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Cognitive Addition: Strategy Choice and Speed-of-Processing Differences
in Young and Elderly Adults
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University of Missouri—Columbia

Sixty young and 60 elderly adults completed a pencil-and-paper addition test and salved 40 com-
puter-presented simple addition problemis. Strategies and problem solution times were recorded on
a trial-by-trial basis and were classified in accordance with the distributions of associations model
of strategy choices. The elderly group showed a performance advantage on the ability measure and
for the developmental maturity of the mix of problem-solving strategies, but the young group
showed an advantage for overall solution times. A componential analysis of the overall solution
times for memory retrieval trials, however, showed no reliable age difference for rate of retrieving
addition facts from long-term memory but did suggest that the elderly adults might have been
stower than the vounger adults for rate of encoding digits and verbally producing an answer. Overall
resulls are interpreted within the context of the strategy choice model.

The first purpose of this study was to extend into adulthood
normative information on the development of problem-solving
strategies in addition. The second purpose was to compare the
performance of young and elderly adults on a relatively well-un-
derstood cognitive task: the mental solution of simple addition
problems (Ashcraft, 1982; Widaman, Geary, Cormier, & Little,
1989). The cognitive addition task provides a useful vehicle for
examining age-related performance differences for several rea-
sons. First, the array of problem-solving strategies used for this
task is well documented. In fact, at least for children, problem-
solving strategies can be reliably classified on a trial-by-trial
basis (Geary, 1990; Siegler & Shrager, 1984). Second, for each of
the strategies, the overall solution times can be decomposed
into more elementary information processes that might index,
for example, the rate of retrieving facts from leng-term memory
(Geary & Burlingham-Dubree, 1989). Finally, the performance
characteristics (e.g., error rates) associated with this task can be
interpreted within the context of a more general model of cog-
nitive development: the distributions of associations model of
strategy choices (Siegler, 1 986). Thus, performance on the addi-
tion task should enable a theory-driven assessment of age-re-
lated differences in the mix of problem-solving strategies and in
the rate of executing the underlying processes. An overview of
the strategy choice model precedes the review of related infor-
mation in the cognitive arithmetic and cognitive aging do-
mains.
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Strategy Choice Model

Skill development can be characterized, in part, by improve-
ments in the adaptive usc of alternative problem-solving strate-
gies {(Charness, 1981; Geary & Burlingham-Dubree, 1989;
Kaye, 1986). For a given cognitive task an array of strategies is
typically available for problem solving. These strategies will
differ, for instance, in the probabihty of producing the correct
answer, the duration of the problem-solving processes, and the
demands the strategy places on working memory resources
(Brainerd, 1983; Siegler, 1986). An adaptive strategy choice is
usually based on a weighted combination of these factors. Chil-
dren make adaptive strategy choices in many cognitive do-
mains, including arithmetic, reading, spelling, time telling, and
reasoning (Siegler, 1989a). For adults, the relationship between
task demands and problem-solving strategies is not as well docu-
mented. Nevertheless, for some tasks, the slowing in the rate of
imformation processing often associated with aging can be
compensated for by a shift to more efficient problem-solving
strategies (e.g., Charness, 1981), suggesting adaptive strategy
choices might also be an important component of skill develop-
ment in adulthood. The strategy choice model (Siegler, 1986)
delineates the mechanisms governing the adaptive use of alter-
native problem-solving strategies in children and might there-
fore provide a uscful theoretical context for the comparison of
strategy choices in young and elderly adults.

Within the model, the two primary mechanisms governing
strategy choices are associative strength and a confidence crite-
rion. More precisely, the strategy chosen for problem solving is
influenced by the peakedness of the distribution of associa-
tions between a problem and all potential answers to that prob-
lem. With a peaked distribution, “the preponderance of asso-
ciative strength is concentrated on a single answer (the peak of
the distribution)” (Siegler, 1988, p. 834), whereas for a flat dis-
tribution the associative strength is distributed among several
potential answers, The more peaked the distribution of associa-
tions, the more readily an answer can be retrieved from long-
term memory and the more likely a memory retrieval process
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will be used to solve the presented problem. The confidence
criterion represents an internal standard against which confi-
dence in the correctness of the retrieved answer is gauged (see
Siegler, 1986).

