published in: esauro G, ouretzky Alsp ector (eds.), Neur al Information Pr essing Systems 7, Morgan Kaufmann, San Mateo CA (1995). solv able connectionist m del of imm ed iate recall of ordered lists Neil Burgess Departmen of Anatom Univ ersit College London London C1E 6BT, England (e-mail: n.burgess@ucl. ac.uk Abstract mo del of short-term mem ory for serially ordered lists of erbal stim uli is prop osed as an impl em en tati on of the ‘articulatory lo op’ though to mediate this yp of mem ory Baddeley 1986 ). The mo del predicts the presence of rep eatable time-v a rying ‘con text’ signal co ding the timi ng of items’ presen tation in addition to store of phonological inform ation and pro cess of serial rehearsal. Items are asso ciated with con text no des and phonemes Hebbian connections sho wing oth short and long term plasticit Items are activ ated phonemic input during presen tation and reactiv ated con text and phonemic feedbac during output. Serial selection of items ccurs via winner-tak e-all in teraction amongst items, with the winner subsequen tly receiving deca ying inhibition. An appro xim ate analysis of error probabilities due to Gaussian noise during output is presen ted. The mo del pro vides an explanatory accoun of the probabilit of error as function of serial osition, list length, ord length, phonemic simila rit temp oral grouping, item and list famil iari and is prop osed as the starting oin for mo del of rehearsal and cabulary acquisition. In tro duction Short-term memory for serially ordered lists of pronounceable stim uli is ell de- scrib ed, at crude lev el, the idea of an ‘articulatory lo op’ (AL). This ostu- lates that informati on is phonologically enco ded and deca ys within seconds unless refreshed serial rehearsal, see Baddeley 1986 ). It successfully accoun ts for (i) the linear relationship et een memory span (the um er of items suc that 50% of lists of items are correctly recalled) and articulation rate (the um er of items that can said er second) in whic c; where aries as function of the items, language and dev elopmen t; (ii) the fact that span is lo er for lists of phonemically simil ar items than phonemically distinct ones; (iii) unattended sp eec and articulatory distractor tasks (e.g. sa ying blah-blah-blah.. .) oth reduce memo ry span. Recen evidence suggests that the AL pla ys role in the learning of new ords oth during dev elopm en and during reco ery after brain traumas, see e.g. Gathercole Baddeley 1993 ). ositron emission tomograph studies indicate that the phonological store is lo calised in the left supramarginal gyrus, whereas sub- cal rehearsal in olv es Bro ca’s area and some of the motor areas in olv ed in sp eec planning and pro duction aulesu et al., 1993 ). Ho ev er, the detail of the yp es of errors comm i tted is not addressed the AL idea. Principally: (iv) the ma jori of errors are ‘order errors’ rather than ‘item errors’, and tend to in ol transp ositions of neigh ouring or phonemicall similar items; (v) the probabilit of correctly recalling list as function of list length is sigmoi d; (vi) the probabilit of correctly recalling an item as function of its serial osition in the list (the ‘serial osition curv e’) has ed shap e; (vii) span increases with the fami li arit of the items used, sp eci�cally the in can increase from to 2.5 (see Hulme et al., 1991 )), and also increases if list has een previously presen ted (the ‘Hebb e�ect’); (viii) ‘p osition sp eci�c in trusions’ ccur, in whic an item from previous list is recalled at the same osition in the curren list. ak en together, these data imp ose strong functional constrain ts on an neural mec hanism impl em en ti ng the AL. Most mo dels sho wing serial eha viour rely on some form of ‘c haini ng’ mec h- anism whic asso ciates previous states to success iv states, via recurren con- nections of arious yp es. Chaining of item or phoneme represen tations gener- ates errors that are incompatibl with uman data, particularly (iv) ab e, see Burgess Hitc h, 1992 Henson, 1994 ). Here items are main tained in serial order asso ciation to rep eatable time-v arying signal (whic is suggested osition sp eci�c in trusions and is referred to elo as ‘con text’), and the reco ery from suppression in olv ed in the selection pro cess mo di�cation of the ‘comp etitiv queuing’ mo del for sp eec pro duction Hough ton, 1990 ). The haracteristics of STM for serially ordered items arise due to the that con text and phoneme informati on prompts the selection of eac item. The mo del The mo del consists of la ers of arti�cial neurons represen ting con text, phonemes and items resp ec tiv ely connected Hebbian connections with long and short term plasticit see Fig. 1. There is winner-tak e-all (WT A) in teraction et een item no des: at eac time step the item with the greatest input is giv en activ ation 1, and the others 0. The winner at the end of eac time step receiv es deca ying inhibition that prev en ts it from eing selected wice consecutiv ely During presen tat io phoneme no des are activ ated acoustic or (translated) visual input, activ ation in the con text la er follo ws the pattern sho wn in Fig. 1, item no des receiv input from phoneme no des via connections ij Connections

