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Under which conditions can older participants maintain information in working memory?
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Background/Study Context: Age-related deficits in working memory (WM) are commonly described in the literature. However, age-related deficits in WM maintenance mechanisms have received less attention. Based on recent models of WM, the present study aims at determining the conditions under which older adults are able to maintain information. More precisely, we wondered whether the cognitive load effect, taken as evidence for active maintenance in WM, is observed in normal aging and whether it interacts with the level of interference of a concurrent task.

Methods: Young (Mean age = 21.62; SD = 2.51) and healthy older (Mean age = 71.92; SD = 5.18) participants performed a complex WM task. They had to remember five images while reading three words presented after each image. We compared trials in which every word was new (inducing high interference) with trials where words were repeated (inducing low interference). The pace at which the reading task was performed was either fast or slow, resulting in a high or a low cognitive load.

Results: As suggested in the literature, young participants presented better performance at slow pace compared to fast pace but were not influenced by interference. Older participants also performed better at slow pace but only when interference was low. Interestingly, the older population showed negative correlations between slow pace trials and switching abilities. Finally, while computational simulations with Time-Based-Resource-Sharing* (TBRS*) provide a good fit for young adult performance, several parameters had to be adjusted to fit the older participants' performance, including duration of trace refreshing.

Conclusion:

Our findings suggest that a decrease in WM performance with aging can be explained by a difficulty in taking advantage of WM maintenance opportunities, especially in conditions of high interference. The computational investigations are consistent with this interpretation given that the parameters to be adjusted involve maintenance in WM. Finally, the computational approach seems a relevant way to address causes of forgetting in aging.

INTRODUCTION

In the context of an aging population and increased life expectancy, it is crucial to understand the mechanisms underlying cognitive decline. With normal aging, people change in many ways. As far as the cognitive functions are concerned, it is thought that attention, memory and executive functions are the most affected by aging [START_REF] Glisky | Changes in cognitive function in human aging[END_REF]. One cognitive construct that combines these three affected functions in aging is called working memory (WM). WM is the ability to maintain information in an active and accessible state while concurrently processing additional information. For example, WM is involved in complex tasks such as arithmetic where short-term maintenance of information coexists with the processing of other information. Indeed, to perform multiplication it is necessary to maintain the operands and process each sub-multiplication. Typically, tasks used to assess WM require participants to maintain a set of information while processing a concurrent task. The short-term memory performance of older adults usually declines as soon as the task requires the active manipulation of information [START_REF] Logie | Working Memory and ageing[END_REF][START_REF] Belleville | Examination of the working memory components in normal aging and in dementia of the Alzheimer type[END_REF][START_REF] Bopp | Aging and verbal memory span: A meta-analysis[END_REF][START_REF] Baumans | Effect of cognitive load on working memory forgetting in aging[END_REF]. A decrease in WM capacity with age may be associated with the age-related decline observed in various cognitive tasks [START_REF] Salthouse | The aging of working memory[END_REF].

In the present study, we wish to address the question of whether the decrease in WM performance in aging can be explained by a difficulty in maintaining information in WM and whether this difficulty may be accentuated in conditions of high interference. In addition, in order to go further in investigating the quality of maintenance in WM, we present a computational analysis of our behavioral experiment. We chose to simulate our experiment with a WM model that allows a careful study of the maintenance mechanism involved in WM, and used TBRS* to try to determine whether the parameter that controls maintenance has to be adjusted to fit the behavioral performance observed in older adults.

For years, the causes of forgetting in WM have been the subject of intense debate and the time-based decay of memory traces has been clearly presented as a candidate. The recent paper by [START_REF] Ricker | Decay theory of immediate memory: From Brown (1958) to today[END_REF] entitled Decay theory of immediate memory:

From [START_REF] Brown | Some tests of the decay theory of immediate memory[END_REF] to today shows that the topic is still relevant. Indeed, following a longstanding tradition [START_REF] Brown | Some tests of the decay theory of immediate memory[END_REF][START_REF] Conrad | Interference or decay over short retention intervals?[END_REF][START_REF] Peterson | Short-term retention of individual verbal items[END_REF], some researchers assume that memory traces suffer from a temporal decay in the short term [START_REF] Baddeley | Working memory[END_REF][START_REF] Cowan | Working memory capacity[END_REF][START_REF] Lovett | Modeling working memory in a unified architecture: An ACT-R perspective[END_REF][START_REF] Page | The primacy model: a new model of immediate serial recall[END_REF][START_REF] Towse | Is there a relationship between task demand and storage space in tests of working memory capacity[END_REF][START_REF] Ricker | Loss of visual working memory within seconds: the combined use of refreshable and non-refreshable features[END_REF], whereas others deny any role of this factor and assume that forgetting occurs through interference between representations [START_REF] Lewandowsky | No temporal decay in verbal short-term memory[END_REF][START_REF] Nairne | A feature model of immediate memory[END_REF][START_REF] Oberauer | A formal model of capacity limits in working memory[END_REF][START_REF] Oberauer | Forgetting in immediate serial recall: Decay, temporal distinctiveness, or interference[END_REF][START_REF] Waugh | Primary memory[END_REF]. We will describe below how two recent models of WM account for forgetting in WM in young adults. The Time-Based Resource-Sharing model [(TBRS), [START_REF] Barrouillet | On the law relating processing to storage in working memory[END_REF] proposes a time-related decay and the Serial Order in a Box -Complex Span model (SOB-CS, [START_REF] Oberauer | Modeling working memory: an interference model of complex span[END_REF]) defends an interference-based account of forgetting.

