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Which factors influence number updating in working memory? The effects of size distance and suppression Barbara Carretti1*, Cesare Cornoldi1 and Santiago L. Pelegrina2 1 2



University of Padova, Italy University of Jaen, Spain Updating information in working memory is a critical process which makes possible to have available, at every moment, the information most relevant for mind operations. However, the specific mechanisms underlying the updating process have rarely been analysed. This paper examines the importance of two of the mechanisms implicated in a numerical updating task: item comparison and item substitution. The item comparison mechanism was studied by manipulating the size distance between items. The item substitution mechanism was investigated by increasing/decreasing the number of updates within trials. Furthermore, in order to examine the effects of time constraints, presentation rate was manipulated. Over three experiments, the results obtained highlighted that updating performance is mainly influenced by suppression request, even when the presentation rate is self-paced. However, errors depend on the distance between items. The implications of the results for the understanding of updating are discussed.



Memory updating refers to the act of modifying the content of memory. In daily life we are usually requested to update memory when encountering conflicting information or when old information has to be substituted (Bjork, 1978). In the context of working memory, the updating of memory content is usually particularly demanding in terms of attentional resources since the mind is required quickly to substitute old with new information. For example, while looking for the cheapest food on the shelves of a grocery store we need to substitute price information when we find a more advantageous item. If there is the same product in several different packages (i.e. with different weights) we also need to calculate the net prices. The importance of updating can be considered also with reference to complex cognitive abilities. An example is reading comprehension in which the reader is required continuously to substitute information which has become less relevant with new more important information (Palladino, Cornoldi, De Beni, & Pazzaglia, 2001). * Correspondence should be addressed to Barbara Carretti, Department of General Psychology, Via Venezia, 8, 35131 Padova, Italy (e-mail: [email protected]). DOI:10.1348/000712606X104175
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Despite its frequency, it is not completely clear how the updating process actually works. Although different updating tasks can be found in the literature (see for example Miyake et al., 2000; Oberauer, 2002; Verhaeghen & Basak, 2005), in many studies the criteria for updating are simply represented by item recency. For example, in one of the first studies on memory updating, participants were presented either with certainlength or with uncertain-length lists of items in order to measure their running memory span, described as a measure of the ability to manipulate memory content fluidly over an allocated period of time (Pollack & Johnson, 1963; Pollack, Johnson, & Knaff, 1959). In the certain-length lists condition, in which participants were informed of the length of the to-be-presented list, they received instructions to report ‘as many items as possible’ from the final portion of each list. In the second version of the running memory span task (uncertain-length), participants received the same instruction but they ignored the length of the list (see also Crowder, 1969; Morris & Jones, 1990; Parkinson, 1980). Thus in the latter case participants did not know when they would encounter the target information. The two versions of the task lead to a different level of performance with a benefit for the certain-length condition. In addition, Pollack et al. highlighted differences in carrying out the two types of tasks. In the first case, participants were prone to adopt certain strategies in the attempt to recall target items, for example ignore the initial portion of the list, and then actively focus on a small section of the list. Two further strategies, observed by Pollack et al., were the grouping of the presented information and the overt repetition of the digits. In contrast, in the second case (uncertain-length list), the procedure of the task partially prevented the use of any strategy and seemed to involve an updating process. Indeed, participants had initially to store the first items and then update the memory content by dropping the oldest item and inserting the new one in the pool of the most recent ones. Pollack et al. suggested that to carry out this version of the running memory span task effectively participants have to control for proactive interference, especially for long, uncertain lists. Pollack et al. also found that an increase in the speed of presentation was associated with an impairment of performance both in certain- and uncertain-length lists. Commenting on these first results, Morris and Jones (1990) suggested that the central executive could be involved in the execution of the uncertain-length list updating task devised by Pollack et al. (1959). With Baddeley and Hitch’s working memory model (1974; Baddeley, 2000) in mind, they provided evidence of central executive involvement, demonstrating that tasks interfering with the articulatory loop component of working memory (articulatory suppression and irrelevant speech) impaired only the order component of the updating performance, but did not damage the updating component. Thus, according to Morris and Jones, the updating process requires central executive resources but not the phonological loop. Conversely, the serial recall component of the task requires the phonological loop but not the central executive. This result was further confirmed by Van der Linden, Bre´dant, and Beerten (1994), who demonstrated that elderly participants’ recall was affected to a greater extent than young participants’ recall by the increase in the number of updates. In contrast, serial recall was weakly damaged in older adults and their decline in performance was comparable to that of younger participants. However, some authors have pointed out that the classical memory updating task does not necessarily imply an updating process since participants could adopt a more passive strategy waiting until the end of the presentation and then retrieving the correct items on the basis of a recency criterion (Carretti, Cornoldi, De Beni, & Romano`, 2005; Palladino et al., 2001; Ruiz, Elousa, & Lechuga, 2005). Ruiz et al. demonstrated, with
