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T h ree exp erim en ts assessed th e h ypo th esis that im m ediate arou sal en h an ces resp on se force in speed ed reaction -tim e tasks. Im m e diate arou sal w as m an ipu lated via th e p h ysical ch ar acteristics of a w ar n ing signal th at closely p reced ed th e im p erative resp on se sign al. T he ® rst exp erim en t revealed th at re sp o nses were m ore forcefu l an d faste r for a lou d than for a so ft w ar n ing sign al. T h e seco nd exp erim en t m an ipulated th e d u ration of an au d itory w ar nin g sign al; m ore forcefu l bu t s low er resp on ses w ere obtained for lo n ger d u ration s of th e w ar nin g sign al. T he third exp erim ent em p loyed a visu al w ar n ing sign al, an d its inten sity w as eith er rath er w eak or m od er ate ly brigh t; m ore forcefu l resp on ses an d sligh tly faster resp on ses w ere obser ved for th e brigh te r w ar n ing signa l. A lthou gh th e resu lts of E xperim en t 1 an d 2 m ay ag ree w ith an arou sal acc ou n t, th e ® n d ings of E xp erim en t 3 argu e ag ainst su ch an accou nt. A stim ulu s± resp on se com p atibility hy p oth esis is su ggested as on e p ossible alter n ative accou nt.



L ittle is know n about the effects of factors w ell-studied in reactio n tim e (RT ) research o n the dynam ics of the response itself, although response force (R F) is consid ered a ``ubiquitous dep end ent variable’ ’ (L uce, 1986, p. 51). Som e recent chro nom etric studies have used RF as a variable supplem entary to RT (A bram s & Balota, 1991; A ngel, 1973; G iray, 1990 ). T hese au thors reported th at R F is in¯ uenced by experimental factors that had been trad itionally assum ed to affect o nly early non-m o toric stages in the stim ulus± response processing chain . Fo r exam ple, A ngel (1973) reported that stim ulus in tensity in¯ uences RF, although several au thors h ave attributed inten sity effects entirely to sensory processing or at least to no n-m otoric factors (cf. U lrich & Stapf, 1984). E ncou raged by the above studies, G iray an d U lrich (1 993) em ployed RF to assess the possibility of m otor coactivatio n (M iller, 1982) in a redundan t-signals task. O n u nim odal signal trials, either an au ditory or a visual signal w as presented alo ne; on redundan tsignals trials, b oth sign als w ere presented together. S ubjects w ere asked for a speeded response as soo n as they detected a visual or an au ditory signal. G iray an d U lrich observed not only faster but also m ore forceful respo nses on redundan t-signals trials,
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su pp orting the idea of m otor coactivation. T his b asic result w as replicated by M ordkoff, M iller, an d Roch (1996). T h ey docum ented that coactivation at the level of RT depends not only on the num b er of signals but also on the infor m atio n co nveyed by the signals. In contrast, R F seem s to depend o n the num ber of signals only. G iray an d U lrich (1993) an d M ordkoff et al. (1996) considered various hypotheses to explain the ® nding th at the num b er of signals enhan ces R F. O ne hypothesis shared by both stud ies relies on the concept of ``im m ediate arousal’ ’ (Bertelso n & T isseyre, 1969; N iem i, 1979; San ders, 1983) o r ``autom atic alertness’ ’ , according to an equivalent form ulation (Posner, N issen, & K lein, 1976). A ccording to this hypothesis, im m ediate arousal enhan ces RF in a sp eeded response task. H ow ever, this hyp othesis w as nev er put to an ad equate test. H ence, it is the m ain ob jective of the p resent study to test th is hyp othesis w ithin a suitable ex perimental fr am ew ork. We hope that this w ill not only elucid ate the m echan ism s un derlying R F prod uctio n, but also improve the inter pretatio n of RF as an in ferential tool in m ental chronom etry. In speeded respo nse tasks, imm ediate arou sal is frequently m an ipulated by presenting 1 an au ditory w ar ning signal at various in tervals before th e im perativ e response signal. T hese experiments sh ow Ð at least w hen relatively short forep erio ds (< 300 m sec) are usedÐ that a m ore intense w ar ning signal lead s to faster responses (e.g. Behar & A dam s, 1966 ; K euss, 1972). It has been argu ed that an au ditory w ar ning signal (but not a visual w ar ning signal) induces a phasic state of h igher arousal, w hich facilitates the processin g of the respo nse signal (cf. N issen, 1977). San ders (1980, 1983) argues that th is imm ediate arousal affects m otoric stages, w hereas Posner et al. (1976) an d N issen (1977) suppose that it increases the read iness of a central decision m echan ism for th e incom ing in for m atio n. Re¯ exogenic studies support the id ea that imm ediate arousal operates at a m otoric level. T his psychophysiological app roach indicates that im m ediate arousal spread s even to the spin al m otor system (see B runia & B oelhouw er, 1988; Requin, Brener, & Ring, 1991; Scheirs & Brunia, 1982). T hose stu dies exam ined spinal re¯ ex pathw ay reactivity during the foreperiod . M o nosynap tic re¯ ex es w ere evoked electrically (H offm an n or H -re¯ ex) or m echan ically (Tendon or T-re¯ ex) during this interval. It w as found that the siz e of the evoked re¯ ex is related to the m om entary level of spinal excitability. Fo r exam ple, Requin, Bon net, an d Sem jen (1977) traced the H -re¯ ex am plitude in a simple RT task du ring a co nstan t 1-sec foreperiod an d observed a tran sient au gm entatio n of th e am plitude w hen the re¯ ex w as evoked ab out 200 m sec after th e w ar ning signal. T his au gm entation has been attributed to the imm ediate arousal effect exerted by the au ditory w ar ning signal. T he re¯ ex study of Scheirs an d B runia (1982) provid es especially strong evidence for the claim that an au ditory w ar ning signal exerts an imm ediate arousal effect o n the peripheral m otor system . T hese au thors m an ipu lated the in tensity level of an au ditory w ar ning sign al in a simple RT task an d evoked a T-re¯ ex at various short intervals (0± 350 m sec) after the w ar ning signal. T hey found that re¯ ex am plitude increased w ith



