining insights from the theoretical part underneath cognitive load and the empirical studies conducted on experts and novices in CLT field of research. It is clear from these different perspectives of the theory that instructional design has an utmost importance in the evaluation of cognitive load, from learners in pre-school to adults in a real-life situation. The theory explains with great accuracy the different steps required to generate new knowledge or updating of prior knowledge [START_REF] Mayer | Should There Be a Three-Strikes Rule Against Pure Discovery Learning[END_REF]. It also relates the building of strategic instructional design to reduce the chance of cognitive overload, while considering different learning effects in the process of information processing, however complex is the content [START_REF] Clark | Using rich media wisely[END_REF][START_REF] Mayer | Cognitive, Metacognitive, and Motivational Aspects of Problem Solving[END_REF][START_REF] Mayer | Cognitive theory of multimedia learning[END_REF][START_REF] Van Merriënboer | Ten steps to complex learning: A systematic approach to four-component instructional design[END_REF]. Though instructional design field of research has generated various benefits to CLT, there are still some improvements to be addressed in future research. These should be investigated in different research fields such as neuroscience, biology and physiology, it is important in further studies to work on a reliable measuring technique of cognitive load, for each sub-section of the model. This would allow researchers to define threshold for low and high cognitive load implications, for each sub-section of cognitive load. This measure should help to give relevant information, comparable to all dimensions: physiological, behavioral and subjective, with an online measurement of cognitive load variations. Current research is focused on a potent cognitive load measuring technique that has mainly focused on the dynamics modulating intrinsic load through the analysis of interactivity between each element and the impact of prior knowledge related to the task [START_REF] Brünken | Measuring Cognitive Load[END_REF].

These studies suggest that the most promising measurement is those conducted online, sensitive to modifications in cognitive load: physiological measure. This allows accounting for the indirect objective measure of cognitive load during the presentation of instruction, processing of information and action. This ultimate function is related to germane cognitive load (Sweller, 2010a).

The link between germane load and prior knowledge has been shown to be negatively correlated to each other. That is, the higher the prior knowledge of the learner, the less cognitive load should be associated to germane load, and the higher can be extraneous load, before reaching a situation of cognitive overload.

Prior knowledge has been identified as an important item to measure during each study on cognitive load, to account for schemas activated when performing a task.

For complex situations of schemas' creation, in the case of implicit learning, it is difficult to assess prior knowledge. Working memory during information processing in this context is less saturated, since links can be made with existing schemas from long-term memory. Since these schemas have been generated during implicit learning, it is important that an objective technique is used to measure cognitive load associated. This allows accounting for inter-individual differences between learners with higher prior knowledge to those with no schemas, in the investigated field. Performance analysis related to this situation has also been suggested to investigate implicit prior knowledge, by proposing the completion of problem, after presentation of a few initial steps of solution. Learners with implicit prior knowledge should be able to express a good performance will less accuracy in task description [START_REF] Kalyuga | World Conference on Educational Multimedia, Hypermedia & Telecommunications[END_REF]. Extraneous load, associated to irrelevant cognitive load, has to be separated from germane load. Distinguishing these two loads is essential to evaluate the efficacy of the learning process. For instance, having a theoretical ratio of extraneous load to germane load higher than one would indicate an inefficient learning process, since this would suggest that more cognitive resources are invested in understanding the concept, rather than in creating new schemas. Some challenges regarding intrinsic behavior of learners remain to be investigated in the field of CLT. This involves learners' engagement in the task that relies on their motivation. This aspect could bring more insights about motivation and its relation to cognitive resources. We can also think about how time affects the subjective perception of mental load invested in the learning material and how it may vary with variations in task difficulty. These different questions about the impact of time could better the understanding of learners and provide insights for suggesting new subjective tests.