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a variant of the Morris and Jones’ task, that the probability of memory intrusions increased for items closer to the target positions (pre-target items). They interpreted this result as showing a major involvement of the articulatory loop compared with that of the central executive. Furthermore, they suggested that Morris and Jones’s (1990) task is not well-suited for analysing the memory updating process, intended as an executive function, because the performance in this task could be attributable to passive maintenance mechanisms. Similar considerations to those of Ruiz et al. (2005) had been previously made by other authors (Palladino et al., 2001) attempting to create a task that could measure the process of updating information in working memory, rather than the simple recall of the last presented items. Palladino et al. devised a task that required selecting items on the basis of a criterion which was not simply based on item recency, but introduced a relevance principle. In their task, participants were required to listen to a list of words (objects and animals) and then to remember the three smallest items, thus assuming that the relevance was defined by the item size. In fact, participants were required to recall the smallest presented items according to their presentation order, differently from other working memory tasks where reordering is required (e.g. Conway et al., 2005). In the case of Palladino et al.’s task, participants had to consider each item included in the list, storing the smallest ones and comparing each new item with those maintained in memory, thus involving more clearly the comparison and substitution functions of updating. The comparison mechanism is a necessary aspect of updating, since it allows the correct selection of items available in working memory through the comparison of old items with new incoming information. It could be hypothesized that the similarity between items affects this process. The more similar the items (for example in size), the more difficult the judgment becomes. This confusion effect could occur in either the decision phase or the retrieving phase, in both cases leading to an interference effect. The substitution mechanism necessarily follows the comparison, since it allows the updating of the memory content. To substitute the old information with the new, old relevant items have to be maintained in a higher state of activation, whereas irrelevant items have to be inhibited. The substitution mechanism is mainly affected by the suppression request, related to the level of activation of items and the number of updates required. In fact, it has been suggested (Palladino et al., 2001) that a critical variable in working memory and updating tasks is represented by the effort required to reduce the activation of information that was initially relevant, but which in a second phase lost its importance. Following this assumption, two predictions follow: first, suppression should be easier for items that can be immediately excluded due to their incompatibility with the selection criterion than for items initially selected but later had to be updated. Second, updating should be more difficult with an increase in the number of the to-be-suppressed items. Palladino et al. (2001) demonstrated that efficacy in the substitution phase is a clear way to distinguish between participants with different reading comprehension abilities: indeed, poor comprehenders were less able to inhibit irrelevant information, thus allowing it to enter in working memory. This difficulty did not seem to be due to a failure in the comparison phase since poor comprehenders were able to select the target items (see Palladino et al. 2001, Experiment 5), whereas the act of substitution appeared to be impaired. The importance of inhibition for updating was also highlighted by a study of Bunting and Conway (2002). Bunting and Conway demonstrated that both inhibition and updating functions could explain working memory performance and that these two
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executive functions could be considered as different components of a single factor. More recently, Friedman and Miyake (2004), analysing in detail the inhibition construct, found that the inhibition mechanism, considered as the ability to resist memory intrusion of information that was previously relevant to the task but has since become irrelevant, is linked to working memory performance. From this review of the literature on memory updating it appears clear that updating is not a unitary process and that the mechanisms involved depend on the kind of updating task. For example, in the case of running memory span and of tasks that require the participant to solve arithmetic operations continuously, the mechanism of comparison is not involved, whereas substitution is required. However in many situations in everyday contexts (e.g. language comprehension, mental models, etc.), updating can be defined as ‘relevance-based’ since it is not simply based on a recency criterion, but requires that incoming information is compared with that maintained in temporary memory on the basis of a relevance criterion. In this case, we hypothesized that the comparison mechanism is substantially involved in updating. Relevance-based updating also involves, as plausibly every type of updating, a substitution mechanism related to some inhibition functions. In fact, the dynamic manipulation of the memory content implies the exclusion of irrelevant items in favour of relevant ones. In conclusion, our simple model of relevance-based updating assumes that this kind of updating requires two phases. A first phase requires the analysis of incoming information and its comparison with information maintained in a temporary memory store in order to decide which one is more consistent with the updating criterion. The second phase implies the active manipulation of memory content, allowing substitution of old, no longer relevant information with new relevant information. In this latter phase the main problem is represented by the elimination from the critical memory set of highly activated information, probably through an activation reduction mechanism associated with the displacement of the information to another memory set (Carretti, Cornoldi, De Beni, & Palladino, 2004; Cowan, 1995).