New working memory models

Several models of WM have been proposed since Baddeley's seminal work [START_REF] Baddeley | Working memory[END_REF]. Among them, the TBRS model [START_REF] Barrouillet | Time constraints and resource-sharing in adults' working memory spans[END_REF][START_REF] Barrouillet | On the law relating processing to storage in working memory[END_REF] describes with precision the interplay between the mechanisms of storage and processing. To contextualize this recent model in the light of Baddeley's model, we may say that it tries to propose a functional description of the mechanisms at work in the central executive system. According to the TBRS model, processing and storage share attention, which is viewed as a single, unique resource. In complex span tasks where to-beremembered items alternate with to-be-processed distractors, memory traces of the to-beremembered items suffer from a time-related decay as long as attention is required by the concurrent processing task. However, memory traces that are to be maintained can be reactivated by attentional focusing as soon as attention is available. This mechanism is called attentional refreshing. Hence, to avoid a complete loss of memory traces, attention is rapidly switched back and forth between processing and storage. This switching occurs during short pauses that occur between successive processing episodes. According to the TBRS model, recall performance should be a function of the proportion of time during which the processing task occupies the focus of attention. This proportion of time is called the cognitive load of the processing task. Increasing the cognitive load of the task impedes the attentional refreshing that is necessary to counteract time-related forgetting of memory traces. The cognitive load finding is important because it has been taken as strong evidence in favor of active maintenance in WM. Indeed, this effect is obtained from a comparison between a condition with few opportunities to maintain information (high cognitive load) and a condition with many opportunities (low cognitive load). The variation of cognitive load could be operationalized by varying the pace at which the distractors are presented. Many studies in young adults have consistently demonstrated that recall performance depends on the pace of the processing task, with poorer performance being consistently observed at fast compared to slow pace [START_REF] Barrouillet | Time and cognitive load in working memory[END_REF][START_REF] Portrat | Time-related decay or interference -based forgetting in working memory[END_REF][START_REF] Vergauwe | Do mental processes share a domain-general resource[END_REF]. Hence, the main cause of forgetting postulated by the TBRS model is the time-related decay that occurs when attention is captured by concurrent processing, which in turn prevents attentional refreshing.

Other WM models, however, tend to explain forgetting through interference, thereby placing greater emphasis on item features [START_REF] Nairne | A feature model of immediate memory[END_REF][START_REF] Oberauer | A formal model of capacity limits in working memory[END_REF][START_REF] Lewandowsky | No temporal decay in verbal short-term memory[END_REF]. The SOB-CS model [START_REF] Oberauer | Modeling working memory: an interference model of complex span[END_REF] hypothesizes that the greater the number of features shared between memory items and processing items, the poorer recall performance will be (Lewandowsky, Geiger, Morrel, & Oberauer, 2010). This model assumes that the interference from processing items, i.e. the distractors, depends on how strongly they are encoded and this strength derives from the novelty of the distractors. This novelty varies with the number of distractors and their similarity. The more items there are, the poorer the recall, and the more similar the distractors are, the less effort is devoted to their encoding and, therefore, the better recall performance is. According to the SOB-CS model, forgetting does not result from the passage of time but from the encoding of items based on novelty. This phenomenon is referred to as novelty-gated encoding [START_REF] Oberauer | Modeling working memory: an interference model of complex span[END_REF].

In a recent paper, [START_REF] Plancher | Forgetting from working memory: Does novelty encoding matter?[END_REF] tested the two main predictions of the SOB-CS model with young participants: namely that recall performance will be impeded by increasing the number of processing episodes as well as by decreasing the similarity of the processing items. In a series of experiments, they controlled for the attentional demand and temporal factors of the concurrent task and, in line with the TBRS model, their results showed a strong effect of the pace at which distracting tasks were performed. However, none of the predictions of the SOB-CS model were verified. These include the prediction that performance falls as the number of items for processing increases, on the one hand, and as the similarity between these items decreases, on the other. The authors concluded that the amount of interference, operationalized by varying the novelty of the distractors, seems to play no role in young adult WM forgetting. However, we will see below that the ability to resist interference, also called inhibition, has been proposed as one of the factors contributing to cognitive aging.

Theories of cognitive aging

It has been proposed that a lack of inhibition control may account for WM decline in aging [START_REF] Hasher | Working memory, comprehension, and aging: a review and a new view[END_REF][START_REF] Hasher | Inhibitory control, circadian arousal, and age[END_REF]. According to Hasher and Zacks's view, inhibition serves two primary functions crucial to memory performance: preventing irrelevant information from entering WM, and deleting irrelevant information from WM.

Importantly, the inhibition of the information depends on the relevance of the information for the ongoing task. Older participants would have difficulties suppressing irrelevant information in WM and consequently be less able to access relevant information. According to this theory, the low inhibition capacity of older adults would prevent them from resisting the interference induced by the distractors in a complex span task. A decrease in inhibition ability could damage WM performance by allowing irrelevant information to consume limited storage capacity. In support of this decline-in-inhibition theory, more intrusion errors have been found in older participants' recall (e.g. [START_REF] Carretti | What happens to information to be suppressed in working memory tasks? Short and long term effects[END_REF][START_REF] Hedden | Aging and interference in verbal working memory[END_REF]. In addition, differences between young and older adults have been observed using specific inhibition measures such as the Stroop test [START_REF] Schelstraete | Cognitive aging and inhibitory efficiency in the Daneman and Carpenter's working memory task[END_REF] or the Hayling test [START_REF] Burgess | Response suppression, initiation and strategy use following frontal lobe lesions[END_REF]. This type of cognitive aging theory, which considers inhibition as the main determinant of cognitive aging, may be compatible with the abovementioned SOB-CS model of WM, which holds that interference is the main source of forgetting in WM. In a complex WM task, impaired inhibition abilities would cause older people to be more sensitive to the interference resulting from the concurrent processing task.

Another theory explains cognitive aging in terms of reduced attentional resources.

