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Process Dissociations in 

Cognitive Aging 
R. Kliegl, U. Mayr, and R.T. Krampe 

One undisputed finding of cognitive aging research is that the two main 
clusters of intellectual abilities, fluid and crystallized abilities, exhibit dif
ferential age-related trends. Healthy older adults perform less well than 
young adults on almost any task that requires fast responses or taps the 
fluid or mechanical aspects of intell igence; they show much less of a 
decline, if any at all, in tasks requiring the access of their crystallized 
knowledge (Baltes, 1987; Horn, 1970). These age-differential trends are 
the prototype of what we will refer to as a process dissociation. W e will 
show how process dissociations can be established within the domain of 
fluid intel l igence that pass m o r e stringent tests than is customary in 
experimental research on cognitive aging. 

T A S K S P E C I F I C I T Y A N D G E N E R A L S L O W I N G 

Is the age-related difference between fluid and crystallized intelligence 
the only process dissociation in cognitive aging? From an experimental 
perspective the answer to this question is undoubtedly "no . " A scanning 
of journals devoted to the study of aging will reveal an abundance of 
task-specific or process-specific age differences, for example, related to 
findings such as age differences in the distinctiveness of encoding or in 
retrieval strategies in memory tasks; Salthouse (1991) provides extensive 
tables of such explanations culled f rom the Journal of Gerontology and 
Psychology and Aging. A problem with interpreting these findings as evi
dence for process dissociation is that they usually derive from significant 
ordinal interactions in experimental designs; they often seem to reflect 
the fact that the a g e d i f f e rence increases wi th the di f f icul ty of the 
experimental condition. It is well known that such interactions make 
strong assumptions about the scale of the dependent variable and can 
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b e r e n d e r e d ins igni f icant b y a su i tab le t r a n s f o r m a t i o n of t h e sca le 
(Loftus, 1978). This problem would have left experimental ly oriented 
researchers in cognitive aging undisturbed had it not been for people 
such as Cerella (1985, 1990) and Salthouse (1985) w h o — p u t s i m p l y -
pointed out that if we look at performance ratios of old and young adults 
rather than performance differences there is very little variance attribut
able to process-specific effects. In particular, for tasks using response 
latency as the dependent variable most of the age differences attributed 
to process-speci f ic deficits can b e expla ined b y assuming that o lder 
adults process information at a slower rate than young adults. From this 
perspective, then, the argument is that within the domain of fluid intelli
gence (to which most speeded tasks belong) there is little evidence for 
process dissociation if we compare young and old adults with respect to 
proportional instead of difference scores. 

The research we have been carrying out tried to establish process dis
sociations of cognitive functioning within the domain of fluid intelli
gence taking into account the conservat ive cr i ter ion of proport ional 
rather than absolute age differences. In other words , we subscribed to a 
new null hypothesis: W e only interpret an age difference as process-spe
cific if the old-young performance ratio is larger relative to a control con
dition. First w e looked for evidence for process dissociation within the 
memory domain. W e used cognitive intervention to demonstrate that 
there is plasticity and learning potential in old adults ' episodic memory 
for word lists. A t the same t ime we h o p e d to elicit larger and m o r e 
robust age-effects than is typical in the field of aging because we expect
ed that training would bring participants closer to their limits of perfor
mance and that age-differential l imits in bas ic cognit ive funct ioning 
would be most pronounced when participants are induced to mobilize as 
many as possible of the cognitive resources they still have available (e. g., 
Kliegl, Smith, & Baltes, 1989; Baltes & Kliegl , 1992). The performance 
ra t ios of these t ra in ing s tudies w e r e b a s e d on a c c u r a c y m e a s u r e s . 
Therefore , they were not direct ly comparab le to meta-analyt ic s u m 
maries based on response latency tasks which suggested a task-invariant 
slowing ratio. Our training program, however , contained information 
that could be used for a more adequate comparison. In order to provide 
old adults with as good a learning environment as possible, practice ses
sions were tailored to each individual's ability. This way, we hoped to 
avoid boredom due to lack of challenge, as well as frustration due to con
ditions beyond the reach of the current ability. One method w e used to 
this end was to vary presentation t ime such that all participants were 
about equal in performance (see Figure 15.1, from Kliegl & Lindenberger, 
1993). For example, w e decided on a performance criterion of 15 out of 
30 words. If, in a given list, a participant met this criterion, the presenta-
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FIGURE 15.1 Illustration of criterion-referenced testing across four lists of an 
experimental session. Age differences are reflected in the presentation times 
needed to maintain a 50% level of correct recall (from Kliegl & Lindenberger, 
1993). 

tion time was shortened in the following list. If he or she did not meet 
the criterion, more presentation time was available for the next list. On 
average, old adults were allotted more presentation time per word than 
young adults but there was very little difference between age groups in 
the number of words recalled. 

