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Resource-Reduction Interpretations of Cognitive Aging

TIMOTHY A. SALTHOUSE
School of Psychology, Georgia Institute of Technology, Atlanta, Géorgia 30332

It'is reliably fo;ind in samples of adults of varying ages that increased age is
associated with pdprer performance on many cognitive tasks involving reasoning,
memory, and spatjal abilitics. The assumptions underlying three process-oriented
interpretations (i.¢., inefficient components, less effective strategies, and dimin-
ished processing r'jesources) of this phenomenon are critically examined, and the
logic of the expeﬁlmenlal procedures used to investigate each category of inter-
pretation is revie ;‘ed. The interpretation postulating that an age-related reduction
in some type of general-purpose processing resources contributes to impaired
cognitive performf%mce appears to be the only explanation with sufficient gener-
ality to account for the age differences observed acrosss a variety of cognitive
tasks, and thus itHwarrams serious consideration despite ambiguity currently in-
herent in the resources construct. Three techniques used to investigate the role of
processing resources in cognitive aging are reviewed, together with a discussion
of the limitations of each. Finally, it is suggested that better understanding of the
contribution of plr'locessing resources to age-related individual differences in cog-
nitive functioning|might emerge from (a) a theoretically guided search for relevant
physiological melhanisms with properties presumed to be characteristic of pro-
cessing resources" and (b) the examination of the consequences of limitations of
resource-like par#meters in simple abstract systems. © 1988 Academic Press, Inc.

‘
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One of the fundamental questions in the area of cognitive aging at the
current time is “Why does the effectiveness of certain types of cognitive
functioning declirﬂe with increased age in adulthood?”” This question is

addressed in the present article by considering alternativé classes of ex-
planation for the phenomenon of age-related cognitive decline, evaluating
evidence relevanﬁ to one interpretation of the phenomenon, and then
discussing what a;bpear to be promising directions for future research on
this topic. The organization of the article is as follows: (a) documentation
of age-related effects on selected aspects of cognition reported in cross-
sectional samples of adults; (b) critical review of the logic and assump-
tions underlying a‘L ternative approaches that have been adopted to explain
this phenomenonj’ (c) detailed examination of the rationale behind, and
limitations of, procedures designed to investigate the processing resource
category of explanation, including a brief survey of major results from
these procedures ' and (d) consideration of new ways of conceptualizing
the processing resources construct, and its role as a possible mediator of
age differences in cognitive functioning. |
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I
DOCUMENTIIjIG THE EFFECTS OF AGE ON COGNITION

Despite an overwhelming body of evidence accumulated over a period
of more than 50 yeai‘s, there is still some controversy about whether
increased age in adulthood is associated with poorer performance on
measures of cogmtlve functioning. However, much of this controversy
seems attributable to a failure to distinguish between differént types of
cognitive abilities, and to a premature acceptance of the hypothesis that
age trends are fund mentally different when examined longitudinally
rather than cross- sectlonally Space limitations preclude ap extensive re-
view of the relevant literature in this context, but the issues are briefly
discussed to justify 1 restricting the scope of the current efforts to what
might be considered a rather narrow aspect of adult cognitive functioning.
That is, unlike most previous review or theoretical articles in which a
broad variety of to; ics concerned with adult cognition have been ad-
dressed, the focus in the current article is restricted to examination of
possible explanatlom for age-related differences in fluid- ablllty measures
of cognitive functlon\mg

From the time of the earliest s systematic investigations of the effects of
aging on cognitive fu 1ct10nmg it has been reported that different measures
of cognition exhibit varymg degrees of sensitivity to increased age (e.g.,
Beeson, 1920; Foster & Taylor, 1920; Jones & Conrad, 1933; Miles, 1933;
Sorenson, 1938; We senburg, Roe, & McBride, 1936; Willoughby, 1927).
Research of this type has led to a distinction between fluid |and crystal-
lized abilities (cf. Cdttell, 1963, 1971; Horn, 1970, 1982; Horn & Cattell,
1967; Horn & Dona dson, 1976, 1980; also see Hebb’s (1942 1949) very
similar distinction l:ctween Type A and Type B intelligence), with the
former presumed td decline substantially with increased age, and the
latter to decline much less, or perhaps even to improve, actoss many of
the adult years. Fluid abilities include processes of memor)‘/, reasoning,
and spatial cognition—all of which are presumed to be relatively inde-
pendent of specific cultural experlences In contrast, crystalhzed abilities
are postulated to reflect one’s experiential history, and are assessed by
tests of vocabulary, general information, and nearly all types of acquired
knowledge. ‘

Although a comprehensive appraisal of the cognitive capacmes of older
adults must obviously include an account of both fluid and crystallized
aspects of cognitloli, studies of crystallized abilities may be of limited
value for theoretical purposes because performance on such tests can be
considered to repre: sent a confounding of age and cxpenehce That is,
because the level of crystallized abilities is presumed to be at least par-
tially dependent upon the individual’s experiences with his or her culture,
assessing cognitive functioning with measures of crystalhzeh ability may
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result in older adults having an unfair advantage over young adults be-
cause of their many more years of exposure opportunity to new or addi-
tional experiences.

The boundaries between fluid and crystallized cognitive abilities are not
precise, and consequently it is sometimes difficult to determine whether
a specific ability should be classified as fluid or crystallized. Neverthe-
less, the possibility that some aspects of cognitive functioning primarily
reflect the cumulative products of prior processing and past interactions
with one’s environment, while other aspects are more representative of
the efficiency of current processing, suggests that some distinction of this
type should be made. Moreover, the fact that age and total experience are
likely to be positively correlated with one another dictates that research-
ers should be very cautious in attempting to interpret results involving
measures of crystallized ability as truly indicative of the effects of in-
creased age on cognitive functioning. For this reason, the focus in the
current article will be on age effects in fluid cognitive abilities, with con-
sideration of age effects on crystallized abilities deferred until better un-
derstanding is reached of both the (primarily negative?) effects associated
with increased age and the (primarily positive?) effects associated with
increased experience.

Concerns about the possibility of design-specific aging effects origina-
ted from early reports of longitudinal studies revealing much smaller in-
fluences of aging on cognitive functioning than those typically reported in
cross-sectional' studies. However, later examination of this literature
(.., Botwinick, 1977; Horn & Donaldson, 1976, 1980; Salthouse, 1982)
indicated that the two types of studies were not comparable with respect
to the types of abilities assessed (i.e., the early longitudinal studies often
included only crystallized measures of cognition) or to the range of ages
studied (i.e., several of the early longitudinal studies examined age effects
only to the middle 40s).

More recent longitudinal studies have overcome several of these limi-
tations, but they are still not fully comparable with cross-sectional studies
in several respects. For example, even the most extensive of the recent
longitudinal studies investigating cognitive processes span ranges of from
only 16 to 21 years (c.g., Arenberg, 1982, 1983; Schaie, 1983), compared
to the 40- or 50-year span typically investigated in cross-sectional studies.
The range of abilities assessed in longitudinal studies is also quite limited
relative to that found in cross-sectional studies. To ilustrate, although an
enormous variety of cognitive tasks have been investigated in cross-
sectional studies, the primary assessment instruments in the Seattle Lon-
gitudinal Study (e.g., Schaie, 1983) are highly speeded psychometric in-
telligence tests originally developed in 1948 for the assessment of children
and adolescents ranging from 11 to 17 years of age.
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When these procedhral differences are taken into account, several re-

viewers (e.g., Botw

inick, 1977; Horn & Donaldson, 1976, 1980; Salt-

house, 1982) have coﬁcluded that the basic results from longitudinal and
cross-sectional studies do not differ markedly and what differences do
exist seem more quantitative rather than qualitative in nature. Moreover,

even the quantitative
berg (1982, 1983) has;
and longitudinal analy
learning, and memor
results from cross-se
versial (e.g., Baltes &
systematic and substa
gitudinal trends may
planation. At the pre
about the robustness
immediate need to e

differences are sometimes quite negligible as Aren-
reported very similar age trends in cross-sectional
ses of measures of paired-associate learning, serial
s for designs. The question of the comparability of
.tional and longitudinal studies is still quite contro-
. Schaie, 1974; Schaie, 1974), and it is possible that
ntial discrepancies between cross-sectional and lon-
be convincingly demonstrated that will require ex-
ent time, however, there appear to be some doubts
and size of purported discrepancies, and there is an
xplain the very extensive and consistent body of

cross-sectional results indicating that increased age is associated with

progressive declines
tioning.

One of the simplest

in the efficiency of several types of cognitive func-
I
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ways of illustrating the effects of aging ()n cognitive

functioning is to disi)lay plots, for a variety of cognitive tasks, of the
percentage of the maximum score across all age groups achieved by in-

dividuals of different
the normative data fi
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(Wechsler, 1981) and the Schaie-Thurstone Adult Mental Abilities Test,
STAMAT, (Schaie, 1985). Expressing age trends in terms of the percent-
age of the maximum score is rather crude, but the results illustrated in
Fig. 1leave little doubt that increased age is often associated with poorer
performance on certain commonly used tests of cognitive functioning.

Another means of summarizing the effects of age on cognitive func-
tioning is to report the correlations between age and performance on
cognitive tasks in samples of adults ranging from about 20 to 80 years of
age. A total of 54 such correlations from studies involving:tasks of mem-
ory, reasoning, and spatial ability were abstracted from the published
literature and tabulated in Salthouse (1985, Tables 11.1, 12.1, and 13.1),
The distribution of these correlations, which had an overall median of
—.36, is illustrated in Fig, 2.

Correlations are not as meaningful in extreme-group designs involving
only young and old samples, however, and thus another means of sum-
marizing aging effects is to report the performance of the older sample in
standard deviation units of the performance of the younger sample. One
hundred-eleven values of this type from studies of mMemory, reasoning,
and spatial ability were abstracted from the published literature by Salt-
house (1985, Tables 11.1, 12.1, and 13.1). A histogram portraying the
frequency distribution of these values is illustrated in Fig. 3. The median
standard deviation value was — 1.36, indicating that the performance of
the average older adult (typically between 60 and 80 years old) was at
about the ninth percentile of the distribution of performance of young
adults (typically between 18 and 30 years old).