The problem-solving process begins with setting the value of
the confidence criterion followed by an attempt to retrieve the
correct answer. If an answer cannot be retrieved or if the re-
trieved answer does not exceed the value of the confidence
criterion, then retrieval might be attempted a second time or a
backup strategy might be invoked to complete problem solving
(Siegler, 1983). Backup strategies consume more time than re-
trieval-based processes, but are of greater accuracy if correctly
executed. For simple addition, two backup strategics are likely
to be used by adults if the correct answer is not readily retriev-
able from long-term memory, The first of these involves the
decomposition of the problem into more simple problems
(Siegler, 1987). For example, the problem “6 + 9" might be
solved by subtracting 1 from the 6, then adding the 1 to the 9,
and finally adding 5 and 10. The second backup strategy in-
volves verbal counting. Here, the process, typically termed min
or counting on (Groen & Parkman, 1972), starts with the cardi-
nal value of the larger digit (e.g., “9” in the problem “6 + 9"} and
then counting in a unit-by-unit fashion a pumber of times equal
to the value of the smaller or minimum (min) integer (ie., “6”)
until a sum is obtained.'

In a recent revision of the strategy choice model it was argued
that strategies compete for expression (Siegler & Jenkins, 1989).
Thus, the presentation of a problem such as *6 + 9” activates not
only candidate answers, such as “15,” in long-term memory but
also simultaneocusly activates long-term memory representa-
tions of procedural knowledge, such as a schema for executing
the verbal counting strategy (Greeno, Riley, & Gelman, 1984). If
the level of activation of the counting schema exceeds the level
ofactivation of a candidate answer, then the counting algorithm
will be executed. If the counting algorithm is correctly exe-
cuted, then the stated answer, “15,” becomes associated with the
probliem. Thus, when the problem “6 + 9" is again presented for
solution, the level of activation of the candidate answer {i.e.,
“1 5™y is higher than it was before the previous successful count.

Gradually, after many successful counts, re-presentation of
the problem will lead to a stronger activation of the candidate
answer, as compared with the level of activation of the schema
for the counting algorithm. At this point, memory retrieval will
be used to solve the problem. The use of counting and in fact
other backup procedures, such as decomposition, therefore
leads to their extinction by ensuring that memory retrieval be-
comes the dominant problem-solving process (Siegler & Jen-
kins, 1989). Nevertheless, some form of confidence criterion
probably also influences whether a retrieved answer is stated or
whether a backup strategy is used to verify the accuracy of the
retrieved answer {Geary & Brown, 1991; Siegler, 1988). In all,
within the context of the strategy choice model, for the simple
addition task, expert or developmentally mature performance
would be represented by the error-free retrieval of all basic
facts.

Development of Skill in Cognitive Addition

Following the acquisition of basic concepts (Gelman & Meck,
1983), the development of skill in cognitive arithmetic proceeds

on two dimensions: strategy choices and speed of information
processing. The use of increasingly mature problem-solving
strategies cannot be characterized by the substitution of one
strategy, such as memory retrieval, for another less mature strat-
egy, such as verbal counting (Ashcraft, 1982). Rather, “develop-
ment involves changes in the mix of existing strategies as well as
construction of new ones and abandonment of old ones”
(Siegler & Jenkins, 1989, p. 27). For simple addition, accurate
retrieval of the answer from long-term memory represents the
developmentally most mature strategy choice. Children as
young as 4 years of age can accurately use the retrieval strategy
to solve some simple problems {e.g., “l + 27), but will count or
use some other backup strategy to solve more difficult prob-
lems (e.g., “5 + 47). Gradually, with practice, the frequency with
which memory retrieval is used for problem solving increases
and the use of backup strategies decreases (Siegler, 1986).

In fact, it is assumed that memory retrieval is the exclusive
problem-solving strategy for simple arithmetic problems by the
end of the elementary school years and certainty in adulthood
(Ashcraft & Battaglia, 1978; Ashcraft & Fierman, 1982; Camp-
bell, 1987a; Campbell & Graham, 1985; Geary, Widaman, &
Little, 1986; Geary, Widaman, Little, & Cormier, 1987; Miller,
Perlmutter, & Keating, 1984; Widaman et al., 1989). Despite
this strong assumption, the use of backup strategies by adults
forsolving simple arithmetic problems has not been empirically
tested in terms of developmental models (but see Svenson,
1983).

The second dimension that changes with skill development
in arithmetic is the rate with which the substantive elementary
operations can be executed (Geary, Brown, & Samaranayake, in
press; Kail, 1988; Widaman, Little, Geary, & Cormier, in press).
The decrease in the time for fact retrieval across the ages of 8 to
21 years, for example, can be represented by an exponential
decay function, with the asymptotic value being approached
during the high school years (Kail, 1988; Widaman et al., in
press). It is not clear, however, if the rate of fact retrieval remains
constant through middle and old age. The few studies that have
compared young and elderly adults on rate of solving simple
arithmetic problems have yielded mixed results (Birren & Bot-
winick, 1951; Charness, 1987; Charness & Campbell, 1988).
Birren and Botwinick found a faster rate of solving simple addi-
tion problems for young as compared with elderly adulis but no
age difference in error rate, whereas Charness and Campbell
found no age difference in overall rate of solving simple multi-
plication problems but a lower error rate for elderly individuals.
Finally, Schaie (1989) reported improvements in performance,
after controlling for age-related changes in perceptual speed, on
pencil-and-paper measures of addition throughout most of the
life span.