Figure 15.1 suggests that old adults can have as accurate a memory as 
young adults if they are given more time to generate the memory traces. 
This result raises an interesting question of compensation. C a n older 
adults compensate their decl ine in m e m o r y accuracy b y taking more 
t ime to complete the task? If one thinks of t ime as a resource, an idea 
forcefully argued by Salthouse (1985), the question is: H o w much more 
time do healthy old adults need to achieve the same level of accuracy as 
young? Two times as much, or four times as much time? Does this factor 
depend on the type of task? In earlier meta-analytic summaries of cogni
t ive ag ing research ( integrat ing several h u n d r e d publ i shed studies) 
Cere l la (1990) c a m e u p w i t h a r e m a r k a b l e cons tant s l o w i n g fac tor 
between 1.5 and 1.8 for tasks in which response latency was used as the 
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dependent measure. This factor was determined b y regressing the mean 
response latencies of old adults on those for corresponding experimental 
conditions of young adults (Brinley, 1965). From these analyses Cerella 
concluded that, in general, task- or process-specific explanations are not 
necessary to account for the age di f ferences . Rather the age-re lated 
decline observed for these tasks was compatible with a task-indepen
dent, general decline in information processing speed or cognitive slow
ing. Goodness of fit was improved for curvilinear models allowing the 
age differences to increase for more difficult tasks (e.g., Cerella, 1990; 
Myerson, Hale, Wagstaff, Poon, & Smith, 1990). Note that the authors of 
the original publications on which these meta-analyses were based had 
invariably interpreted the typical ordinal age x condition interactions as 
evidence for task- or process-specific age deficits. 

In our o w n research (Kliegl & Lindenberger , 1993; Kliegl , Mayr , & 
K r a m p e , 1 9 9 4 ; T h o m p s o n & K l i e g l , 1991) w e h a d d e t e r m i n e d t h e 
demand of presentation time for equal accuracy in four memory experi
ments with a total of 10 different conditions (see Figure 15.2). To check 
whether proportional age differences in the time demand for equal accu
racy varied between tasks w e plotted criterion-referenced presentation 
times of old adults against those of young adults of corresponding condi
tions. The regression line represents the t ime demand young and old 
adults need for equal accuracy. For example, the triangle in the lower left 
gives the t ime that was needed b y the age. groups when they had to 
recall 12 of 16 words; the triangle in the upper right gives the values for 
16 out of 16 words in the same experiment; each point in this figure rep
resents the mean time demand of old and of young adults in the same 
exper imental condit ion. The pattern w e observed was quite regular 
although the experiments differed in a number of aspects such as the 
length of the lists (the range was from 16 to 30 words to be recalled), the 
criterion (time demand was determined for values between 5 0 % and 
100% on every other list), and the difficulty of the nouns to be recalled. 
Common to all experiments was that memory traces had been generated 
on the basis of an instructed mnemonic technique. 

The slope of the regression of old on y o u n g adults ' criterion-refer
enced presentation times was 3.8; the associated R 2 was .92. Note that the 
slope of 3.8 suggests that the effect of age on episodic memory is about 
twice as large as one would expect from cognitive aging research using 
tasks that put little demands on memory such as choice reaction and 
visual search tasks. Thus, our cognitive intervention and testmg-the-Iim-
its strategy obviously was successful in revealing a domain of cognitive 
processing that was slowed much more pronouncedly than summaries 
of cognitive-aging research based on response latency tasks had indicat
ed. Nevertheless, within the domain of episodic memory the effects of 
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Criterion-Referenced Presentation Time of Young Adults (s) 

FIGURE 15.2 Meta-analysis of age differences in criterion-referenced presenta
tion times (iso-accuracy young-old function) based on four experiments (Kliegl & 
Lindenberger, 1993; Baltes & Kliegl, 1992, second training phase; Thompson & 
Kliegl, 1991; Kliegl, Mayr, & Krampe, 1994). 

age under a wide variety of experimental manipulations appeared to be 
characterized by the same proportional factor. Finally, we were also able 
to show that individual differences in criterion-referenced presentation 
times are highly predictive of traditional accuracy scores (Kliegl, in press). 

