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Abstract
The levels of processing paradigm has been a powerful research framework in the study of memory for close to a quarter century. However, an objective index of depth of processing is still lacking. Two experiments using lists of words, presented to male subjects, were performed to compare the effects of depth of processing, rate of presentation, and task incentive on recognition memory performance, self-reported workload, and cardiovascular responding. Memory performance results from the two experiments demonstrated higher recognition levels associated with deeper processing and slower presentation rates. Deeply encoded items were associated with faster recognition latencies. Self-reported workload levels were higher for deeper processing and faster presentation rates. Cardiovascular responses were generally amplified with the addition of a task incentive. Increased blood pressure was associated with faster presentation rates. Increased heart rate and decreased T-wave amplitude (i.e., increased sympathetic activity) were uniquely associated with the deep encoding of information presented at the fastest rate. This particular encoding condition was associated with increased recognition levels. Deeply encoded items were associated with increased suppression of heart rate variability during recognition. This combination of behavioral and cardiovascular measures may provide the basis for an objective index of depth of processing.
1. Introduction
It is well established that different types of pro​cessing at the time of acquisition are associated with large differences in later memory performance. These relations have been described and studied under the heading of levels of processing. The general idea is that material encoded semantically is better recalled than material encoded in terms of its 'shallower' phonological or visual features (Craik and Lockhart,
* Corresponding author. e-mail:  vincena@tc.gc.ca; Fax:   +1 (613) 9902913.

1972; Craik and Tulving, 1975). The levels of pro​cessing framework gives a good account of a number of important findings in memory research, but it also suffers from several limitations, among them the absence of an independent index of depth of process​ing, and whether the effects of processing depth simply represent a by-product of differences in effort (Ellis et al., 1984; Tyler et al., 1979). Craik and Lockhart (1972) proposed that memory performance reflected the depth, that is the degree of semantic analysis, to which encoded events were processed. However, Baddeley (1978) and others have pointed out the inherent circularity in the levels of processing formulation. In the absence of an independent index
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of 'depth', it is too easy to claim that any well-re​membered event must have been processed deeply, simply because of the high level of memory perfor​mance.
Psychophysiological and neuroimaging measures have the potential to break this circularity. If one or more of such measures can be shown to relate both to the degree of semantic involvement during the encoding process, and to the level of memory perfor​mance, it would put the concept of depth of process​ing on a more objective and rigorous footing. In fact, at least two studies have reported that differences in depth of processing correlate with event-related po​tentials (Ferlazzo et al., 1993; Sanquist et al., 1980). Sanquist et al. studied the sensitivity of event-related potentials (ERPs) to depth of processing by measur​ing the ERPs to different encoding tasks varying in processing level and to a subsequent test of recogni​tion memory. The ERPs differed among the three encoding tasks, with deeper processing being associ​ated with greater ERP amplitude. The greatest ampli​tude of a late positive ERP component occurred during correct recognition, regardless of type of en​coding. Prefrontal cortical activation during encoding and retrieval has also been investigated by PET scanning (Tulving et al., 1994; Kapur et al., 1994). Tulving et al. (1994) found that deeper encoding operations were associated with activity in the left prefrontal cortex, while retrieval was associated with activity in the right prefrontal cortex.
The present study is concerned with possible car​diovascular indices of depth of processing. A few previous studies have yielded promising results. For example, Cohen and Waters (1985) compared a pho​netic task to high- and low-level semantic tasks. The high semantic condition (i.e. deeper processing) yielded highest recall, followed by the low semantic and phonetic conditions. In addition, heart rate (HR) and skin conductance were found to differentiate among processing levels; HR and skin conductance were highest for the high semantic level, moderate for the low semantic task, and lowest for the pho​netic task. The differences among processing levels increased during recall. Also, greater HR and skin conductance increases occurred on encoding trials which were later recalled.
Cacioppo et al. (1985) extended previous work by comparing four types of encoding tasks increasing in

processing depth: orthography, grammar, evaluation and self-referent. Self-report measures demonstrated that the grammar task required the most effort while the self-referent task required slightly less effort and the orthography task was rated as requiring low effort. Behaviorally, tasks rated as more effortful were associated with increased encoding latencies while recall was associated with processing level. HR and T-wave amplitude (TWA) during the recall phase of the memory task provided unexpected find​ings; the authors found no relationship between ini​tial processing level and HR, but reported that deeper levels of processing were monotonically related to decreases in TWA. No cardiovascular changes were found during encoding. However, an experiment by Vincent et al. (1993) failed to find a relation between processing level and TWA, although they used a somewhat different procedure from that used by Cacioppo et al. (1985). In contrast, Vincent et al. (1993) found that increases in HR and decreases in TWA were associated with the difficulty of the memory task at encoding, and not with processing level. However, during recall no differences were uncovered in HR and TWA. Mulder and Mulder (1981) found that decreases in HR variability related to the amount of 'controlled processing' required during a cognitive task. Possibly some of the dis​crepancies seen among earlier studies may be due to differences in controlled processing induced by the different encoding and recall conditions.
The results from studies using cardiovascular measures are interesting, if somewhat inconsistent. One possibility is that these cardiovascular indices measure task difficulty or degree of perceived effort, possibly associated with changes in the amount of controlled processing, rather than qualitatively dis​tinct cognitive processes. The relations among en​coding task difficulty, depth of processing, and sub​sequent memory performance were examined by Craik and Tulving (1975). They contrasted an easy encoding task that necessitated deep (semantic) pro​cessing with a more difficult but shallower task, and found that memory was superior for the former task. That is, memory reflected depth of processing, not task difficulty. Using a similar contrast, Vincent et al. (1993) found that increases in HR and decreases in TWA were associated with task difficulty at en​coding, rather than with depth of processing. How

ever, their design was unsatisfactory in that only one deep-easy task was contrasted with another shallow-difficult task. It would have been preferable to cross processing depth with task difficulty to evaluate the independent and interactive effects between effort and processing level.
The present experiments repair this omission. In the first experiment, three levels of processing were crossed with three levels of encoding task difficulty, and these encoding manipulations were followed by recognition memory tasks. Cardiovascular measures (blood pressure [BP], HR, HR variability, and TWA) were recorded during encoding and recognition, with the primary intention of clarifying the relations be​tween the cardiovascular indices on the one hand and task difficulty, depth of processing, and memory performance on the other.
Task difficulty was manipulated by means of presentation rate (i.e., time pressure). The words to be learned for the later recognition test were pre​sented at rates of 0.75 s, 1.5 s, or 3.0 s per word. The effects of these differences in workload 1 were mea​sured both by means of a workload questionnaire which incorporated a scale of perceived effort and by performance on the recognition memory test. It was expected that faster presentation rates would be per​ceived as more demanding and would also be associ​ated with lower memory performance.
It has been shown that the heart and vasculature show momentary adjustments throughout the pro​cessing of most perceptual and cognitive tasks (Jen​nings et al., 1990). The synchrony of these cardio​vascular adjustments with task demands suggests that cardiovascular responses are induced by the requirements of information processing. The rela​tions among HR, BP, and effort are reasonably well understood. Increases in mental effort are associated with increases in HR and BP and with decreases in TWA (Furedy, 1987; see Vincent and Furedy, 1992 for electrodermal effects). When sympathetic ner​vous system activity is increased pharmacologically, TWA is attenuated (Furedy and Heslegrave, 19831, and this attenuation may be reversed by beta-adren-
1 Workload is defined as the amount of processing per unit time.