Craik and colleagues [START_REF] Luo | Aging and memory: a cognitive approach[END_REF][START_REF] Craik | Aging and cognitive deficits: the role of attentional resources[END_REF][START_REF] Craik | A functional account of age differences in memory[END_REF] assume that older persons have reduced processing resources and that this limitation is attentional in nature. According to this view, age-related impairments should be observed in tasks with high attentional demands, whereas performance should by intact in tasks requiring little attention or involving automatic processes. Accordingly, it has been found that while familiarity-based recognition is relatively preserved in aging, the ability to recollect the context is impaired (e.g. [START_REF] Angel | Differential effects of aging on the neural correlates of recollection and familiarity[END_REF][START_REF] Plancher | Age effect on components of episodic memory and feature binding: A virtual reality study[END_REF]. WM tasks are by nature dependent on attention because participants have to maintain information while processing concurrent items. Attention has to be shared between maintenance and processing. For example, within the TBRS model, the focus of attention has to be rapidly and frequently switched from processing to storage activities in order to prevent the time-related decay that occurs when attention is captured by the processing task. Moreover, according to Engle's theory of WM [START_REF] Engle | Working memory capacity as executive attention[END_REF][START_REF] Engle | Executive attention, working Memory capacity, and a two-factor theory of cognitive control[END_REF][START_REF] Engle | Individual differences in working memory capacity and what they tell us about controlled attention, general fluid intelligence, and functions of the prefrontal cortex[END_REF], controlled attention is considered as the main source of individual differences observed in WM. Controlled attention corresponds more or less to Baddeley's central executive system. It is a capacity-limited resource that refers to a general characteristic of individuals.

Consequently, a reduction in the amount of attention can also account for WM decline in cognitive aging.

Finally, a theory proposed by [START_REF] Salthouse | The aging of working memory[END_REF][START_REF] Salthouse | Processing capacity and its role on the relations between age and memory[END_REF][START_REF] Salthouse | The processing-speed theory of adult age differences in cognition[END_REF] focuses on the reduced speed of information processing in aging. Processing speed might be considered as a resource and, according to Salthouse, a decline in this resource might explain a large proportion of the age-related variance in cognitive tasks, including WM tasks. It is reasonable to think that processing speed will influence WM performance. Indeed, within the TBRS model, for example, maintained information is more likely to decay in participants who are slower to process the concurrent task than in those who are faster (see also [START_REF] Towse | Is there a relationship between task demand and storage space in tests of working memory capacity[END_REF], for a developmental view of the impact of processing speed on WM performance).

The present study

The mechanisms underlying age-related deficits in WM are still poorly understood.

The purpose of our study is to address the question of whether older participants experience difficulties in maintaining information in WM and whether this difficulty is increased under conditions of high interference. To this end, we tested the role of cognitive load versus novelty in a population of older participants. In our opinion, an interaction between cognitive load and novelty could reflect a deficit in maintaining information in conditions of heightened interference. In addition, if the age-related decline of WM is due to a maintenance deficit, the parameter that controls attentional refreshing in the computational model should be adjusted in the older group to fit their behavioral data. In our study, to examine whether processing speed could be the source of WM aging, we selected a concurrent processing task that should not lead to an increased processing time in healthy aging (a word reading task). In a control experiment, we verified that the effective processing duration did not differ across groups.

The participants performed a computer-paced complex span task in which distractors were interspersed in-between items to be remembered. The cognitive load was manipulated by varying the pace at which the concurrent task was presented, with distractors being presented at slow or fast pace (see e.g. [START_REF] Barrouillet | On the law relating processing to storage in working memory[END_REF]Ricker, Vergauwe, Hinrichs, Blume, & Cowan, 2016;[START_REF] Baumans | Effect of cognitive load on working memory forgetting in aging[END_REF], for a similar rationale). The level of interference was manipulated by varying the novelty of the distractor words, which were either repeated or always differed (see e.g. [START_REF] Lewandowsky | Turning simple span into complex span: Time for decay or interference from distractors?[END_REF][START_REF] Oberauer | Modeling working memory: an interference model of complex span[END_REF] for a similar rationale). In line with previous studies, the WM performance of the older participants should be poorer than that of their younger counterparts. Moreover, according to a previous study [START_REF] Plancher | Forgetting from working memory: Does novelty encoding matter?[END_REF], processing episodes in which distractors are varied should not lead to more forgetting in young adults, whereas performing a processing task with a higher cognitive load should. If attentional resources and inhibition do indeed fall in older participants, we predict that they will be more sensitive to cognitive load and interference. Finally, if we assume that older participants are sensitive to interference, their performance should decrease even more when interference is present in a context of high cognitive load in which few attentional resources are available. Indeed, in the case of distractors that result in considerable interference, the attention of older adults should be captured due, in particular, to their weak inhibition capacities. Finally, we expected that it would be necessary to adjust the parameter that controls attentional refreshing in the computational model of WM if maintenance is impaired in aging.

We first present a behavioral experiment that addressed the effects of the pace and novelty of the concurrent task in young and older adults. Second, we present a control experiment conducted to measure processing times in the reading task in both populations.

Third, we present the computational investigation of our behavioral experimentation using a simulation of the TBRS model. TBRS* [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF]) is a computational implementation of the verbal TBRS model that describes the time course of the mechanisms involved in a complex WM span task using different parameters (such as temporal decay, level of noise at retrieval, duration of trace refreshing, strength of encoding, etc.) to predict memory performance. TBRS* is already able to predict young adult performance [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF][START_REF] Portrat | Is refreshing in working memory sequential? A computational modeling approach[END_REF]. In the present study, we wanted to replicate the predictions of young adult WM performance with TBRS* and determine which parameters in TBRS* have to be adjusted to fit the behavioral performance observed in older adults.

BEHAVIORAL ASSESSMENT

METHOD

Participants and Experimental design

Twenty young participants (12 females and 8 males; mean age = 21.62; SD = 2.51) and twenty healthy older participants (13 females and 7 males; mean age = 71.92; SD = 5.18) voluntarily took part in this experiment. The young participants were recruited at University of Lyon 2 and the older participants were recruited from a panel of volunteers belonging to organizations. All participants gave their informed consent before beginning the experiment.