TIME-ACCURACY FUNCTIONS A N D 
ISO-ACCURACY STATE TRACES 

Based on the set of memory results we started to determine presentation 
times required for different levels of accuracy within the same person. 
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The idea was to map out for each individual the function relating presen
tat ion t i m e to p e r f o r m a n c e a c c u r a c y c o v e r i n g the funct ional r a n g e 
between chance and close to perfect performance. This is a bit more com
plicated than standard research because for each person a different seg
ment of presentation times is involved. An adaptive testing procedure 
automatically sampled—for each subject in each condition—presentation 
times from the entire time-sensitive segment of the time-accuracy func
tion without confronting subjects wi th non- informat ive presentat ion 
t imes, that is t imes that are either too long or too short. This yielded 
enough information to estimate the relation between presentation time 
and accuracy for any level of accuracy between chance and perfect per
formance using a negatively accelerated exponential function as a refer
ence (Kliegl, Mayr, & Krampe, 1994; see Figure 15.3a for examples). 

Thinking about time as a resource determining accuracy is somewhat 
different from the way psychologists have been thinking about effects of 
time. In an analysis-of-variance design, presentation time is an indepen
dent variable; tests of effects of age or task focus on (vertical) differences 
in a c c u r a c y . O u r a p p r o a c h , w h i c h o n e m a y c a l l a p s y c h o p h y s i c s 
approach to cognitive processes, in contrast, focuses on the (horizontal) 
differences in presentation time at a given level of accuracy. This is anal
ogous to the determination of perceptual thresholds in psychophysics. 

Time-Accuracy Functions Iso-Accuracy State Traces 

Presentation Time (s) Time Demand of Young Adults (s) 

(a) (b) 

FIGURE 15.3 (a) Illustration of time-accuracy functions for a simple and a com
plex task for groups of young and old adults. Curves are based on the means of 
two parameters (x-intercept, slope) estimated for each person in each condition, 
(b) Iso-accuracy state traces for young and old adults in terms of time demands 
for simple and complex tasks (adjusted for age- and task-specific times of process 
initialization). For details see Kliegl, Mayr, and Krampe (1994). 
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For example, one decreases or increases the amount of energy to find out 
how many quanta of light one needs for a specified probability of seeing 
a stimulus. In this sense, we determine the amount of presentation time 
needed for cognitive rather than perceptual " thresholds." This kind of 
reasoning can be applied to a wide variety of cognitive tasks including 
tasks for which traditionally response latency has been used as the pri
mary dependent variable, such as search and reasoning tasks. 

Once the functions are determined for individual persons, allowing for 
interindividual differences in intercept with the x-axis and in the slope of 
the function, group curves can be derived b y computing the function 
based on the group means of free parameters. In a dissociation experi
ment one needs at least two experimental conditions (a s imple and a 
complex one for which the dissociation is to be demonstrated) and two 
(age) groups yielding a total of four time-accuracy functions. From these 
four time-accuracy functions two iso-accüracy state-traces can b e derived 
by plotting for a given condition the time needed by old adults over the 
time needed by young adults for all accuracies; of course analytical solu
tions are also available. As shown in Figure 15.3b, for exponential time-
accuracy functions, state-traces are linear; the slopes of these iso-accuracy 
curves are equal to the ratios of slopes of corresponding time-accuracy 
functions. Different proport ional slowing factors characterize the two 
conditions if the slopes for the two conditions are significantly different 
from each other, that is, if there is a significant age x condition interaction 
for log-values of the slopes of individual time-accuracy functions (see 
Kliegl et al., 1994). 

T H R E E APPLICATIONS 

Reading and Remembering Words 

W e attempted to establish the pattern of results illustrated in Figure 15.3 
in a series of ongoing experiments. I will describe three results. In a first 
contrast, we asked whether the large age-related proportional slowing in 
memory tasks (see Figure 15.2) was due to the memory component or 
due to using criterion-referenced presentation times rather than response 
latencies (Kliegl et al. , 1994). Therefore, we converted a condition that 
traditionally had been measured with response latency (i. e., scanning a 
short list of words for a target) to the criterion-referenced assessment 
procedure. Moreover, this condition can be construed as a component 
process of traditional list recall. Concretely, list memory tasks have two 
components: First, one has to read word pairs. Then, one has to generate 
a mental image for them. The first component puts little demand on cog
nitive processing (at least as long as the words are simple) but the second 
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component requires fantasy and creativity and the mobil izat ion and 
retrieval of knowledge. The results we obtained followed the pattern dis
played in Figure 15.3. Thus , the different proportional s lowing factor 
was due not to the different method, but most likely reflected additional 
processing demands related to the generation of mental images. 