1



It is ge nerally accepted that visual and auditor y stimuli differ in the ir arousal propertie s (Posner et al., 1976 ; Sanders, 1983) . Visual stim uli seem to produce little or no imm ediate arousal if their retinal siz e is small an d 2 their intensity is belo w abou t 650 cd/m (se e N ie mi & Le hto nen, 1982 ; Sanders, 1975) . L oud auditory stim ulation (> 70 dB) is usually necessar y to exert im m ediately aro using effects.
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warning signal intensity. In a further condition, they m an ipulated the duration of the warning signal and observed enhan ced re¯ ex am plitudes as w arning signal duration increased. T hese authors also attributed the obtained augm entation of re¯ ex size to the alerting property of the w ar ning signal. T he study of Scheirs an d Br un ia (1982 ) su ggests at least one sp eci® c m odel of how imm ediate arousal m ight enhan ce both re¯ ex siz e an d RF. A ccording to this m odel, an au dito ry w arn ing signal gives rise to a phasic state of increased excitab ility of the m otoneuro n pool. T his phasic increase is sm aller for a soft than for a loud w ar ning signal. T herefore, w hen the respo nse signal triggers the central m otor com m an d , a g reater num ber of m otor units w ill be recruited for a loud than for a soft w ar ning signal. T he m ore m otor units are recruited, the larger is the am p litude of the resu lting force-tim e pro® le. T his peripheral sum m ation m odel assum es that imm ed iate arousal en ters the response co nduction process at a rather d istal stage of the S ± R processing chain. H ow ever, it is also conceivable that im m ediate arousal enters into the response co ndu ctio n process at an earlier stage (cf. U lrich & Stapf, 19 84). Fo r exam ple, the central m otor co m m an d could b e especially effectiv e w hen a loud w ar ning sign al closely precedes the response signal. A ccording to the parallel fo rce unit m odel (U lrich & W ing, 1991, 1 993) one m ight assum e that su ch a m otor com m an d recruits centrally m ore force units than are necessary for laun ching an ad eq uate respo nse. A m ore effective central m otor com m an d m ight also increase th e tem poral overlap of the activities am ong the recruited force units; according to the par allel force unit m odel, such an increased tem poral overlap w ould also generate a m ore fo rceful response. T hus, these m odels provide a sound theo retical un derpinning for the claim th at imm ediate arousal enlarges th e force output of a respo nse. We con ducted three ex periments to assess the hypothesis that im m ediate arousal m ay en han ce R F in speeded RT tasks. In each experim ent, a w ar ning signal preced ed the imperative respon se signal. Variable foreperiods ran ging from 13 to 1600 m sec w ere utiliz ed to trace the tem poral course of the supposed w ar ning signal effects o n R F an d RT. E xp eriment 1 m an ipulated the intensity of an au ditory w ar ning signal, w hich w as either soft or loud. If the au ditory w arn ing signal ex erts an imm ediate arousal effect, then the follow ing effects o n RF should be ob tained. F irst, the alerting w ar ning sig nal should cause a phasic au gm en tation of RF w hen the w ar ning signal closely precedes the im perative response signal. S econd , m ore forceful an d faster respo nses should result for the lou d than for the soft w ar nin g, because loud signals exert an especially strong arousal effect. T hird, this differential effect of w ar ning signal intensity o n both m easures should diminish w ith foreperiod length because imm ediate arousing effects last only fo r a brief periodÐ that is, for less than ap proxim ately 300 m sec (B ertelson & T isseyre, 1969; Posner et al., 1976). E xp eriment 2 m an ipulated the duration of an au ditory w ar ning signal. A ccording to the imm ediate arousal hypothesis, we an ticipated that R F shou ld also in crease w ith w ar ning signal duration, as a longer w ar ning signal is expected to be m ore alerting (cf. Scheirs & Brunia, 1982). E xp eriment 3 em ployed a visual w ar ning signal an d w as co nducted as a critical test for the im m ediate aro usal hypothesis. T his w ar ning signal w as either dim o r som ew hat brighter. A s it is com m only held (cf. N iem i & N aÈ aÈ taÈ nen, 1981; N issen, 1977; Posner et al. 1976; San ders, 1 975, 1983) that visual stim ulatio n does not produce im m ediate arousal, R F should be unaffected by the intensity of the visual w ar ning signal. In contrast,
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how ever, an alter native accountÐ a stim ulus± response com patibility hypothesis, w hich w ill be introd uced later onÐ predicts that even w eak visual stimulation m ay cau se an effect on RF dependent on in tensity. T herefore, E xp eriment 3 w as designed to discriminate between the two accou nts.



E X PE R IM E N T 1
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T his ® rst experim en t tested w hether RF increases w ith w ar ning signal intensity in a simple RT task. Two intensity levels of the w ar ning signal were factorially com bined w ith eight foreperiod in tervals. T hese different intervals w ere m ixed w ithin each block of trials.



M eth o d Subjects Ten fem ale and ten m ale su bjects (m ean age: 28.8 years) p ar ticipated in a sin gle session . T h ey w ere p aid for th eir coo per ation an d w ere n aõÈ ve abou t th e exp erim en tal hy p oth esis. A ll b ut on e su bject claim ed to be righ t-h an d ed .



App aratus and S tim u li Su bjects w ere seated in a dim ly illu m inated room . A m icroc om p uter con trolled signa l p resen tation , record ed RF, and p ro d u ced a b ackg ro u n d no ise of 36 dB (A ) at th e level of the su bject’s ear. A 1m sec click w as p resen ted binau ra lly via h ead p ho nes and serv ed as w ar n ing sign al. T h e inte nsity level of th e so ft and the loud w ar nin g sign al w as 73 an d 103 d B(A ), resp ectively. T h e inten sity level of th e soft w ar n ing sign al w as quite w eak bu t clearly au dible relative to th e backg rou nd n oise. T h e tem po r al pro® le of a click resem bled ap proxim ately the shape of a sine w ave. Th is fu nction alw ays started w ith a zero crossing. Its secon d an d th ird zero crossings occurred after 0.5 an d 1.0 msec, resp ectively. After the th ird zero crossin g, th e function tur n ed into an u nd erdam ped m otion lastin g less than 0.5 m sec. T he click’ s tem p oral pro® le w as checked d irectly from the headp ho n e by m eans of a so un d m eter. 2 A green L E D (d iam eter 5 m m ) serv ed as resp on se sign al. Its inten sity w as 170 cd /m , being clearly above th resh old bu t n ot da zzlin g. T h e L E D w as attach ed to the top of a com p u ter screen , at a view ing d istan ce of abou t 0.5 m at eye-level. T h e intensity level of th e m att black backg ro u nd arou n d 2 the L E D w as ap p roxim ately 0.2 cd /m . RF w as m easu red by m ean s of a force key th at looked like an old-fash ion ed teleg rap h key. A leaf sp rin g (110 3 19 m m ) w as held by an ad justable clam p at on e en d ; th e oth er end rem ain ed free. A ny force ap p lied to th e leaf sp rin g at th e free end resu lted in a p ro p ortion al voltage ch an ge th at w as d igitiz ed w ith a sam p ling r ate of 500 H z. T h e su bject’ s forear m res ted com for tably on a table w h ile h is/h er ind ex ® n ger bent d ow n the free en d of th e leaf sp ring in resp on se to the im p erative respo n se sign al. A force of 10 N ben t th e free en d by abou t 1 m m . T h e reso lution of th is d evice w as abou t 2 cN (app roxim ately 2.0 g).