They responded to a medical questionnaire to ensure the absence of a background of neurological or psychiatric disorders or treatments that could affect their cognition.

Our study manipulated three variables: population (young adults and healthy older adults), pace of the concurrent task (fast and slow) and novelty of the distractors (repeated and different words). The latter two variables were manipulated within participants.

Neuropsychological assessment

The older participants were screened for cognitive deficits using the Mini-Mental State Examination (MMSE) [START_REF] Folstein | Mini-Mental State: A practical method for grading the cognitive state of patients for the clinician[END_REF]. The older group scored at least 26 (Mean = 28.2; max = 30). To ensure that the initial cognitive differences between the two populations were as described in the literature, each participant completed a series of neuropsychological tests (see Table 1). We investigated their speed of processing and switching abilities with the Trail-making Test (TMT) version A and B [START_REF] Lezak | Neuropsychological assessment[END_REF]. Inhibition was tested with the interference score from the Stroop Color-Word Test (SCWT) [START_REF] Stroop | Studies of interference in serial verbal reactions[END_REF]. Verbal short-term memory and WM were assessed with the verbal forward digit span and backward digit span of the WAIS ® -IV (Wechsler Adult Intelligence Scale, Fourth Edition, Wechsler, 2000). We screened for depression using the Hospital Anxiety and Depression Scale (HADS).

- ---------------------------------Insert TABLE 1 about here ----------------------------------WM complex span task

Material

Sixteen series of five images were created. In each series, every image belonged to a different semantic category. The experiment was composed of four experimental conditions resulting from the two types of novelty of the distractors (repeated vs. novel words) and the two paces of the processing task (fast vs. slow), with four trials in each condition. The images were colored and came from the "Dictionnaire Visuel" (www.ledictionnairevisuel.com) (See Figure 1. for examples). We also selected 176 bi-or tri-syllabic words (5-10 letters, written frequency greater than 1,205 per million) from the French psycholinguistic database Lexique [START_REF] New | Lexique 2: A new French lexical database[END_REF]. After each image, a burst of three words was presented. Depending on the novelty condition, the burst contained either three different words or three words containing at least one repetition of the same word. In this latter condition, only two of the five bursts consisted in the repetition of the same word three times in a row (e.g., sleeve sleeve sleeve, victory victory hill, smile smile smile, triangle limit triangle, cloud cloud cloud). The participants could not predict the position of the repetition as the presentation of each burst was randomized. Novelty was therefore kept identifiably separate from attentional demand because the task required the participants to pay attention to every distractor, even when these distractors were repeated. The meaning of each word was checked in order to ensure that the trials did not involve semantic relationships between to-beread words or between to-be-read words and to-be-remembered images.

Procedure

All the participants were instructed to name all the images and read all the words aloud. We ensured that they all read the words correctly. They had to memorize only the images and then to recall aloud the five images in the correct order when a question mark was presented at the end of the trial. Each trial began with an asterisk centrally displayed on screen for 500 ms, followed by a 100-ms delay and a series of five images. Each image was presented for 1,500 ms and was followed by a 100-ms delay and then by three words successively displayed for either 900 ms or 1,500 ms and followed by a 300-ms or a 500-ms delay for the fast and the slow pace conditions, respectively. This resulted in a total of 1,200 ms and 2,000 ms per word for the high and low cognitive load conditions, respectively (See Figure 1). The participants were presented with the 16 trials in a random order. Before the experimental test, they performed a training session consisting of four trials, with one trial per condition. They were given a break after the 8 th trial in the experimental test.

- ---------------------------------Insert FIGURE 1 about here ----------------------------------Control experiment: reading time We took measurements during the processing task in order to ensure that the reading times were similar for the young and older adults, as well as to obtain accurate input data for the simulations.

Participants

Eleven young participants (8 females and 3 males; mean age = 19.91; SD = 1.97) and eight older participants (5 females and 3 males; mean age = 66.37; SD = 5.93) voluntarily took part in this control study. The young participants were recruited at University of Grenoble Alpes and the older participants were recruited from a panel of volunteers. They did not participate in the experimental phase. All participants gave their informed consent before beginning the test. In the same way as for the WM test, the participants were given a medical questionnaire to ensure the absence of a background of neurological and psychiatric disorders, or treatments that could affect their cognition.

Material & Procedure

The material used to record the response times of the young and older adults in this task was exactly the same as that used in the WM task and had the same temporal and novelty characteristics. The participants had to read aloud sixteen series of fifteen words at a microphone. Response times were registered using a voice key.

BEHAVIORAL RESULTS

Neuropsychological tests

ANOVAs were conducted on each neuropsychological variable to test for differences between the young and older participants on the cognitive abilities of speed of processing, switching, inhibition, short-term memory and WM (see Table 1). In line with the results reported in the literature, the older participants' processing speed was slower than that of the younger adults and their switching, inhibition, short-term memory and WM performances were also poorer.

- ---------------------------------Insert TABLE 1 about here ----------------------------------Control experiment: reading time

The mean reading times recorded did not differ across ages, at 527 ms (SD = 64) and 489 ms (SD = 33) for the younger and older adults, respectively, t(17) = 1.63, p=.12 (see Table 2).

- ---------------------------------Insert TABLE 2 about here ----------------------------------

WM complex span task

We performed an analysis of variance (ANOVA) on the mean number of images recalled in the correct position with the population (young or older) as between-subject factor, and the novelty of the distractors (repeated or different words) and the pace of the processing task (fast or slow) as within-subject factors. An effect of population on recall performance indicated that older participants recalled fewer images (Mean = 2.80; SD = 0.86) than younger participants (Mean = 3.78; SD = 0.60), F(1,38)=27.77, p<.001; η 2 p=.42. In addition, increasing the pace at which the words were processed resulted in poorer recall performance, F(1,38)=8.19, p<.001; η 2 p=.18 (Mean = 3.16 (SD = 0.78) and Mean = 3.42 (SD = 0.97) images for fast and slow paces, respectively). However, no significant effect of the level of novelty was observed on recall performance, F(1, 38)=1.24, p=.27; η 2 p=.03 (Mean = 3.25 (SD = 0.84) and Mean = 3.33 (SD = 0.93) for repeated and different condition, respectively). The population did not interact with the pace factor, F(1, 38)=1.10, p=.30; η 2 p=.03 or with the level-of-novelty factor, F(1, 38)=1.05, p=.31; η 2 p=.03.