Objectives of the study This paper aims to examine the relevance of these two mechanisms (comparison and substitution) for the updating process. Over three experiments we investigated how much updating could be sensitive to the similarity (distance) between elements and to the increase in the suppression request. The two manipulations should separately affect the two main mechanisms which we assume are involved in relevance-based updating: the comparison in the case of item distance and the substitution in the case of number of required suppressions. In fact, it is possible to argue that the similarity between items can impair the mechanism of item comparison which involves not only central attentional processes (decision based on size criterion) but also lower level analysis processes (stimulus coding and comparison). On the contrary, a large body of evidence suggests that the control for interfering information and its suppression requires a high quantity of attentional resources (e.g. Cowan, 1995). If the updating process primarily relies on the functioning of central, highly controlled attentional resources, the manipulation of item distance would have less impact on the efficacy of updating than the manipulation of the suppression request. More specifically, the manipulation of the quantity of to be suppressed information should involve the efficiency of the deletion component of inhibition (Hasher, Zacks, & May, 1999).
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Since the processes associated with suppression require high attentional control, typically associated with the central executive (Baddeley & Hitch, 1974) and/or with the high control components of working memory (Cornoldi & Vecchi, 2003), analysing the specific role of suppression manipulation offers the opportunity to examine whether centrally controlled processes are critical for updating (as assumed by Miyake et al., 2000; Morris & Jones, 1990) or not ( Ruiz et al., 2005). Furthermore, it offers the opportunity to test whether the degree of required suppression affects performance as has been suggested by Palladino et al. (2001) but not by Morris and Jones (1990). To examine the role of comparison and substitution processes, we devised a numerical updating task. The use of numbers as stimuli for the updating task has two advantages. First, it offers an unquestionable criterion for rating the size of the stimuli, which was absent in Palladino et al.’s (2001) study. A consequence of this absence was that participants could be uncertain when making a decision as regards the relative size of two objects (e.g. a television vs. a suitcase). Second, it allowed for a careful manipulation of the degree of distance between items. In agreement with Dehaene, Dupoux, and Mehler (1990), we assumed that the comparison process of updating would be easier when the distance between numbers is larger. Moyer and Landauer (1967) first showed that the time taken to determine the numerically larger of two simultaneously presented digits decreases as their numerical difference increases (the numerical distance effect). The larger the numerical difference between two numbers, the shorter, on average, is the time needed to reach the response threshold (Schwarz & Ischeback, 2000). Typically, response times in size estimation tasks are lower than the times involved in updating tasks. However, we assumed that size distance could affect item comparison and selection in a situation where working memory is under pressure, as happens in updating tasks, especially with shorter presentation rates. During updating, the distance effect may be more evident when the presentation time is constrained, whereas with a slower or self-paced rate one might predict a reduction in its effect. The updating performance was analysed computing both a correct recall measure and an intrusion errors measure. As with our previous work (see for example Carretti et al., 2005), intrusion errors were subdivided into intrusion errors, which arise from items belonging to the list currently being processed (intra-list intrusions, intrusion of items that are currently being focused on), and intrusions of items belonging to the previous lists (extra-list intrusions, probably due to some proactive interference effect). Furthermore, errors of items belonging to the current list were separated into between errors refering to an item that could have been immediately excluded from memory because of its bigger value (immediate intrusion errors) and errors due to items that had to be maintained longer because they were temporally consistent with the updating criterion and could be excluded from memory only at a later date (successive intrusion errors). The rationale for this distinction was that items participants maintain for some time in working memory (producing successive intrusion) should gain a higher level of activation than items immediately excluded. On the basis of this distinction it is possible to argue that the items activated for a longer period of time would be more difficult to exclude than items immediately eliminated from memory (Carretti et al., 2004; De Beni, Palladino, Pazzaglia, & Cornoldi, 1998). In the present study, in Experiment 1, participants were presented with the number updating task. The lists were built up in order to manipulate the distance between items and the number of substitutions requested before reaching the pool of target items. Presentation rate was slow, set at 3 seconds per item, in order to be sure that
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participants were able to do the task. Indeed, on the basis of the studies on number comparison (Dehaene et al., 1990), 3 seconds could be considered as sufficient time to decide which number is relevant for the updating criterion. In Experiment 2, the rate of presentation of the lists was reduced, whereas the task was the same as in Experiment 1 by contrasting different presentation rates, we wanted to examine better the relevance of item distance in the updating process. Indeed, it is possible to argue that distance affects the updating performance only when time is constrained. In Experimentt 3 the updating task was presented in a self-paced modality. Carrying out the task in such a manner, participants should be more capable of managing the comparison and substitution mechanisms. An obvious improvement in performance is the prediction; however, the aim of this final experiment was to understand thoroughly the independent role of the two processes manipulated in the two preceding experiments, when a participant can completely master the updating process. The selfpaced presentation rate should emphasize the role of suppression. Indeed, it is possible to hypothesize that at a slow presentation rate the role of distance should be less evident, as participants would easily decide the smallest between incoming and maintained items. Thus, in the self-paced condition, the comparison mechanism would be facilitated by the possibility of processing at one’s own pace. In contrast, in the case of the substitution mechanism, it is likely that in any case the efficacy of updating would be a function of the level of involvement of higher central processes.