ergic blockade (Rau, 1991). Therefore, an increase in beta-sympathetic activity leads to decreased TWA. Heart rate, being a mixed measure, controlled by both sympathetic and parasympathetic effects, is re​active to both sets of influences 2. HR variability suppression, is associated with a decrease in vagal tone which is predominantly parasympathetically mediated (Cacioppo et al., 1994; Porges and Byrne, 1992). The expectation in the present studies was that these cardiovascular measures would allow fur​ther differentiation of task difficulty, effort, and pro​cessing depth, than would be possible by the applica​tion of performance and self-report measures alone.
In summary, the purpose of the present experi​ments was to document the relations between several cardiovascular indices sensitive to task difficulty, the processes of memory encoding (i.e. level of process​ing), and memory performance. Specifically, we wished to examine the claims that deeper levels of processing were associated with changes in HR (Cohen and Waters, 19851, with decreases in TWA (Cacioppo et al., 1985), or perhaps with decreases in HR variability (Mulder and Mulder, 1981). Altema​tively, is it the case that cardiovascular indices are sensitive to increases in task difficulty and perceived effort, but are not sensitive to qualitative differences in encoding and recognition processes?
In addition, we hoped that the experiments would shed light on one issue in current memory theory. It has been suggested (e.g. Craik, 1983) that retrieval processes essentially recapitulate encoding pro​cesses; that is, an approximation to the encoding
2 We are aware that from a purely physiological perspective, the distinction between the sympathetic and parasympathetic branches of the autonomic nervous system disregards potential interactions between the systems. However, from a psychophysiological perspective, according to which the primary interest is in using physiological changes to study psychological processes (Furedy, 1983), the distinction between sympathetic and parasym​pathetic is heuristically useful. For example, the fact that TWA is attenuated by an iterative subtraction task, but not during the listening period when the numbers to be used are presented, whereas HR accelerates both during the listening period and during the task itself (Heslegrave and Furedy, 1979) indicates that the psychological processes of encoding and task completion may be distinguished in terms of the latter process involving sympa​thetic activity

event is reconstructed in the perceptual/cognitive system during recall (Lockhart et al., 1976). If this is the case, and different encoding tasks lead to differ​ent patterns of cardiovascular responding, these dif​ferent patterns should also emerge during recogni​tion.
These goals were met in Experiment 1 by cross​ing three levels of processing with three levels of task difficulty, accomplished by presenting the words to be learned at different rates. The differences in perceived effort associated with task difficulty were assessed by means of a workload questionnaire. Memory was assessed by means of a recognition test, and the cardiovascular indices of BP, HR, HR variability, and TWA were recorded during both encoding and recognition.
2. Experiment 1
In overview, participants made judgements about groups of 20 words in each of nine experimental conditions — three levels of processing crossed with three rates of presentation. These judgements, or orienting tasks, represented the encoding phase of memory. The recognition tests were presented fol​lowing each experimental condition. The difficulty of each encoding condition was assessed immedi​ately after the condition by means of a workload questionnaire. Finally, various cardiovascular mea​sures were recorded during each encoding and recog​nition phase.
2.1. Method
2.1.1. Subjects
The subjects consisted of 31 male 3 university students, recruited with posted signs from the Uni​versity of Toronto community. Subjects were in​formed that they would receive $8.00 for their partic​ipation in the experiment and that they were partici​pating in a study of the physiological correlates of memory.
3 Male subjects were used to minimize intersubject variability. The psychophysiological results may not generalize to females.

2.1.2.
Experimental task
In each experimental condition, subjects were first shown a question; they then answered that same question with respect to each of 20 words. The questions were answered either 'yes' or 'no' by pressing the relevant key from two response keys. The three question types used in the experiment operationally represented three levels of processing (Craik and Tulving, 1975); from shallow to deep the questions were 'Is the word in UPPER case?' 'Does the word contain one syllable?' and 'Is the word pleasant?' Approximately half of the words pre​sented were in upper case and half were in lower case; half contained one syllable and half contained two syllables. In order to control for question effects, approximately half of the subjects were given the questions just described and half were given the complementary forms of the question; that is, 'Is the word in lower case?' 'Does the word contain two syllables?' and 'Is the word unpleasant?' Which specific form of the question appeared was randomly determined for each subject. Each of the three ques​tion types (case, syllable, pleasantness) was pre​sented in three presentation rate conditions — words were presented for either 750 ms, 1500 ms, or 3000 ms.
The combination of three question types and three rates of presentation required the presentation of 180 words (9 conditions X 20 words per condition). The same 180 words were used for all subjects, but a different random selection of words for each condi​tion was made for each subject. A further set of 180 words was used as distracters in the nine recognition tests; again the distracters were apportioned ran​domly to each condition, and in a different random selection for each subject. The words were common nouns, of either one or two syllables, and varying in length between four and seven letters; their mean word frequency was 59 (Francis and Kucera, 1982).
2.1.3.
Self-report workload measure
The NASA-TLX (Hart, 1986; Hart and Staveland, 1988; Vidulich and Tsang, 1986) is a two part scale consisting of weights and ratings. Six components of a task are assessed: mental demand, physical de​mand, temporal demand, performance, effort, and frustration. These six components are compared in a pair-wise fashion in the weights portion of the scale;
which pair is presented is determined randomly. Subjects select the member of each pair that con​tributed more to the workload of the task. The second part is to obtain numerical ratings for each component that reflect the magnitude of that factor in the task. Each scale is presented as a line divided into 20 equal intervals anchored by bipolar descriptors (e.g. High/Low). An overall workload score may be obtained by multiplying each rating by the weight given to that factor. The maximum value for the overall weighted workload is 100.
2.1.4. Physiological measures
Measurements of HR, HR variability, electrocar-diographic TWA, and systolic and diastolic blood pressure (BP) were recorded during encoding and recognition. The electrocardiogram (ECG) was con​tinuously recorded for each subject and displayed on a Model 4-A E&M physiograph. The bioelectric signals were recorded using Narco Ag/ AgCl ECG electrodes filled with ECG electrolyte as a conduct​ing medium between the body surface and elec​trodes. The electrode sites were thoroughly cleansed with alcohol prior to electrode attachment. The elec​trodes were securely attached by cuffs and adhesive tape to prevent any potential dislodging due to movement. Two electrodes were placed bilaterally on the lower ribs, with one serving as ground. A third electrode was attached to the right clavicle. The ECG tracing recorded on chart paper moving at a speed of 2 centimetres per second, was produced by the output of a Model BT-1200 E&M Biosystems biotachometer and served as the basis for quantifying HR. HR was measured as the number of R-waves on the ECG and was calculated in beats per minute (BPM). The ECG tracing was also used to quantify TWA. The ECG signal was fed through an E&M high-gain preamplifier with an adjustable gain from 100 (V/mm to 100 (V/cm and was output to a second physiograph channel. The gain was set at a level which produced the largest clearly discernible T-wave representation. The resulting level was then calibrated against a precision 100 WV standard. TWA was then quantified by determining the difference between the midpoint of the P-s-Q interval (i.e., the baseline voltage level) and the peak of the T-wave. The scoring of HR and TWA was performed by hand.