Last but not least, cognitive load has been investigated in relation to human motion. It has been shown that animations are more beneficial than static presentation, whenever a non-static activity is presented, affecting positively available resources and WM [START_REF] Cook | Gestures, but not meaningless movements, lighten working memory load when explaining math[END_REF][START_REF] Goldin-Meadow | GESTURE'S ROLE IN CREATING AND LEARN-ING LANGUAGE[END_REF][START_REF] Risko | Cognitive Offloading[END_REF]. It has been suggested that CLT should evolve from a cognitive theory to embodied cognition. According to [START_REF] Barsalou | Language comprehension: Archival memory or preparation for situated action?[END_REF], presenting non-static information related to human gestures, a more elaborate representation is created, hence reducing extraneous load associated to instruction design.

Chapter 10

Empirical section

In the empirical studies conducted for this thesis work, we aimed to evaluate how information processing in an everyday life context modulates cognitive load, with varying expertise and prior knowledge of learners with different environmental complexity. We chose the example of train travelers finding their way in a given train station as the everyday life activity to be evaluated. As shown earlier, expertise related to prior knowledge, modulates cognitive load activity in learners.

We selected, for our empirical studies, participants with different knowledge of the evaluated environment as main factor, to analyze cognitive load level. Expert and novice travelers were thus recruited to explore this main factor of our experiments. Since the complexity of the environmental context is another main factor influencing the level of cognitive load in travelers, we evaluated normal and non-optimal train station condition in the different experiments. Cognitive load was measured in our study through three aspects: physiological, subjective and behavioral aspects. Physiological aspect was investigated using EDA measures, subjective measure was evaluated using NASA-TLX questionnaire and behavioral measure was assessed through memory binding score of travelers.

We investigated cognitive load in the first empirical experiment of this thesis in an actual train station, for normal environmental context, allowing us to monitor cognitive load of expert and novice travelers. Physiological measure of cognitive load was additionally evaluated using an eye-tracking device. In order to perform the same experiment, while additionally investigating a non-optimal train station context, we perform a study in the virtual environment of the investigated train station. This technique allowed us to measure variations in cognitive load while monitoring external factors and overcoming ethical issues associated to performing such experiment in an actual train station. Prior to assessing cognitive load in a non-optimal context in the virtual environment, we performed a comparative study to demonstrate the cognitive load similarities in the same normal real-life and virtual train station. Finally, to measure with a high temporal resolution cognitive load variations in information processing, we used EEG technique as an additional physiological measure coupled to VR. Context factor was reduced to one modality, corresponding to higher environmental complexity, associated to life events. In summary, the four empirical studies helped us identify cognitive variations in information processing for expert and novice travelers in normal and non-optimal virtual and actual train station. We expected for this study to obtain higher cognitive load in novice travelers than in expert travelers, characterized by higher EDA, a lower performance in feature binding memory score and higher general subjective cognitive load from NASA-TLX. The following experiment 1 is an empirical study device to observe and understand behavior of travelers with respect to their cognitive load metrics. This article has been submitted for publication.

11.2 Where do I look? Cognitive load variations in train travelers during information processing ABSTRACT Management of travelers' cognitive load is crucial for efficient information processing for optimal railway operations. We investigated variations in travelers' cognitive load with different expertise levels, in a field study. We aimed to assess the use of three eye metrics: pupil diameter, saccade amplitude and gaze of fixation duration for cognitive load analysis between expert and novice travelers in a Mass Transit train station: Saint-Michel Notre Dame. Physiological measures of emotional regulation activity through skin conductance responses were also investigated, together with subjective measures of mental load using NASA-Task Load Index. We expected novice travelers to express higher cognitive load than expert travelers, characterized by wider pupil diameter, larger amplitude of saccade and longer gaze duration, as well as higher electrodermal activity and NASA-TLX.