Low and High Demands on Coordinating Information in Working 
Memory 

In a second contrast w e examined how old and young adults responded 
to an increase in the process ing d e m a n d s of w o r k i n g m e m o r y . W e 
expected that the slowing factor would be much larger when demands 
on working memory are high than when they are low. The two task con
ditions were variants of a figural transformation task (Mayr & Kliegl, 
1 9 9 3 ) . T h e e x p e r i m e n t a l m a n i p u l a t i o n i m p l e m e n t e d a d i s t i n c t i o n 
between sequential and coordinative complexity. Sequential complexity 
denotes the systematic checking of items where each check can be carried 
out independently of previous processing steps such as standard visual 
search for a target. This condition puts very small demands on working 
memory. Coordinative complexity refers to conditions in which there is a 
need to coordinate information in working memory in order to arrive at 
a correct solution. For example, in one condition participants had to dis
count that a figural array had been rotated while they were searching for 
a target. W e suspect that older adults lose information which has to be 
kept " a l i v e " in working m e m o r y (such as a menta l ly rotated spatial 
array) more frequently than young adults. This loss in turn triggers a 
need to repeat processing steps. All of this should translate into a much 
larger demand on presentation time for equal accuracy. The results were 
again compatible with state-trace slopes of about 3 and 2, respectively 
(see F igure 15.3) . T h u s , in the s imple search task old adults n e e d e d 
roughly twice as much time as young adults; when information had to 
be coordinated in working memory, they needed more than three times 
the amount of presentat ion t ime as young adults (Kliegl et al . , 1994; 
Mayr & Kliegl, 1993). 

Proactive Interference: Acquiring N e w vs. Revising Old Knowledge 

In the third contrast, in ongoing research, w e test the hypothesis that
adult age differences in updating of memory are more severe than the
learning of n e w material (Kliegl, Krampe, & Mayr , 1993). The difference
b e t w e e n updat ing (or revis ing) m e m o r y a n d the acquis i t ion of n e w
material is realized by an experimental manipulation of proactive inter
ference (i. e., the negative consequences of earlier on later learning). The
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phenomenon of proactive interference has been known since Müller and 
Pilzecker's (1900) work. It is still an intriguing question in the field of 
aging because it has been very difficult to demonstrate age difference in 
proactive interference although virtually any theoretical account postu
lated that old adults should be more affected by such an experimental 
manipulation. U p to the nineties the typical textbook conclusion was that 
there apparently are no age differences in proactive interference. 

Proactive interference depends on the similarity of the material to be 
remembered. The low proactive interference, easy condit ion was our 
standard memory task. Subjects are presented pairs consisting of a loca
t ion and a n o u n . T h e y m u s t genera te m e n t a l i m a g e s l inking t h e m . 
D u r i n g reca l l , t h e y are asked w h i c h n o u n w e n t wi th this locat ion . 
Critical for this experiment is that in each list a new set of nouns had to 
be memorized. In contrast, in the difficult condition, the high proactive 
interference condition, the same nouns had to be remembered in each list 
but they were always re-assigned to different locations. The task here 
then is one where it is critical to revise information available. Obviously, 
it is more difficult to revise or update one's memory than to acquire new 
information. In terms of t ime-accuracy functions w e expected that the 
curve for the updating or revision condition would lie to the right of the 
new-learning condition. More presentation time should be required to 
achieve an equivalent level of accuracy. Initial results of this study sug
gest that we were able to demonstrate a different, perhaps even a quite 
different type of age difference: For the learning of new words old adults 
were able to reach 100% accuracy—of course, they needed more time for 
each accuracy than young adults. The asymptotic m a x i m u m accuracy, 
however, was much lower under conditions of high proactive interfer
ence. In contrast, young adults were able to achieve maximum accuracy 
in both conditions. These data suggest that age differences in proactive 
interference can not be compensated b y extending presentation t ime. 
This result poses serious problems for " s imple" models of age-related 
slowing which do not allow for this possibility. The mechanisms respon
sible for this apparent lack of compensatory power of presentation time 
are not clear but might be related to the strong age-related decline in the 
integration of contextual information (Kliegl & Lindenberger, 1993). 