Procedure A session lasted abou t 60 m in an d co n sisted of n ine bloc ks w ith 64 trials each . T h ere w ere 16 trial typ es resu ltin g from th e factorial com bination of eigh t forep eriod levels w ith the tw o w ar n ing sign al inten sity levels. E ach tr ial typ e w as p res ented fou r tim es w ith in a single block. T h e trial sequ en ce
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w ith in each block w as ran d om ize d. T h e ® r st block serv ed as p r actice an d w as exc lud ed from da ta an alys is. A fter each block, feed back abou t m ean RT an d resp on se er ro rs ap p eared o n th e com p u ter screen. S u bjects w ere asked to m ake fast resp on ses bu t to avoid resp on se er ro rs. A trial started w ith the p resen tatio n of the w ar n ing sign al an d w as follow ed by th e resp on se sign al after a forep eriod of 13, 25, 50, 100, 200, 400 , 800, or 1600 m sec. S am p lin g of RF beg an 150 m sec before th e on set of th e resp on se signal an d con tinu ed for 2000 m sec. T h is sam p lin g ep och w as lon g en ou gh to cover th e w ho le force-tim e fu n ction of th e resp o nse. RT w as the inter val be tw een respo n se sign al on set an d th e p oint in tim e w hen RF reach ed the criterion force level of 50 cN. T h ere w as n o con strain t on an y R F ch aracteristic oth er th an to exceed the requ ired criter ion level as fast as p ossible after th e o n set of resp on se sign al w h ile avoiding an ticipation s. Su bjects were infor m ed abou t respo ns e er ro rs at th e en d of th e sam p lin g ep och . If th e RT on th is pa rticu lar trial w as sh or ter than 100 m sec (d u e to an ticipatio n ) or lon ge r th an 1000 m sec (du e to inattention ), corr esp o nd ing infor m ation w as p ro vided o n th e com p u ter screen . T ho se trials w ere con sid ered as resp on se error s an d d iscard ed from d ata ana lysis. T h e n ext trial star ted after a r an d om intertrial interv al (IT I) of (1.8 + X ) sec, w here th e r an d om variable X follow ed an exp on en tial d istr ibu tio n w ith a m ean of 2.2 sec. It w as ho p ed th at this r an d om IT I w ou ld reinfor ce th e im p ortan ce of th e w ar nin g sign al as a tem po r al reference for respo n se p repa ration . R an d om IT Is were also em p loyed in re¯ exo genic stu dies (see R eq uin et al., 1977).



R esu lts R esponse E rrors. T he percentages of an ticip atio ns (RTs < 100 m sec) an d m isses (RTs > 1000 m sec) were 1.5 an d 2.2% , respectively. T hese ® gures w ere too low to per m it a m ean ingful statistical an alysis. R ea ction Time. Figure 1 show s RT as a functio n of w ar ning signal intensity an d 2 foreperiod length. A two-w ay an alysis of variance (AN OVA) w ith factors w arn ing signal 3 intensity an d foreperiod w as perfor m ed for RT. Warning signal intensity produ ced a highly signi® can t m ain effect, F(1, 19) = 3 3.3, p < .001. A s expected, shorter RTs resulted for the loud (M = 252 m sec) than for the soft w arn ing signal (M = 264 m sec). T he m ain effect of forep eriod also yielded a highly sig ni® can t effect, F(7, 133 ) = 26.1, p < .001. RT decreased w ith foreperiod length, but w as ap proximately co nstan t for foreperiods longer than 200 m sec. T he in teraction of both factors w as highly signi® can t, F(7, 133) = 3.6, p = .006; w ar ning signal intensity p roduced a RT effect of 19 m sec for foreperiods shorter or equal to 100 m sec. H ow ever, this effect diminished to 5 m sec for foreperiods longer than 10 0 m sec. T his contrast of 14 m sec w as statistically reliable at the p < .05 level.



2



Followin g the su ggestio n m ad e by L oftus & M asso n (1994) , the standard error (S E ) of the m ean w as com puted from the MS E er ror ter m s of the repe ated-m easures AN OVA; S E = Ö ` ` M ` ` ` S` E/n, ` ` ` wh ere n is the num ber of score s averag ed to ge t the corre sp onding m ean at the level of A NOVA . MS E represe nts the poole d erro r ter ms (J.O. M iller, perso nal com mu nicatio n, June, 1995) for the factor s w arning signa l in tensity and foreperio d duratio n an d their in teraction. 3 The signi® cance levels of the AN OVA s re ported belo w were, wh enever necessary, adjusted accordin g to the G reenhou se ± G eisse r proce dure to compensate for violatio ns of the sp hericit y assump tion.
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FIG . 1 . R eactio n tim e (left panel) and peak force (righ t panel) as a function of forepe riod length an d intensity of war ning signal . E rro r bar s re present plu s and m inus on e standard erro r aro und each m ean.



R esponse Force. T he m axim um force value of the force-tim e function w as determ ined 4 for each trial. T his p eak force (P F) m easure served as an index of response intensity. T he effect of w ar ning signal intensity an d foreperiod o n PF is depicted in the right p an el of Figure 1. A s expected, a m ore intense w ar nin g signal au gm ented PF, F(1, 19) = 13.3, p = .00 2. M ean PF w as 941 cN for the soft an d 963 cN for the loud w ar ning signal. Fo reperiod produced an inverted U -sh ap ed effect on PF, F(7, 133) = 6.1, p = .006. M ost forceful respo nses occurred at foreperiods of 200 m sec an d 400 m sec. T he interactio n of the two factors w as insigni® can t, F < 1. Correla tion of R T a nd P F. O ne m ight argue that w hatever m akes a respo nse faster also m akes it m ore forceful. T herefore, an an alysis of the correlatio n between RT an d PF w as conducted. Fo r each su bject and each factorial com bination, th e cor relatio n betw een the two variables w as deter m ined. A n A N OVA w as carried out on the F isher’ s z tran sfor m ed correlation coef® cients. T h is an alysis yielded no signi® can t effect. T he average cor relation w as r = 0.05. Time-course P a ra meters of Force Development. A s expected, w ar ning signal in tensity en han ced th e am plitu de of the force-tim e functio ns recorded in each trial. O ne m ight ask how sub jects accom plished this in creased force output. T heoretically, larger force am pli-



4



An alter nativ e m easure of PF would be the im pulse siz eÐ that is, the area under the force-tim e function. H owever, as this m easur e correlates highly w ith PF, on ly the re su lts of P F are re ported here (see G iray & Ulric h, 1993).
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tudes m ay b e attained either by increasing the rate at w hich force increases or by increasing the tim e to peak force (see U lrich & W ing, 1991). To assess these possibilities, we com puted both the force increase rate an d the tim e to peak force for each force-tim e functio n an d sub m itted each m easure to a separate A N OVA. T im e to peak force denotes the interval from attaining the criterion force of 50 cN until th e highest force level is achieved in each individu al trial. Fo rce increase rate w as de® ned as th e slope of the forcetim e functio n at criterion force. T he over all m ean tim e to p eak fo rce w as 129 m sec. T his ® gure is close to the m in imal attainable value of about 100 m sec (Freund & B uÈ dingen, 1978; Siegel, 1988) an d hence indicates that the respon ses w ere rath er rap id. T im e to peak force decreased w ith foreperiod length, F(7, 133) = 4.8, p = .006; the m ean s w ere 132, 132 , 130, 130, 128, 127, 127, an d 12 5 m sec. T his decrease presum ably re¯ ects an increase of response preparatio n. N either the m ain effect of w arn in g sign al intensity nor its interactio n w ith forep eriod len gth w as signi® can t, Fs < 1 . M ean force increase rate w as 3.4 cN /m sec. Foreperiod had a sm all bu t signi® can t effect o n force in crease rate, F(7, 133) = 3.8, p = .012; m ean force increase rate, from the shortest to the lo ngest foreperiod, w as 3.3, 3.2, 3.3, 3.3, 3.5, 3.4, 3.4, an d 3.5 cN / m sec. T h ere w as no fu rth er sign i® can t effect on force increase rate, Fs < 1.