These three types of analyses, based on data representative of the
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FiG. 2. Frequency distribution of correlations between age and measures of cognitive
performance from studies of memory, reasoning, and spatial ability.
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FiG. 3. Frequency distribution of performance of older adults in standard deviations of
the performance of yourtig adults from studies of memory, reasoning, and spatial ability.

findings of literally hundreds of studies in the research literature, clearly
indicate that increased age is frequently associated with poorer perfor-
mance in fluid-ability tests of cognitive functioning. The major challenge
in light of these data is how are the results to be explained? That is, what
is responsible for tiie effects of aging on fluid aspects of cognitive func-
tioning? { i

CATEGORIES OF EXPLANATION FOR AGE DlFFERiENCES
i

F IN COGNITION

i \
Because the inf()lrmation-processing framework has dominated cogni-

tive psychology for the last 20 years, most researchers in c6gnitive aging

have relied upon %;;his perspective in seeking explanations for the age
_ differences observed in measures of cognitive functioning. Although con-
cern with sources of individual differences has not been a major focus of

. . | . . . |
the information-processing perspective, several theorists have postulated

that individual différences in cognitive functioning might be attributable

to variations in the efficiency of different types of proce‘ssing. Before

examining the application of these process-oriented catego}ries of expla-
nation to the pheno; ena of age-related differences in cognition, however,
[to consider the possibility that many c&gnitive aging
phenomena are ca jsed by fundamental alterations in the structure of the
information-processing system. |

|
Very few techniques are apparently available that can ;‘trovide direct
\
|
|

|
|
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evidence for the role of structural differences in cognition, and conse-
quently this type of explanation is likely to be invoked only after a re-
searcher has concluded that alternative process-based interpretations are
not sufficient to account for the observed phenomena. Although that
stage might eventually be reached in the area of cognitive aging, a number
of findings suggest that age differences in at least the processing of verbal
information are probably not attributable to qualitative differences in the
relevant cognitive structures. For example, young and old adults have
been found to exhibit similar patterns of word associations (e.g., Burke &
Peters, 1986; Howard, 1980; Lovelace & Cooley, 1982; Scialfa & Mar-
golis, 1986), qualitatively similar priming effects in word recognition (e.g.,
Bowles & Poon, 1985; Burke, White, & Diaz, 1987; Burke & Yee, 1984;
Cerella & Fozard, 1984; Chiarello, Church, & Hoyer, 1985; Howard,
1983; Howard, Lasaga, & McAndrews, 1980; Howard, McAndrews, &
Lasaga, 1981; Howard, Shaw, & Heisey, 1986; Madden, 1986a), and com-
parable patterns of reaction time differences across variations in probe
type (e.g., Mueller, Kausler, & Faherty, 1980; Petros, Zehr, & Chabot,
1983), word frequency (e.g., Bowles & Poon, 1981; Poon & Fozard, 1980;
Thomas, Fozard & Waugh, 1977), or category typicality (e.g., Byrd, 1984;
Eysenck, 1975;'Mueller, Kausler, Faherty, & Olivieri, 1980).

Results of this type seem to indicate that adults of different ages have
similar semantic memory structures, and that age differences in the per-
formance of fliid-like tasks involving verbal material are not attributable
to fundamentally different cognitive organizations of the relevant infor-
mation. Evidence from tasks with other types of material is not yet as
extensive, but there seems to be little indication that the basic structure of
the information processing system is substantially altered with increased
age, at least among relatively healthy individuals between about 20 to 70
years of age. ‘

The various types of process limitations have received different labels
and have been defined in somewhat different ways by different research-
ers (e.g., Butterfield, 1981; Calfee & Hedges, 1980; Carroll & Maxwell,
1979; Chi & Glaser, 1980; Hunt, 1978, 1983; Keating & Bobbitt, 1978;
Salthouse, 1985; Simon, 1976; Snow, 1979, 1981; Sternberg, 1977, 1978,
1980). However, most of the taxonomic systems include categories con-
cerned with differences in the efficiency or effectiveness of individual
components, differences in the strategy or sequence of components, and
differences in the quantity of some form of resources presumed necessary
for many types of information processing.

The remainder of this section consists of a discussion of the logic and
assumptions underlying the application (actual or potential) of each of
these explanatory categories to account for age-related differences in cog-
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nition. No attempt 1s made to conduct an exhaustive rev1ew or evaluation
of the empirical ev1dence relevant to these categories of explanation, but
instead the focus is ton the rationale behind the techniques that have been
(or could be) used to investigate these different categories of explanation
for the effects of agmg on cognition. Moreover, because the wide usage of
these techniques suggests that their advantages are well recogmzed the
discussion will emphasize weaknesses or limitations of the procedures
that might restrict thelr usefulness in research on age-related individual
differences. ?i

Companent effic ‘ency. A category that has received cor‘mderable at-
tention in recent research in cognitive aging is that in which age differ-
ences arc hypothesized to originate because of limitations in either the
efficiency or the effectiveness of one or more specific hypothesized pro-
cessing component< For example, a researcher might postulate that suc-
cessful performanc[ on a particular task requires several distinct process-
ing operations or ca mponents. By devising procedures to obtain indepen-
dent assessments jof each component, and then adminiStering those
procedures to adults of different ages, it has been assumed that one could
determine which of the presurned components is primarily responmble for
the observed age d=ﬁ01ts in cognitive functlonmg

The popularity of this componential approach is not surphsmg because
it seems to provide a means of specifying the precise nature of the age-
related impairments, and consequently of ‘‘localizing the losS to certain
critical components of processing. Even granting that locahzatlon may be
a very limited form of explanation (cf. Salthouse, 1985, pp. 29-33), it is
indisputable that, when successful, this approach providesia much more
refined description| of the nature of the age-related performance differ-
ences on a given cognitive task than that available from typical assess-
ments.

However, there are a number of limitations of the component localiza-
tion approach in accounting for age differences in cognitive functioning.
One major weakness is that the approach, because of its focus on isolating
the impairment to L‘hscrete components, provides little basis for develop-
ing an integrated éxplanatlon of the age differences found in different
tasks. That is, the lresearch summarized earlier indicates that age differ-
ences have been fdpnd in a great variety of fluid cognitive tasks and yet
explanations basedLon hypothesized inefficiencies in smgle components
are necessarily spé ific to the tasks in which those components are pre-
sumed to play a rdle

A second hlmtaj ion of the component localization approach is that
serious questions still remain as to the validity of many of the processing
models used to 1d‘ ntify the hypothesized components m a given task.

[
|
i
|
i
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Advocates. of a particular processing model often argue that validity is
established by the impressively high R? values in multiple regression
equations predicting the total time to perform the task from estimated
duration parameters assumed to correspond to the hypothesized compo-
nents. However, these demonstrations have largely been confined to
measures of speed of performance in relatively simple tasks, and have not
yet been widely applied to measures of quality or accuracy of perfor-
mance in more complex tasks. Furthermore, it is frequently found that a
substantial proportion of the predictability in these models is associated
with intercept parameters that are essentially a reflection of all processes
other than those directly specified in the model. In this respect, therefore,
the high percentages of variance accounted for may be somewhat mis-
leading because they are at least partially due to unanalyzed processes
incorporated in the intercept parameter in regression-based models.
Another potentially serious criticism of the validity of process models
is that very few of the hypothesized components have been examined for
construct validity outside of a single task. Keating and his colleagues
(e.g., 1984; Keating, List, & Merriman, 1985) have argued that in order to
make a compelling case for the existence of hypothesized components, it
must be demonstrated that very similar parameters are obtained when the
components are assessed in different tasks. Because Keating et al. (1985)
failed to find high correlations between the parameter estimates of what
were postulated to be the same component in different tasks, these au-
thors have suggested that the very existence of processing components
may be questioned. This suggestion may be somewhat overstated on the
basis of results from a single experiment, but there does seem to be a
dearth of evidence for the cross-task construct validity, or context inde-
pendence (Neisser, 1983), of most hypothesized processing components.
Still another apparent limitation of the component localization ap-
proach is that the procedure yields reasonable inferences about sources of
age differences in cognition only if it can be assumed that the components
have been exhaustively investigated and that the assessment was of
equivalent sensitivity for all components. Claims that the age differences
have been localized cannot be taken very seriously if only a few relevant
components are examined because it is possible that age differences might
also have been found in additional components that were not investigated.
Of course, if age differences are discovered in every component investi-
gated it may not be necessary to conduct an exhaustive analysis, but
because such a finding would imply that the age differences are not lo-
calized, it would represent a failure for the component localization ap-
proach. It is also essential that the tests of possible differences in hypoth-
esized components have comparable statistical power because incorrect

" T |
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inferences about 1o¢alization would be reached if the conditions of mea-
surement made it easier to detect differences in some components than in
others. Because neither of these issues has received much attention by
cognitive aging researchers using the component localization approach,
prior conclusions about the purported localization of age differences in
cognition should pr;&i)bably be viewed with some skepticism.

Inefficient strategies. A second approach to the investigation of age
differences in cognition is to attribute those differences to the use by older
adults of less effcdtive strategies, or sequences of processing compo-
nents, compared to|those employed by young adults. The basic assump-
tion in this perspective is that aging does not necessarily impair the effi-
ciency of basic cognitive processes, but instead leads to an alteration in
the strategies used io perform certain tasks. This view has probably been
appealing to many, researchers because a difference in the manner in
which a task is performed is seemingly more amenable to remedial inter-
vention than are alternative categories of explanation for the effects of
aging on cognitive functioning. That is, a discovery that age differences in
cognition were attributable to differential use of effective strategies would
lead to much more%}optimistic implications concerning the possible reme-
diation of cognitive aging effects than would support for other categories
of explanation. | ;

Unfortunately, tﬂis strategic variation approach shares one of the major
limitations of the cﬂomponem localization approach in that! to the extent
that strategies are!truly task-specific, the explanations that result will
have little gencralify to other tasks. Of course, the data may eventually

. \ . . i
dictate that separate and independent explanations are needed for each

age-related cogniti}\fre phenomenon, but premature focus on explanations
of very limited genérality may blind researchers to broader interpretations
of greater potential significance. |

A second disadvantage of the strategy differences approach is that it is
not clear exactly what would constitute evidence for this category of
explanation. A dis%overy that there were age differences in the strategy
used to perform a given task has no special significance unless it is dem-
onstrated that the“f strategic variation had a causal relation to the age
differences obscrvg:d in the performance of that task. An obvious method
of investigating this latter issue is to attempt to induce a Ichange in the
strategies used by‘i‘ either young or old adults, and then to determine
whether the manip ‘ulation results in an alteration in the digjection or mag-
nitude of the effec‘ts of aging on the relevant measures of lcognitive per-
formance. However, consideration of the possible outcomes that might
result from this pr Bcedure suggests that few would be very convincing.