EXPERIMENT 1 Method Participants Twenty-three students (4 males and 19 females) from the University of Padova, Italy and the University of Jaen, Spain took part in the experiment. They received credits for a psychology course. Their age ranged between 21 and 27 years. Materials The updating task consisted of 16 lists of two-digit numbers. Presented numbers ranged from 15 to 99. Each list was composed of 10 numbers. Half the lists were composed of numbers close in size (small distance condition). Conversely, the other lists were composed of numbers belonging to numbers distant in size (large distance condition). Furthermore, for each list group, 50% of the lists included five items which initially had to be considered relevant but later had to be updated (high suppression condition), whereas in the remaining eight lists only two items had to be updated (low suppression condition). Consequently, the number of items that had to be excluded immediately was two in the high suppression condition and five in the low suppression condition. An example of the high suppression small distance list was 58, 63, 59, 52, 54, 57, 56, 43, 60, 62 and of the low suppression large distance list 55, 28, 47, 85, 64, 40, 43, 94, 34, 82. For each list participants were required to recall the three smallest numbers in the correct order of presentation. Procedure The lists of numbers were presented in the centre of a Nec computer screen, using e-Prime software. Each number was displayed for 2 seconds, with an inter-stimulus
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interval of 1 second. Within the inter-stimulus interval, after 0.5 second there appeared on the screen a mask (# #) that indicated to participants that the next number was going to be displayed. After the list was presented, a question mark appeared on the screen followed by a frame on the bottom part of the screen in which participants had to type the three smallest items. In this and in the following experiments global response times were recorded. The programme measured the time elapsing between the presentation of the frame to respond and the moment the participant typed the last response and pressed the escape key. The presentation rate was chosen on the basis of the studies on size comparison by Dehaene et al. (1990), who presented numbers at a 4 second rate. In our case the rate was reduced by 1 second as participants did not have to give a response after each item as they did in Dehaene et al.’s study. The experimental session started with four practice trials. The performance of each participant was analysed considering both the total number of correctly recalled items and the total number of errors in the recall. In those cases where a participant recalled less than three items, these were considered correct if they respected the order of presentation. Within the error measures we distinguished two main categories: intra-list errors (incorrect recall of a number that belonged to the current list) and extra-list errors (incorrect recall of a number that belonged to a previous list). In addition another distinction was made. Intra-list errors were separated into between errors that refer to an item that could be immediately excluded from memory because of its bigger value (immediate intrusion errors), and errors of items that had to be maintained longer because they were temporally consistent with the updating criterion and had to be excluded from memory only at a later date (successive intrusion errors).



Results Correct recall A 2 £ 2 repeated measure ANOVA was run on the number of correctly recalled items with distance (larger vs. smaller) and suppression (number of updates: high 5 vs. low 2) as the within-subject variables. The main effect of suppression was significant, Fð1; 22Þ ¼ 6:83, MSE ¼ 3:06, p , :05, partial h2 ¼ :238: participants recalled a higher number of items in the low suppression condition. The distance effect only approached significance, Fð1; 22Þ ¼ 3:61, MSE ¼ 2:36, p ¼ :07, partial h2 ¼ :141 and was specified by the significant interaction between distance and suppression, Fð1; 22Þ ¼ 7:64, MSE ¼ 0:96, p , :05, partial h2 ¼ :258 (see Table 1). As can be seen in Table 1, the effect of distance was evident only in the case of low suppression lists. Post-hoc analyses with Tukey’s method showed that interaction was due to the higher number of items recalled in the low suppression and larger distance conditions as compared with all other conditions ( p , :05).