D iscussio n T his experim ent successfu lly replicated RT effects reported in the literature. F irst, RT w as sharply reduced w hen foreperiod increased to 200 m sec. T his nicely ag rees w ith the con clusion that a m inimum tim e of ab out 150 m sec is n ecessary to attain a m aximum state of response read iness (Aleg ria, 1974; Bertelso n & T isseyre, 1969). Seco nd, w ar ning signal intensity enhan ced response speed. T his is consistent w ith th e view that au dito ry signal inten sity au gm ents the am ount of imm ediate arou sal (K euss, 1972; N issen, 1977; Posner et al., 197 6). A s imm ediate arousal is assum ed to be a tran sient effect, largest w ar ning signal intensity effects are expected to occur at short foreperio ds. T he ob served interaction of foreperiod an d w ar nin g signal inten sity con® r m ed this prediction. As hypothesized, RF w as affected by w ar ning signal intensity. M ore forceful responses were observed for the loud than for the soft warning signal. This ag rees with the results reported by Scheirs and Brunia (1982), w ho found au gm ented re¯ ex am plitudes for their loud w arning signal. In contrast to RT, however, the obtained w ar ning signal intensity effect on RF w as rather stable over the whole foreperiod ran ge. T his ® nding is dif® cult to explain w ith a pure peripheral sum m ation m odel, as the peripheral re¯ ex facilitation evoked by an auditory w arning signal is know n to subside w ithin 400 m sec. A t a level of force production, then, subjects seem to m aintain their preparation state even at lo nger foreperiods. A particularly salient feature of the present results is the inv erted U -shap ed relatio n between PF an d forep eriod w hich seem s to resem ble the tim e cou rse of H -re¯ ex siz e during a con stant 1-sec foreperiod in a sim ple RT situation (Req uin, 1969; Requin et al., 1977 ). Requ in an d his colleagues reported that the H -re¯ ex am plitude increased im m e-
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5



diately after the w ar ning signal an d peaked ab ou t 200 m sec later. T hey attributed this early peak to th e phasic arousal property of their au ditory w ar ning signal. Further m ore, they reported that H -re¯ ex am plitu de is uncor related or o nly slightly correlated w ith RT. T his ® ndin g is also consistent w ith the w eak correlation b etw een P F an d RT ob served in this experim ent an d in previous studies (G iray & U lrich, 1993; M ordkoff et al., 1996). T he an alysis of force developm ent lead s to two co nclusion s. F irst, w ar ning signal intensity did not affect the initial force output of a respo nse. H ence, the RT difference between the two inten sity conditions can not b e attributed to a differential force rise. Fo r ex am ple, one m ight have argu ed th at a loud w arning signal speeds up the force increase an d hence produ ces shorter RTs. B ecause the data argu e ag ainst this possibility, the co m plete in tensity effect on RT m ust originate before the overt resp onse is p roduced. Seco nd, tim e to p eak force did not d epend o n w ar ning signal intensity. T his result su ggests the notion that m ore m otor units w ere recruited for th e loud than for the soft w ar ning signal. T his co nclusion is based o n the parallel force unit m o del. A ccording to this m odel, recr uitm ent affects only p eak force b ut not the tim e to peak force (U lrich & W ing, 1991, pp. 272± 277).



E X PE R IM E N T 2 A s m entioned in the introductio n, S cheirs an d B runia (1982) found that the duratio n of the w ar ning signal, as well as its intensity, facilitated the siz e of th e T-re¯ ex. T heir w ar ning signal w as an au d itory stim ulus of either 100 or 200 m sec duration. T he long w ar ning signal enhan ced re¯ ex siz e throughout the range from 0 to 350 m sec after w ar ning signal onset. We sought to investig ate w hether an an alogous effect of duratio n on RF can be dem o nstrated, because this would further support th e hypothesis that th e facilitatio n of RF an d re¯ ex siz e is generated by the sam e m echan ism . T he follow ing experim en t, then, m an ipulated w arning signal du ratio n in two conditions. In the long condition the au ditory 6 w ar ning signal ter m inated 600 m sec after the onset of the respo nse signal. In the short co ndition, the w ar ning signal w as a 1-m sec click, as in the p revious experim en t.



5



The com pariso n betwee n the inverte d U-shap ed tim e cours e of PF an d the tim e cours e of H -re¯ e x siz e is som ewhat proble m atic. The affe rent conduction tim e of the re¯ e x elicitin g electric al stim ulatio n is abo ut 10 m sec. A n H -re¯ e x evoke d 200 m sec afte r the war nin g sig nal thus re¯ e cts the level of spina l exc itabilit y at (200 + 10) m sec after the w ar ning signal. H owever, in the prese nt experim ent the im perativ e respon se sig nal had to be detected an d the e fferent comm and to be sent to the sp in al cord. H ence the effere nt com m an d e licite d by the imperative stim ulu s probe d the sp inal excitab ilit y level mu ch later, at a m om ent that roughly e qu als 200 m sec + RT for a forepe rio d duratio n of 200 m se c. Therefore, acc ording to a peripheral su m m atio n m od el, m axim al forc e output sh ou ld be observ ed at the sh ortes t fore perio ds. H owever, this predictio n does not ag ree w ith the present results. H enc e, it see ms possible that the U -shap ed time course of PF has a different origin from that of the H -re¯ ex. 6 A pilo t study in dicated that a constant duratio n of the war ning signal, say 200 m se c, creates an in terfere nce between the perce ive d offset of the war nin g sig nal an d the perc eived on set of the respon se signal. To avoid this in terfere nce, the war nin g signal w as tur ned off 600 msec after the o nset of the respo nse signal. H ence, the duratio n of the long warnin g signal was equal to fore perio d le ngth plu s 600 m sec.
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It is know n from chronom etric research that a lo ng respo nse ter m inated w ar ning signal has a detrimental effect on RT (N iem i & N aÈ aÈ taÈ nen, 1981, p. 148), although the basis of this effect is far from clear. T herefore, slow er yet m ore forceful responses can b e expected in the long cond ition . N ote that this expectation co ntr asts w ith the outcom e of E xperim ent 1, w here th e strength of the w arn ing signal au gm ented both the force an d the speed of a response. H ence, E xperim ent 2 also tests w hether or not RF an d RT can be differen tially in ¯ uenced.