For example, if it proves impossible to induce a change in the partici-
pants’ strategies, then what was thought to be a strategy mtfaly not actually
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be one because it is not amenable to modification or change. That is,
strategies connote an optional form of processing, and if it is discovered
that research participants cannot easily adopt an alternative mode of per-
forming the task then it is probably inappropriate to characterize the
performance differences between groups of individuals as being attribut-
able to differences in strategies. It may be that because of prolonged use
certain strategies become difficult to modify, but the resistance to mod-
ification suggests that they no longer possess what seems to be the de-
fining characteristic of strategies. Therefore what might be considered a
strategy in one individual may not be one in a different individual if the
mode of processing has become so entrenched that it no longer possesses
the property of modifiability essential for strategies.

Now consider the possible interpretations if the researcher is successful
in inducing an identifiable change in the participants’ strategies for per-
forming a given task. If the age differences in performance are not sub-
stantially altered, then the probable conclusion would be that strategy
variations contribute little to the observed age differerces. In other
words, strategy differences are unlikely to be responsible for the effects of
age on cognition if the strategies can be changed and the aging effects
remain the same.

A finding that the direction or magnitude of the age differences is dra-
matically modified by changing the strategies used to perform the task
would seemingly provide positive evidence for the differential strategy
interpretation. However, this is not a very satisfying explanation unless
an account is also provided for the origin of the apparent differences in
strategy. That is, because strategics are essentially a form of behavior, it
is questionable whether it is sufficient to attribute performance differ-
ences (one aspect of behavior) to the use of different strategies (another
aspect of behavior) without also providing an explanation of the reasons
for those strategy differences. Particularly important in this regard is
ruling out the possibility that the strategy differences emerged as a con-
sequence of differences in a potentially more fundamental characteristic
of processing such as inefficient components or a diminished supply of

processing resources. Another way of expressing this point is to empha-

size that while it is useful to know whether people of different ages are
performing a task in a different manner, ultimately the more interesting
question is why those strategic differences occur.

Of the three possible outcomes of attempts to manipulate the strategies
used by research participants to perform a task, therefore, only one—
successful alteration of strategy accompanied by elimination of the age
differences in performance—would be consistent with the differential
strategy interpretation. However, it is suggested that this outcome is
probably best characterized as more refined description rather than actual

—— e | ——
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explanation unless an account is also provided of the reasons for the
observed strategy d:ifferences,

Reduced resources. The third category of explanation that has been
used to account forjage differences in cognitive functioning attributes the
age differences to 3#1 age-related reduction in the quantity of some essen-
tial processing resqprce. The nature of this processing resource has sel-
dom been explicitly, specified, but as long as it is needed for many differ-
ent types of information-processing operations, a reduction in its quantity
has been presumeglj to be a plausible source of the age differences ob-
served in numeroug cognitive tasks. 1

Processing resources might be either unitary or multiple, but unless
they are relevant td a variety of different tasks they are not differentiable
from explanations ajittributing age differences to task-specific components
. or strategies. As VS}Iickens (1980) pointed out, the processing resources
construct ‘. . . can rapidly lose its predictive and explanatory value as
the number of proposed reservoirs begins to approach the number of
different tasks and i‘task clements’’ (p. 242). In this respect, therefore, the
primary distinguisﬂing feature of the processing resources category of
explanation of cogryitive age differences is that resources haye arelatively
general influence, aijpplicable to many different types of tasks, rather than
being specific to only a few highly related tasks. It should be noted that
according to this (;‘iriterion, interpretations postulating the existence of

t

metacomponents oj' general-purpose strategies relevant to more than one
type of task would be classified within the resource category because
there is apparently no operational basis for distinguishing among these
purportedly different concepts. 3

It is probably t;he general-purpose characteristic of processing re-
sources that is resﬁonsible for the prevalence in the cognitive aging liter-
ature of interpreta“*ions invoking processing resource corncepts such as
attentional capacitfy, working-memory capacity, and speed of processing.
Although seldom féxplicitly acknowledged, it is easy to document the
status of resourcei;—‘based interpretations of cognitive age differences by
examining how agfé; differences in cognitive functioning have been inter-
preted by authors of articles in the first volume of the new journal, Psy-
chology and Aging. Twelve articles published in 1986 seemed to have a
primary focus on measures of cognitive functioning, and| of these, five
referred to resour;be constructs in speculating about the causes of the
observed results. [For example, Plude and Hoyer (1986) lattributed age
differences in visu:bl search to ‘“‘an age-related divided-attention deficit’’
(p. 9), Hartley (192#6) attempted to investigate the inﬂuencfé on age differ-
ences in discourse;‘recall of “‘speed of cognitive processing . . . (and) . . .
working memory-capacity’” (p. 151), Hess and Slaughter (1986) suggested
that performance (#f elderly adults in prototype abstraction tasks ‘‘may be

i
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limited by age-related capacity variations”’ (p. 206), and Stine, Wingfield,
and Poon (1986) concluded that at least part of the elderly adult’s diffi-
culty in comprehending and remembering spoken passages is due to “‘a
processing rate deficit”” (p. 310). In fact, the notion of processing re-
sources seems so ingrained in the thinking of many researchers that Park,
Puglisi, and Smith (1986) apparently felt compelled to offer a resource
interpretation of a finding of no age differences in memory for pictorial
information; that is, “‘It may be that picture memory requires very little
capacity so that even with the divided attention task, there is still ample
capacity left for each age group’’ (p. 16).

The dominance of resource interpretations in cognitive aging is proba-
bly even greater than that implied by these overt references because five
of the remaining articles in this sample reported negative results in at-
tempts to investigate alternative types of explanations. That is, Burke and
Peters (1986) found that the age differences in word associations were
very slight, thus suggesting that young and old adults did not differ with
respect to the organization of semantic information. Other investigators
concluded that *‘the locus of the age sensitivity . . . in memory for per-
formed activities . . . remains unresolved’’ (Kausler, Lichty, Hakami, &
Freund, 1986, p. 81), that “‘it seems unlikely that storage is the locus of
the age decrement in memory for input mode” (Lehman & Mellinger,
1986, p. 179), and that age differences in memory are not attributable to
age-related differences in “‘participation in student activities®’ (Parks,
Mitchell, & Perlmutter, 1986, p. 253), or to age-related differences in
““spontaneous self-referencing”” (Mueller, Wonderlich, & Dugan, 1986, p.
299). Somewhat more positive, but nevertheless qualified, speculations
were offered in the other two cognitively oriented articles in that Sinnott
(1986) suggested that age-related effects in the performance of everyday
memory tasks ‘‘might be understood as motivational effects or as stylistic
compensatory processing differences™ (p. 114), and Coyne, Allen, and
Wickens (1986) proposed that in a memory search task, ““older adults may
adopt a different response strategy than do younger adults” (p. 194).

Despite the de facto acceptance by many researchers of the processing
resource category of explanation for age differences in cognition,! it has
been very difficult to adequately test this proposal because the nature of
the hypothesized resource has never been precisely specified or indepen-
dently measured. In fact, past usages of the resources concept have fre-
quently been distinctly circular in that age differences in the performance

! See Salthouse (in press-a) for further documentation of the prevalence of resource
interpretations in cognitive aging. Tt should also be noted that research efforts concerned
with age differences or lack of age differences in antomatic processing are implicitly based
on the processing resources notion because the term automatic is only meaningfuil in the
context of independence from a limited-capacity processing resource.

P — T i
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of certain cognitive tisks have been attributed to a reduction in the quan-
tity of processing reﬁources, but the reduction in resource quantity has
also been inferred on the basis of the same observed age differences in
performance. I :

The preceding discussion indicates that none of the available categories
of explanation for age-related differences in cognitive functioning is with-
out potentially critidhl conceptual problems and that each represents a
compromise in certain respects. Moreover, until some degree of consen-
sus is reached regarding the resolution of these seemingly fundamental
problems, it appears!unlikely that the validity of different approaches to
explanation can be evaluated simply by examination of the existing em-
pirical evidence.

While it is probably not yet possible to distinguish among the explan-
atory categories on empirical grounds, preferences among the catcgories
can be established on the basis of one’s assessment of the relative impor-
tance of different chdracteristics or criteria. Because the field 'of cognitive
aging is currently very fragmented and chaotic, and composed of numer-
ous sets of largely isdlated phenomena, it can be argued that the ability to
provide a coherent and integrated interpretation should be the paramount
consideration in ass?essing the heuristic value of various categories of
explanation. The processing resources category appears to be the only
class of explanation that can be evaluated very highly in this respect, and
therefore the greatest progress may result from efforts directed toward
the elaboration and investigation of this category of explanation for age
differences in cognitive functioning. 5
i
PARALLELS BETWEEN PROCESSING RESOURCES AND

’ INTELLECTUAL g ‘ i

| i
Before discussing how the processing resources interpretat;ion might be
investigated in the area of cognitive aging, it is useful to briefly consider

the background and status of the construct of processing resources in the

field of cognitive psﬁ*chology. (Also see Allport, 1980, Navon, 1984; and

Wickens, 1984) for :gdditional discussions of this topic froxiin somewhat
different perspectives.) In many respects the notion of processing re-

sources in cognitivei;psychology is analogous to the concept|of g in psy-
chometric intelligence. That is, the concepts were originally proposed for
similar reasons, the;bf have been modified and extended in parallel ways,

and despite being suiSjected to the same types of criticism, both concepts
have exhibited rema[frkable persistence in the scientific literature. More-
over, the rescmblaﬂk:e is probably not merely fortuitous because both
concepts can be trac;fed to Spearman (1927), who originated 3he notion of

| |
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g, and also used resource-like terminology in characterizing the force
behind g as some type of mental energy or power.

Both g and processing resources were initially postulated to account for
commonalities of performance in what appeared to be quite distinct types
of cognitive tasks. Positive correlations among performance measures
from different intellectual tasks provided the evidence for commonality
leading to g, while reciprocitics in the performance of two concurrent
tasks stimulated interest in a common pool of shared processing re-
sources. These initially simple concepts were then elaborated by subse-
quent theorists who, among other things, postulated multiple, rather than
unitary, entities and hierarchical organizations of the multiple entities. In
both cases there were also theorists who argued that the purportedly
common factors were actually quite specific. In the domain of psycho-
metric intelligence this phenomenon is clearly exemplified in Guilford’s
model of well over 100 different types of intelligence. Examples within the
domain. of attention are the claim of Navon and Gopher (1980) that ver-
tical and horizontal axes in manual tracking each require a different type
of perceptual-computational resource, and the recent conclusion by Hirst
and Kalmar (1987) that decisions involving semantic categories such as
animals and body parts make demands upon separate types of processing
resources.