Our results followed our expectations. Additional observations showed that experts used hierarchical and symmetrical scan paths, with more intense exposure on relevant information, characterized by brighter heat maps. This difference in behavior showed a clear difference in strategies for information retrieval in different expertise levels. Metrics of eye-tracking device, together with electrodermal activity, proved to be potent in cognitive load analysis and helped to provide insights for real-life information processing. Keywords: Eye tracking; cognitive load; train travelers; expertise; eye metrics; electrodermal activity

Conclusion

Our study showed a promising way of investigating objectively cognitive load in a field experiment. Expert's schemas have been identified in the latter's behavior, through two different physiological aspects (eye metrics and EDA) and the subjective measure of mental load (NASA-TLX). These observations put in light new insights in explaining differences in cognitive load between experts and novices during information processing. Further studies in schemas creation would give us additional feedback to consider when analyzing different learning effects in travelers. Adapting design of information, with respect to these schemas, would help us alter EDA, pupil diameter, saccade amplitude and gaze fixation duration, to optimize cognitive load of travelers for a better comfort and better information processing.

Chapter 12

Experiment 2: Comparing virtual environment to field study 12.1 Introduction Understanding how information is understood in an actual train station represents a real challenge. Investigation of cognitive load associated to information processing in expert and novice travelers, in such a context, requires the monitoring of several environmental parameters that could influence cognitive resources.

Due to the main limitation of field study, related to the impossibility to monitor environmental phenomena where the background environment presented to an experimental sample of travelers cannot be the same from one person to another, it was important to design a virtual environment of the tested scene to overcome the aforementioned issues. Experiment 2 has been conducted to validate virtual reality as a new method to investigate cognitive load, through a comparative study contrasting results from a field study to that of its virtual version. We thus hypothesized known cognitive differences between experts and novices for physiological, subjective and behavioral aspects. A higher cognitive load was expected in occasional travelers than in regular travelers, with a higher mnemonic performance for regular travelers. The results obtained being statistically significant in both studies for physiological, subjective and behavioral measure of cognitive load, validate our virtual investigating tool of cognitive load. This article has been published in the For this purpose, we created a virtual reality model of the tested train station from which we conducted a real-life study. Our aim was to compare travelers' cognitive load impact in real-life environmental condition versus virtual reality simulation of the same environment. Regular and occasional travelers were recruited and were assumed as experts and novices, respectively. Investigation of cognitive load was based on physiological, subjective and behavioral aspects. These were measured using electrodermal activity, NASA-Task Load Index and recognition of relevant factual and contextual information seen by travelers in the train station, respectively. These three indicators used in both real-life and virtual reality were expected to follow the same trend, irrespective of the environmental condition, but were expected to vary with respect to expertise level. A higher cognitive load was forecasted for novice travelers than for expert travelers. The findings revealed no difference on the three indicators between virtual and real-life conditions. However, novice travelers showed higher cognitive load responses than expert travelers, in both environmental conditions. Our results suggest virtual reality as a promising technique for cognitive load analysis during navigation, and an effective method for neurocognitive assessments in daily life situations. Keywords: Cognitive load; virtual reality; memory; electrodermal activity; train travelers; expertise

Conclusion

This experiment validates the use of virtual reality as a technique for investigating cognitive load in daily life situations, using expert effect as an indicator of learning process. Different techniques that accounted for cognitive load in our study proved to be practical and nevertheless promising for studies involving navigation.