M eth o d Downloaded By: [BIUS Jussieu/Paris 6] At: 08:36 2 February 2011



Subjects A fresh sam p le of 15 fem ale and 15 m ale su bjects (m ean age: 25.2 year s) w as recr uited . T h ey w ere p aid for th eir coop eratio n. T h ree su bjects claim ed to be left-h an d ed .



App aratus and S tim u li T h e ap p aratu s an d th e recordin g of RF w as identical to th ose of E xp erim en t 1. In th e sh ort con d ition , th e w ar nin g sign al w as iden tical to th e lou d o n e em ployed in E xp erim ent 1. In th e lon g con d ition , th e w ar n ing sign al w as a 100 0-H z to ne of 80 d B (A ) an d w as ter m inated 600 m sec after th e on set of th e resp on se sign al. In a p ilot stu dy w e asked so m e su bjects to m atch th e p erceived inte nsity of th e sh ortest w ar n ing sign al d u ration (i.e. 613 m sec) in th e lon g con d ition w ith the perceived click inten sity of th e sh ort con dition . A ll th ese su bjects ind icated a level of abou t 80 d B (A ) as an accep table m atch .



Procedure T h e p ro cedu re w as identical to E xp erim en t 1, w ith th e one excep tion th at factor w ar nin g sign al inten sity w as replaced by w ar nin g sign al du r ation .



R esu lts T he percentages of an ticipatio ns (RTs < 100 m sec) an d m isses (RTs > 1000 m sec) w ere 1.1 % an d 2.4% , resp ectively. R ea ction Time. T he left pan el of Figure 2 displays the effects of w ar ning signal duration an d foreperiod o n m ean RT. A two-w ay A N OVA w ith factors w ar ning signal duration an d foreperiod revealed highly signi® can t m ain effects on RT. War ning signal duration had a sm all yet reliable effect o n RT, F(1, 29) = 20.6, p < .001; as exp ected, faster RTs resulted in the short condition (M = 236 m sec) than in th e long co ndition (M = 242 m sec). A s in E xp eriment 1, RT decreased w ith foreperiod length an d attained an ap proximate co nstant level at forep eriods longer than 300 m sec, F(7, 203) = 51.9, p < .00 1. T he interaction of w arn ing signal duration an d fo reperiod w as signi® can t, F(7, 203 ) = 3.1, p = .01; the RT decrease w as sh arper for the short than for the long w arn ing signal.
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FIG . 2 . R eactio n tim e (left panel) and peak force (righ t panel) as a function of forepe riod length an d intensity of war ning signal . E rro r bar s re present plu s and m inus on e standard erro r aro und each m ean.



R esponse Force. T he right p an el of F igure 2 displays th e effect of both factors o n P F. A s expected , w ar ning sign al duratio n produced a hig hly signi® cant m ain effect on PF, F(1, 29) = 25 .9, p < .001. M ore forceful resp onses w ere observed for the long (M = 814 cN ) than for th e short (M = 790 cN ) condition . Fo reperiod len gth p roduced no signi® can t m ain effect, F(7, 133) = 1.4, p = 0.22. N evertheless, as in E xperim en t 1 there w as a ten den cy for m ean P F to increase at shor t foreperiods. T he interaction of w ar ning signal duratio n an d foreperiod w as insigni® can t, F(7, 203) = 1.3, p = 0.23. Correla tion of R T a nd P F. A cor relatio n an alysis w as car ried out as for E x periment 1. T he average cor relatio n w as r = 0.00. A n A N O VA o n the Fisher’s z -tran sfor m ed co rrelation coef® cients yield ed no signi® can t effect. Time-course Pa ra meters of Force Dev elopment. T he m ean tim e to p eak force w as 111 m sec. O n ly foreperiod length prod uced a signi® can t effect on tim e to peak force, F(7, 203 ) = 2.9, p = .046; m ean tim e to peak force w as 113, 113, 112, 110, 110, 112, 111, an d 112 m sec. M ean force increase rate w as 4.0 cN /m sec. O nly foreperiod had a signi® cant effect on force increase rate, F(7, 203) = 2.9, p = .017; m ean force increase rates were 3.9, 4.0, 3.9, 4.0, 4.1, 3.8, 3.9, an d 3.9 cN /m sec.



D iscussio n A s expecte d, respo nses were m ore forceful for the long than for the short w ar ning signal. T his result ag rees w ith the T-re¯ ex study of S ch eirs an d B runia (1982), w ho found that w ar ning signal duratio n enhan ced re¯ ex siz e. A s in E xperiment 1, th e effect of w ar ning
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signal on RF persisted over the w h ole foreperiod ran ge. A n imm ediate arousal hypothesis cann ot account for this persistence. T he hypoth esis w ould lead on e to expect that a click would produce a phasic RF facilitation at short foreperiods. H owever, such a phasic effect w as not observed in the short condition, becau se PF did n ot decrease w ith forep eriod len gth but rem ained ap proximately co nstant. H ow ever, the persisting R F facilitation in the long condition is plausible becau se a durable w ar ning signal m ay exert an arousing effect throughout the w hole foreperiod ran ge. In co ntrast to R F, response speed w as facilitated by the short condition. T h is RT facilitatio n is consistent w ith chronom etric research , although the basis of this effect is not clear (N iem i & N aÈ aÈ taÈ nen, 1981). A s in E xperim ent 1, this effect on RT can not be attributed to differential force rises in b oth co nditions. O ne could argue that a lon g w ar ning signal tends to provoke a startle effect an d thus causes a retardation in the S± R processing chain. Fo r exam ple, K euss (1972) fou nd such a retard ation for very in tense au dito ry signals. Ir respective of th is issue, the present ex periment docum ents that RF an d RT can be differentially in¯ uenced. A s in E xperim ent 1, RT decreased w ith foreperio d length. T his effect is generally attributed to a g rad ual heighten in g of respo nsiven ess (N iem i & N aÈ aÈ taÈ nen, 1981). H ow ever, in co ntr ast to E xperiment 1, there w as no statistically reliable foreperiod effect o n PF. T hese discrepan t foreperiod effects are curious because th e short co ndition w as identical in both exp eriments. T hese divergent results sh ow that the foreperiod effects on R F are subject to context effects. We cann ot offer a plausible interpretation for these discrepan t ® ndings. In sum , E xperim ents 1 an d 2 provide evidence for the idea that the physical ch aracteristics of w ar ning signals exert effects on R F sim ilar to those reported for the siz e of the T-re¯ ex (Scheirs & Br un ia, 1982). T hus, on e m ight conclude that the level of arousal depends on the energy su pplied by a w ar ning signal an d that arousal facilitates b oth variables. H ow ever, two ® ndings disag ree w ith an immedia te arousal account. First, in both ex periments the effect of w ar nin g signal intensity on RF did not diminish w ith foreperiod length but p ersisted over th e w hole foreperiod ran ge. Second, the shor t w ar ning signal of E xperim en t 2 did not cause a tran sient RF au gm entation .