More interestingly, a three-way interaction between the three factors emerged, F(1, 38)=4.86, p<.05; η 2 p=.11. In the young adults, only the pace effect was significant, F(1, 38)=7.62, p<.01 (see Figure 2). In the older adults, we observed an interaction between pace and novelty (F(1,38)=11.44, p<.01), indicating that the pace effect was significant only when words were repeated (F(1,38)=8.45, p<.01). It appears that when the distractors were all different, the older adults could no longer benefit from a slow pace (F<1, see Figure 3). In addition, the older participants were more influenced by novelty and, as a group, they exhibited significantly poorer performance in the slow-paced condition (F(1, 38)=5.10, p<.05) when the words were different (2.73) than when they were repeated (3.04), which was not the case for the younger adults, F<1. Surprisingly, however, the performance of the older participants was poorer when the same words were repeated than when different words were presented in the fast-paced condition (F(1, 38)=5.78, p<.05).

- ---------------------------------Insert FIGURE 2 about here --------------------------------------------------------------------Insert FIGURE 3 about here ----------------------------------

Correlations between WM performance and Neuropsychological scores

In order to further explain the age-related WM performance, we conducted Pearson correlations between the performance of the older participants obtained in the different conditions of the WM complex span task and the conventional cognitive measures. All the scores used to calculate correlations were raw scores. We observed that the only cognitive measure that correlated with our complex span task was switching ability, r = -0.52 (see Table 3). This correlation was negative, i.e. the longer it took to perform the switching task the poorer the memory performance was. Interestingly, performance in the switching task correlated only with the slow-paced conditions, potentially suggesting that switching processes are involved only in the slow-paced condition. This is consistent with the view that older participants are able to switch to a maintenance mechanism only if the conditions are favorable, i.e., if they have enough time.

----------------------------------Insert TABLE 3 about here ----------------------------------

COMPUTATIONAL INVESTIGATION

Finally, to determine if the age-related decline of WM is related to a maintenance deficit, we performed simulations of the experiment presented above using the TBRS* model [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF]. TBRS* is a computational implementation of the previously described TBRS model. It is implemented as a two-layer connectionist network. One layer is composed of nodes representing the items to be memorized and the other layer encodes the sequential position of these items. Each position is coded by means of a subset of position units, so that two adjacent positions share a proportion of P units. Memorizing is modeled as a process of connecting positions with items, by means of Hebbian learning. The strength of the increase of any connection weight (w) depends on a strength value (η) and it is bound by an asymptote L, defined in such a way that the total activation strength of an item is always between 0 and 1. Δw = (L -w)η

(1)

The strength η depends on the time t devoted to encoding as well as on a stochastic parameter r modeling human variability:

η = 1 -e -rt (2) 
where r = N(R,s 2 ). Usually, R=6, s=1 and t=500 ms [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF].

For instance, if the sequence of letters to be memorized is KZFP, K is encoded first and this strengthens the links between item K and the nodes coding for position 1.

When attention is captured by another task, the values of these links will decrease according to an exponential function:

w(t) = w0 e -Dt (3) 
D, the rate of decay, is usually set at 1/2.

When attention is redirected towards the memory task, a refreshing process takes place (the main maintenance mechanism according to the TBRS model) and leads to an increase of the w values. Each atomic refresh operation follows equation 2 but with a much shorter time t, usually 80 ms, than during initial encoding (500 ms). All the positions are looped through in sequence starting with the first one, and the most highly activated item at each position is retrieved and refreshed. In order to simulate retrieval errors, a Gaussian random noise, defined by its standard deviation σ, is added to each item node before the best one is selected.

This refreshing process cycles until a new activity requires attention.

To pursue our example, when Z is encoded, activation values between the node representing Z and the node representing position 2 are strengthened (while in the meantime, the activation values of K decrease). If time is available for refreshing, this occurs alternately between the items retrieved at position 1 (K if there is no retrieval error) and that at position 2 (Z in most cases).

When it is time to recall the items, the same retrieval mechanism applies: after a random noise has been added to each position, the node most strongly connected with the current position is recalled. To prevent the recalled item from being recalled again later, all its connections to the position layer are decreased by Hebbian anti-learning.

We first performed 6,000 runs on each of the four experimental conditions using the mean processing durations recorded in our control study as well as the default parameters suggested by [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF] and confirmed by [START_REF] Portrat | Is refreshing in working memory sequential? A computational modeling approach[END_REF].

Because TBRS* does not directly consider the possibility of interference resulting from distractors, there was no simple way to implement the novelty manipulation. We therefore used the temporal data from the control study (See Table 2) to take account of the difference between the conditions in which the distractors differed or were repeated. To simulate the condition in which the distractors were repeated, we averaged the participants' processing times in the three different situations encountered in the experimental material: the distractor is new in the current burst (e.g., Z in XYZ), the distractor is the same as the previous one (e.g., the second Y in XYY), and the distractor has already been seen in the current burst but not immediately before (e.g., X in XYX). We also computed the probabilities of each of these three possible situations in the material and modified the TBRS* program so that the appropriate duration was used for each simulated processing operation.