S U M M A R Y 

An important task of cognitive aging research is to delineate domains of 
functioning that are differentially affected by age. Ideally these domains 
should have a scope that extends beyond the specific task of a given 
experiment. Meta-analytic studies suggest that ordinal interactions in 
analysis of var iance des igns m a y identi fy too m a n y process-specif ic 
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effects of age because they generally ignore differences in general task 
complexity between experimental conditions. W e proposed an alterna
tive approach for the isolation of proportional factors based on the deter
mination of complete time-accuracy functions. The data suggest that at 
least three levels of process dissociation can be reliably identified in cog
nit ive aging. These are fewer than tradit ional exper imental research 
leads one to expect, but more than extant models of cognitive slowing 
claim. 

Level 1: Fluid vs. Crystallized Abilities (Non-Lexical vs. Lexical 
Processes) 

There is little disagreement that fluid and crystallized abilities follow dis
tinctly different age trends. This dissociation appears in the differential 
as well as in the experimental tradition of cognitive aging research. In 
experimental research small or no age differences are reported for orga
nization and richness of knowledge as well as for the rate and amount of 
spreading activation in semantic networks (for a review see Light, 1991). 
The absence of age-differential slowing with respect to the time course of 
knowledge activation poses obvious problems for general models of cog
nitive slowing but is still subject to controversy (Laver & Burke, 1993; 
Lima, Hale , & Myerson, 1991). A dissociation based on time-accuracy 
functions would be desirable. 

Level 2: Search Processes vs. Working Memory/Episodic Memory 

Within the fluid domain of functioning there is evidence that different 
proportional factors characterize the age differences associated with the 
demand on working memory. If later processing steps require mentally 
represented information of earlier ones, older adults show a deficit that 
cannot b e explained b y extant linear and curvil inear s lowing models 
that were largely derived from age differences in visual search tasks. 
Within these two domains of tasks, however, a wide variety of different 
tasks appear to b e characterized b y the same proport ional factor (see 
Mayr & Kliegl, 1993). A pattern of proportionate age differences statisti
cally identical to the one just described was observed for a task contrast 
b e t w e e n e p i s o d i c m e m o r y a n d s c a n n i n g a s h o r t a r r a y of w o r d s . 
Interestingly, proportional slowing factors were statistically not different 
for figural search and word scanning tasks, neither were the proportion
al slowing factors for figural reasoning and episodic memory. The agree
ment in amount of proportional slowing for the simple tasks was expect
ed, as both are variants of visual search. The fact that coordination in 
working memory and the generation of episodic memory traces led to a 
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similar proportional slowing factor may be due to chance but could also 
point to a common source of memory-related age differences. Corrobo
rative evidence is also provided b y Rabbitt (1993) who reported substan
tial age differences for m e m o r y tasks after statistical control of speed 
tasks. 

Level 3: Revising Memory vs. Acquisition of New Material 

The third level of process dissociation suggests that there are experimen
tal conditions in which heal thy old adults apparently are not able to 
achieve the same level of accuracy even if given as much t ime as they 
want. In these conditions, there were limits to absolute accuracy presen
tat ion t i m e w o u l d b u y . Ex tant m o d e l s of cogni t ive s l o w i n g cannot 
accommodate such results because they assume age invariance with 
respect to accuracy of performance. W e want to point out that there may 
be instructions or other training programs under which this deficit in 
asymptotic accuracy might be overcome. It certainly is an issue that war
rants further research because, if proven reliable, such results could pro
vide powerful constraints for new models to be built. 

The levels of dissociations presented here are a taxonomy of empirical 
observations; they can be thought of as "filters" for domain- rather than 
task-specific effects of cognitive aging. The danger associated with this 
approach is that s o m e rel iable task-specif ic age effects m a y be over
looked. The taxonomy does not rule out the possibility of encompassing 
models of cognitive aging but rather provides a platform for the con
struction of models that specify functional relations between the levels of 
process dissociation. For example, Mayr and Kliegl (1993) show how dif
ferent proportional s lowing factors emerge if one assumes age differ
ences both in basic-level processing speed and susceptibility to losing 
information from working memory. Finally, the delineation of age-differ
entially affected domains of cognitive functioning proposed here easily 
transfers to other person characteristics, in particular to contrasts based 
on known or suspected pathologies. In this context, for select studies, the 
information gained about the processing dynamics generating condition-
specific time-accuracy functions and iso-accuracy state traces may well 
outweigh the larger "costs" (in comparison to traditional measures) in 
terms of assessment time. 
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