E X PE R IM E N T 3 T he two previous exp eriments have clearly docum ented that subjects produce m ore forceful respo nses w hen the lead ing w ar ning signal is in tense. C ontrary to an imm ediate arousal account, this intensity effect o n RF persisted over the w hole foreperiod ran ge. H owever, this endu ring intensity effect m ay be exp lained by an alter nativ e account, w hich invokes the notion of S± R com patibility. A ccording to this alter native, subjects produce responses that are in cor respondence w ith certain stim ulus features, even though these features are irrelevan t for perfor m ing the task. M ore speci® cally, one m ay argue that su bjects respond m ore forcefully w hen the stim ulatio n is strong than w hen it is w eak. Irrespective of th e arousing properties of a stim ulus, this S± R com patibility m igh t chan ge the inpu t to m otor processes. A study of Rom aigueÁ re, H asb roucq, Possam aõÈ , an d Seal (1993) indirectly su pports this alter native account. In a two-choice RT task, subjects w ere asked to produce a weak or a
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strong respo nse w ith their right thu m b, dependin g on the intensity level of a visu al response signal. T here w ere two S± R m ap ping conditions. In the com patible co nditio n, a strong respo nse w as associated w ith the strong intensity level, an d the w eak response w ith the w eak intensity level. T he m ap p ing w as reversed in the incom patible co nditio n. Faster RTs w ere obtained in th e com patible co ndition, dem o nstrating an effect of com patibility b etw een stim ulus intensity an d respo nse force com patibility. T he au thors attributed th is effect entirely to a sym bolic tran slation process, w hich relates the characteristics of the stim ulus to those of the respo nse. A lthough their study differs from E xperim ent 1 in alm ost every respect, th eir conclusio n nevertheless sug gests that central com ponents ad just th e strength of a re spo nse according to the intensity level of th e stim ulatio n em ployed in a single trial. T his central ad justm ent should occur w heth er or not the stim ulatio n ex er ts an arousin g effect. E xp eriment 3 w as conducted to discrim inate between th e arousal an d the S± R com patibility hypothesis. It is basically a replication of E xperiment 1, except that the w ar ning signal is now visual an d the response signal is now au ditory. RT research suggests that a 2 visual stim ulus is non-arousing u nless it is extrem ely intense, exceedin g about 650 cd/m (N issen , 1977; S an ders, 1975). A ccordingly, RF sh ould not depend on the intensity of a m oderately b right visual w ar nin g signal. In ag reem ent w ith this expectation , S cheirs an d 2 Brunia (1982) found no heighten ed re¯ ex siz e for a bright (200 cd/m ) com pared to a 2 dim (1 5 cd/m ) visual w arn ing signal. T herefore, if the present ex periment reveals no effect of visual w ar nin g signal in tensity o n RF, this w ould support the arousal hypothesis, w hereas an intensity effect would support the S± R com patibility hyp oth esis.



M eth o d Subjects A fresh sam p le of 11 fem ale an d 9 m ale su bjects (m ean age: 24.1 year s) p articipated in a sin gle session . T h ey w ere p aid for th eir coop er ation . A ll bu t on e su bject claim ed to be righ t-h an d ed.



App aratus and S tim u li T h e g reen L E D from E xp erim en t 1 w as n ow em p loyed as w ar n ing sign al. A 5-m sec ¯ ash from this L E D ind icated th e w ar n ing sign al, an d its ap p roxim ate inten sity level w as eith er 10 or 100 cd / 2 m (T h e exact lum inan ce w as 0.17 and 2.13 m cd , resp ectively.) T h e d im an d th e brigh ter ¯ ash cou ld easily be d isc rim inated , alth ou gh they w ere too w eak to exert an arou sin g effect accord ing to th e RT literatu re. A 1000-H z ton e of 150 m sec du r ation ser ve d as resp on se sign al. Its inten sity w as 70 d B (A ).



Procedure T h e p ro cedu re w as alm ost iden tical to E xp erim en t 1; a slightly d ifferen t geom etric series of forep eriod d u r ation s w as us ed (50, 82, 135, 221, 362, 594, 975 , an d 1600 m sec). N ote that th e sm allest forep eriod d u ratio n w as increased from 13 to 50 m sec. T his increase w as n ecessary to com p en sate for the slow er p ercep tual laten c y of th e visu al w ar n ing sign al com p ared to th e au d itor y on e. A p ilot stu d y
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w ith a forepe riod of 13 m sec revealed th at th e su bjects often h ad th e im p ression th at th e au ditor y respo ns e sign al occu r red be fore th e visu al w ar n ing sign al.



R esu lts
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R esponse E rrors. T he percentage of an ticip atio ns (RTs < 100 m sec) an d m isses (RTs > 1000 m sec) w as 1.2 an d 1.4% , respectively. T h ese ® gures w ere slightly sm aller th an in E xperiment 1. R ea ction Time. M ean RT as a function of w ar ning signal intensity an d forep eriod is sh ow n in th e left pan el of F igure 3. War nin g signal intensity produced a sm all yet reliable m ain effect o n RT, F(1, 1 9) = 9.9, p = .005; sho rter RTs resulted for th e bright (M = 260 m sec) than for the dim (M = 265 m sec) w arn ing sign al. A s in the previous ex periments, m ean RT decreased w ith foreperiod du ratio n an d w as ap proximately constant for foreperiods longer than 20 0 m sec, F(7, 133) = 63.2, p < .001. T he War ning Signal Intensity 3 Fo reperiod interaction w as insigni® can t, F < 1. R esponse Force. T he right pan el of Figure 3 show s the effect of w ar ning signal intensity an d foreperiod on P F. In ag reem ent w ith the response S± R com patibility hypothesis b ut at varian ce w ith an imm ed iate arousal account, subjects produced m ore forceful responses w hen the w ar ning signal w as b right (M = 806 cN ) than w hen it w as dim (M = 794 cN ). A lthough this inten sity effect on R F w as sm aller than in E xperim ent 1, it w as nevertheless high ly reliable, F(1, 19) = 19.7, p < .001. N eith er the m ain effect of foreperiod duration, F(7, 133) = 1.7, p = .163, nor its interactio n w ith w ar ning signal



FIG . 3 . R eactio n tim e (left pane l) an d peak force (rig ht panel) as a function of foreperio d le ngth an d duratio n of war ning signal . E rro r bar s re present plu s or m inus o ne standard error arou nd each m ean.