The results are presented in Table 4. As expected, the model reproduces the performance of the young adults quite well. The root mean square error is quite low and this indicates that the model provides a good fit with the experimental data (RMSE = .041). However, the model fails to reproduce the older adults' performance because it cannot account for its poorer nature

(RMSE = .134) ---------------------------------- Insert TABLE 4 about here ----------------------------------
Several TBRS* parameters could be tuned to improve the poorer performance of the older adults and indicate possible causes of the age-related WM deficit. We investigated the effects of the level of noise (σ) which controls the quantity of retrieval errors, the decay rate (D), the encoding strength (R) and the duration required to refresh (the maintenance mechanism) an item in the refreshing cycle (Tr). We performed a grid search in this 4-dimensional space and, for each point, computed the root mean square error (RMSE) between each model score in the 4 conditions and the experimental data. We then studied the effect of each parameter by performing a projection on the parameter dimension and studying the change in the average RMSE.

Level of noise.

A first TBRS* parameter that could play a role in the performance of older adults is the level of noise, σ. The greater this level, the more likely retrieval errors are. Figure 4 show the average RMSE as a function of various values of σ. It turned out that the models fit the older adult data better when the noise level is high (0.08), unlike in the case of the young adult data for which the best RMSE was obtained for low noise levels, in line with the default value of .02 proposed by [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF] for young adults.

Retrieval errors consist in retrieving at a given position (for refreshing or recall) an item that was either encoded at another position or was never encoded. While there is no specific parameter in TBRS* dedicated to implementing the capacity for inhibition, the noise parameter that controls retrieval errors might be the closest possibility for simulating that ability.

- ---------------------------------

Insert FIGURE 4 about here ----------------------------------

Rate of decay.

Another parameter that could be studied is the decay rate. It could be argued that older adults show a higher decay of the to-be-remembered items. As discussed earlier, the decay rate is implemented in TBRS* as an exponential function controlled by parameter D.

The rate of decay produces a better fit of around .35 for young adults, which is less than the original default value, but consistent with some findings in this population: simulations 5 and 6 in [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF] and simulation 2 in [START_REF] Oberauer | Modeling working memory: an interference model of complex span[END_REF]. As far as the older adults in our study are concerned, the best decay rate appeared to be slightly higher (.40) and did not lead to a much poorer RMSE even for higher values, unlike in the case of the young adult data. This finding does not support the hypothesis that older people exhibit lower memory performance because of a higher decay rate.

----------------------------------

Insert FIGURE 5 about here ----------------------------------
Duration of atomic refreshing. Another variable that is particularly worth investigating is the duration of atomic refreshing in the refreshing cycle. This parameter was set to 80 ms in the original model, making it possible, for example, to complete a full refresh cycle for the five items in about 400 ms.

The best RMSE for our young adults was obtained for a value of 40 ms, half the default value of the original model but consistent with [START_REF] Portrat | Is refreshing in working memory sequential? A computational modeling approach[END_REF] who showed that this value has to be decreased if the model has an attentional focus size of only one item at a time.

As expected, the RMSE obtained for the older adult data was low at a much higher value of about 200 ms for refreshing a single item, thus suggesting that an age-related WM deficit may indeed reflect a maintenance deficit.

-

--------------------------------- Insert FIGURE 6 about here ----------------------------------
Encoding strength. It is also possible that older adults do not encode information as strongly as young people. To study this possibility, we varied the R parameter, which controls encoding strength. We found that the best fit for our young adult data was obtained at R = 6, i.e. the default value suggested by [START_REF] Oberauer | Modeling working memory: a computational implementation of the Time-Based Resource-Sharing theory[END_REF]. However, the pattern was less clear for the older adults and we did not find any value that yielded a better fit. We cannot therefore provide any opinion concerning this hypothesis at present (Figure 7).

-

--------------------------------- Insert FIGURE 7 about here ----------------------------------

DISCUSSION

In this study, we addressed the question of whether the WM performance observed in normal aging can be explained in terms of a difficulty in keeping information accessible in WM and whether this difficulty might be accentuated in conditions of high interference. To address this issue with due rigor, we manipulated two main variables: pace and novelty, the former designed to evaluate active maintenance and the latter to assess sensitivity to interference. We also conducted computational simulations in order to further investigate the possible reasons for the poorer performance of older adults and we were particularly interested in the parameter that implements attentional refreshing.

As has been frequently reported in the literature [START_REF] Logie | Working Memory and ageing[END_REF][START_REF] Belleville | Examination of the working memory components in normal aging and in dementia of the Alzheimer type[END_REF][START_REF] Bopp | Aging and verbal memory span: A meta-analysis[END_REF][START_REF] Baumans | Effect of cognitive load on working memory forgetting in aging[END_REF], we observed impaired WM performance in the older age group. The older participants forgot almost one more to-beremembered item than their younger counterparts. Confirming previous results and in line with the TBRS model [START_REF] Barrouillet | Time constraints and resource-sharing in adults' working memory spans[END_REF][START_REF] Barrouillet | Time and cognitive load in working memory[END_REF][START_REF] Barrouillet | On the law relating processing to storage in working memory[END_REF][START_REF] Portrat | Time-related decay or interference -based forgetting in working memory[END_REF], we observed in both populations that WM performance decreases as the cognitive load induced by the concurrent task increases. This suggests that older persons can also maintain information in WM.

The cognitive load induced by the concurrent task is a complex factor, which can reflect various processes. According to the TBRS model, the cognitive load reflects the interplay between the decay and refreshing of information stored in memory. Indeed, memory traces of the to-be-remembered items suffer from a time-related decay as long as attention is required by the concurrent processing task. However, these items can be refreshed as soon as attention is available. Consequently, a greater cognitive load leads to greater forgetting due either to a higher rate of decay or a shorter refreshing time, or both. It is therefore permissible to ask whether the rate of decay and/or the refreshing time are different in the older population. Our TBRS* simulations revealed that the rate of decay required to fit the behavioral data was slightly smaller for the young (.35) than for the older adults (.40 or more).