The constructs of intellectual g and processing resources have also
been subjected to similar types of criticism. The most frequent objection
is that becayse these terms are so vague, it is very difficult to determine
exactly how propositions that include these concepts might be tested. In
fact, it is sometimes suggested that the usage of these terms is merely
self-reinforcing, rather than based on rigorous empirical investigation.
Skeptics have also questioned whether concepts such as g or processing
resources are actually necessary because plausible alternative explana-
tions of the relevant phenomena can apparently be formulated that do not
include these.concepts.

Although many of these criticisms have been valid, it is remarkable
how pervasive references to the concepts of intellectual g and processing
resources are in-the contemporary psychological literature. The contin-
ued usage of these terms despite their recognized weaknesses suggests
that many researchers believe that there are common determinants of
performance across different cognitive tasks even if it is not yet possible
to specify exactly what those determinants are. Unless there is some
means of subjecting these concepts to investigation, however, there is a
risk that they may degenerate into metaphysical entities with little or no
scientific value. The next section of this article is therefore devoted to
examining the attempts that have been made to investigate the processing
resources construct in the area of cognitive aging.
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INVESTIGATION OF PROCESSING RESOURCE INTERPHETATIONS

; OF COGNITIVE AGING

Although most cognltlve aging researchers have relied upon the notion
of processing resources as an explanatory construct rather than as the
direct subject of 1nvest1gatlon, there appear to be at least three ways in
which the processmg resources 1nterpretat10n of age differences in cog-
nitive functioning can be investigated.” These are: (a) the use of second-
ary task procedures o 'obtain estimates of the reserve processing capac-
ity, or residual resources, available to adults of different ages; (b) exam-
ination of the relatrqnshlp between hypothesized resource demands and
task performance in|different age groups; and (c) use of statlstlcal tech-
niques to examine the effects of controlling an index of resource quantity
on the magnityde of jage differences in cognitive performance The first
two approaches will tbe bricfly described, but their potential contribution
appears limited becahse they primarily address the issue of,whether re-
source quantity decl ‘nes with age, and not whether a reduced availability
of processing resources mediates the age-related impairments in cognitive
performance. This latter issue is the explicit focus of the third approach,
and thus it will receWe the most extensive treatment in this discussion.

Secondary task procedures The secondary task technique is based on
the assumption that %vhen two tasks are performed together they compete
for processing resources from the same limited pool, and consequently
performance on a secondary task can be interpreted as reﬂectlng the
resources remammg after those needed for the primary task have been
expended. The reasonmg is therefore that if older adults have a smaller
quantity of processing resources than young adults, then they should
exhibit poorer performance on the secondary task because they have
fewer residual resodrces while performing the primary task.! This expec-
tation has been conﬁrmed in a number of studies utilizing simple or choice
reaction time as the secondary task with either perceptual-motor or mem-
ory primary tasks (e g., Craik, 1986; Duchek, 1984; Macht & Buschke,
1983; Madden, 1986b McDowd, 1986; Salthouse & Saults, 1987; Salt-
house & Somberg, 1982)

Although the pattern of greater impairment of secondary task perfor-

2 Actually, two other techmques for investigating single-factor interpretations of cognitive
aging phenomena such asjreduced processing resources have been proposed. These involve
examining age differencet across a variety of dependent measures under the assumption that
a single factor should resu"llt in differences of a similar magnitude, and comparing the pattern

of across-variable correlations in different age groups because of an expectation that the
correlations should incre; :1:156 with age. However, both techniques depend upon the ques-
tionable assumption that Fhe primary determinant of performance in each task is the quantity
of processing resources r‘wanlable to the individual (cf. Salthouse, 1985, p. 197), and thus

they seem unlikely to yie ’ 'Id reasonable inferences.
\
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mance with increased age has been interpreted as indicating that the
quantity of processing resources declines with increased age, this inter-
pretation is dependent upon a number of important, but as yet unsubstan-
tiated, assumptions (cf. Salthouse, 1985, pp. 68-70, for further discussion
of these issues). One critical assumption is that the quantity of processing

resources remains invariant for a given individual across a variety of -

experimental situations. Very misleading inferences about resource quan-
tity would obviously result if that quantity did not remain constant, and
instead varied with level of motivation or degree of ‘arousal; as has been
postulated by some theorists (e.g., Kahneman, 1973).

The inferences would also be suspect if adults of different ages used
different policies of allocating resources to the two tasks (e.g., 100% of
the required resources to the primary task and the remainder to the sec-
ondary task vs 50% of the required amounts to each task), or if the
concurrence costs of managing the performance of two simultaneous
tasks were greater in one group than in another (e.g.; an ‘‘overhead’’ rate
for each additional task of 5% vs 10% of the required or available re-
sources). Also-unknown, but of critical importance for the success of the
secondary task procedure, is whether adults of different ages have equiv-
alent relations between resource quantity and performance of each task.
For example, a unit increase in resources might resultin-a 5% increase in
task performance in one group of individuals but in only & 3% increase in
another group. To the extent that disparities of this type exist, it would be
unreasonable to expect meaningful inferences about resource quantity
from examination of task performance without taking ‘this differential
relation into account.

There arc also two practical problems that have been discovered in
previous attempts to implement the secondary task procedure. One dif-
ficulty is that changing from the single to the dual-task condition often
results in altered performance on the primary task, as well as the expected
variations in performance on the secondary task. Because this suggests
that the allocation of resources to the primary task did not remain con-
stant from the' single to the dual-task situation, it greatly complicates
interpretation of the results. The second problem is that there are fre-
quently substantial age differences in both tasks when they are performed
alone, and thus age differences in the dual-task situation might be ex-
pected even if there were no differences in resource quantity. Perfor-
mance-operating characteristics and the use of relative as well as absolute
assessments of divided attention costs (e.g., Salthouse, Rogan, & Prill,
1984; Somberg & Salthouse, 1982) serve to address these issues, but the
problems have not yet been completely resolved and thus interpretations
of cognitive aging studies employing secondary task procedures are often
ambiguous.

T P— '
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Although this large number of unverified assumptions should make one
cautious about conclusions based on results from the secondary task
procedure, it is st1‘ll a valuable technique for investigating possible age
differences in processmg resources because there are few alternatives to
the concept of processing resources that can account for the interference
observed between| what are seemingly quite different tasks. However,
there are limits on the usefulness of this procedure in the field of cognitive
aging because even in the best of circumstances it is only informative
about the possibih v of age-related reductions in the quantrty of available
processing resources, and it does not address the issue of whether that
resource reductlon is responsible for the observed age differences in cog-
nitive functioning. ‘

Systematically varied resource demands. The second procedure for
investigating the 1nﬂuence of processing resources in eognrtlve aging con-
sists of examining the magmtude of age differences in performance across
conditions presum‘ed to vary in their resource requirements. The reason-
ing in this strategy is that experimental conditions can be created that

vary primarily in rerms of their required processing resohrces and that
inspection of the relation between performance and the presumed re-
source requ1rcments will be informative about the quantity of processing

resources avallable to different groups. In fact, by assuming that the.

resource demands‘ and the resource—performance relations are invariant
across age groupé it is even possible to use this procedure to derive
gquantitative estlmates of the amount of resources avallable to older
adults relative to ’rhat available to young adults (cf. Salthouse 1987, in
press-a).

This techmque has only been explicitly applied in a few studies (Salt-
house, 1987, in press -a), but the rcsults have generally been consistent
with the processing resource expectations in that the perfermance differ-
ences between age groups have been found to increase as the presumed
resource requlrements of the tasks increased.® That is, in several different
types of tasks older adults exhibited greater increments in decision time
and error rate than young aduits as the number of hypothes1zed process-
ing operations 1ncreased suggestmg that the former may have had smaller
amounts of a relevant processing resource than the latter. ‘Moreover, in
the Salthouse (m\ press-a) studies it was found that the magnitude of
performance change associated with an increase in task complexity
\

3 It is important to point out that this basic phenomenon is well established in the cognitive
aging literature in the tontext of the complexity effect (cf. Salthouse, 1985 p. 183-190 for a
review and discussion). However, in none of the earlier studies where thls phenomenon was
demonstrated was there an attempt to derive predictions about relatlve quantities of pro-
cessing resources by ensuring that the complexity variations were introduced by quantita-
tive, rather than qua]i; lative, manipulations. ‘

I
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exhibited in one task was significantly correlated with that evident in
other tasks, suggesting that all tasks may have relied upon a common
processing resource.

As with the secondary task procedure, however, there are limitations of
this approach for the purpose of investigating processing-resource inter-
pretations in cognitive aging. For example, inferences from the technique

of systematically varied resource requirements would be erroneous: (@) if

resource quantity does not remain constant within an individual, but in-
stead varies across experimental conditions; (b) if the conditions pre-
sumed to differ only in resource requirements also differ with respect to
other factors that influence performance; and (c) if either the resource
- demands or the relation between task performance and resource quantity
varies across age groups. Moreover, because the procedure is designed to
investigate the effects of aging on resource quantity, it does not provide
a means of investigating the question of whether a reduction in processing
resources mediates the effects of aging on cognitive performance.
Statistical control of resources. The third resource-investigation tech-
nique, involving the statistical control of an index of resource quantity,
can best be described by considering three alternative interpretations of
the interrelationships of age, processing resources, and cognitive perfor-
mance. An illustration of these interpretations is portrayed in Fig. 4.

B A
u— R Pe—u
R P
C A

uR——>R———->p‘—"“p :

FiG. 4. Three alternative models of the structural relationships among age (A), processing
resources (R), and cognitive performance (P). The subscripted u terms refer to unmeasured
determinants of the targeted variable.
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The strongest vﬂew of the role of processing resources!in age differ-
ences in cognition 1s that all of the effects of age on the performance of a
cognitive task are mediated through a reduced quantity of processing
resources. This view is represented in Fig. 4A, which indicates that there
are proposed to be direct effects of age on processing resources and direct
effects of pI‘OCCSSi:Iilg resources on cognitive performance, but no direct
(i.e., not resource-mediated) effects of age on cognitive performance.