A whole new field of work in non-static cognitive load investigation, involving non-optimal environmental scenarios can now be tested. These modulations in environmental conditions could give rise to learning effects, explained by the Cognitive Load Theory, and would represent a great opportunity to study these effects in applied experiments. Since the full model of cognitive load theory, illustrating the interaction between intrinsic, extraneous and germane load, different studies have been conducted to evaluate how each of these pools of cognitive load could vary. Many studies have focused on the impact of learning effects on the interdependent reservoirs of cognitive load. To evaluate cognitive load among travelers in the context of a train station, it was important to consider the prior knowledge and expertise of the travelers. In addition to the previous experiment, we aimed to evaluate how cognitive load of travelers vary in non-optimal context, where schemas should be difficultly applied. This situation gave rise to an expertise reversal effect, characterized by a drop in the performance of experts in a non-optimal context. We used our previously validated virtual environment for cognitive load evaluation, for designing non-optimal contexts, while maintaining background noise constant throughout the investigated sample of travelers. In this study, we expected higher performance and a lower associated cognitive load for expert travelers than for novices, for normal condition. With increase in complexity of the environmental context, we expected novices' performance and cognitive load to be unchanged, while a drop in experts' performance and a rise in their cognitive load were predicted. This experiment allowed us to put in light how environmental vagaries in a train station could affect travelers' cognitive load, while considering their expertise level. This article has been submitted for publication in a special issue on Cognitive Load Theory.

13.2 Expertise reversal effect: Cost of generating new schemas ABSTRACT Experts show better mnemonic performance than novices, due to higher number of stored schemas, according to cognitive load theory. This advantage is hindered in non-optimal situations where experts' schemas are sometimes not applicable and may show same or higher cognitive load than novices. Further investigations were, however, needed to unravel the mechanisms at stake in real-life situations. We investigated expert train travelers in normal versus disturb condition using immersion in a virtual environment of a Parisian train station: Saint-Michel Notre Dame. Our aim was to determine how cognitive load varies according to expertise level of travelers. We measured skin conductance responses for physiological analysis, NASA-Task Load Index for subjective analysis, and factual and spatiotemporal contextual memory investigation for behavioral analysis. As expected, expert travelers showed lower cognitive load than novices in normal but not in disturb condition.

In fact, an expertise reversal effect was observed in disturb context, characterized by higher cognitive load in experts for subjective and physiological measures, and a lower temporal memory performance. These alterations are believed to be associated with high cognitive load needed for inhibiting the automatization process of schemas. We provide a novel insight in expertise reversal effect, during navigation in an everyday life activity. 

Conclusion

This study allowed us to put in light the effective application of expertise reversal learning effect in the real world, in scenarios further from classic educational learning contexts. Our results have brought new schemas on the transportation context that would help to build new signage boards and information displays, based on new instructional design adapted for expert and novice travelers. This would help to reduce unnecessary rise in cognitive load from normal to disturb context in travelers, contributing to a better comprehension and processing of information. Hence, a better monitoring of passengers' flow with rise in population growth with a better monitored learning effect. One of the main limitations that have been reported in the literature against CLT is the method of measurement used. Several measuring techniques have been reported in past studies based on the objectivity -subjectivity or direct -indirect nature of the method. Recent studies have converged towards an online measure of cognitive load, due to its variation with time. One promising technique that provides a high temporal resolution in the measurement of cognitive load is EEG. This technique allows measurement of brain waves, with specific spectral activity that varies with changes in cognitive load level. We devised this experiment to investigate how information is processed in complex situation in expert and novice train travelers. Our main cognitive load measurement for this study is EEG, since we ought to assess variations in cognitive load with time and during different phases of information processing. We however performed EDA as another physiological measure, together with NASA-TLX as subjective measure and memory binding score as behavioral performance measure. In this study, we evaluated different complex unexpected environmental real-life scenarios, to analyze how this variable affects information processing in expert and novice travelers. Our aim was to investigate to what extent long term stored schemas of experts can be applied to process complex events, but also to what extent schemas can be updated or created. This article is in preparation and will shortly be submitted.