Cognitive Aging
Two issues in cognitive aging research are germane to our
study. The first is age-related differences in problem-solving

' We monitored for other types of strategies, such as counting on
fingers (Siegler, 1986}, but our subjects never reported using these alter-
native strategies and we never saw any indication that these strategies
were in fact used for problem solving. Because these alternative backup
strategies were apparently never used, for the sake of brevity, they are
not described.
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strategies and the second involves differences in the rate of in-
formation processing comparing young and elderly adults. The
evidence is mixed, with regard to the former issue. Charness
(1981} found that elderly chess players when selecting a chess
move showed a more efficient search of the problem space rela-
tive to younger peers, whereas Hartley and Anderson (1983)
found that young adults used more efficient problem-solving
strategies than elderly adults for the solution of the Twenty Ques-
tions task. Finally, Salthouse and Somberg (1982) argucd that
the problem-solving strategies used by young and elderly adults
did not difter across an array of simple information-processing
tasks (also see Charncss & Campbell, 1988; Myerson, Hale,
Wagstaff, Poon, & Smith, 1990). The key to resolving these
apparently contradictory claims probably resides in both the
complexity (i.e., working memory demands) of the task (Salt-
house, Mitchell, Skovronek, & Babcock, 1989) and the level of
task familiarity of the young and elderly subjects (Charness &
Bieman-Copland, in press).

With regard to the rate of information processing, the evi-
dence is less mixed but certainly not definitive. Many scientists
in the cognitive aging area have argucd that the rate of informa-
tion processing slows wilh age but disagree as to the exact na-
ture of the function relating age to the slowing of central e.g.,
computational) and peripheral (ie., sensory-motor) mecha-
nisms (Birren, 1965; Cerella, 1985; Charness, 1981; Hertzog,
1989, Hertzog, Raskind, & Cannon, 1986; Madden, 1985;
Mueller, Kausler, & Faherty, 1980; Salthouse & Somberg, 1982;
Schaie, 1989). More recently, Cerella (1990) and Myersan et al.
(1990) argued that aging is associated with a general slowing of
the rate of information processing across all domains. The
locus of this generalized slowing is conceptualized at the level of
the neural network. Alternative explanaticns for age-related
changes in information-processing rate include disuse, speed—
accuracy trade-offs, and strategy shifts (cf. Cerella, 1990).

The disusc hypothesis posits that the slower rate of informa-
tion processing of elderly, relative to young, adults isrelated to a
lack of practice. Elderly adults are sometimes described as be-
ing more cautious than younger adults and therefore might
differ from younger adults on the speed-accuracy trade-off
continnum associated with many information-processing
tasks. For the simple addition task, this could translatc into a
more rigorous confidence criterion for clderly subjects and
therefore result in either (a) a relatively high usage of backup
strategies or (b) a high frequency of retrieval trials but with
rather long latencies. The farmer could occur if elderly individ-
uals retrieved an answer from memory and then resorted to a
backup strategy to verify the accuracy of the retrieved answer.
The latter could occur if elderly individuals retrieved a second
fact from memory to verify the veracity of the first retrieved
answer. Either way, the hypothesis of a more rigorous confi-
dence criterion for elderly individuals would only be supported
if elderly adults showed a lower proportion of retrieval errors
than the younger adults (Siegler, 1988). The final hypothesis,
strategy shift, argues that elderly adults can process basic infor-
mation at the same rate as younger adults but show longer over-
all solution times because they use more time-consuming prob-
lem-solving strategies. This alternative explanation should also
be testable with the addition task.

Regardless, one exception to the general finding of slower

information processing in elderly as compared with young
adults is in the rate of access to the meaning of words (Cerella &
Fozard, 1984). Cerella and Fozard found no age difference in
the rate of retrieving the meaning of single words when they
compared young and elderly adults; however, age differences,
favoring the young, do appear to emerge on such lexical access
tasks when the procedure requires the retrieval and comparison
of two words (e.g., Mueller et al., 1980).