A diametrically lopposed view of the role of processing resources in
cognitive aging, one that completely rejects any resource-mediated ef-
fects of age on cognitive performance, is illustrated in Fig. 4B. According
to this interpretati&n, measures assumed to index the quantity of process-
ing resources are s:%imply reflections of certain aspects of cognitive func-
tioning, and are in no way responsible for the effects of age on other
aspects of cognitif{'e functioning. From this perspective, | therefore, all

aging effects are dﬁrect in the sense that they are not mediated through a
construct such as processing resources. ;

A third interpretation, which is essentially a compromis‘e between the
first two positionsj,i is that there are both direct and indirect (or resource-
mediated) effects df age on cognitive performance. This view is illustrated
in Fig. 4C. |

Although the three illustrations in Fig. 4 are very simple, and conse-
quently may omit important variables or relations, they are nevertheless
useful because théy lead to quite distinct, and hence testable, implica-
tions. In this respect, therefore, the various panels of Fig. 4 canbe viewed
as alternative ﬁrsi-approximation models of the role of processing re-
sources in cogniti ;‘e aging. Morcover, representation of the? alternatives in
this structural forlp suggests that the models might be distinguishable by
means of causal m:‘odeling procedures such as path analysis or analysis of
latent construct stﬁctural equations. |

The reasoning iﬂvolved in these analytical procedures cah be illustrated
by concentrating fbn the model portrayed in Fig. 4C because, as noted
above, it is essenlf‘ally a composite of the other two models. A key aspect
of causal modeling techniques is that they provide a means for determin-
ing whether an hypothesized linkage between two variables is statistically
significant after the level of other potentially relevant variables has been
taken into accouni . Expressed in the concepts illustrated in Fig. 4, these
procedures allow an investigator to determine if there is evidence of a
significant relation between age and a measure of cognitive performance
after the level of processing resources is taken into account, or if there is
evidence of a siﬂniﬁcant relation between the level of processing re-
sources and a measure of cognitive performance after age is taken into
account. Notice tﬁat this is precisely the type of information necessary to
distinguish among the alternatives portrayed in Fig. 4. That is, the former
outcome would rule out the model illustrated in Fig. 4A (i-e., a discovery
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of a direct connection between age and cognitive performance is incon-
sistent with the view that all effects of age on cognitive performance are
mediated through processing resources), and the latter outcome would
rule out the model illustrated in Fig. 4B (i.e., a discovery of a direct
connection between processing resources and cognitive performance is
incompatible with the view that these are separate and independent cor-
relates of age).

The results to be discussed later will be based upon path analysis pro-
cedures, but it should be emphasized that a number of ostensibly different
procedures arc logically equivalent in their implications. For example,
methods of partial correlation, hierarchical multiple regression, and even
analysis of covariance are similar in that the goal of each of these proce-
dures is to determine the relationship between two variables after the
influence of other variables has been removed by statistical means.

How are resources 1o be measured? Regardless of the specific tech-
nique employed, a critical requirement for conducting these types of anal-
yses is the identification of a suitable index (or indices) reflecting the
quantity of processing resources available to an individual. This can be a
major obstacle in efforts of this nature because the lack of consensus on
the nature of processing resources has precluded identification of vari-
ables to assess the quantity of processing resources, and yet those vari-
ables are essential for the investigation of structural models incorporating
the construct of processing resourccs.

The absence of widely accepted indices of resource quantity is clearly
a difficult problem, but it is important that it be addressed because the
technique of examining age effects in cognition after statistically control-
ling an index of resource quantity seems to provide the best available
means of investigating the hypothesized mediational role of processing
resources in cognitive aging. The approach I have pursued in attempting
to solve this problem has been to identify the different ways in which the
construct of processing resources has been used in the research literature,
and then to employ various rational and empirical criteria to guide the
selection of variables reflecting the various resource conceptualizations.
After examining much of the relevant literature, 1 (Salthouse, 1985; in
press-a, in press-b) recently concluded that the bulk of the references to
the concept of processing resources could be encompassed within three
categories organized around the metaphors of space, energy, and time.*

* There is, of course, some degree of arbitrariness in this selection of metaphors, and it is
interesting to note that other writers have used somewhat different metaphors for charac-
terizing the resources construct. For example, Anderson (1985, p. 41) proposed that atten-
tional or processing resources can be understood in terms of metaphors of energy, space,
and animate processing agents or demons, and Hirst and Kalmar (1987) have suggested that
the concepts of fuel, structure, and skills can be used as metaphors for attentional resources.

TR




-

| RESOURCE REDUCTION 259
i

The space metaphor is based on the idea that there is a finite working-
memory capacity that determines the amount of short-term storage or
computation that is tslmultaneously possible. To the extent that this cog-
nitive workspace is restricted, performance of tasks requiring access to it
for carrying out information transformations or storing temporary prod-
ucts can be expected to be impaired. The metaphor of resources as energy
is reflected in references characterizing processing resources as some
type of attentional capac1ty that functions as a general- purpose “fuel’’ for
information processmg As with various forms of physical energy, short
supplics of mental energy would presumably reduce the scope of what can
be accomplished, or ‘1mpa1r the efficiency or effectiveness of what actually
is accomplished. The conceptualization of time as a proeessmg resource
is somewhat novel, and based on the idea that the quicker or faster cog-
nitive operations are

: executed the more likely it is that other operations

can be initiated, and
will be accurately ¢

Obviously these

guided elaboration b
ables suitable as in

sources. As an exar

that processing dependent upon multlple operations
)mpleted

basic' metaphors must be subjected to ‘theoretrcally
‘etore they will prove useful for the selectron of vari-
dices of the quantity of the relevant processmg re-
ple of this type of effort, I will briefly |describe the

reasoning I have foﬂowed in attempting to select a measure of the speed

or time resource. FI
ing resource of time
rate of performing ¢
task chosen to asse
complexity. On the
tasks involving a pa
such as efficiency of

rst 1 (Salthouse, 1985) have argued that|the process-
or speed of processing should ideally be related to the
ognitive operatlons However, it is 1mp0rtant that the
ss rate of processing be of the appropriate level of

one hand, performance in very complex tasks, or
rticular type of stimulus material, may reﬂect factors

; executing specific cognitive operations ¢ or the ease of

encoding or maniphlating certain types of information mOre than the

speed of elementar,
mance in very simp

reflect the speed of
the speed of cognit
those derived from

reaction time betwe

gression equations

task. Unfortunately
type is that they freq

in many situations

adopted in a numbe
with paper-and-pen

y cognitive operations. On the other hand .perfor-
le tasks such as simple or choice reaction time may
serceptual and motor processes as much or more than
ve operations. More satisfactory measures might be
several reaction time tasks, such as the difference in
en two experimental conditions or the 'slopes of re-
relating reaction time to a relevant dimension of the
, a practical problem with derived measures of this
uently have low reliabilities that limit thelr usefulness

An alternative procedure, and one whrch I have
r of studies, is to attempt to assess rate. of processing
cil tests in which the measures of performance might

be interpreted as prﬁnarlly reflecting the quickness with Wthh one carries

out simple cognitive

e operations. 1
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Results with the statistical control procedure. Several studies recently
conducted in my laboratory involved variables designed to assess re-
source quantity, and which yielded data that could be subjected to path
analysis causal modeling techniques. One study (Salthouse, in press-a)
relied upon the WAIS-R Backward Digit Span measure to represent the
space or working-memory conceptualization of processing resources and
the WAIS-R Digit Symbol Substitution measure to represent the time or
processing-rate conceptualization of processing resources. Although
these measures are obviously very crude indices of processing resources
and probably also reflect variations in factors unrelated to resource quan-
tity, they do allow an initial assessment of the resource predictions. These
two tasks, along with two fluid-ability tasks, were administered to sam-
ples of 100 young adults (ages, 18 to 25; mean = 19.1) and 100 older adults
(ages, 57 to 67; mean = 62.4). The tasks selected to assess fluid cognitive
abilities were a geometric analogies reasoning task and a mental synthesis
spatial task presented in a verification format, with performance evalu-
ated by measures of mean accuracy and median decision time per prob-
lem.

Median values (across the time and accuracy performance measures) of
the standardized path coefficients for the model illustrated in Fig. 4C are
displayed in Table 1. Also displayed in this table are the results from a
replication study involving 100 young adults (ages, 17 to 26; mean = 18.9)
and 40 older adults (ages, 55 to 75; mean = 63.6) with identical cognitive
tasks and additional indices of processing resources. It is clear from both
sets of results that neither of the simpler models postulating no direct
connections between either Age and Performance (Fig. 4A) or between
Resources and Performance (Fig. 4B) is consistent with these data. In-

TABLE 1
MEDIAN STANDARDIZED PATH COEFFICIENTS FROM ANALOGIES AND SYNTHESIS TASKS
Direct Indirect
Resource index A—R R—>P AP A->R—P
Study 1 )
Digit symbol -.77 .18 —.40 —.14
Backward digit span - =35 24 -.41 -.08
Study 2
Digit symbol —-.76 .44 -.23 -.33
Coding time —.53 45 -.30 -.24
Number comparison —.43 .28 —.41 -.12
Verbal memory ~.38 .16 —.47 —.06
Spatial memory -.52 32 -.37 -.17

Note. All variables have been scaled such that better performance is represented by
higher numbers.
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stead the existence of substantial coefficients for the Age—Performance
and Resource-Performance paths suggests that Fig. 4C provides the best
characterization of ﬂlese results.

A quantitative estlmate of the percentage of the total effects of age on
cognitive performance mediated by processing resources can be obtained
by dividing the average of the indirect effects by the average of the sum
of the direct and indirect effects. These computations reveal that the total
age effect was — 53 indicating that one standard deviation shift in age
was associated with,a —.53 standard deviation shift in cognitive perfor-
mance, and that only — .16, or about 30%, of this effect was attributable
to the mediation of processmg resources.

Similar analyses were also conducted on data recently collected by
Salthouse, Kausler, | and Saults (1988) from two slightly different cognitive
test batteries admlmstercd to samples of 129 and 233 adults ranging from
20 to 79 years of age The cognitive tasks in this project ranged from
paired-associate tests of learning to series-completion tests ‘of reasonmg
to paper-folding tests of spatial ability. Time and accuracy measures in
these tasks served as the cognitive performance variables, with two speed
measures and two memory measures functioning as the indices of pro-
cessing resources. Medlans across performance variables of the standard-
ized path coefﬁc1ents for each resource index are displayed in Table 2. As
in the previous studles these results are most consistent w1th Fig. 4C.
The estimate of the contribution of the total effects of agelon cognitive
performance medlated by processing resources is 24%. This is similar to
the previous estlmate of 30%, despite a smaller total age effedt G.e., —.32)

i
i

TABLE 2
MEDIAN STANDARDIZED PaTH COEFFICIENTS FROM SALTHOUSE ET \L.’s (1988)
! CoGNITIVE TEST BATTERY

: ’ Direct Indirect
Resource index ! A—>R R—P A—>P A—>R—-P

Study 1 5

Digit symbol —.54 24 —.15 -.13

Number comparison —.50 .02 -.26 .0

Verbal memory —.36 .27 -.17 —.10

Spatial memory —.47 .26 —.16 k -.12
Study 2 ) :

Digit symbol —.56 .16 —.28 : —.09

Number comparison -.30 07 -.36 —.03

Verbal memory -.39 .20 -.29 . -.08

Spatial memory —.42 A4 -.30 - .06

Note. All variables Have been scaled such that better performance is represented by
higher numbers. i k
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undoubtedly attributable to the use of adults from the complete age con-
tinuum rather than from only two extreme age groups.