HR variability and blood pressure were measured on a continuous second-by-second basis via a Fi-napres monitor Model 2300. An inflatable cuff was placed on the middle phalanx of the left major finger and inflated to a pressure equal to the arterial pres​sure. The average underestimate of mean pressure in the finger can be compensated for by placing the finger approximately 10 cm below the level of the heart valves (Settels and Wesseling, 1985). Although mean pressure was not analyzed, this recommenda​tion was followed, and the finger was rested approxi​mately 10 cm below the level of the heart. Following cuff inflation, the transmural pressure is assumed to be zero. Cuff pressure was dynamically adjusted by a servo system which monitored the size of the digital arteries with a light plethysmograph. The cuff pres​sure was recorded by an electromanometer attached to the cuff. The recording device was allowed to leave the closed loop mode to find a maximum signal level. Values for systolic and diastolic BP were fed into a PC on-line via an RS232 interface. HR variability was the standard deviation score of the HR signal obtained. All baseline physiological data were recorded for the 30 s before each task phase (encoding and recognition), with subjects just sitting quietly. This measure served as baseline for each task condition. Except for the short presentation time encoding condition, which lasted 15 s the first 30 s of task onset was used to quantify all cardio​vascular indices. Within this window it was expected that maximal cardiovascular change should occur and that any habituation effects would be minimized. This procedure should also minimize any differences in motor activity.
2.1.5. Procedure
Subjects participated in one session which lasted approximately one hour. Subjects had the ECG elec​trodes attached and the resulting signal was tested. Instructions were presented on the computer screen and were read to the subject by the experimenter. No verbalization was required from the subject in order to eliminate any potential confounding effects. The Finapres cuff was then attached but not inflated and the volunteers practiced the task for each type of question, at a moderate presentation time of 1500 ms in order to get used to the experimental conditions. The same 1.5 words were used for all practice trials,
and no RT data were recorded. All subjects were asked if they could now perform the task following the practice trials. They then proceeded with the experimental task.
The practice period was followed by the first of nine encoding trials. The Finapres cuff was inflated and baseline readings were taken. The subject began the trial as soon as he was ready to start. The Finapres cuff was deflated at the end of the trial. Each trial began with the subject being given the question in the middle of the computer screen and being told to depress any key when ready. The subject was also informed about the time allotted to respond to each word. Which particular version of each question appeared was determined randomly. Subjects were also informed that they would be required to recognize the words presented. The sub​jects then depressed a key and, after a short delay, the words appeared. The word remained visible for the full time allotted (i.e., 750 ms, 1500 ms, 3000 ms) regardless of when the response was provided. The words were presented via a PC on a 14II VGA monochrome monitor situated 0.5 m from the sub​ject. Each letter was approximately 1.2 cm in height and appeared in white against a dark background. Reaction time was defined to be the time from the presentation of the word to the depressing of the response key. If subjects failed to respond within the allotted time no response was recorded and the full presentation time was used in the calculation of mean RT.
Following each encoding condition, the subject was administered the NASA-TLX scale which acted as a filled retention interval. No physiological mea​sures were recorded during this period. Subjects had as much time as they required to complete the scale; typically this took about 2 min. Following the com​pletion of the scale, the Finapres cuff was once again inflated and baseline recordings were taken. Follow​ing the baseline recordings, subjects were then re​quired to recognize the words presented during the encoding phase. The 20 previously presented target words were randomly interspersed with the same number of new words (distracters). Consequently, 40 words were presented in a self-paced fashion. Sub​jects were required to respond 'YES' or 'NO' as to whether each word had been presented during the previous question session with the same response

keys. Reaction times were recorded. A time limit of 20 seconds was imposed for each word. If no re​sponse occurred within this time a 'NO' response was tabulated. The encoding-scale-retrieval sequence was repeated until all nine processing level/pre​sentation time combinations were exhausted. The order of conditions was determined randomly, sepa​rately for each subject.
2.2. Results
2.2.1. Performance measures
Fig. 1 shows response latencies CRTS) at encoding and in the recognition memory test for each of the nine experimental conditions 4. Fig. 1A shows that RTs to the encoding questions increased with longer presentation times, and with deeper decisions. The significance level was set to 0.05 and all significant effects were investigated with Tukey's post-hoc test to determine the source of effects. The alpha level was set at 0.05, different alpha levels are indicated in the text. A 3 X 3 ANOVA on these data revealed significant effects of presentation time, F(2,60) = 146.19, p < 0.001, MSe = 407.7, of type of encod​ing question, F(2,60) = 50.14, p< 0.001, MSe = 341.7, and of the interaction between the two vari​ables, F(4,120) = 10.99, p < 0.01, MSe = 177.1. Application of Tukey's honestly significant differ​ence post-hoc test (p < 0.01) showed that the ques​tion type conditions did not differ at 750 ms, but that all question types were different from one another at the longer presentation times.
Fig. 1B shows a rather different pattern of RTs for recognition response latencies. Note that 'pre​sentation time' refers only to encoding times, all recognition conditions were subject paced. The fig​ure shows a slight trend for longer encoding times (1500 ms and 3000 ms) to be associated with faster recognition latencies, and a rather stronger tendency
4 The fact that subjects were in fact performing the encoding tasks is shown by the high level of correct responding within all encoding conditions: 750 ms case 94.3%, 1500 ms case 98%. 3000 ms case 99%; 750 ms syllable 83%, I500 ms syllable 92%, 3000 ms syllable 93%. Given the fact that determining pleasant​ness of the meaning of words is completely subjective, the responses along this dimension do not lend themselves to a valid determination of percent correct.
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Fig. 1. Experiment 1, reaction time in milliseconds (ms) at encoding (A) and retrieval (B) as a function of three presentation times for three processing levels: shallow (circle), moderate (open square), and deep (diamond).
for words encoded with the deepest (Pleasantness) question to be recognized more rapidly. A 3 X 3 ANOVA on these data showed a significant effect of question type only, F (2,60) = 11.36, p< 0.001, MSe = 853.5. A subsequent Tukey's test (p < 0.01) found that the Pleasantness condition was associated with shorter RTs than the other two conditions, which did not differ. Neither the effect of presenta​tion time nor the interaction was significant.
Fig. 2A shows d' 5 values for the 9 conditions in the recognition test. It may be seen that performance increases as a function of presentation time and also as a function of level of processing. A 3 X 3 ANOVA showed significant effects of presentation time, F (2,60) = 21.07, p< 0.001, MSe = 0.6, and   of
5 The d' measure is an estimate of the recognizability of the stimulus presented. It is the normalized difference between hit rates and false alarms (Macmillan and Creelman, 1991).