Cognitive load variations during complex

information processing: a combine virtual reality and electrophysiological study ABSTRACT Investigating cognitive load during information processing in complex contexts creates a higher demand for cognitive resources than in optimal contexts. Though information processing is facilitated in experts, due to their prior knowledge and schemas created from previous learning contexts, an important increase in the complexity of information presentation would hinder the advantage of experts, generating an expertise reversal effect. In our study, we analyzed how the incidental presentation of relevant information, in an immersive virtual environment, helps experts and novices, navigate to a given point. Cognitive load was measured using electroencephalography and electrodermal activity as physiological metrics, NASA-Task Load Index as subjective measure and a binding memory score as behavioral measure of performance. Our results showed that experts show at most equal cognitive load level as novices in the different cognitive load metrics, indicating an expertise reversal effect. Besides, novices did not show any difference from encoding to recognition phase in EEG analysis. These findings confirm our hypotheses, together with additional observations from brain waves analyses, which showed that experts only expressed lower cognitive load than novices for alpha and theta spectral activity during short incidental stimuli presentation. Adding time variable to information processing helps to understand how cognitive resources are allocated during information comprehension, hence contributing to design less demanding instructional design. Keywords: Cognitive load; expertise; instructional design; memory; EEG; alpha waves; theta waves

Conclusion

This study allowed us to observe variations in cognitive load during different steps of information processing, enabling the identification of cognitive load demand at different steps of information processing in complex situations. This enabled us to investigate the importance of learning effects, such as expertise reversal effect, associated with high cognitive resources in which experts' schemas are not relevant to a new learning context. Anticipating cognitively high situation would help instructional designers define the optimum amount of material to present progressively to individuals, encouraging incremental information processing rather than immediate full processing of information. This method would help reduce cognitive load in expert learners in complex situations, by decreasing cognitive resources demand associated with the information process.

Chapter 15

General discussion

In this thesis, we analyzed how train travelers processed information in a train station, according to their expertise level of the environment. We chose the context of a megacity, to add the crowd factor that impacts even more the processing of information. Secondary factors that together with cognitive load, form mental load, have been monitored throughout the different investigations conducted in this thesis. The complexity of the train station environment has also been investigated in relation to cognitive load of travelers. This was tested in field study for normal environmental context, and in a laboratory study using a virtual reality platform, for normal and non-optimal environmental context. In these different investigations, we applied a new performance measure of cognitive load -binding memory score, completed with subjective NASA-Task Load Index and different physiological measures. Integrating eye-tracking with EDA and EEG techniques were used as physiological measures of cognitive load, in different contexts. The combination of different measuring techniques, allowed a better understanding of cognitive load modulations in the different investigated contexts, and helped us developed new insights in information processing in train station.

Binding memory score: cognitive load performance analysis

Performance analysis is a key measure in cognitive load analysis, since it gives an indication of learning outcomes, evaluating indirectly the quality of instructional design used. When it comes to real-life activities, information is usually presented in an incidental way to individuals. Most of the time, remembering this shortly presented information proves to be an efficient way to reduce cognitive load in real-life. Investigating episodic memory associated to information remembered through contextual details and schemas in experts, allow unraveling the mechanism behind incidental learning in real-life. Schemas generated in experts are pre-stored and have a semantic nature, being generalized and separated in time with its encoding context [START_REF] Piolino | Episodic autobiographical memories over the course of time: cognitive, neuropsychological and neuroimaging findings[END_REF]. Previously stored information processed in a new context, by experts, undergoes episodic encoding that contributes to schemas update. This process is facilitated by past semantic memories from pre-stored schemas [START_REF] Graham | Insights from semantic dementia on the relationship between episodic and semantic memory[END_REF][START_REF] Greenberg | Interdependence of episodic and semantic memory: evidence from neuropsychology[END_REF]. Novices, on the other hand, do not have the long time pre-stored schemas to help generalize episodic information from encoding scenes. These learners thus depend on contextual episodic memory from presented stimuli only.

Analyzing how much detail are associated to the main information presented, in terms of spatial context, temporal context and both, helps to define the binding memory score of the individual. This represents a potent performance measure of cognitive load in our real-life context case study of train travelers moving in a train station, based on information presented to them, through different formats.