This difference is very small and suggests that the decay rate is probably not a major explanation of the difference between young and older adults, a finding which is consistent with further-reaching computational investigations [START_REF] Hoareau | Reconciling two computational models of working memory in aging[END_REF]. This finding is important given that it is difficult to directly assess the variability of decay across individuals by means of behavioral manipulations. However, we observed that the refreshing time had to be increased greatly with age in order to fit the model: 200 ms vs.

40 ms for young adults. The decline in WM performance with age can thus be accounted for by the need for a longer refreshing process. Taken together, our behavioral and computational results make it possible to suggest that although older adults can maintain information in WM, attentional refreshing is slower in this population.

Another interesting result is the three-way interaction between population, cognitive load and novelty. Our younger participants exhibited a cognitive load effect, no effect of novelty and no interaction between the two factors, a finding which is consistent with previous studies (e.g. [START_REF] Plancher | Forgetting from working memory: Does novelty encoding matter?[END_REF][START_REF] Portrat | Time-related decay or interference -based forgetting in working memory[END_REF]. By contrast, the older participants exhibited a cognitive load effect only when the words giving rise to the interference were repeated words; i.e., only in the condition in which the interference imposed by the concurrent material was low. This result suggests that when all the words were different, the participants could no longer benefit from the longer period available to refresh the information. According to the SOB-CS model, when distractors vary considerably, there is greater interference and the level of forgetting is higher [START_REF] Oberauer | Modeling working memory: an interference model of complex span[END_REF]. In line with [START_REF] Hasher | Working memory, comprehension, and aging: a review and a new view[END_REF], aging coincides with a decrease in the effectiveness and efficiency of an individual's ability to control interference.

In the present study, we confirm the significant effect of aging on Stroop performance in line with the many other studies that have reported a decrease in inhibition abilities with aging [START_REF] Carretti | What happens to information to be suppressed in working memory tasks? Short and long term effects[END_REF][START_REF] Schelstraete | Cognitive aging and inhibitory efficiency in the Daneman and Carpenter's working memory task[END_REF][START_REF] Burgess | Response suppression, initiation and strategy use following frontal lobe lesions[END_REF][START_REF] Borella | Working memory and inhibition across the adult life-span[END_REF]; but see also [START_REF] Ludwig | Adult age differences in the color stroop test: a comparison between an item-by-item and a blocked version[END_REF] for different results). Using regression analyses, Borella and collaborators (2008) found that inhibition abilities explained only a modest part of age-related WM variance. We did not find any correlation between the WM performance and the interference score obtained with the Stroop test. This suggests that the inhibitory control hypothesis may not be the best candidate for explaining our results, or that the Stroop test does not measure all forms of inhibition.

Regarding the three-way interaction between population, cognitive load and novelty, it might seem surprising that the older participants performed more poorly in the fast condition when the distractors were repeated than when they differed (see Figure 3). This result was possibly due to the fact that the quick succession of words on screen induced some confusion between those to be processed and those already read (see [START_REF] Plancher | Forgetting from working memory: Does novelty encoding matter?[END_REF] for an observation of the same phenomenon). This confusion possibly diverted the participants' attention and prevented them from efficiently maintaining the memory traces. To avoid this confusion, a future solution might consist of displaying the distractors in three different places (left, middle, and right) along a virtual horizontal line.

Over and above the observed behavioral performance, our simulations showed that one parameter that has to be adjusted to fit the older adult data is the one that controls noise during the retrieval steps. The TBRS* possesses no dedicated parameter for the implementation of inhibition capacities and the noise parameter might be the most suitable for simulating this ability. However, the increase in the noise parameter that we observed with aging could be related to a deficit of inhibition or, alternatively, to the theoretical proposition made in the neural noise hypothesis (Welford, 1981;[START_REF] Welford | Between bodily changes and performance: Some possible reasons for slowing with age[END_REF]. This hypothesis states that the entropy of neural signaling increases in aging. Indeed, the senses and the neural interactions within the brain would generate more random signals in older subjects, leading to more random and less precise perceptual and memory representations (see e.g. [START_REF] Allen | A molar entropy model of age differences in spatial memory[END_REF][START_REF] Noack | Normal aging increases discriminal dispersion in visuospatial short-term memory[END_REF].

Given that the cognitive load effect was observed only when the level of novelty was weak, we suggest that older adults have difficulty managing the dynamic between maintenance and processing when interference is high. In most cases, the time available between processing episodes enables young participants to refresh memory traces. However, it seems that in aging, a high level of interference causes a substantial amount of controlled attention to be captured by distractors, thus limiting the time available to refresh memory traces. We thus assume that problems due to the poor management of attentional resources occur when the distractions are too great. Given that the TBRS model claims that attention is involved in processing any distractor, as well as in refreshing any memory item, a reduction in attentional resources should impede the management of this dual task requirement. Hence, it would be more difficult to share a restricted quantity of resources between the two concurrent activities than to share a sizable quantity of resources. This idea is closely related to Engle's theory [START_REF] Engle | Individual differences in working memory capacity and what they tell us about controlled attention, general fluid intelligence, and functions of the prefrontal cortex[END_REF], according to which the main determinant of the inter-individual differences observed in WM is the capacity of controlled attention, with 'low span' individuals being those who have the lowest controlled attention capacities.

As presented above, the TBRS model holds that a cognitive load effect reflects the existence of a process of maintenance during the concurrent processing activity. If participants are better in low than in high cognitive load conditions, it is because they use the longer free time to reactivate memory traces by means of the attentional refreshing maintenance mechanism (e.g. [START_REF] Camos | Two maintenance mechanisms of verbal information in working memory[END_REF]). An absence of this effect could reflect the absence of an attentional maintenance mechanism. Recently, [START_REF] Loaiza | Temporal-contextual processing in working memory: evidence from delayed cued recall and delayed free recall tests[END_REF] observed that older adults benefited less from memory refreshing opportunities than younger adults in a WM task. Accordingly, the team headed by Johnson, who was the first to propose the concept of refreshing, has described deficits in episodic memory as the consequence of deficiencies in refreshing information [START_REF] Chalfonte | Feature memory and binding in younger and older adults[END_REF][START_REF] Johnson | Second thoughts versus second looks: An age-related deficit in reflectively refreshing just-activated information[END_REF]. The behavioral and computational results of the present study suggest that, in older participants, the attentional maintenance mechanism, which we refer to as refreshing, is slower and difficult to use in the presence of a large number of different items of information that induce a high level of interference.