question type, F(2,60)= 81.66, p< 0.001, MSe = 0.8. The interaction was not reliable.
2.2.2. Self-report measure
Fig. 2B shows the overall weighted workload values which comprise all six subscales of the NASA-TLX. Comparison of Fig. 2A and B shows that workload (which reflects such factors as per​ceived effort and temporal demands) presents a com​plementary picture to that shown by Recognition d'; that is, workload was judged to be higher for the deeper orienting tasks and for the shorter presenta​tion times. A 3 X 3 ANOVA revealed significant effects of orienting task, F(2,60) = 25.33, p < 0.001, MSe= 183.0, and of presentation time, F(2,60) =
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Fig. 2. Experiment 1, top plot shows recognition d' as a function of three presentation times for three processing levels: shallow (circle), moderate (open square), and deep (diamond). Bottom plot shows NASA-TLX Weighted Workload values for three process​ing levels: shallow (circle), moderate (open square), and deep (diamond).
188
48.97, p < 0.001, MSe = 293.4. The interaction was not significant.
2.2.3. Cardiovascular measures
2.2.3.1. Blood pressure. The systolic and diastolic BP values are shown in Table 1. In all cases the values presented are changes from their respective baseline levels. In order to compare possible differ​ences between the encoding and retrieval (recogni​tion) phases of the memory task, separate ANOVAs were carried out for the systolic and diastolic data on three factors: presentation time, level of processing, and encoding versus retrieval. This represents a 3 X 3X2 design. In the case of systolic BP, the ANOVA yielded main effects of presentation time, F(2,60) = 3.84, p < 0.05, MSe = 73.7, and encoding/retrieval, F(1,30) = 24.17, p < 0.001, MSe = 202. The effect of level of processing (question type) was not signif​icant. The effect of presentation time reflects the fact that systolic BP increased more from baseline in the case of shorter presentation times (see Table 1). Tukey's test (p < 0.05) revealed that the values rose
Table 1
Mean change from baseline for experimental subjects on systolic
and diastolic BP response variables at two phases of experiment 1
	
	Presentation time (ms)
	

	
	750
	1500
	3000

	Experimental condition
	Systolic blood pressure (mmHg)

	Encoding
	
	
	

	Case
	8.2 (1.9)
	5.4 (1.4)
	7.8 (1.4)

	Syllable
	8.9 (2.1)
	6.2 (0.9)
	3.7 (1.4)

	Pleasantness
	7.7 (1.8)
	3.8 (1.7)
	3.6 (1.7)

	Retrieval
	
	
	

	Case
	3.1 (1.9)
	3.0 (1.6)
	-3.9 (1.6)

	Syllable
	-1.3 (1.7)
	0.5  (1.8)
	-2.3 (2.0)

	Pleasantness
	-0.6 (1.5)
	1.2 (2.0)
	2.4 (I.9)

	
	Diastolic blood pressure (mmHg)

	Encoding
	
	
	

	Case
	4.3 (1.0)
	2.8 (0.5)
	3.4 (0.8)

	Syllable
	4.4 (1.1)
	2.7 (0.9)
	3.3 (1.1)

	Pleasantness
	2.3 (0.9)
	2.6 (0.9)
	2.1 (0.8)

	Retrieval
	
	
	

	Case
	2.6 (0.9)
	3.4 (1.0)
	1.1 (0.7)

	Syllable
	1.2 (0.8)
	0.9 (0.7)
	2.4 (1.4)

	Pleasantness
	2.0 (0.7)
	2.0 (0.8)
	3.7 (1.1)


Standard errors are in parentheses.

significantly from baseline in the case of 750 ms and 1500 ms, but not for 3000 ms; and further, that the 750 ms and 1500 ms values were not different from one another. The main effect of memory phase re​flects the fact that systolic BP increased from base​line more in the case of encoding (mean = 6.14 mmHg) than in the case of retrieval (mean = 0.23 mmHg). However, both of these main effects should be interpreted in light of a significant 3-way interac​tion among presentation time, processing level, and memory phase, F(4, 120) = 3.18, p< 0.05, MSe = 72. At encoding, systolic BP decreased monotonically with an increase in presentation time whereas at retrieval there was no effect on systolic BP. It therefore appears that systolic BP was associated with changes in mental workload. No other interac​tion was significant.
In summary, the systolic BP data show that sys​tolic blood pressure was raised significantly from baseline at encoding, but not during recognition. Second, systolic BP was raised more by shorter presentation times, but significantly so at encoding only. The diastolic BP data can be described more briefly; there were no significant effects, although all 18 values show an increase from baseline, and the rise associated with encoding (3.1 mmHg) is again greater than that associated with retrieval (2.1 mmHg).
2.2.3.2. Heart rate, T-wave amplitude, and heart rate variability. There were no reliable effects of presentation time or processing level on HR, al​though memory phase had a significant effect, F(1,30) = 4.97, p < 0.05, MSe = 25.4. This effect was due to HR being significantly lower at encoding than at retrieval; further tests showed that only the Pleasantness condition was significantly decreased from baseline (p < 0.05). In the case of TWA there were no reliable effects.
The mean changes from baseline for heart rate variability are shown in Table 2. At encoding, three conditions were associated with significant heart rate variability suppression from baseline: Case/1500, syllable/3000, and Pleasantness/3000. In contrast, all conditions at retrieval were associated with signif​icant heart rate variability suppression; HR variabil​ity thus showed a large phase effect, F(1,30) = 20.8, p< 0.001, MSe= 11.6. When ANOVAs were car-
Table 2
Mean change from baseline for heart rate variability response
variables at two phases of experiment  I

	
	Presentation time (ms)

	
	750
	1500
	3000

	Experimental condition Heart rate variability (BPM)

	Encoding
	
	
	

	    Case
	-0.26 (0.4)a
	-2.48 (0.7)
	-1.06 (0.4)a

	    Syllable
	0.57 (0.8)a
	-0.90 (0.4)a
	-2.44 (0.6)

	    Pleasantness
	-0.89 (0.5)a
	-1.08 (0.5)a
	-1.40 (0.8)

	Retrieval
	
	
	

	    Case
	-2.25 (0.9)
	-2.42 (0.5)
	-2.20 (0.5)

	    Syllable
	-2.52 (0.6)
	-2.17 (0.5)
	-1.89 (0.6)

	    Pleasantness
	-2.62 (0.6)
	-3.37 (0.7)
	-2.86 (0.4)


Standard errors are in parentheses.

a Means which were not significantly different from zero.