Intra-list intrusion errors A 2 £ 2 repeated measure ANOVA was run on the number of intra-list intrusion errors with distance (larger vs. smaller) and suppression (high vs. low) as within-subjects factors. The main effect of distance, Fð1; 22Þ ¼ 28:76, MSE ¼ 0:64, p , :001, partial h2 ¼ :567 was significant and was due to the fact that participants made a higher number of intrusions in the smaller distance (M ¼ 1:43, SD ¼ 0:94) condition than in
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52 Barbara Carretti et al. Table 1. Means and standard deviations of measures of correct recall and memory intrusions for lists separated for suppression request and item distance (Experiment 1) High suppression Smaller distance



Correct recall Intra-list intrusions Extra-list intrusions



Low suppression



Larger distance



Smaller distance



Larger distance



M



SD



M



SD



M



SD



M



SD



8.04 1.43 1.26



2.03 1.16 1.21



8.09 0.74 1.09



2.15 0.75 1.08



8.43 1.39 0.74



1.72 1.19 0.81



9.61 0.30 1.04



1.64 0.55 1.11



the larger distance (M ¼ 0:52, SD ¼ 0:51) condition. The interaction was not significant (see Table 1). Furthermore, the comparisons between means showed a higher number of successive intrusions, i.e. of items that have been maintained for some period (M ¼ 3:49, SD ¼ 2:11) than of immediate intrusions, i.e. items immediately excluded from memory (M ¼ 0:92, SD ¼ 0:99) tð22Þ ¼ 8:09, p , :001.



Extra-list intrusion errors The same ANOVA was run on the number of extra-list intrusion errors with distance (larger vs. smaller) and suppression (high vs. low) as within-subjects factor, but the analysis did not reveal a significant effect (see Table 1). The number of inventions (recall of numbers which had never been presented) and omissions was very low and did not differ across the four conditions.



Discussion Experiment 1 showed that the recall performance in a numerical updating task is affected by the quantity of to-be-suppressed items and to a lower extent by the distance between numbers, which had an effect only when the suppression request was low. It can be added that analysis of the time spent in retrieving all the items of each sequence showed that the retrieval of the updated information is significantly slower, i.e. more difficult, in correspondence with the increase in the suppression request, since participants needed more time to recall the items in the high suppression condition than in the low suppression ones (high suppression smaller distance: M ¼ 8:73, SD ¼ 3:69; high suppression larger distance: M ¼ 8:67, SD ¼ 3:49; low suppression smaller distance: M ¼ 8, SD ¼ 3:43; low suppression larger distance: M ¼ 8:39, SD ¼ 3:72; this effect was observed only when all the trials were considered, whereas it disappeared when only the few completely correct trials were considered). This particular result could be due to the fact that participants were postponing the updating process until the end of the trial. Considering the error measures, intra-list intrusions were the most frequent errors and were affected by the distance between items. This result could be due to a difficulty during item selection. However, it may also have been affected by the retrieval processes, i.e. when participants were engaged in the retrieval phase, close items might
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be cause for confusion. The further distinction within the category of intra-list intrusion errors highlighted that the probability of an intra-list intrusion increases with the permanence of the item in memory, i.e. an item that was maintained longer in memory had the highest probability of being an intrusion in the recalling phase. To summarize, in the first experiment, results highlighted that both distance between numbers and suppression affect the updating performance. However the effect due to suppression was more pronounced than the distance effect. The modest effect of distance on updating could be due to the slow presentation rate used in Experiment 1. In fact, it has been shown that a short distance between numbers typically slows down the response time by about 200 milliseconds (Dehaene et al., 1990). This effect could be obscured by a long inter-item interval. For this reason, in Experiment 2 we introduced a new condition with the shortest presentation rate (2 seconds) at which the task still seemed feasible.



EXPERIMENT 2 Method Participants Fifty-four students (8 males and 46 females) from the University of Padova took part in the experiment. They were all volunteers. Their age varied from 19 to 28 years.



Materials and procedure The updating task was the same as for Experiment 1. Of the participants, 26 carried out the task as in Experiment 1, whereas for 28 participants the presentation time of the task was reduced. In this second condition, each number was displayed for 1 second followed by an inter-stimulus interval also of 1 second. Within the inter-stimulus interval, after 0.5 second there appeared on the screen a mask (# #) indicating to participants that the next number was going to be displayed. A preliminary pilot study highlighted that a presentation rate shorter than 1 second leads to a dramatic increase of errors.



Results Correct recall A 2 £ 2 £ 2 repeated measure ANOVA was run on the number of correctly recalled items with presentation time (slow vs. fast) as between subject variable and distance (larger vs. smaller) and suppression (high vs. low) as within-subject variables. The main effects of distance, Fð1; 52Þ ¼ 17:14, MSE ¼ 2:92, p , :001, partial h2 ¼ :248 and suppression, Fð1; 52Þ ¼ 5:88, MSE ¼ 4:35, p , :01, partial h2 ¼ :102 were both significant. Participants recalled a higher number of items in the large distance and low suppression conditions (see Table 2). No interaction was significant. As can be seen in Table 2, the effect of distance was more evident in the low suppression lists; however, differently from Experiment 1, the interaction between distance and suppression was not significant ( p ¼ :16) This difference does not seem related to the introduction of the rapid presentation condition since the pattern of performance was similar for the two presentation rates and, in general, presentation rate did not have a clear effect on
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54 Barbara Carretti et al. Table 2. Means and standard deviations of measures of correct recall and memory intrusions for lists separated for suppression request and item distance, in the 2 and 3 second presentation rate conditions (Experiment 2) High suppression Smaller distance M Correct recall 3 second 10.57 2 second 9.96 Intra-list intrusions 3 second 1.54 2 second 1.75 Extra-list intrusions 3 second 1.04 2 second 1.14