R E S P O N S E FO R C E A N D A R O U S A L



985



intensity, F < 1, w as signi® can t. Apart from this insigni® can t interaction , an in spection of Figure 3 sug gests that the intensity effect on PF w as slightly stronger at longer foreperiods.
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Correla tion of RT a nd P F. A cor relation an alysis an alogous to E xperiment 1 w as perfor m ed. T h e average cor relation w as r = 2 .02. A n A N OVA on the F isher’ s z tran sfor m ed correlation coef® cients revealed no signi® can t effects of w ar ning signal intensity an d foreperiod du ratio n. Time-course P a ra meters of Force Development. M ean tim e to peak force w as 137 m sec an d m ean force increase rate w as 3.4 cN /m sec. A N OVA revealed no signi® can t effect o n tim e to peak force. Fo rce increase rate varied w ith foreperio d length, F(7, 133) = 4.2, p = .00 5; the m eans w ere: 3.3, 3.3, 3.4, 3.5, 3.7, 3.4, 3.5, an d 3.4 cN /m sec. T he force increase rate for the dim w ar ning signal w as 3.6 cN / m sec, w hereas it w as 3.5 cN /m sec for the bright o ne. A lthough the size of this difference seem s to be m ean ingless, it proved to be statistically signi® cant, F(1, 19) = 7.1, p = .015.



D iscussio n T he results of this experim ent are by an d large in ag reem ent w ith those of E xperim ent 1, althou gh the sen sory m o dalities of the w ar ning sig nal an d the respo nse signal w ere switched around. First, RT ag ain decreased sharply w ith foreperiod length. T his clearly sh ow s that subjects processed the visual w ar ning signal to enhan ce their respo nse readiness. Secondly an d m ore im portantly, w ar ning signal intensity ag ain enhan ced RF. T his ® nding seem s to b e at variance w ith a pure arousal account, becau se it is generally held that m oderate intense visual signals do n ot exert an arousal effect. T h e two intensity levels of the w ar ning signal em ployed in this experim en t w ere rather w eak; in addition, b oth levels w ere, alth oug h clearly discrim inable, probably too close to produce a differential arousal effect. H ence, it seem s unlikely that the present RF facilitatio n w as cau sed by a differential arou sal effect. It seem s interesting to note that visual w ar ning signal intensity does not differentially affect the siz e of a T-re¯ ex (S cheirs & Brunia, 1982). T his ® nding, therefore, co ntrasts w ith the p resent effect of w ar nin g signal intensity o n R F. A ccord ing to the study of Scheirs an d Brunia, visual w ar ning signal intensity does not differentially excite the peripheral m otor system . T herefore, we are tem pted to conclude that th e w ar ning signal intensity effect obtained in the present experim en t can n ot be due to a peripheral sum m ation process. In conclusion , then, the effect of w ar ning signal intensity found in E xperim ent 3 seem s to reside at a m ore central level of the S± R processing chain an d is presum ably not a m atter of imm ediate arousal. It m ust be acknow ledged that th e above evidence ag ainst an arousal interpretatio n relies o n indirect support. T h at is, the above conclusio n proceeds from the p rem ise that th e two in tensity levels em ployed in E xperiment 3 d o not differ in their arousing prop erties. Several ch rono m etric an d re¯ exogen ic studies, w hich were discussed earlier, su pp ort this prem ise. N evertheless, one m ay question th e plausibility of this prem ise an d co nclude that the visual lum inan ce differences of the w ar nin g signal produced an arousal
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difference. H owever, this ad h oc account w ould still leave us w ith o ne puzzle: A s m entioned ab ove, the effect of w ar ning signal intensity on both P F an d RT should diminish w ith forep eriod length according to an imm ediate arousal hyp oth esis. H ow ever, as in E xperiments 1 an d 2, th e in tensity effect rem ained alm ost con stant over the full foreperiod ran ge. H ence, even if o ne q uestions the ab ove prem ise, the presen t experim en t still provides evidence ag ainst an im m ediate arou sal account. T he present ® ndings agree w ith the S± R com patib ility hypothesis describ ed in the introduction of the present experim ent. In short, this hypothesis holds th at sub jects respond m ore forcefully w hen the stim ulation is stro ng than w hen it is w eak because of the natu ral m ap ping of higher intensity to stronger respo nse force (Rom aigu eÁ re, H asbrou cq , Possam aõÈ , & Seal, 1993). T his assim ilation of the output to the input m ay be com pletely unrelated to the arousing proper ties of a stim ulu s and occur at a n onm otoric centr al stage. T he S± R com patibility hyp othesis does not directly account for the associated effect of w ar ning signal intensity on RT, alth ou gh the size of this effect w as rather sm all. O ne m ight argue that the assimilatio n process affects RT indirectly. Fo r exam ple, if a bright w ar ning signal dem an ds a stro nger respon se by recruiting m ore m otor units, this w ould facilitate the m otoric RT portion before force onset according to the recruitm ent theory of U lrich an d W ing (1 991).