W (t)ij ijw

ijw _ output context

items (WTA + suppression) acoustic input buffer

B) translated visual input phonemes

(t) (t) nc

t=3 t=2 t=1 A)Figure 1: A) Con text states as function of serial osition �lled circles are activ no des, empt circles are inactiv no des. B) The arc hitecture of the mo del. ull lines are connections with short and long term plasticit y; dashed lines are routes whic informa tion en ters the mo del. ij learn the asso ciation et een the con text state and the winning item, and ij and ij learn the asso ciation with the activ phonemes. During recall the con text la er is re-activ ated as in presen tation, activ atio spreads to the item la er (via ij )) where one item wins and activ ates its phonemes (via ij )) The item that no wins, giv en oth con text and phoneme inputs, is output and then suppressed As describ ed so far, the mo del mak es no errors. Errors ccur when Gaussian noise is added to items’ activ ations during the selection of the winning item to output. Errors are lik ely when there are man items with simil ar activ ation lev els due to deca of connection eigh ts and inhibition since presen tation. Items ma then selected in the wrong order, and erformance will decrease with the time tak en to presen or recall list. 2.1 Learnin and familiari Connection eigh ts ha oth long and short term plasticit y: ij (simila rly ij and ij )) ha an incremen tal long term comp onen ij and one- shot short term comp onen ij whic deca ys factor er second. The net eigh of the connection is the sum of the comp onen ts: ij ij ij Learning ccurs according to: ij 1) if ij ); ij otherwise ij 1) ij "c if 0; ij otherwise (1) where and are the pre- and ost-connection activ ations, and decrease with ij so that the long term comp onen saturates at some maxi um alue. These mo di�able connection eigh ts are nev er negativ e. An item’s ‘famil ia rit y’ is re ected the size of the long term comp onen ts ij and ij of the eigh ts storing the asso ciation with its phonemes. These comp onen ts increase with eac (error-free) presen tation or recall of the item. or lists of to- tally unfamil iar items, the item no des are completely in terc hangeable ha ving only the short-term connections ij to phoneme no des that are learned at presen tation. Whereas the presen tation of famil iar item leads to the selection of particular item no de (due to the eigh ts ij and, during output, this item will activ ate its phonemes more strongly due to the eigh ts ij Unfamili ar items that are phone- micall simil ar to famil ia item will tend to represen ted the famil iar item no de, and can tak adv an tag of its long-term item-phoneme eigh ts ij Presen tation of list leads to an increase in the long term comp onen of the con text- item asso ciation. Th us, if the same list is presen ted more than once its recall impro es, and osition sp eci�c in trusions from previous lists ma also ccur. Notice that only eigh ts to or from an item winning at presen tation or output are increased. Details There are items er list, phonemes er item, and phoneme tak es time seconds to presen or recall. time t; item no de has activ ation con text no de has activ ation is the set of con text no des activ at time t; phoneme no de has activ ation and is the set of phonemes comprising item i: Con text no des ha activ ati on or phonemes tak activ ation or so ij and ij see (1). This sets the relativ e�ect that con text and phoneme la ers ha on items’ activ atio n, and ensures that items of neither few nor man phonemes are fa o ured, see Burgess Hitc h, 1992 ). The long-term comp onen ts of phoneme-item eigh ts ij and are 45 for fami lia items, and 15 for unfami li ar items (c hosen to matc the data in Fig. 3B). The long-term comp onen ts of con text-item eigh ts ij increase 15 for eac of the �rst few presen tations or recalls of list. Apart from the WT in teraction, eac item no de has input: (2) where is deca ying inhibition imp osed follo wing an item’s selection at presen tation or output (see elo w), is (0, Gaussian random ariabl added at output only and is the excitatory input to the item from the phoneme la er during presen tation and the con text and phoneme la ers during recall: ij during presen tation ij ij during recall (3) During recall phoneme no des are activ ated according to ij One time step refers to the presen tation or recall of an item and has duration The ariabl increases er time step, and refers to oth time and serial osition. Short term connection eigh ts and inhibition deca factor er second, or er time step. The algorithm is as follo ws; rehearsal corresp onds to rep eating the recall phase. Presen tation 0. Set activ ations, inhibitions and short term eigh ts to zero, 1. Set the con text la er to state if otherwise. 2. Input items, i.e. set the phoneme la er to state if otherwise. 3. Select the winning item, i.e. where max for 4. Learning, i.e. incremen all connection eigh ts according to (1). 5. Deca i.e. ultipl short-term connection eigh ts ij ij and ij and inhibitions factor 6. Inhibit winner, i.e. set where is the item selected in 3. 7. go to 1. Recall 0. 1. Set the con text la er to state as ab e. 2. Set all phoneme activ ations to zero. 3. Select the winning item, as ab e. 4. Output. Activ ate phonemes via select the winning item (in the presenc of noise). 5. Learning, as ab e. 6. Deca as ab e. 7. Inhibit winner, i.e. set where is the item selected in 4. 8. go to 1. Analysis The output of the mo del, eraged er man trials, dep ends on (i) the activ ation alues of all items at the output step for eac time and, (ii) giv en these activ ations and the noise lev el, the probabilit of eac item eing the winner. Estimation is necessary since there is no simple exact expression for (ii), and (i) dep ends on whic items ere output prior to time t: de�ne t; to the time elapsed, output at time t; since item as last selected (at presen tation or output), i.e. in the absence of errors: t; if )) if t: (4) If there ha een no prior errors, then at time the inhibition of item is 2(�) t;i +1) and short term eigh ts to and from item ha deca ed factor t;i or no el list of fami li ar items, the excitatory input to item during output at time is, see (3): 3� t;i jjC jj (0 45 t;i jjP jj =n (5)