Low suppression



Larger distance



Smaller distance



Larger distance



SD



M



SD



M



SD



M



SD



3.23 4.65



10.72 9.12



4.8 3.66



9.45 8.81



3.03 3.21



9.77 8.29



3.65 2.92



1.33 1.21



0.85 0.86



0.92 0.76



1.81 1.46



1.44 1.5



0.69 1.11



0.74 1.26



1.04 1.11



0.85 1.32



1.12 1.22



0.46 0.64



0.65 0.78



0.85 1.04



0.97 0.84



performance. It must be noted that, differently from Experiment 1 in which the significant interaction between distance and suppression was due to the fact that distance was critical only in the low suppression lists, in the current experiment, the distance effect was present in both suppression conditions. However, the advantage for larger distance remained more evident in low suppression lists (1.02 vs. 0.68, see Table 2). Intra-list intrusion errors A 2 £ 2 £ 2 repeated measure ANOVA was run on the number of intra-list intrusion errors with presentation time (slow vs. fast) as the between-subject variable and distance (larger vs. smaller) and suppression (high vs. low) as within-subject variables. The main effect of distance, Fð1; 52Þ ¼ 34:26, MSE ¼ 0:92, p , :001, partial h2 ¼ :397 was significant. Participants made more intrusions in the smaller distance condition than in the other. As in the previous experiment, no other effect was significant (see Table 2). The comparison between intrusions of items maintained longer (successive intrusions) and intrusions of items that should be immediately excluded from memory (immediate intrusions) showed again a higher number of successive intrusions (M ¼ 4:64, SD ¼ 3:25) than of immediate intrusions (M ¼ 0:54, SD ¼ 1:04) tð27Þ ¼ 6:36, p , :001. Extra-list intrusion errors The same ANOVA was run on the number of extra-list intrusion errors with presentation time (slow vs. fast) as between subject variable and distance (larger vs. smaller) and suppression (high vs. low) as within-subject variables. The main effect of suppression, Fð1; 52Þ ¼ 8:14, MSE ¼ 0:77, p , :01, partial h2 ¼ :136 was significant. Participants made more intrusions in the high suppression condition than in the other. No other effect was significant (see Table 2).
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Discussion The results of the second experiment showed that a reduction in the rate of presentation did not affect the updating performance. The mechanisms of item comparison and item substitution were insensitive to the time constraints. However, it is possible that the difference of 1 second between the two conditions was not sufficient to impair further the participants’ performance. The higher number of participants contributed in offering clear-cut results. For example, in this experiment the effect of distance was more pronounced and was more general, involving not only the low suppression lists (as in Experiment 1, where we only observed an interaction) but also the high suppression lists, although the effect remained more evident in the low suppression lists.1 In the case of errors, again, distance markedly affected the number of intra-list intrusion errors. In contrast, extra-list intrusions varied with the function of the suppression request. The purpose of the third experiment was to clarify the role of the two factors for memory updating. In fact, the fixed presentation rate (either of 3 or 2 seconds) seemed to create some difficulties for participants, some of whom reported not being able to complete the updating operations during the presentation phase and thus completing it during retrieval. Administering the updating task with a self-paced procedure allowed us to highlight which mechanisms drive the updating process when people can update information at their own rate.



EXPERIMENT 3 Method Participants Twenty-four students (2 males and 26 females) from the University of Jaen took part in the experiment. They received course credits for their participation. One of the participants was excluded from the analysis because he did not complete the task. Their age varied from 18 to 29 years.



Materials and procedure The updating task was the same as in Experiments 1 and 2. Participants carried out the task self-pacing the item presentation. However, they were instructed to be as fast and as accurate as possible. 1