Although seldom reported in the form of path analysis coefficients,
results from a number of other studies are generally consistent with these
findings. For example, Salthouse (1985) summarized a variety of partial
correlation analyses between age and assorted measures of cognitive per-
formance after statistical control of the WAIS-R Digit Symbol index of
time-related processing resources. The dominant finding in these analyses
was that the partialling procedure attenuated, but did not completely
climinate, the effects of age on the measure of cognitive performance.
Other researchers have also reported similar findings with measures of
comprehension or retention of verbal material serving as the cognitive
performance variables and measures of working-memory capacity or rate-
of-processing functioning ‘as the indices of processing resources (e.g.,
Hartley, 1986; Light & Anderson, 1985).

To summarize, then, considerable research seems to support the inter-
mediate or weak version of the processing resources perspective in which
there are postulated to be both indirect (resource-mediated) and direct
(not resource-mediated) effects of age on cognitive performance. This is
a weak version of the processing resources view because the sizable path
coefficients ‘between age and performance indicate that not all of the
effects of age on cognition are mediated through a reduction in the quan-
tity of processing resources, at least as the latter has been indexed by the
available measures. In fact, the computations of the indirect effects re-
ported above suggest that only between 24-and 30% of the effects of age
on measures of cognitive functioning can be attributed to the mediation of
a reduced quantity of processing resources. The apparent inference from
these results, assuming that the previously employed measures are ac-
cepted as valid indices of processing resources, is that nonresource fac-
tors, such as variations in component efficiency or strategic effectiveness,
contribute to much of the observed age differences in fluid cognitive
abilities.

PURSUING RESEARCH ON PROCESSING RESOURCES

The results just described could be viewed as rather discouraging for
the processing resourccs interpretation because they suggest that while

there may be a resource-mediated contribution to the effects of aging on

cognitive performance, the resource-mediated effects are generally much
smaller than the direct or nonmediated effects. On the other hand, ac-
counting for almost one-third of an important phenomenon with a single
construct such as a reduced quantity of processing resources could be
considered a fairly impressive accomplishment.
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Regardless of how: past findings are perceived, however, it is desirable
that research with tﬁe statistical-control-of-resources procedure continue
to be pursued. Not (Z])nly does this appear to be the most pov:verful inves-
tigative technique Clgirrently available for examining the influence of pro-
cessing resources in age differences in cognition, but there are a number
of obvious ways in| which the research described above could be ex-
tended, and most likely improved. For example, one very natural exten-
sion is to consider ;bovcl measures as indices of processing resources.
Alternative indices ¢ould be motivated by different metaphotical concep-
tualizations of proc%ssing resources, by a more reductionistiic focus em-
phasizing psychophysiological measures, or simply by dissatisfaction
with the measures t#lat have been examined in the past. . |

Another possibilitfiP/ for extending this type of investigation!is to employ
latent construct pro&}edures for the measurement of processing resources.
This is a promising approach because relying upon multiple indicators to
assess a construct ﬂas at least three advantages over univariate assess-
ment: (a) the construct can be evajuated with greater breadth; (b) test-
specific variance can be removed; and (c) measurement ‘error can be
minimized. Howevér, in order for this technigile to be sucjcessfu]ly ap-
plied in the area oficognitive aging there must be a well-specified theo-
retical justification ‘ or the assignment of manifest variables to the theo-
retical construct of| processing resources. Without a clearly articulated
theoretical rational z‘, which presently seems to be lacking, thhere is a risk
of committing the n‘pminalistic fallacy (cf. Cliff, 1983) in wh;ch a theoret-
ical construct is assumed to be understood or accurately measured merely
because one or mote variables are given the label of the construct.

A third directioni‘that could, and probably should, be explored in ex-
tending causal mo{jeling procedures to the examination of the role of
processing resourcé}s in cognitive aging involves the development of more
complex models of| the interrelations of age, processing resources, and
cognitive performaihce. Future research would almost certainly benefit
from more elaborate specification of mediation‘mechanisms‘, particularly
with respect to how varying quantities of processing resources influence
performance on a given task. This elaboration could obviously take many
forms, and might consist of the postulation of different resohrce pools for

different cognitive
which tasks are beli
hypothesis of nonli

and certain measu

sources might be a
ular level of perfor
vene betwecn proc

The likely goal w

tasks, of the specification of the conditions under
eved to be independent of processing resources, of the
hear or threshold relations between resgurce quantity
es of performance (e.g., a minimum quantity of re-
necessary but not sufficient requirement for a partic-
mance), or of additional constructs inf¢rred to inter-
essing resources and cognitive performance.

ith each of these extensions of the approach of statis-
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tically controlling the level of processing resources is, at least when
viewed from the perspective of adherents of the resources perspective, to
discover whether it might eventually be possible to account for all age
effects on cognitive performance through the mediation of processing
resources. Even if research in these new directions does not prove suc-
cessful in completely eliminating all direct effects of age on cognitive
performance, it should result in more precise estimates of the magnitude
of resource-mediated contributions than those currently available. In this
respect, therefore, these types of research extensions should certainly be
encouraged because they are likely to lead to a better understanding of
what, and how much, remains to be explained of the effects of age on
cognitive fiinctioning.

However, there are at least two issues that should be considered before
fully committing oneself to the pursuit of research of this type. One issue
concerns the possibility that the reduced-resource predictions could be
supported for artifactual reasons. For example, direct effects of age on
cognition might be minimized or even completely eliminated if the range
of cognitive performance assessed is very limited, and the resource index
is simply another reflection of that same type of cognition. An extreme
instance of this situation might be the use of a digit span measure as an
indication of ‘the space conceptualization of resources, and the use of a
letter span measure as the cognitive performance variable. The obvious
similarity between the digit span and letter span measures renders the
distinction between processing resources and cognitive performance
rather meaningless, and thus in circumstances such as these the only
surprising results would be negative ones (i.e., failing to eliminate direct
effects of age on letter span performance after statistical control of digit
span performance).

A second way in which the processing-resource interpretation of cog-
nitive aging might be artifactually supported is when the resource con-
struct is assessed with multiple indicators which, in the aggregate, en-
compass nearly all aspects of cognition. The problem here is that if the
resource index is a composite of measures of many types of cognition,
then there may be little of interest to be explained that is not already
incorporated in the resource construct. By increasing the number of vari-
ables included within the resource construct, therefore, one may be run-
ning the risk of, in effect, demonstrating that the effects of age on cogni-
tion can be eliminated by controlling the level of cognition.

Another important issue that should be considered before pursuing
further research on processing resource interpretations of cognitive aging
concerns the validity of the measures used to index processing resources.
As noted earlier, theoretical assumptions are generally used as the basis
for assigning some variables as indices of processing resources and inter-

LA |
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preting other vanables as reflections of cognitive performance Unfortu-
nately, there are seldom any procedures specified that allow one to assess
the validity of the constructs independent of the tests of the hypotheses
incorporating those constructs This is a potentially serlous problem in
the current context because the debate about the usefulness of process-
ing-resource interpretations of cognitive aging phenomena may be endless
if measures are not accepted as valid indicators of the resource construct
until the strong predlctlons of no direct effects of age on cogmtlve per-
formance are confirmed. It is thus possible that a new circularity may
emerge in the resources literature, namely, that the processing resources
interpretation cannot be tested until one has valid measures of processing
resources, and the measures are not considered valid until one is success-
ful in eliminating all of the direct, or non-resource-mediated, effects of age
on cognitive functlonmg |

Clearly what seems to be necessary is a means of estabhshmg (or at
least examining) the validity of the proposed resource 1nd1ces prior to
their use in analyses‘ of the role of processmg resources in age differences
in cognition. Two avenues that appear prom1s1ng for achieving the greater
understanding of the nature of processing resources needed to address
concerns about the Vahdlty of proposed resource indices are phys1olog1ca1
research and analysls of formal systems. Physiological information could
be very helpful in conceptuahzmg the nature of processing iresources by
indicating the processes or mechanisms that alter the efﬁmency of cortical
activity. To elaborate availability of specific neurotransmltters rate. of
cerebral blood flow, and degree of glucose metabolism are all potential
determinants of processmg efficiency that may be related to the process-
ing-resources constt"uct Establishing a correspondence between the re-
sources construct and reductionistic measures of this type when no such
linkage is possible for the cognitive performance measures may therefore
be a means of vahdatlng the resource construct and dlstlnguﬁshmg it from
variables assumed ‘do reflect cognitive performance. }

An example of physnologlcally based speculation about processmg re-
sources is Beatty’s (1982) proposal that the reticular activating system
modulates cortical actlvny and that pupillary dilation can be used as an
index of the functlonlng of the reticular system. In support of his argu-
ment, Beatty summarlzed evidence that task-evoked puplllary response
is, as expected for an index of processing resources, sensmve to within-

task, between—task;i and between-individual variations in processmg de-
mands. The pupil dilation measure may not be very useful in studies of
aging because of aniage -related restriction in the range of pupll dilation for
presumably perlph! ral reasons (cf. Fozard, Wolf, Bell, McFarland &

Podolsky, 1977), bl'it it seems likely that theoretical and emplrlcal efforts
\

|
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of this type will contribute to greater knowledge about the processing-
resource construct. .

Another approach to the understanding of processing resources is to
examine the consequences of limitations in resource-like parameters in
relatively simple abstract systems. The fundamental assumption is that
once the effects of the various types of resource limitations are well
understood in conceptually simple systems, it will be easier to predict
how, and when, reduced quantities of processing resources affect various
aspects of cognitive functioning. Moreover, the distinction between re-
source and performance variables will be validated to the extent that
manipulation of the formeér leads to systematic variations in the latter.