Figure 2: Serial osition curv es. ull lines sho the estimation, extra mark ers are error bars at one standard deviation of sim ulati ons of 1,000 trials eac h, see for parameter alues. A) Rehearsal. our consecutiv recalls of list of digits (‘1’,.., ‘4 ’). B) Phonemic similari SPCs are sho wn for lists of dissimil ar letters (‘d’), simila letters (‘s’), and alternating simil ar and dissimil ar letters with the simila ones in dd (‘o’) and ev en (‘e’) ositions. C.f. Baddeley 1968 expt. V). where jjX jj is the um er of elemen ts in set The probabilit t; that item wins at time is estimated the softmax function( Brindle, 1990 ): t; exp =� =1 exp =� (6) where is without the noise term, see (2-3), and 75 or (the alue used elo w), the r.m.s. di�erence et een t; estimated sim ula tion (500 trials) and (6) is alw ys less than 0.035 for with to items. Whic items ha een selected prior to time a�ects in via t; t; is estimated for all com bi nations of up to prior errors using (6) with appropriate alues of and the erage, eigh ted the probabilit of eac error com binatio n, is used. The ‘missing’ probabilit corresp onding to more than prior errors is correcte for normalisi ng t; so that t; for ::; This erestimates the recency e�ect, esp ecially in sup er-span lists. erformance The parameter alues used are 75 Di�eren yp es of item are mo delled arying ‘digits’ corresp ond to (2,0.15), ‘letters’ to (2,0.2), and ‘w ords’ to (5,0.15-0. 3). ‘Simi lar’ items all ha phoneme in comm on, dissimilar items ha none. Unless indicated otherwise, items are dissimil ar and famil iar, see for ho famil iari is mo delled. The size of relativ to is set so that digit span and are suc that appro xim a tely digits can said in seconds. The mo del’s erformance is sho wn in Figs. and 3. Fig. 2A: the increase in the long-term comp onen of con text-item connections during rehearsal brings stabilit after small um er of rehearsals, i.e. no further errors are commi tted. Fig. 2B: serial osition curv es sho the correct e�ect of phonemic simil arit among items.