The analysis on response time again showed an effect due to the suppression factor only when response times were considered independently for the correctness of the recall: in the high suppression condition the response times spent in retrieving the three items were longer than in the low suppression condition: high suppression smaller distance M ¼ 10.25, SD ¼ 4; high suppression larger distance M ¼ 9.12, SD ¼ 3.11; low suppression smaller distance M ¼ 9.89, SD ¼ 4.28; low suppression larger distance M ¼ 9, SD ¼ 3.34; this effect was observed only when all the trials were considered, whereas it disappeared when only the few trials completely correct were considered). This was probably due to the fact that, during the trial presentation, participants were not able to complete the updating of the memory content. Thus, at the end of a trial the participant would be carrying out some rehearsal or memory search (i.e. Cowan et al., 2003), trying to carry over the goal of updating.
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Results Correct recall A 2 £ 2 repeated measure ANOVA was run on the number of correctly recalled items with distance (larger vs. smaller) and suppression (number of to-be-suppressed items: high vs. low) as the within-subject variables. Only the main effect of suppression was significant, Fð1; 22Þ ¼ 18:52, MSE ¼ 0:123, p , :001, partial h2 ¼ :457; participants recalled a higher number of items in the low suppression than in the high suppression condition (see Table 3). On the contrary, distance did not affect the performance and the result tended to be better with the smaller distance lists.



Table 3. Means and standard deviations of measures of correct recall and memory intrusions for lists separated for suppression request and item distance (Experiment 3) High suppression Smaller distance



Correct recall Intra-list intrusions Extra-list intrusions Study list timea a



Low suppression



Larger distance



Smaller distance



Larger distance



M



SD



M



SD



M



SD



M



SD



9.13 1.3 0.96 53.77



1.69 1.45 0.98 26.95



8.43 0.61 2.04 53.16



1.9 0.72 1.46 25.92



10.26 0.87 0.48 45.34



1.36 1.1 0.67 15.64



9.83 0.52 1 46



1.67 0.59 1 22.73



In seconds.



Intra-list intrusion errors A 2 £ 2 repeated measure ANOVA was run on the number of intra-list intrusion errors distinguished for distance (larger vs. smaller) and suppression (high vs. low). The main effect of distance was significant, Fð1; 22Þ ¼ 9:04, MSE ¼ 0:45, p , :01, partial h2 ¼ :291, intrusions were more frequent in the smaller distance than in the larger Distance condition. The effect of suppression only approached significance (p ¼ :07). No other effect was significant (see Table 3). The comparison between intrusions of items maintained longer (successive intrusions) and intrusions of items that should have been immediately excluded from memory (immediate intrusions) again showed a higher number of successive intrusions (M ¼ 2:73, SD ¼ 2:4) than of immediate intrusions (M ¼ 0:52, SD ¼ 0:79) tð22Þ ¼ 5:32, p , :001.



Extra-list intrusion errors A 2 £ 2 repeated measure ANOVA was run on the number of extra-list intrusion errors distinguished for distance (larger vs. smaller) and suppression (high vs. low). The main effect of distance was significant, Fð1; 22Þ ¼ 10:78, MSE ¼ 1:38, p , :01, partial h2 ¼ :329 as was that of suppression Fð1; 22Þ ¼ 10:49, MSE ¼ 1:27, p , :01; intrusions were more frequent in the larger distance and high suppression than in the smaller distance and low suppression condition. No other effect was significant (see Table 3).
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Study times The analysis on mean time spent reading and processing each list revealed a main effect of suppression, Fð1; 22Þ ¼ 14:08, MSE ¼ 99:12, p , :001, partial h2 ¼ :39, due to the fact that lists of the high suppression kind needed more time to be processed than those in the low suppression condition (see Table 3). Participants who studied the items for longer did not perform better. In fact, the correlation between overall study time and recall was not significant, suggesting that longer study times did not imply the use of a more effective strategy but were only due to inter-individual speed differences. This is not an unexpected result. In studies with self-paced time there is usually an absence of relation between study time and performance (e.g. Mazzoni & Cornoldi, 1993). In fact, Nelson and Leonesio (1988) refer to the result that more study time does not imply a better recall as the ‘labour-in-vain effect’.



Discussion By self-pacing the presentation of the updating task, the distance effect did not influence recall performance, thus revealing that the mechanism of substitution is important for understanding memory updating better. Even when prolonging the updating time, the increase in the number of updating elements (i.e. the high suppression condition) affects performance, causing a reduction in correct items recalled. This could be interpreted as in favour of a more fundamental role of the central attentional processes in the execution of our updating task. The findings from the analysis on the time spent for processing lists move towards this hypothesis. The main effect of suppression indicates that task completion time was longer when a larger number of updates was involved. The self-paced procedure presumably offered the chance for all participants to complete the updating process during the item presentation. In fact, it must be noticed that – different from the preceding experiments – the times necessary for the participants to recall all the items were not different across conditions. Concerning errors, it is interesting to notice the continuity in all three experiments of the importance of distance on the rate of intra-list intrusion errors. Probably, during the retrieving phase the similarity between items makes the act of recalling more complex by creating confusion between items that belong to adjacent decades. In this last experiment, the number of extra-list intrusions was affected independently by suppression and distance. However, it is worth noticing that this measure is not perfect since an error is scored primarily as an item error belonging to the same list and if it is not present in the list, as an error from preceding lists.