G EN E R A L D IS C U S S IO N T his stu dy exam ined w hether or not imm ediate arousal m ay affect the dyn am ics of a response in speeded RT tasks. A su itable experimental fram ew ork w as chosen to assess this hypothesis. O n each trial, a w ar ning signal p reced ed the imperative response signal. T he w ar nin g signal w as either soft or lo ud (E xperiment 1), short or long (E xperim ent 2), dim or m oderately bright (E xperim ent 3). P revious research has docum ented that a w ar ning signal not o nly reduces the tem poral uncertainty about response signal d elivery but also exerts an im m ediate arou sal effect. T he am ount of imm ediate arousal is generally assum ed to in crease w ith the deg ree of au ditory but not visual stim ulation . E vidence for the existence of im m ediate arousal effects w ithin this experim en tal fram ework w ere provid ed by chronom etric (e.g. Bertelso n & T isse yre, 19 69; Posner et al., 1976) an d by re¯ exogenic (e.g. Scheirs & Brunia, 1982) studies. H ence, the p resent experimental ap proach provided an ad equate fram ew ork to assess the above hypothesis. P lausible an d speci® c m odels w ere provided for the w ay in w h ich imm ediate arousal m ay enter the resp onse con ductio n pro cess an d thus facilitate the force output of a response. T he present study revealed a high ly reliable effect of w ar ning signal intensity o n RF. In all ex periments, R F increased w ith the am ou nt of energy supplied by the w ar ning signal. D oes im m ediate arousal provide a suf® cient explanatio n for these in tensity effects? We feel that the an swer is no, becau se som e ® nd ings of the present experim en ts arg ue against su ch an explanation. First an d m ost importantly, RF w as larg er for the brighter of two rather dim visual w ar ning signals. T his result is at variance w ith an arousal accou nt, as dim visual signals should not exert a differential arousal effect. Second, in all experiments the intensity effect of th e w ar ning signal on RF rem ain ed ap proximately con stant over the full foreperiod ran ge. H owever, an im m ediate arousal account w ou ld sug gest that the
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intensity effect should dim inish w ith forep eriod len gth. A lthough the non -diminishing effect obtained in all three experim ents m ight ag ree w ith a durable arousal effe ct, it argues ag ainst an imm ediate arousal effect. Finally, a tran sient au gm entatio n of RF at short foreperiod interv als w as ob served in E xperim ent 1 but not in E xperim ents 2 an d 3. If a w ar ning signal has an im m ediate arou sal effect, a tran sient au gm entation of RF is ex pected to occu r w hen the respo nse signal closely follow s the w ar ning signal. In sum , an imm ediate aro usal hypothesis can not account for the w hole patter n of the present RF results, although we can no t safe ly deny a durable arousal effe ct. Several alter native post h oc explanations m ay account for the present ® n din gs. Fo r ex am ple, one m ay assum e that subjects have to devote m ore attention to process the less intense w arn ing signal. H ence, less central resources w ould be available for m otor preparatio n and even tually lead to less forceful responses. T herefore, the level of force output should increase w ith w ar ning signal intensity as observed in the present experim ents. H owever, it seem s debatable w hether an intense signal captures m ore attentio n. Fo r this reason it is dif® cult to assess the plausibility of this attention al hypothesis. In the rem ain ing part of the discussion w e w ill focus on the S± R com patibility hypothesis as a possible account for the present results, for two reasons. F irst, this hypothesis m otivated E xperim ent 3 an d therefore seem s less po st hoc to us com pared to the above attentio nal hypothesis. Second, the hypothesis can be linked to several other phen om ena an d thus m ay advan ce a theoretical fram ework for these phenom ena. A ccording to the S ± R com p atibility hypoth esis, subjects code the inten sity of the visual signal as w eak or strong an d assim ilate th e level of force outpu t w ith the coded intensity level. T his coding account can explain w hy th e in tensity effect of th e w ar ning signal did n ot diminish w ith foreperiod len gth, because su ch a code seem s less susceptible to tem poral decay than does an im m ediate arousal effect. T his hypothesis also accounts for the null effect of foreperiod length o n RF in E xperim ent 2 an d 3, because it seem s plausible to assu m e that the coding process does not depend o n foreperiod length as lo ng as the w ar ning sign al is perceived b efore the resp onse signal. (N evertheless, a signi® can t foreperiod effect w as obtained for RF in E xperim ent 1, suggesting that im m ediate arousal w as at least partially presen t.) T he proposed com patibility hypothesis assu m es that the coding of a task -irrelevan t stim ulus dim ension (e.g. intensity) affects the respo nse output. A nother exam ple of taskirrelevant coding is provided by the Sim on effect (cf. S imon, 1990), although this task em ploys a choice RT situation. In the standard Sim on parad igm , o ne stim ulus (e.g. a red circle) is paired w ith a right-hand response, an d a seco nd stim ulu s (e.g. a blue circle) is paired w ith a left-han d resp onse. A stim ulus m ay b e presented on the subject’ s right or left. A lthough stim ulus lo cation is task-irrelevan t, faster respo nses resu lt w hen the side of the stim ulus an d the response cor respo nd. T he Simon effect dem onstrates that sub jects som ehow code the locatio n of stim ulus, an d that this cod e affects the selection of the response an d thus its speed. B y an alogy, o ne m ight argue that subjects code the intensity level of the w ar ning signal an d that th is coding affects the deter m ination of force output. H ence, in the Simo n par ad igm the interference is du e to an irrelevan t attribute of the response stim ulus, w hereas in the present case a seem ingly irrelevant aspect of the w ar ning signal affects RF. T hus it m ay be concluded that th e principle underlying the S im on effect ap plies to a g reater ran ge of phenom ena than the standard Sim on effect suggests.
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T he S± R com patibility hypothesis m ay also account for the ® nding rep or ted by A ngel (1973). H e exam ined the effects of response signal intensity on RT an d RF in a simple unw ar ned RT task. O n each trial, he recorded PF an d found that it increased w ith response signal intensity for visual, au ditory, an d tactual signals. A ccord ing to the com patibility hypothesis, the level of RF is assimilated to signal intensity. U nfortunately, it ap pears som ew hat d if® cult to re plicate A ngel’ s ® nding for visual signals (M iller, U lrich , & Pfaff, 1991; JasÂ kow ski, Rybarczyk, Jaroszyk & L em anÂ ski, sub m itted). A lthough the so urce of the discrepan cy is unclear, o ne m igh t assum e that the coding process w ithin the visual m odality is especially tim e-consum ing, an d therefore a response m ight be trig gered b efore the coding process has ® nished. It m ight therefore be d if® cult to obtain an intensity effect on RF w ith visual respo nse signals. T he S± R com patibility hypothesis provides a novel explanation for the force effects obtained in redundan t-signal tasks. A s m entioned in the introduction, G iray and U lrich (1993) found m ore forceful responses to two sim ultan eously presented signals (to ne plus light) than to a sin gle signal (either a to ne or a light). T his result w as replicated by M ordkoff et al. (1996), w ho have claim ed that RF is m erely a fu nctio n of the num ber of simultaneously presented stimuli. O n the basis of the S± R com patibility hypothesis, one m ight assum e that the perceived and thus coded intensity of the stim ulation increases w ith the num ber of the stim uli. T hus R F should increase w ith the num ber of simultaneo usly presen ted signals. T he p resent study also sheds som e light on the relation between the speed an d the force outpu t of a respo nse. Responses becam e faster an d m ore forceful as the intensity of the w ar nin g signal increased (E xperim ents 1 an d 3). H owever, the duratio n of the w ar ning signal affected these dependent variables differently (E xperim ent 2). T he longer w ar ning signal increased R F, b ut it decreased response speed, as previous chronom etric stu dies have already dem o nstrated for RT. T his patter n of resu lts d em onstrates that not everything that m akes a respo nse faster also m akes it m ore forcefu l, an d vice versa. T he two variables can be dissociated an d, therefore, RF cannot be co nceived as a sim ple su bstitute for RT (cf. L u ce, 1986, p. 51). T his conclusion is also consistent w ith the weak or even zero correlation between RT an d P F fou nd in these an d other experiments (G iray & U lrich, 1993; M ordkoff et al., 1996). Further m ore, w ar ning signal intensity did not chan ge the rate of increase of RF. H ence, the intensity effect ob tained on RT can not be due to different rates of force p roduction (C arlton, C arlto n, & N ew ell, 1987). T he dissociatio n of RT an d RF also ag rees w ith other studies in w hich subjects w ere asked to produce a certain target force level. For exam ple, K lem m er (1957) found th at sim ple RT did not depend on target force. T his basic result w as replicated by Ivry (1 986) in a choice RT situation w ith th ree stim uli m ap ped to three levels of target force. A g ain, Ivry fou nd no effect of target force o n RT. T h us the dissociatio n b etw een RT an d RF seem s not to depend o n w hether RF is em ployed as a dep end ent variable (as in the present experim en ts) or is m an ipulated as an indepen dent variable (as in th e studies of K lem m er an d Ivry). T his d issociation of RT an d RF seem s to be plausible w ithin the S± R co m patibility fram ework if the codin g process operates so lely at th e level of RF. In conclusio n, then, w e have d em onstrated that an imm ediate arousal hypothesis cann ot fully account for intensity effects o n RF. A S ± R com patibility hypoth esis w as prop osed as o ne possible alter native account for the present an d o ther ® ndings reported



R E S P O N S E FO R C E A N D A R O U S A L



989



in the literature. Further research w ill be needed to test the ad eq uacy of the S± R com patibility hypothesis for explainin g the force output of a speeded respo nse.
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