Obviously many different types of formal systems could be employed
for this purpose. The system I (Salthouse, 1985; 1988) have been explor-
ing is a very simple connectionist associative network in which informa-
tion processing is conceptualized as the propagation of activation among
nodes in the network, and performance is interpreted in terms of proper-
ties of activation (e.g., strength, latency) at selected nodes in the network.
One of the advantages of the connectionist system is that the three met-
aphorical conceptualizations of processing resources can each be exam-
ined by imposing different types of limitations on processing within the
network. That is, space limits can be imposed by restricting the number
of nodes that can be simultaneously active. Encrgy restrictions can be
introduced by limiting the total amount of activation that exists within the
network at any given time. And finally, restrictions on the resource of
time can be implemented by varying the rate at which activation is prop-
agated from one node to another.

Although the initial investigations of the consequences of manipulating
these parameters in a computer simulation appear promising (Salthouse,
1985; 1988), it is clear that more concrete and explicit models tailored to
specific tasks will be necessary for the potential contributions of the
formal analysis of resource constructs to be fully realized. In a similar
manner, physiologically based speculations about the nature of process-
ing resources will have to be elaborated and linked to empirically verifi:
able mechanisms relating physiological processes to cognitive functioning
in order for those ideas to have a substantial influence on theories em-
ploying the construct of processing resources.

Regardless of how the processing resources construct is elaborated, it
is highly desirable that more sensitive and powerful indices of processing
resources be identified for use in the statistical-control-of-resources pro-
cedure. An ultimate by-product of these elaboration efforts may even be
a new technique for investigating the role of processing resources in cog-
nitive aging in which single parameters in a well-specified model are al-
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tered to determine!‘whether the resulting performance differences corre-
spond to those observed across adults of varying ages. At the risk of
introducing new jargon, this new strategy might be termed ‘‘Single Pa-
rameter Sufficiency Analysis’ in that the goal is to determine whether the
alteration of a sing}e parameter in a quantitative formulation of perfor-
mance on a given task is sufficient to account for the age-related perfor-

mance differences g)bserved in that task. To the extent that adjustment of

the same parametq}r in either physiological or computational models of

differcnt tasks is successful in accounting for age differences in the per-
formance of those jtasks, that parameter may be considered to represent
the construct of piocessing resources. Of course the feasibility of this
single parameter sqfﬁciency analysis test of the processing resources per-
spective is still vety much an open question, but striving tjo achieve the
knowledge that would allow such a test even to be conducted is a worthy
goal independent of the eventual outcome of the test. In this respect,
therefore, pursuit E)f the Single Parameter Sufficiency Analysis strategy
appears to have cansiderable heuristic value for future in\:/estigations of

the role of processing resources in age differences in cognition.
it !
P CONCLUSION |

This article has obviously not provided an answer to the fundamental
question of why age differences exist in cognitive functioning. Neverthe-
less, it has demonstrated that the processing-resources interpretation of
this phenomenon, ﬂLvhich may be the most parsimonious accbunt currently
available, can be s:\hbjected to empirical investigation. The results avail-
able thus far are aﬂ; least partially consistent with the resources interpre-
tation of cognitive %Lging phenomena, but past efforts have been limited by
(a) lack of knowleihge about the invariance of resource'quantity across
time for a given inihividual; (b) lack of knowledge about the relationship
between resourceé}quantity and cognitive performance; and (¢) overly
simplistic models, |in combination with what may have been inadequate
measurement of th[b resources construct. Most of these problems can be
attributed to poor Understanding of the exact nature and consequences of
processing resourc}es, which might be remedied by greater integration of
physiological and |psychological processes and by examination of re-
source-like constriicts in abstract systems.

i REFERENCES

Allport, D. A. (1980). Attention and performance. In G. Claxton (Ed.), Cognitive psychol-
ogy: New directions (pp. 112-153). London: Routledge & Kegan Paul.
Anderson, J. R. (1985).1Cognitive psychology and its implications. San Francisco: Freeman.
Arenberg, D. A. (1982}. Estimates of age changes on the Benton Visual Retention test.
Journal of Gerontélogy, 37, 87-90.

{

[




L1 I

268 TIMOTHY A. SALTHOUSE

Arenberg, D. A. (1983). Memory and learning do decline late in life. In J. E. Birren,
’ J. M. A. Munnichs, H. Thomae, & M. Marois (Eds.), Aging: A challenge to science and
society (pp. 312-322). Oxford, England: Oxford Univ. Press.

Baltes, P. B., & Schaie, K. W. (1974). Aging and IQ: The myth of the twilight years.
Psychology Today, 7, 35-40.

Beatty, J. (1982). Task-evoked pupillary responses, processing load, and the structure of
processing resources. Psychological Bulletin, 91, 276-292.

Beeson, M. F. (1920). Intelligence at senescence. Journal of Applied Psychology, 4, 219—
234.

Botwinick, J. (1977). Intellectual abilities. In J. E. Birren & K. W. Schaie (Eds.), Handbook
of the psychology of aging (pp. 580~-605). New York: Van Nostrand—Reinhold.

Bowles, N. L., & Poon, L. W. (1981). The effect of age on speed of lexical access. Exper-
imental Aging Research, 1, 417-425.

Bowles, & Poon, L. {(1985). Aging and the retrieval of words in semantic memory. Journal
of Gerontology, 40, 71-77.

Burke, D. M., & Peters, L. (1986). Word associations in old age: Evidence for consistency
in semantic encoding during adulthood. Psychology and Aging, 1, 283-292.

Burke, D. M., White, H., & Diaz, D. L. (1987). Semantic priming in young and older adults:
Evidence for age constancy in automatic and attentional processes. Journal of Exper-
imental Psychology: Human Perception and Performance, 13, 79-88.

Burke, D. M., & Yeg, P. L. (1984). Semantic priming during sentence processing by young
and older adults: Developmental Psychology, 20, 903-910.

Butterfield, E. C. (1981). Testing process theories of intelligence. In M. P. Friedman, J. P.
Das, & N. O’Connor (Eds.), Intelligence and learning (pp. 277-295). New York: Ple-
num.

Byrd, M. (1984). Age differences in the retrieval of information from semantic memory.
Experimental Aging Research, 10, 29-33.

Calfee, R. C., & Hedges, L. V. (1980). Independent process analyses of aptitude—treatment
interactions. In R. E. Snow, P. Federico, & W. E. Montague (Eds.), Aptitude, learning
and instruction, (Vol. 1, pp. 293-313). Hillsdale, NJ: Erlbaum.

Carroll, J. B., & Maxwell, S. E. (1979). Individual differences in cognitive abilities. Annual
Review of Psychology, 30, 603—640.

Cattell, R. B. (1963). Theory of fluid and crystallized intelligence: A critical experiment.
Journal of Educational Psychology, 54, 1-22.

Cattell, R. B. (1971). Abilities: Their structure, growth and action. New York: Houghton—
Mifflin. .

Cerella, J., & Fozard, J. L. (1984). Lexical access and age. Developmental Psychology, 20,
235-243.

Chi, M. T. H., & Glaser, R. (1980). The measurement of expertise: Analysis of the devel-
opment of knowledge and skill as a basis for assessing achievement. In E. L. Baker &
E. S. Quellmalz (Eds.), Educational testing and evaluation: Design analysis and policy
(37-47). Beverly Hills, CA: Sage.

Chiarello, C., Church, K. L., & Hoyer, W. J. (1985). Automatic and controlled semantic
priming: Accuracy, response bias, and aging. Journal of Geroritology, 40, 593—600.
CIiff, N. (1983). Some cautions concerning the application of causal modeling methods.

Multivariate Behavioral Research, 18, 115-126.

Coyne, A. C., Allen, P. A., & Wickens, D. D. (1986). Influence of adult age on primary and
secondary memory search. Psychology and Aging, 1, 187-194.

Craik, F. I. M. (1986). A functional account of age differences in memory. In F. Klix & H.
Hagendorf (Eds.), Human memory and cognitive capabilities (pp. 409—422). Amster-
dam: Elsevier.

R e -




RESOURCE REDUCTION

Duchek, J. M. (1984). Encodmg and retrieval differences between you
impact of attentlonal capacity usage. Developmental Psychology, 20,

269

ng and old: The

1173-1180.

Eysenck, M. W. (1975)} \ Retrieval from semantic memory as a function of age. Journal of

Gerontology, 30, 174-180.
Foster, J. C., & Taylor; G. A. (1920). The application of mental tests to
Journal of Applied Psychology, 4, 29-58.

persons over 50.

Fozard, J. L., Wolf, E.}

psychology of aging

Hartley, J. T. (1986). R

adulthood. Psychol
Hebb, D. O. (1942). The
of normal adult int|

Bell, B., McFarland, R. A., & Podolsky, S. (1977

). Visual percep-

tion and communiéation. In J. E. Birren & K. W. Schaie (Eds.), Handbook of the

(pp. 497-534). New York: Van Nostrand—Reinthd.
eader and text variables as determinants of discourse memory in

vgy and Aging, 1, 150-158.
effect of early and late brain injury upon test score

275-292.

Hebb, D. O. (1949). Orgamzatlon of behavior. New York: Wiley.
Hess, T. M., & Slaughtér, S. T, (1986). Specific exemplar retention and pri
tion in young and dld adults. Psychology and Aging, 1, 202-207.

Hirst, W., & Kalmar,
menml Psychology

D. (1987). Characterizing attentional resources. J,
| General, 116, 68-81.

s, and the nature

lligence. Proceedings of the American Philosophical Society, 85,

ototypes abstrac-
urnal of Experi-

man abilities. In

Horn, J. L. (1970). Organlzatlon of data on life span development of hul
L. R. Goulet & P. B Baltes (Eds.), Life span developmental psycholo
theory (pp. 423—466) New York: Academic Press.

gy: Research and

Horn, J. L. (1982). The
cognitive psycholo;
Aging and cogm'tzv

Horn, J. L., & Cattell,
Acta Psychologica,|

Horn, J. L., & Donald
American Psycholo

Horn, J. L., & Donalds
& J. Kagan (Eds.),
bridge, MA: Harval

1‘:heory of fluid and crystallized intelligence in relatlon to concepts of
y and aging in adulthood. In F. I. M. Craik & S Trehub (Eds.),
processes (pp. 237-278). New York: Plenum. -

\R B. (1967). Age differences in fluid and crystalhzed intelligence.

‘26 107-129. ‘

SOn, G. (1976). On the myth of intellectual declme in adulthood.