This situation represents a context of incidental learning, to which the cognitive load theory can answer. One main advantage of this performance analysis is that it is adapted to this study, being based on pictures taken from the investigated learning context. Results obtained can be easily interpreted, to give direct insights on learner's cognitive load and the degree with which learning has occurred. This allows distinguishing from former performance measure, when it was impossible to distinguish between a learner, who invested more cognitive resources in information processing, and another learner, with identical performance score. With the binding memory score, we can distinguish learners who invested less cognitive resources, characterized by a higher binding memory score. These correspond to experts in a normal environmental context, depending on their schemas to reach a higher performance.

Cognitive load generation after encoding process

Cognitive load has been shown to vary with time, during different phases of learning process. With the help of a high temporal measuring technique, EEG, coupled with various measuring techniques, we were able to spot the moment at which extraneous load generates a rise in cognitive load in learner. This has been shown to occur right after the period preceding the processing phase: encoding phase.

During this period, attention is focused on the stimuli presented to learners until the memory span is full. An attentional shift is then produced, focusing now on the processing of information. This step is crucial, since encoded information is then compared to stored schemas, to match with past knowledge, helping the learner to understand the current context, and eventually encode new information, to be used to update their schemas. This empirical data in physiological measure represents a novel comprehension of the timing for cognitive load generation. Instructional designer who wants to know precisely if information presented to learners is too demanding can thus focus on presenting information short parts, fitting working memory span, and measuring cognitive load right after. This period would give the initial cognitive load level related to the information being processed. There is also a need to produce new EEG material adapted for investigating frontal and parietal activations for theta and alpha spectral analyses, compared to the classical full EEG system. This would help to promote the use of this neurophysiological technique in education and learning, in which it has shown its efficacy so far (for e.g.: [START_REF] Lin | Mental effort detection using EEG data in E-learning contexts[END_REF][START_REF] Poulsen | EEG in the classroom: Synchronised neural recordings during video presentation[END_REF][START_REF] Xu | Review on portable EEG technology in educational research[END_REF] Virtual reality as a new tool for cognitive load investigation It is sometimes difficult to monitor external factors than may intervene with an experiment, while investigating one particular environmental vagary. This is the case if ever we want to investigate how information is processed in a non-optimal context, for example taking the train in a crowded train station at peak hours in a megacity. It is almost impossible to monitor every external activity, while comparing travelers' cognitive load in such a context. Virtual reality represents a real innovation in this context, allowing the investigation of a desired variable while monitoring and keeping constant all external environmental factors constant.

We showed in our various empirical studies, how virtual reality gives statistically similar results than in real-life, for cognitive load investigation, such as EDA responses being the same in real and virtual environment. It is, however, important to optimize the virtual environment so that the user experience is close to a reallife experience, with a high immersive level. This is achieved through optimized interaction, immersion, interface, but also with a storytelling format used for presentation of instruction. The latter helps learners to better understand the tasks presented to them, while using less cognitive resources. Using this method of information presentation, with an immersive technique like virtual reality, unlimited research protocols can be built, thereby extending the limits of not only cognitive load investigation, but science as a whole.

Expertise reversal effect and schemas update

During our various studies conducted on cognitive load and expertise, schemas dynamics have been investigated. In normal environmental context, it was obvious to observe better cognitive load performance in experts, compared to novices, due to the high number of relevant schemas that can be used to understand and solve the current situation. Investigation of more complex situations, presented incidentally to train travelers, showed a significant drop in experts' cognitive load. The overlapping of experts' stored schemas with information presented in non-optimal context generate an expertise reversal effect. This is in line with past studies on lower performance in experts [START_REF] Kalyuga | The expertise reversal effect[END_REF]. In our study on this effect, we discussed the updating process of schemas that helps to generate stronger schemas, for future use, by relating the episodic content of the stored information to previous semantic knowledge, before generating new semantic knowledge. This interpretation of schemas' creation and update gives a better understanding of schemas nature. Analyzing the evolution of information from episodic to semantic nature of information, from acquisition to storage process, provide a novel approach to the study of schemas. Since now, schemas were investigated as a general concept related to knowledge creation, but less has been talked about the characteristics of the stored information, and the implication of germane cognitive load in the evolution of schema's structure, before being stored in long-term memory. Further studies conducted in schemas should focus on the interplay between episodic and semantic nature of schemas (i.e., updating versus pre-stored knowledge activation), and their implication with germane cognitive load. This would help instructional designers to choose relevant information for optimal schemas creation in learners, but also to precise the implication of germane cognitive load during learning.