ried out on the encoding and retrieval data sepa​rately, an effect of presentation time was found at encoding, F(2,60) = 5.96, p < 0.025, MSe = 9.8. Decreases from baseline were greater for the longer presentation times. At retrieval, there was a signifi​cant effect of processing level, F(2,60) = 4.09, p < 0.05, MSe = 4.4. The recognition of deeply pro​cessed items (Pleasantness questions) was associated with greater HR variability suppression than was observed in the other two processing conditions.
2.3. Discussion
2.3.1. Performance and self-report measures
Recognition memory performance, shown in Fig. 2A, was affected by processing level and to a lesser extent by presentation time. Both effects confirm well-established findings (e.g., Craik and Tulving, 1975; Murdock, 1974). Pleasantness judgements were associated with higher levels of subsequent recogni​tion than were syllable judgements and these in turn were higher than case judgements. Recognition d' values also increased as presentation time increased, and the two variables did not interact. Encoding RTs were also in line with previous results (Craik and Tulving, 1975) in that deeper encoding tasks (e.g. Pleasantness ratings) took longer to perform than shallower tasks (Syllable and Case). The different time constraint conditions also affected RT at encod​ing; subjects were forced to respond before the rele​vant deadline. In particular, the 7.50 ms condition

forced subjects to respond to all question types within 500-600 ms, thereby leading to an interaction be​tween presentation time and type of processing. The most interesting result in this section concerns RT at retrieval; deeply processed items (Pleasantness ques​tions) were recognized more quickly than were words associated with either syllable or case questions. This was true also when encoding times were equal in the 750 ms condition.
The weighted workload values shown in Fig. 2B were affected strongly by presentation time and pro​cessing level, but whereas both of these variables acted to increase the reported difficulty of the encod​ing task, they worked in opposite directions with regard to later memory performance. Shorter pre​sentation times were judged more effortful and de​manding and were associated with lower levels of recognition memory. Deeper levels of processing were also judged to be more demanding, yet were associated with higher levels of recognition. There​fore, it does not seem useful to look for unvarying causal links between mental effort and memory per​formance (cf. Tyler et al., 1979). From the present evidence it is clear that effort and memory are sometimes positively related and sometimes nega​tively related. Rather, memory performance reflects the mental operations carried out at encoding and retrieval, and perceived effort may be associated either with effective or ineffective processing opera​tions.
2.3.2. Cardiovascular measures
Since deeper processing and shorter presentation times both gave rise to higher self-reported ratings of workload, yet led to different outcomes with respect to memory performance, it is of interest to see whether the cardiovascular measures reflected effort (Vincent et al., 19931, or memory performance lev​els. Systolic BP and TWA are primarily indices of sympathetic activity (Heslegrave and Furedy, 1979; Muter et al., 1993). TWA showed no consistent effects in the present experiment, but systolic BP showed greater increases from baseline for shorter presentation times at encoding. However, systolic BP was unaffected by level of processing, so apparently not all factors associated with effort affect systolic BP.
When the encoding phase was compared to the
retrieval phase, encoding was associated with a greater increase in systolic BP, lower HR, and less suppression of HR variability. Since systolic BP reflects sympathetic activation, HR variability sup​pression reflects parasympathetic activity, and HR reflects both sympathetic and parasympathetic ef​fects (Bernston et al., 1993; Grossman and Svebak, 1987; Heslegrave and Furedy, 1979), one way of describing these results is that encoding resulted in sympathetic activation and retrieval resulted in parasympathetic changes. The HR variability results are particularly interesting in that significant sup​pression of HR variability was associated with longer presentation times at encoding, with retrieval in gen​eral, and with the recognition of deeply encoded items within retrieval. Speculatively, this variable may reflect greater degrees of controlled processing (Mulder and Mulder, 1981) or greater involvement in the task, associated plausibly with longer times to encode effectively, and the greater interest in the recognition task, especially of meaningfully encoded items. Further comment is withheld until Experiment 2 is described.
3. Experiment 2
One problematic aspect of the first experiment lay in the fact that consistent changes from baseline in all cardiovascular indices were not seen for the different task conditions. This result was unexpected since previous work has shown HR and TWA to be responsive to various similar task manipulations (Heslegrave and Furedy, 1979; Scher et al., 1984, 1985; Shulhan et al., 1986; Vincent et al., 1993). A possible reason for the variable cardiovascular ef​fects seen in Experiment 1 is that the manipulation of task difficulty solely through presentation time may not have involved the subjects enough in the completion of all aspects of the memory task to produce reliable cardiovascular baseline-to-task changes. In the present experiment, we sought to increase subjects' involvement in the task by offer​ing a monetary reward for the best performance and designating half of the trials as 'Practice' and the remainder as 'Test' trials. The latter modification constitutes a two-level, within subject, incentive ma​nipulation which has previously been found to be

effective (Scher et al., 1984). It is important to note that apart from the instructions the 'Test' and 'Prac​tice' conditions are identical. Finally, in order to keep the procedure manageable, we employed only the extreme processing level and presentation time conditions. Rather than varying these factors over three levels as in Experiment 1, processing level was manipulated by contrasting Pleasantness questions to Case questions, and presentation time was manipu​lated by presenting items at a rate of 750 ms or 3000 ms. The design was therefore a 2X2X2 with all factors within subjects; that is, Processing level (Pleasantness/Case questions) X Presentation time (750 ms/3000 ms) X Incentive. Once again, the car​diovascular and RT measures were taken both during the encoding and the recognition memory phases of each experimental condition. Finally, any possible effects of presentation order of 'Practice' and 'Test' trials were assessed by presenting half of the subjects with each trial type in the order Practice-Test and the other half in the order Test-Practice. Incentive order was therefore a further between-subjects factor. Analyses included four factors (Processing level, presentation time, incentive, and incentive order). For reaction time the effects concerned the four factor design during encoding and recognition.
3.I. Methods
3.1.1.
Subjects
The subjects consisted of 40 male university stu​dents (mean age = 26.5 yr, SD = 6.4 yr) recruited by signs posted within the University of Toronto com​munity. Subjects were informed that they would receive $10 for their participation, in addition to a $20 bonus to be awarded to one subject based on performance during a subset of the tasks. Subjects were informed that they were participating in a study of the physiological correlates of memory.
3.1.2.
Tusks, instructions, and procedure
The same judgement task described in Experiment 1 was used in the present experiment, but with Case and Pleasantness questions only. Again, subjects re​sponded to 20 words with respect to each question and each encoding block of trials was followed (after subjects completed the NASA-TLX workload ques​tionnaire) by a recognition test consisting of the 20
encoded words plus 20 similar distractor words. RTs were measured both at encoding and during recogni​tion. Words were presented during encoding at either 750 ms or 3000 ms per word. The eight trial types were presented in a different random order for each subject, although for half of the subjects the Practice version of a specific Question X Presentation Time condition always came first, and for the other half of the subjects the Test version came first. In all cases the subjects understood that Practice trials were there simply to give them general practice at responding to the questions. Since a recognition test followed each encoding phase, subjects knew that memory would be tested.
The same physiological measures used in Experi​ment 1 were recorded using the same apparatus. Again, baseline readings were taken for 30 s before each encoding and recognition condition. Systolic and diastolic BP, HR, TWA, and HR variability levels were quantified and averaged as in Experi​ment 1.
3.2. Results
3.2.1. Performance measures
Fig. 3 shows RT values for the encoding and recognition phases. As in Experiment 1, deeper pro​cessing took longer to accomplish at encoding but was associated with shorter recognition latencies at retrieval. Also, there is evidence of an interaction between processing level and presentation time at encoding, but not at retrieval. A 4-way ANOVA on the encoding data (Fig. 3A) first revealed a main effect of Incentive order, F(l,38) = 5.92, p < 0.02, MSe = 852.5. This effect occurs since Test-Practice subjects responded more rapidly than did Practice-Test subjects (means of 643 and 722 ms, respec​tively). The effect of order did not interact with any other factor, however, so the data shown in Fig. 3A are collapsed over order. The effects of processing level, F(l,39) = 66.46, p< 0.0001, MSe = 460.4, and of presentation time, F(l,39) = 98.8, p< 0.0001, MSe = 677.1 were both reliable; deeper pro​cessing and longer presentation times were associ​ated with longer RTs. Finally, there was a significant interaction between processing level and presentation time, F(1,39) = 28.57, p < 0.001, MSe = 336.8. The difference between deep and shallow processing was
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Fig. 3. Experiment 2, reaction time in milliseconds (ms) collapsed over order of presentation at encoding (A) and retrieval (B). Data plotted as a function of two presentation times for two processing levels: shallow (circle) and deep (open diamond; and two incen​tive conditions: test (broken line) and practice (full line).
greater at the 3000ms presentation time. Incentive did not affect encoding RTs.
With respect to the retrieval RTs shown in Fig. 3B, a 4-way ANOVA again revealed a main effect of order, F(1,38) = 8.93, p<0.01, MSe = 156.5. As in the encoding data, Test-Practice subjects re​sponded more rapidly than did Practice-Test subjects (means of 767 and 899 ms respectively) But again the effect of incentive order did not interact with any other factor, so the data shown in Fig. 3B are collapsed over this factor. The ANOVA revealed only a main effect of processing level, in that deeply processed items were associated with faster recogni​tion latencies than were shallow-encoded items, F(I,39) = 29.86, p < 0.001, MSe = 301.9. No other main effect or interaction was reliable.
Recognition memory scores (d' values) are shown in Fig. 4A. The figure shows that the deeper encod​ing trials (Pleasantness questions) were associated