GENERAL DISCUSSION The purpose of this paper was to specify better how the updating process, based on the relevance criterion, works. To reach this goal, first we devised a task that clearly requires continuous change of the memory content. Since the distinction to measure the running memory span between different procedures was made by Pollack et al. (1959), the relatively few studies on this topic have preferred the uncertain-length list procedure. This is because the certain-length list procedure cannot exclude the possibility of managing the task using different strategies, casting doubts on the involvement of the updating process. In contrast, in the uncertain-length list, participants are obliged to pay attention to each item, ignoring the length of the list to which they are listening.
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Nevertheless, as several authors have pointed out the uncertain-length list procedure could also be affected by the use of strategy use (Carretti et al., 2005; Palladino et al., 2001; Ruiz et al., 2005). For example, participants could use the strategy of retrieving the last-presented items, maintaining a limited pool of items. This would imply that the initial part of the list can be ignored, maintaining a slightly supra-span number of final items (see Ruiz et al., 2005). Furthermore, the request to recall the last-presented items does not simulate the natural updating process, based on a relevance criterion which requires the working memory to remember the most relevant items even if they are presented before other less relevant items. Following these reflections, we devised a new updating task, based on our previous work on this topic (Carretti et al., 2005; Palladino et al., 2001), that remedies some of these problems. In our task, participants were forced to process each item encountered on the list, since the updating criterion was relevance based (the size) and not based on the position of the items in the list. Thanks to the adoption of this procedure, the position of target items was not predictable. Participants only knew that their task was to select and then recall the three smallest items. Since the purpose of the current paper was to understand the functioning of memory updating we manipulated two variables (the size distance between items and the suppression request) that could damage two mechanisms involved in the relevancebased updating process: item comparison and item substitution. Item distance was assumed to impair the mechanism of correct item selection, whereas the manipulation of the suppression request created difficulties in the substitution of old target items with new targets. Our goal was to demonstrate that working memory updating is based mainly on the process of suppressing information that has become irrelevant (Palladino et al., 2001) and is impaired in conditions in which attentional resources are constrained (Morris & Jones, 1990), i.e. with an increase in the number of updating required, while factors that load on stimulus analysis only modestly damage the updating process. Especially with the self-paced presentation people’s behaviour was in complete accordance with that expected from the working memory updating process, i.e. a continuous change of information in working memory in order to choose the three smallest items. The results of the three experiments, but above all results from Experiment 3, show that the increase in suppression request dramatically affects the success in the updating performance. Indeed, even in the case of a self-paced presentation, participants were unable to completely update the memory content. They needed, on average, more time to process lists with a higher suppression request, but in spite of that the number of items correctly recalled was in any case lower than in the other conditions. The suppression request’s more relevant role compared with the size distance factor could suggest that aspects related to attentional control are crucial in carrying out our updating task. In contrast, the role of distance in recall is weak whereas it seems important when errors are taken into account. Indeed intra-list intrusions increase clearly in respect of the distance between numbers. The lists containing numbers belonging to closer decades produce more interference than lists with numbers taken from a larger range of decades. The general absence of interactions may indicate that effects of distance and suppression request can occur independently of one another; confirmed by previous work with a similar task, which has shown a similar lack of interactions among load (or maintenance of the information) and suppression requests (Palladino et al., 2001, Experiment 5).
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The distinction within the category of intra-list intrusions in successive and immediate intrusion errors emphasizes that items maintained longer are more likely to intrude in recall. Thus, these results support the idea that a lower performance in an updating and a working memory task is associated with a difficulty in monitoring the permanence of information in working memory according to its relevance (Carretti et al., 2004; De Beni & Palladino, 2004). The present findings emphasize that the procedure adopted in the three experiments, in contrast with classical updating task procedure, is a good tool for measuring the updating process. In particular, from the self-reports of participants in Experiment 3, the self-paced procedure really allows participants to be engaged in an updating process. The procedure adopted here, requiring a response on the keyboard seems efficient and easy to replicate. However, other types of response could be considered, for example oral responses (associated with the use of a voice key) which would eliminate the noise produced by the motor response programming and searching for the digits on the keyboard. To summarize, the current experiments showed that both comparison and substitution mechanisms are involved in relevance-based updating. However, over three experiments, the manipulation of the numbers of required updates (supposed to impair the substitution mechanism) seemed to be a crucial factor in the updating process. In particular, the results we obtained highlighted the importance of the ability to control the maintenance of information in memory on the basis of its relevance with the task criterion, already documented for other memory tasks (e.g. De Beni et al., 1998), also in the case of updating.
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