Finally, the hypothesis of a switching deficit seems reasonable when studying WM in aging. By definition, a WM task requires the ability to switch between storage and processing.

According to the work conducted by Verhaeghen and colleagues (e.g. [START_REF] Vaughan | Aging and working memory inside and outside the focus of attention: dissociations of availability and accessibility[END_REF], focus-switching might be a good candidate for the locus of age differences in WM. Accordingly, we observed a significant difference between the young and older adults' scores and the TMTB-A, which is thought to reflect differences in switching abilities. Moreover, we observed negative correlations between the WM performance of the older participants in the slow condition and their ability to switch between two processes (given by the score on the TMTB in which participants switch between processing digits and processing letters). These correlations might be interpreted as reflecting the difficulty experienced by older adults in activating a maintenance mechanism when time becomes available to them.

In conclusion, the present study, which made use of a computer-paced complex span task, confirms a decline in WM performance in normal aging. Based on recent models of WM, we demonstrated that older adults are able to maintain information through attentional refreshing in WM. However, this attentional refreshing might be slower and difficult to implement in conditions of high interference. In the future, it will be important to address the role of the switching ability in WM forgetting using the current behavioral and computational methodology. Indeed, such an approach might explain, at least in part, why older participants might find it difficult to maintain information in WM, namely because they fail to rapidly switch their focus between the processing and maintenance of information. Moreover, our simulations seem to rule out the possibility of differences across ages based on the strength with which to-be-remembered items are encoded in WM. Similarly, the decay rate is probably not a major explanation of the WM difference between young and older adults. Finally, because computational investigations make it possible to test the role of factors which are not easy to assess with experimental procedures, the present study confirms that the computational approach is relevant for understanding cognitive processes in aging. 

Figure 1 .

 1 Figure 1. Illustration of the experimental design. Participants were presented with five images to be remembered, each image being followed by a series of three to-be-read words successively displayed on screen (here presented in french). The figure illustrates the four kinds of trial: a. fast pace and different words, b. slow pace and different words, c. fast pace and repeated words, d. slow pace and repeated words.
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 2 Figure 2. Number of images recalled in correct order out of five (means and standard deviations) by young adults according to the four experimental conditions.

Figure 3 .

 3 Figure 3. Number of images recalled in correct order out of five (means and standard deviations) by older adults according to the four experimental conditions.

Figure 4 .

 4 Figure 4. RMSE between model and data as a function of the noise parameter σ.
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 5 Figure 5. RMSE between model and data as a function of the decay rate D.
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 6 Figure 6. RMSE between model and data as a function of the duration of atomic refreshing Tr.

Figure 7 .

 7 Figure 7. RMSE beween model and data as a function of the duration of the encoding strength R.

a.

  For the Stroop test, we used the crosses condition as the baseline, scores were transformed into proportional scores for each participant as follows: [(color-naming baseline condition score -colornaming word-color interference score) / color-naming baseline condition score].

Table 1 .

 1 Means and standard deviations of demographics and general neuropsychological

	abilities.				
			Young adults	Older adults	Anova
	Age (years)		21.62 (2.51)	71.92 (5.18)	
	Gender (male:female)	(8:12)	(7:13)	
	MMSE		__	28.2 (1.28)	
	Processing speed		29.28 (9.70)	68.09 (24.41) F(1, 38)=43.11 ;
	(TMTA. sec)				p<.001
	Switching abilities	24.88 (13.80)	60.76 (40.84) F(1, 38)=13.73 ;
	(TMTB-A. sec)				p<.001
	Inhibition (Stroop) a.	-0.67 (0.28)	-1.17 (0.60)	F(1, 38)=11.34 ;
					p<.01
	Short-term memory	6.80 (1.06)	5.70 (1.13)	F(1, 38)=10.13 ;
	(forward digit span)			p<.01
	Working	memory	5.45 (0.94)	4.20 (0.83)	F(1, 38)=19.69 ;
	(backward digit span)			p<.001

Table 2 .

 2 Reading times (in ms) (means and standard deviations) recorded in the control experiment according to populations and experimental conditions.

		Fast pace	Slow pace
		Words repeated	Words differed	Words repeated	Words differed
	Young adults	515 (72)	518 (58)	532 (66)	543 (61)
	Older adults	478 (25)	490 (27)	483 (45)	505 (29)

Table 3 .

 3 Correlations between the performance at the different conditions of the complex span task and the neuropsychological abilities for older participants.

		Fast pace	Slow pace
		Words repeated	Words differed	Words repeated	Words differed
	Processing speed (TMTA. sec)	-0,20	-0,43	0,06	0,17
	Switching abilities (TMTB-A. sec)	-0,38	-0,19	-0,49*	-0,52*
	Inhibition (Stroop)	-0,08	0,28	-0,02	-0,16
	Short-term memory (forward digit span)	-0,001	0,13	0,32	0,38
	Working memory (backward digit span)	-0,02	-0,05	0,35	0,06
	* p<.05				

Table 4 .

 4 Number of items recalled in each condition (means and standard deviations), for young and older adults (observed/Data and simulated/Model)

			Fast pace			Slow pace	
		Words repeated	Words differed	Words repeated	Words differed
		Data	Model	Data	Model	Data	Model	Data	Model
	Young adults	3.51 (0.54)	3.51	3.69 (0.49)	4.33	3.90 (0.64)	4.19	4.03 (0.62)	4.43
	Older adults	2.55 (0.66)	3.52	2.88 (0.80)	4.32	3.04 (0.85)	4.18	2.73 (1.05)	4.40
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