‘gm 31, 701-709.

son, G. (1980). Cognitive development in adulthood In O. G. Brim

‘Constancy and change in human development (pp. 445-529). Cam-

fd Univ. Press.

bategory norms: A comparison of the Battig and

Howard, D. V. (1980).
{mnses of adults between the ages of 20 and 80. J

norms with the res
tology, 35, 225 231
Howard, D. V. (1983)\‘ The effects of aging and degree of association
priming of lexical decisions. Experimental Aging Research, 9, 145-1
Howard, D. V., Lasagé M. L., & McAndrews, M. P. (1980). Semantic
memory encodmg deross the adult life span. Journal of Gerontology

Montague (1969)
ournal of Geron-

on the semantic
151.

activation during
35, 884-890.

Howard, D. V., McAn
decisions in young|
Howard, D. V., Shaw,!

d

rews, M. P., & Lasaga, M. L. (1981). Semantic pnmmg of lexical

R. J., & Heisey, J. G. (1986). Aging and the time

tion. Journal of Gérontology, 41, 195-203.

Hunt, E. (1978). Mechs
Hunt, E. (1983). On th
Jones, H. E., & Conra

homogeneous grou

graphs, 13, 223-298.

Kahneman, D. (1973).
Kausler, D. H., Lichty

nics of verbal ability. Psychological Review, 85,
nature of intelligence. Science, 219, 141-146.

p between the ages of ten and sixty. Genetic P.

Attention and effort. Englewood Cliffs, NJ: Prent

, H. S. (1933). The growth and decline of intellige

W., Hakami, M. H., & Freund, J. S. (1986). Acti

and old adults Journal of Gerontology, 36, 707-714.

course of activa-
109-130.

nce: A study of a
sychology Mono-

ce-Hali.
vity duration and




(Y I

270 TIMOTHY A. SALTHOUSE

adult age differences in memory for activity performance. Psychology and Aging, 1,
-80-81.

Keating, D. P. (1984). The emperor’s new clothes: The “‘new look’* in intelligence research.
InR. J. Sternberg (Ed.), Advances in the psychology of intelligence (Vol. 2, pp. 1-45).
Hillsdale, NJ: Erlbaum.

Keating, D. P., & Bobbitt, B. L. (1978). Individual and developmental differences in cog-
nitive-processing components of mental ability. Child Development, 49, 155-167.
Keating, D. P., List, J. A., & Merriman, W. E. (1985). Cognitive processing and cognitive

ability: A multivariate validity investigation. Intelligence, 9,.149-170.

Lehman, E. B., & Mellinger, J. C. (1986). Forgetting rates in modality memory for young,
mid-life, and older women. Psychology and Aging, 1, 178-179.

Light, L. L., & Anderson, P. A. (1985). Working-memory capacity, age, and memory for
discourse. Journal of Gerontology, 40, 737-747.

Lovelace, E. A., & Cooley, S. (1982). Free associations of older adults to single words and
conceptually related word triads. Journal of Gerontology, 37, 432-437.

Macht, M. L., & Bushke, H. (1983). Age differences in cognitive effort in recall. Journal of
Gerontology, 38, 695-700.

Madden, D. J. (1986a):. Adult age differences in visual word recognition: Semantic ericoding
and episodic retention. Experimental Aging Research, 12, 71-78.

Madden, D. J. (1986b). Adult age differences in the at(entional capacity demands of visual
search. Cognitive Development, 1, 335-363.

McDowd, J. M. (1986). The cffects of age and extended practice on divided attention per-
formance. Journal of Gerontology, 41, 764-769.

Miles, W. R. (1933).. Age and human ability. Psychological Review, 40, 99-123.

Mueller, J. H., Kausler, D. H., & Faherty, A. (1980). Age and access time for memory
codes. Experimental Aging Research, 6, 445-450.

Mueller, J. H., Kausler, D. H., Faherty, A., & Olivieri, M. (1980). Reaction time as a
function of age, anxiety, and typicality. Bulletin of the Psychonomic Society, 16, 473~
476.

Mueller, J. H., Wonderlich, S., & Dugan, K. (1986). Self-referent processing of age-specific
material. Psychology and Aging, 1, 293-299.

Navon, D. (1984). Resources—A theoretical soup stone? Psychological Review, 91, 216—
234.

Navon, D., & Gopher, D. (1980). Task difficulty, resources, and dual-task performance. In
R. S. Nickerson (Ed.), Attention and performance Vol. 8, pp. 297-315). Hillsdale, N.J.:
Erlbaum.

Neisser, U. (1983). Components of intelligence or steps in routine procedures? Cognition,
15, 189-197.

Park, D. C., Puglisi, J. T., & Smith, A. D. (1986). Memory for pictures: Does an age-related
decline exist? Psychology and Aging, 1, 11-17.

Parks, C. W., Jr., Mitchell, D. B., & Perlmutter, M. (1986). Cognitive and social functioning
across adulthood: Age or student status differences? Psychology and Aging, 1, 248-254.

Petros, T. V., Zehr, H. D., & Chabot, R. J. (1983). Adult age differences in accessing and
retrieving information from long-term memory. Journal of Gerontology, 38, 589-592.

Plude, D. J., & Hoyer, W. J. (1986). Age and the selectivity of visual information process-
ing. Psychology and Aging, 1, 4-10.

Poon, L. W., & Fozard, J. L. (1980). Age and word frequency effects in continuous rec-
ognition memory. Journal of Gerontology, 35, 77-86.

Salthouse, T. A. (1982). Adult cognition. Ncw York: Springer-Verlag.

Salthouse, T. A. (1985). A theory of cognitive aging. Amsterdam: North-Holland.

i
E




RESOURCE REDUCTION 271

Salthouse, T. A. (1987). \The role of representations in age differences in analogxcal reason-
ing. Psychology and Aging, 2, 357-362.

Salthouse, T. A. (1988)J Initializing the formalization of theories of cogmtlve aging. Psy-
chology and Agmg,"3 3-16.

Salthouse, T. A. (in preés a). The role of processing resources in cogmtlve aging. In M. L.
Howe & C. J. Bra&nerd (Eds.), Cognitive development in adulthood. New York:
Springer-Verlag. || |

Salthouse, T. A. (in prebs-b) Effects of aging on verbal abilities: Examination of the psy-
chometric hterature{ In L. L. Light & D. M. Burke (Eds.), Languagé and Memory in
Old Age. New Yorﬁ Cambridge Univ. Press.

Salthouse, T. A., Kausl%r D. H., & Saults, J. S. (1988). Utilization of path analytic pro-
cedures to 1nvest1gaJte the role of processing resources in cognitive aglng Psychology
and Aging, 3, 158—1}66

Salthouse, T. A. Rogan |, J. D., & Prill, K. (1984). Division of attention: Age differences on
a visually presented‘ memory task. Memory & Cognition, 12, 613—620

Salthouse, T. A., & Saﬂlts I. S. (1987). Multiple spans in transcription 1ypmg Journal of
Applied Psychology 22, 187-196.

Salthouse, T. A., & Soxﬁberg, B. L. (1982). Skilled performance: Effects; of adult age and
experience on eIem ntary processes. Journal of Experimental Psychology General,
111, 176-207. ! |

Schaie, K. W. (1974). Ti‘anslatlons in gerontology—From lab to life: Intel]ectual function-
ing. American Psychologlst 29, 802-807. \

Schaie, K. W. (1983). Lor:gttudmal studies of adult psychological development New York:
Guilford.

Schaie, K. W. (1985). Schaze—Thurstone Adult Mental Abilities Test. Palo Alto, CA: Con-
sulting Psycho]oglqtq Press.

Scialfa, C. T., & Margqhs R. B. (1986). Age differences in the commonahty of free asso-
ciations. Expertmen‘lal Aging Research, 12, 95-98.

Simon, H. A. (1976). Identlfymg basic abilities underlying intelligent perf()rmance of com-
plex tasks. In L. B. Resmck (Ed.), pp. 65-98. The Nature of Intelligence. Hillsdale, NJ:
Erlbaum. I

Sinnott, J. D. (1986). Prospectlve/mtentlonal and incidental everyday memory: Effects of
age and passage of ume Psychology and Aging, 1, 110-116.

Snow, R. E. (1979). Theory and method for research on aptitude processes. In R. J. Stern-
berg & D. K. Dcttarrnan (Eds.), Human intelligence: Perspectives on its theory and
measurement (pp. 345—362) Norwood, NJ: Ablex.

Snow, R. E. (1981). To‘Ward a theory of aptitude for learning. I. Fluid and crystallized
abilities and their correlates. In M. P. Friedman, J. P. Das, & N. O’Connor (Eds.),
Intelligence and Leélrmng (pp. 345-362). New York: Plenum.

Somberg, B. L., & Sa]thwuse, T. A. (1982). Divided attention abilities in young and old
adults. Journal of Expenmental Psychology: Human Perception and \Performance, 8,
651-663.

Sorenson, H. (1938). Adult abilities. Minneapolis: Univ. of Minnesota Press.

Spearman, C. (1927). The abilities of man. London: McMillan & Co.

Sternberg, R. J. (1977). !\Intelltgence, information processing, and analogical reasoning.
Hillsdale, NJ: Erlbaum.

Sternberg, R. J. (1978). Intelllgence research at the interface between differential and cog-
nitive psychology: Brospects and proposals. Intelligence, 2, 195-222.

Sternberg, R. J. (1980). Sketch of a componential subtheory of human intelligence. Behav-
ioral and Brain Sciences, 3, 573-614.




L1411 I

272 TIMOTHY A. SALTHOUSE

Stine, E. L., Wingfield, A., & Poon, L. W. (1986). How much and how fast: Rapid pro-
cessing of spoken language in later adulthood. Psychology and Aging, 1, 303-311.
Thomas; J. C., Fozard, J. L., & Waugh, N. C, (1977). Age-related differences in naming
latency. American Journal of Psychology, 90, 499-509,

Wechsler, D. (1981). Wechsler Adult Intelligence Scale—Revised. New York: The Psycho-
logical Corp.

Weisenburg, T., Roe, A., & McBride, K. E. (1936). Adult intelligence. New York: The
Commonwealth Fund.

Wickens, C. D. (1980). The structure of attentional resources. In R. Nickerson (Ed.), Af-
tention and performance (Vol. 8, pp. 239-258). Hillsdale, NJ: Erlbaum.

Wickens, C. D. (1984). Processing resources in attention. In R. Parasuraman & D. R. Dav-
ies (Bds.), Varieties of attention (pp. 63-102). Orlando, FL: Academic Press.

Willoughby, R.'R. (1927). Family similarities in mental test abilities (with a note on the
growth and decline of these abilities). Genetic Psychology Monographs, 2, 235-277.

RECEIVED: May 13, 1987; REVISED: August 3, 1987