Figure 3: Item span. ull lines sho the estimation, extra mark ers (A only) are error bars at one standard deviation of sim ulati ons of 1,000 trials eac h, see and for parameter alues. A) The probabilit of correctly recalling whole list ersus list length. Lists of digits (‘d’), unfami li ar items (of the same length, ‘u’), and exp erimen tal data on digits (adapted from Guildford Dallen bac h, 1925 ), ‘x’) are sho wn. B) Span ersus articulation rate (rate= =‘ with and =0.15,0.2, and 0.3). Calculated curv es are sho wn for no el lists of famil iar (‘f ’) and unfamil ia (‘u’) ords and lists of famil iar ords after rep etitions (‘r’). Data on recall of ords (‘w’) and non-w ords (‘n’) are also sho wn, adapted from Hulme et al., 1991 ). Fig. 3A: the probabilit of recalling list correctly as function of list length sho ws the correct sigmoidal relationship. Fig. 3B: item span sho ws the correct, appro xim ately linear, relationship to articulation rate, with span for unfamil iar items elo that for fami lia items. Span increases with rep eated presen tations of list in accordance with the ‘Hebb e�ect’. Note that span is sligh tly erestima ted for short lists of ery long ords. 5.1 Discussi on and relati on to previous ork This mo del is an extension of Burgess Hitc h, 1992 ), primarily to mo del e�ects of rehearsal and item and list fami li arit allo wing connection eigh ts to sho plasticit er di�eren timescales, and secondly to sho recency and phonemic simila rit e�ects sim ul taneously hanging the phoneme no des are activ ated during recall. Note that the ‘con text’ timing signal aries with serial osition: re- ecting the rh ythm of presen tation rather than absolute time (indeed the e�ect of temp oral grouping can mo delled mo difying the con text represen tations to re ect the presence of pauses during presen tation Hitc et al., 1995 )), so presen ta- tion and recall rates cannot aried. The deca ying inhibition that follo ws an items selection increases the lo calit of errors, i.e. if item replaces item i; then item is most lik ely to replace item in turn (rather than e.g. item 2) The mo del has remaining problems: (i) selecting an item no de to form the long term represen tation of new item, without taking er existing item no des, and (ii) learning the correct order of the phonemes within an item ossible extension to address this problem is presen ted in Hartley Hough ton, 1995 ). The mec hanism for selecting items is mo di�catio of comp etitiv queuing Hough ton, 1990 in that the WT in teraction ccurs at the item la er, rather than in an extra la er, so that only the winner is activ and gets asso ciated to con text and phoneme no des (this oi ds partial asso ciations of con text state to all items simila to the winner, whic ould prev en the zig-zag curv es in Fig. 2B). The basic selection mec hanism is su�cien to store serial order in itself, since items reco er from suppression in the same order in whic they ere selected at presen tation. The mo del maps on to the articulatory lo op idea in that the selection mec hanism corre- sp onds to part of the sp eec pro duction (‘articulation’) system and the phoneme la er corresp onds to the ‘phonologi cal store’, and predicts that ‘con text’ timing signal is also presen t. Both the phoneme and con text inputs to the item la er serv to increase span, and in addition, the former causes phonemic similari e�ects and the latter causes recency osition sp eci�c in trusions and temp oral grouping e�ects. Conclusion ha prop osed simple mec hanism for the storage and recall of serially ordered lists of items. The distribution of errors predicted the mo del can estimated mathema ticall and mo dels ery wide ariet of exp erimen tal data. By virtue of long and short term plasticit of connection eigh ts, the mo del egins to address famil ia rit and the role of rehearsal in cabulary acquisition. Man of the predicted error probabilities ha not et een hec ed exp erimen tally: they are predictions. Ho ev er, the ma jor prediction of this mo del, and of Burgess Hitc h, 1992 ), is that, in addition to short-term store of phonological informatio and pro cess of sub-v cal rehearsal, STM for ordered lists of erbal items in olv es third comp onen whic pro vides rep eatable time-v arying signal re ecting the rh ythm of the items’ presen tation. Ac kno wled gemen ts am grateful for discussions with Rik Henson and Graham Hitc regarding data, and with om Hartley and George Hough ton regarding error probabilities, and to Mik age for suggesting the use of the softmax function. This ork as supp orted Ro a So ciet Univ ersit Researc ello wship. References Baddeley (1968) Quarterly Journal of Exp eriment al Psycholo gy 20 249-264. Baddeley (1986) Working Memory Clarendon Press. Brindle, (1990) in: ouretzky (ed.) dva nc es in Neur a Informatio Pr es sin Systems 2. San Mateo, CA: Morgan Kaufmann. Burgess Hitc (1992) J. Memory and anguag 31 429-460. Gathercole Baddeley (1993) Working memory and languag Erlbaum. Guildford Dallen bac (1925) meric a J. of Psycholo gy 36 621-628. Hartley Hough ton (1995) J. Memory and angua ge to publishe d. Henson (1994) ec h. Rep ort, M.R.C. Applied Psyc hology Unit, Cam bridge, U.K. Hitc G, Burgess N, wse Culpin (1995) Quart. J. of Exp. Psycholo gy submitted. Hough ton (1990) in: Dale, Mellish Zo (eds.), Curr ent ese ar ch in Natur a anguag Gener ati on 287-319. London: Academic Press. Hulme C, Maughan Bro wn (1991) J. Memory and anguag 30 685-701. aulesu E, rith rac wiak (1993) Natur 362 342-344.