with higher levels of recognition, and also that recognition levels increased with increased presenta​tion time. Test trials were associated with somewhat higher d' scores than Practice trials at the shorter presentation time. These d' values were analyzed by a &way ANOVA which showed that d' was not affected by Incentive order, F < 1.0. The main ef​fects of processing level, F(1,39) = 165.9, p< 0.001, MSe = 1.1, and of presentation time, F(1,39) = 65.2, p < 0.001, MSe = 0.7, were reliable. Incen​tive was found to interact with presentation time, F(1,39) = 8.16, p < 0.01, MSe = 0.4. The Incentive factor thus led to enhanced recognition performance, although only at the 750 ms presentation time. Pre​sentation time also interacted with processing level, F(1,39) = 13.97, p < 0.01, MSe = 0.7. Fig. 4 shows that the effect of processing level is greater at the longer presentation time.
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Fig. 4. Experiment 2, (A) recognition d' and, (B) Weighted Workload values. Plotted as a function of two presentation times for two processing levels: shallow (circle) and deep (open dia​mond); and two incentive conditions: test (broken line) and prac​tice (full line).


3.2.2. Self-report workload measure
Mean weighted workload values are shown in Fig. 4B. The shorter presentation time conditions were perceived as being more difficult, and the deeper processing condition was also rated as being somewhat more difficult than the shallow condition, at least in the 750 ms presentation time condition. A 4-way ANOVA found no effect of Incentive order or of Incentive. The effect of presentation time was reliable, F(1,39) = 48.44, p< 0.001, MSe = 50.5, as was the effect of processing level, F(1,39) = 4.50, p<0.05, MSe = 221.1. In addition, there was a reliable interaction between these two variables, F(1,39) = 5.90, p < 0.05, MSe = 100.2. Tukey's test (p < 0.02) demonstrated that the interactive effect is due to the deeply encoded items having induced significantly greater workload values at 750 ms, with this difference disappearing at 3000 ms.
3.2.3. Cardiovascular measures
Systolic and diastolic BP changes from baseline are shown in Table 3. Systolic BP increased signifi​cantly from baseline under all task conditions, p < 0.05). The measure also demonstrated an effect of the Incentive factor, F(1,39) =12.1, p < 0.01, MSe = 60.2, and a significant interaction between Incen​tive and Phase, F(1,39) = 5.12, p < 0.05, MSe = 125.1. While Test items were associated with higher systolic values than Practice items in general (means of 22.0 mmHg and 20.6 mmHg, respectively), the difference between Test and Practice was greater during encoding (means of 23.7 mmHg and 21.1 mmHg respectively) than during recognition (means of 20.3 mmHg and 20.1 mmHg, respectively). All tasks increased both systolic and diastolic BP above baseline values, and these increases were especially marked during Test trials during the encoding phase.HR variability decreased significantly from baseline for all task conditions (p < 0.05); the data are shown in Table 4 and Figs. 5 and 6. An ANOVA revealed only one reliable effect—an interaction be​tween processing level and phase, F(1,39) = 4.79, p < 0.05, MSe = 4.3. Tukey's test demonstrated that the effect was due to greater suppression of HR variability for deeply encoded items relative to shal-lowly encoded items during the retrieval phase (p < .05). The mean values for shallow and deep items
during retrieval were — 1.8 and — 2.5 BPM respec​tively, whereas the corresponding means at encoding were —2.2 and -2.1 BPM respectively. As in Ex​periment 1, the more deeply encoded items were associated with a greater decrease in HR variability than were shallow items during recognition.
Table 5 shows the mean changes from baseline for both HR and TWA. HR values increased signifi​cantly from baseline under all task conditions (p < 0.05). An ANOVA on these data demonstrated no significant 

Table 3

Mean change from baseline for systolic and diastolic blood pressure variables at two phases of experiment 2 for two levels of incentive

	
	Presentation time (ms)


	
	750
	3000

	Experimental condition
	Systolic blood pressure (mmHg)

	Encoding
	
	

	   Practice
	
	

	      Case

      Pleasantness
	 27.0 (2.0) 

 20.2 (2.6)
	18.6 (1.6)

18.4 (2.3)

	   Test
	
	

	      Case

      Pleasantness
	 25.8 (2.3)

 23.9 (2.0)
	 22.2 (2.4)

 22.8 (2.4)

	   Retrieval
	
	

	      Case

      Pleasantness
	 21.3 (2.2)

 18.8 (2.2)
	 19.9 (1.9) 

 20.4 (2.3)

	   Test
	
	

	      Case

      Pleasantness
	 20.5 (2.1) 

 20.7 (2.5)

	 20.4 (2.1)

 19.4 (1.8)


	

	Encoding
	
	

	   Practice
	
	

	     Case

     Pleasantness
	10.9 (1.4)

11.0 (2.0)
	 10.1 (1.2)

 9.3 (1.5)

	   Test
	
	

	     Case

     Pleasantness
	13.1 (1.7) 

11.2 (I.4)
	 10.2 (1.6) 

 11.7 (1.8)

	   Retrieval
	
	

	     Case

     Pleasantness
	 9.5 (1.2)

 9.9 (1.6)
	  9.1 (1.3)

  8.9 (1.7)

	   Test
	
	

	     Case

     Pleasantness
	11.2 (1.9)

9.5 (1.5)
	  9.5 (1.4)

  9.4 (1.2)


Standard errors are in parentheses.