Learning effects and recommendations for train operators

Presenting information in incidental contexts to train travelers creates a typical learning context in which the learners have to understand rapidly the presented information and applied appropriate actions. With continuous exposure to such contexts, schemas are created, enabling travelers to process more easily information presented, thus impacting directly on passengers' flow in the train station in which information is presented. The aim of train operators is to produce efficient instructional designs to accelerate the speed of passengers' flow, thereby reducing the risk of overcrowding and security hazard. Throughout this thesis, the impact of different learning effects has been discussed and should be the first steps to follow in the modifications of signage boards and information displays. However, in the studies conducted in this thesis we provided new insights in the understanding and definition of expertise reversal effect.

Presenting information to travelers of different levels of expertise, help us see that providing an instructional design adapted to novices would affect performance of experts and vice versa. It is thus necessary to change the technique of information presentation to reduce familiarity and fix schemas storage, while encouraging schemas updating in experts. This would bring experts and novices on common overall processing level, but with different cognitive resources allocated at different steps. This can be achieved by presenting part of the relevant information verbally in spoken information in non-optimal context as well as in optimal context. Thus, expert travelers' way of information processing in normal context would evolve towards a more alert way. This may generate additional cognitive load but, this would help experts to better deal with complex situations in train stations, avoiding considerable rise in cognitive load from normal to disturbed context. Future research in the field of travelers CL should focus on this path to propose a more adapted instructional design.

Perspectves and future research

This thesis work represents a new perspective in the understanding of different expertise effects in information processing. Due to the multidisciplinary nature of this thesis, new insights in both fundamental and applied research have been introduced through the different empirical studies presented. These results open the door to other research in the field of education, enabling further understanding of learners' cognitive architecture. It would be however interesting to expand our population cohort to other age groups. For instance, studying how teenagers and children process information in real-life contexts would be interesting, and more precisely by investigating if and how they apply schemas from learning experiences. This would also help us understand the transposing mechanisms from abstract and theoretical learning at school to real-life knowledge. Besides from young learners, it would also be interesting to investigate how elder population processes information in real-life contexts and more importantly how expertise developed through years of knowledge alters with varying contextual complexity. This would help us investigate how expertise reversal effect occurs in this population group, and how schemas update evolves with age. Last but not least, it would be interesting to evaluate cognitive load variations in mild cognitive impaired patients and expertise dynamics. For each of these population groups, it would be interesting to investigate the application of cognitive load in real-life activities, in a field experiment.

Taking our case study of train station as example, knowledge of the different population groups in information processing would be interesting. Evaluating how their cognitive load varies with different learning effects, would help to complete the recommendation list for information presentation and instructional design in train stations. The interaction between fundamental and applied research in this context, helped us understand and adjust insights on cognitive load in information processing and expertise.

Chapter 16

General conclusion

The work conducted in this thesis corresponds to the first steps in the use of cognitive neuroscience and experimental psychology, to understand and analyze a real-life activity, dependent on instructional design. The different studies conducted for this research, have greatly benefited from cognitive load theory, and in counterpart provided some insights from empirical findings of this thesis, that certain aspects of the theory could be specified. A whole new framework of research conducted in the vein of these results would be applied to our investigated train station. Similarly, certain fundamental reasoning could be discussed in future research in learning and the upgrade of instructional design.
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