Table 4

Mean change from baseline for heart rate variability at two phases of experiment 2 for two incentive levels

	
	Presentation time (ms)

	
	750
	3000

	Experimental Condition
	Heart rate variability (BPM)

	Encoding
	
	

	   Practice
	
	

	      Case
	-2.5 (0.5
	-2.4 (0.5)

	      Pleasantness
	1.9 (0.6)
	-2.2 (0.5)

	   Test
	
	

	      Case
	-2.0 (0.5)
	-2.0 (0.5)

	      Pleasantness
	-2.5 (0.5)
	-1.9 (0.6)

	Retrieval
	
	

	   Practice
	
	

	      Case
	-1.8 (0.6)
	-2.0 (0.5)

	      Pleasantness
	-2.4 (0.5)
	-2.5 (0.5)

	   Test
	
	

	      Case
	-1.8 (0.6)
	-1.7 (0.6)

	      Pleasantness
	-2.5 (0.5)
	-2.5 (.04)


Standard errors are in parentheses.
among incentive, presentation time, and phase was of marginal significance, F(1,39) = 3.89, p < 0.06, MSe = 11.0. This effect was caused by Test items combined with a short presentation time at encoding leading to a greater change in HR than all other conditions. TWA was also suppressed significantly relative to baseline for all task conditions (p < 0.05). An ANOVA on the data revealed only one reliable effect, the 3-way interaction among incentive, pre​sentation time, and phase, F(1,30) = 6.60, p < 0.05, MSe = 48.8. As shown in Fig. 5C and 5D this effect is attributable to greater TWA suppression for Test compared to Practice trials at the short presentation time during encoding; that is, the same combination of conditions that affected HR. No differences were found during recognition. In order to demonstrate the similarity between HR acceleration and TWA sup​pression in this experiment, Fig. 5 plots the variables in a similar way — TWA is plotted with negative values increasing upwards.
3.3. Discussion
In contrast to the results of Experiment 1, the present experiment yielded consistent and general-
-ized cardiovascular responding to the task demands. Specifically, relative to baseline levels, the task pro​duced HR acceleration, TWA attenuation, BP in​crease, and HR variability suppression. In this re​gard, the incentive instructions were successful in inducing cardiovascular responding. In addition, the various cardiovascular responses were differentially sensitive to the cognitive factors that were manipu​lated, thereby demonstrating the utility of psychophysiological measures in the study and differen​tiation of corresponding psychological processes (Furedy, 1983). To take the incentive manipulation as an example, TWA attenuation and HR accelera​tion were significantly increased for test relative to practice trials when combined with high workload
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Fig. 6. Heart rate variability in beats per minute (BPM) change from baseline at retrieval. Two processing levels are plotted as a function of two presentation times, Deep (open diamond) and shallow (circle) are shown for two incentive conditions: Test (broken line) and Practice (full line).
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Fig. 5. Experiment 2, (A) heart rate at encoding, (B) heart rate at retrieval in beats per minute (BPM) change from baseline. (C) T-Wave amplitude at encoding, (D) T-wave amplitude at retrieval in microvolts ((V) change from baseline. Plots (C) and (D) have increased negative values upward. Data plotted as a function of two presentation times at two incentive conditions: test (triangle broken line) and practice (circle full line).
Table 5

Mean change from baseline for heart rate and T-wave amplitude at two phases of experiment 2 for two incentive levels

	
	Presentation time (ms)

	
	750
	3000

	Experimental condition
	Heart rate (BPM)

	Encoding
	
	

	Practice
	
	

	Case
	6.3 (1.5)
	5.3 (0.8)

	Pleasantness
	5.2 (1.2)
	6.0 (1.5)

	Test
	
	

	Case
	7.2 (1.7)
	6.2 (1.1)

	Pleasantness
	7.9 (1.5)
	5.8 (1.2)

	Retrieval
	
	

	Practice
	
	

	Case
	5.4 (1.3)
	4.7 (1.1)

	Pleasantness
	5.5 (1.3)
	5.9 (1.3)

	Test
	
	

	Case
	4.6 (1.1)
	5.4 (l.1)

	Pleasantness
	5.5 (1.2)
	5.9 (1.1)

	
	T-Wave amplitude ((V)

	Encoding
	
	

	Practice
	
	

	Case
	-38.2 (6.6)
	-40.6 (5.5)

	Pleasantness
	-33.1 (5.7)
	-47.7 (7.8)

	Test
	
	

	Case
	-56.3(10.2)
	-41.9 (7.5)

	Pleasantness
	-48.5 (8.2)
	-42.5 (4.9)

	Retrieval
	
	

	Practice
	
	

	Case
	-40.0 (6.2)
	-40.4(5.1)

	Pleasantness
	-40.8 (5.6)
	-44.1 (6.8)

	Test
	
	

	Case
	-36.3 (5.7)
	-43.1 (7.5)

	Pleasantness
	-42.1 (5.4)
	-41.5 (5.0)


Standard errors are in parentheses.
during encoding. This increased sympathetic activity was associated with increased recognition levels as indexed by d'. However, the incentive manipulation did not affect the other performance and self-report measures.
Generally, memory performance (RT and d') and the self-report results obtained in Experiment 2, replicated the results of Experiment 1. The General Discussion section comments in greater detail on the performance, self-report and cardiovascular results which emerged in Experiment 2.


4. General discussion
The goal of the two experiments was to explore and document the relations among memory perfor​mance, mental workload, and cardiovascular re​sponding in the context of variables which influence recognition memory. Two of these variables, pro​cessing level and presentation time, involved differ​ences in task demands, and the third variable, incen​tive, involved changes in the subject's involvement. The novel aspect of the studies was the attempt to investigate the potential effects of all factors through the application of performance, self-report and cardiovascular measures. All three variables did in fact influence memory performance to various de​grees. However, whereas processing level, presenta​tion time, and incentive all affected memory, each variable exhibited a different pattern of effects within the various measures. This finding leads to the con​clusion that there is no single 'common path' to memory enhancement, but rather that different vari​ables affect memory in different ways.
Perhaps the one most important finding which emerged from the two experiments concerns the fact that HR variability was suppressed to a greater ex​tent during the recognition of deeply processed items. This recognition condition is also associated with shorter recognition RTs. This result is in agreement with Porges (1972) who found that HR variability reduction was associated with faster response times during information processing. HR variability sup​pression has been demonstrated through blockade and other types of studies (e.g. Cacioppo et al., 1994; Porges and Byrne, 1992) to be predominantly associ​ated with a decrease in parasympathetically mediated vagal tone. Although HR variability was measured using standard deviation, the measure was at least as sensitive as the other cardiovascular measures recorded in the present studies. The HR variability measure produced a unique pattern of results repli​cated across two experiments. Arguably, the use of mean successive differences as suggested by Hesle-grave et al. (1979) or respiratory sinus arrhythmia might have produced results with lower variability but with the same specific sensitivity. The fact that HR variability suppression is almost exclusively parasympathetically mediated may render it more sensitive to information processing differences than
other cardiovascular measures (e.g., TWA and BP) which are predominantly associated with sympa​thetic activity.
Turning to the other effects, processing level had large effects on RT at encoding and subsequently on recognition d'. The deeper level encoding questions were associated with longer encoding times and higher d' values than were the other two question types. These results are well established (Craik and Tulving, 1975). The present experiments also demonstrated a strong relation between processing level and recognition latency, in that deeper encod​ing questions were associated with faster recognition. This result has not been reported before to our knowledge. Processing level also had a small but consistent effect on the self-report measure. Work​load scores were higher for deeper questions. Fi​nally, the deeper questions were associated with greater suppression of HR variability at retrieval in both experiments. Whereas it might be concluded that deeper processing is felt to be more 'effortful' than shallow processing judging by the workload responses and the longer encoding RTs, this conclu​sion is not supported by the BP, HR, and TWA measures, which show no effect of processing level. We return later to the relations between processing level and reported effort.
The effects of presentation time were similar to those of processing level in that longer presentation times (like deeper processing levels) were associated with longer encoding RTs and also with higher levels of recognition memory. The variables differ, however, in that presentation time had no effects on either recognition latency or on HR variability dur​ing recognition. Most importantly, whereas deeper processing was judged by subjects to be more diffi​cult than shallow processing in the self-report mea​sures, longer presentation times were reported as being less demanding. Presentation time and process​ing level have therefore clearly separable effects. Deeper processing resembles longer presentation times in terms of encoding RTs and their effects on recognition performance, but deeper processing re​sembles shorter presentation times in terms of re​ported difficulty. Additionally, each variable is asso​ciated with further specific effects as noted earlier.
Within Experiment 2, the incentive variable had relatively small effects on memory performance, al-


though an interesting convergence of patterns was found among HR acceleration and TWA suppression during encoding, and recognition d'. Test (i.e. incen​tive) trials at the short presentation time showed a significantly greater HR increase and TWA suppres​sion from baseline during the encoding phase, and this condition was associated with an increase in recognition d' for Test over Practice trials. Since Test trials were also associated with a greater rise in BP during encoding, it may be argued that the incentive variable was associated with an increase in sympathetically mediated ANS arousal. However, the effect of incentive on memory appears to differ from both that of processing level and presentation time in that incentive had no effects on encoding or retrieval RTs, and no effect on HR variability.
Just as the task and operator variables were asso​ciated with different patterns of responses, so too the dependent measures were sensitive to different task demands and subjective states. The cardiovascular indices of BP, HR, and TWA were most clearly sensitive to the manipulation of incentive, either directly as with the systolic and diastolic BP mea​sures, or in interaction with presentation time, as with HR and TWA. These effects occurred predomi​nantly during encoding. Additionally, systolic BP increased with a decrease in presentation time during encoding in Experiment 1. Interestingly, the self-re​ports were sensitive to processing level and presenta​tion time but not to the incentive manipulation in Experiment 2, whereas the cardiovascular measures showed the opposite pattern. The self-reports may reflect perceived difficulty in a somewhat rational or cognitive sense, while the cardiovascular indices may reflect a more emotionally experienced form of task demand. It seems that the beneficial effect of pro​cessing level on memory is not mediated by sympa​thetic autonomic changes.
The results also shed some light on the relations among processing level at encoding, perceived men​tal workload, and subsequent memory performance. Perceived workload may be broken down into two contrasting cases; one in which the difficulty reflects incentives and is self-initiated and the other in which the difficulty reflects externally imposed limits on performance (e.g. short presentation times). The first case is best illustrated by the combination of Test trials and 750 ms presentation time during encoding
in Experiment 2. This combination was associated with an enhancement of memory performance (d' for Test higher than for Practice) and with changes in HR and TWA. It was also associated with a non​significant increase in reported workload. The sec​ond case is illustrated by the increased workload associated with the short presentation time. This condition was rated high on the workload scale, and led to relatively low levels of recognition. With regard to cardiovascular measures, shorter presenta​tion times were associated with a rise in systolic BP values and an absence of HR variability suppression in Experiment 1. In the first case it seems that cardiovascular changes may signal increased effi​ciency of processing and thus enhanced memory, but the second case appears to reflect externally imposed difficulty which is antagonistic to efficient process​ing and to improved memory performance.
The high levels of memory associated with deeper processing appear to reflect neither case. Rather, the effect of processing level may allow the cognitive system to capitalize on previously learned meaning​ful material (Craik and Lockhart, 1972; Lockhart and Craik, 1990) and is probably independent of diffi​culty and physiological changes, although it is re​flected with a specific physiological change indexed by HR variability.
Do the results support the hypothesis that retrieval recapitulates encoding processes, as proposed by Craik (1983)? It may be that the representations laid down at encoding and re-activated at retrieval are similar; in fact a considerable degree of similarity is presumably necessary, given that initial and remem​bered experiences reflect the same external events. However, the present evidence suggests that there are marked differences in both the cognitive and the psychophysiological processes involved in the estab​lishment and re-activation of these representations. First, deep encoding took longest to perform, but these items were most rapidly recognized. Second, HR variability was suppressed by deeply encoded items during recognition, but there was no corre​sponding effect at encoding. Thirdly, encoding was associated with BP, HR, and TWA changes whereas recognition was associated with changes in HR vari​ability. Thus no simple parallel appears to hold between the two sets of processing operations. Con​sequently, it seems clear that encoding and retrieval

operations involve qualitatively different types of processing.
Finally, what about an independent index of depth processing? The present experiments revealed two effects that were consistently associated with deeper levels of encoding and higher recognition levels — faster recognition latencies and a greater suppression of HR variability. It is important to note that longer encoding times, which were also associated with higher levels of recognition, showed neither of the latter effects. However, it may be premature to her​ald these measures as being specific to deeper levels of processing in the sense of Craik and Lockhart (1972); that is, of indicating greater amounts of semantic involvement. While the present results are encouraging, further experiments are required, con​trasting various methods of obtaining the same level of memory performance (high d' and low RT), be​fore a definitive statement can be made. Still the present findings are sufficient to suggest that the use of autonomically mediated psychophysiological mea​sures, in conjunction with performance and self-re​port measures, will get us closer to establishing independent indices of mental workload and depth of processing within the context of human memory performance.
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