This Study

This study provides normative information on strategy
choices for addition in adults and should provide potentially
useful information to cognitive aging researchers in both of the
previously described areas: age differences in strategy choices
and rate of information processing. As noted earlier, previous
studies (e.g., Siegler, 1987) have shown that problem-solving
strategies in simple addition can be reliably classified on a trial-
by-trial basis. This task should therefore allow for an assess-
ment of potential age differences in the mix of problem-solving
strategies for solving addition problems. Morecver, because the
problem-solving strategy is recorded for each trial, age differ-
ences in the rate of executing the processes defining different
strategies can be accurately assessed. In previous cognitive ag-
ing research, trial-by-trial strategy classifications have not typi-
cally been done. Thus, if young and elderly adults ditfer in their
mix of problem-solving strategics, then mean solution times for
various information-processing tasks have been averaged
across different strategies. These strategies will probably vary
in rate of execution. In this circumstance, estimates of the age
difference in rate of information processing would almost cer-
tainly be biased, if not inaccurate (see Siegler, 1987, 1989h),
Finally, and perhaps most important, the perfermance charac-
teristics of young and elderly adults on the addition task can be
interpreted within the context of a general theoretical model of
cognitive development, thc sirategy choice model (Siegler,
1986).

Method
Subjects

The subjects included 60 young (25 male, 35 femalc) and 60 elderly
{19 male, 41 female) adults. The young adults were undergraduate stu-
dents who received course credit for participating in the experiment.
The elderly adults were recruited from the Columbia, Missouri, area
from a tist of university faculty and staff retirees and their spouses.
Prior to participation in the study, all subjects had initially participated
in another experiment on activity memory. The activity memory study
required about 50 min to complete. The tasksassociated with the activ-
ity memory experiment were nontaxing and unrelated to this study,
except that scores from one of the ability measures were used as an
index of addition skill in this study (ic., the Addition Test; Ekstrom,
French, & Harman, 1976). However, because the purpose of the activi-
ties study was to assess age-related differences in memory for activities
(the Addition Test was one of these activities), only one form of the
Addition Test was administered for 2 min instead of the 3 min indi-
cated in the instruction manual.

Before participation in the experimental task, all subjects responded
10 several survey questions. The questions concerned the subject’s age,
self-reported health status (this was recorded using a 1 [exceilent] to 5
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fbad] Likert-type scale), yvears of education, and years since retire-
ment; the associated descriptive information is displayed in Table 1.
The group difference in age was, of course, highly reliable {p < .0001),
with the age range for the young group being 18 to 31 years as com-
pared with 60 to 82 years for the elderly group. A reliable group differ-
ence for health status (p < .0001) was also found. Relative to the young
adults, the elderly subjects reported poorer health, although the group
mean indicated that the overall health of the elderly adults was re-
ported as good, as compared with good to excellent for the young
subjects. Finally, the advantage of the elderly adults in mean years of
education was reliable (p < .005).

In all, 5 of the elderly subjects had not completed high school; 9 were
high school graduates; [ § reported some college but no degree; [ 2 were
college graduates but reported no graduate education; 19 reported
some graduate education; and 7 of these 19 had received doctoral-level
degrees. The younger sample was much more homogencous with re-
gard to educational level; 46 were in their Ist or 2nd year of college, and
the remaining 14 were in their 3rd or 4th year of college. Across groups,
vears of education was not correlated with performance on the Addi-
tion Test, r= 002, p > .50. Within groups, years of education was not
correlated with performance on the Addition Test for either the elderly,
r=—.09, p> .25, or young, r = 0.06, p > .50, samples. Thus, years of
education beyond elementary school does not appear to have a sub-
stantive impact on basic addition skills.

Experimental Task

Addition stirtrufi.  The experimental stimuli consisted of 40 pairs of
vertically placed single-digit integers. Stimuli were constructed from
the 56 possible nontie pairwise combinations of the integers 2 to 9 (a tie
problem is, e.g., 4 + 4).” The frequency and placement of all integers
were counterbalanced. That is, each integer appeared five times as the
augend and five times as the addend, and the smalier value integer
appeared 20 times as the augend and 20 times as the addend. No
repetition of either the augend or the addend was allowed across consec-
utive problems, to prevent priming effects. Although priming effects
can also occur for the problem’s correct sum, these effects are most
pronounced when the task involves verifyingastated sum (e.g., “3+ 4=
77 Campbell, 1987b) rather than producing an answer.

Apparatus. The addition problems were presented at the center ofa
30-cm X 30-cm video screen controlled by an IBM PC-XT microcom-
puter. A Cognitive Testing Station clocking mechanism ensured the
collection of reaction times (RT§) with +1 ms accuracy. The timing
mechanism was initiated with the presentation of the problem on the
video screen and was terminated through a Gerbrands G134 1T voice-
operated relay. The voice-operated relay was triggered when the subject
spoke the answer 1nto a microphone connected to the relay.

For each problem, a READY prompt appeared at the center of the

Table 1
Descriptive Information for Subject Characteristics
Young Elderly

Variable M SD M SD F p
Age 198 22 713 53 477208 0001
Health status 1.5 06 22 09 29.60 0001
Years of education 139 09 154 3.2 13.08 005
Years since retirement  — — 8.6 7.6 — _
Gender (% male) 42 32 1.28 .25

video screen for 1,000 ms, followed by a blank screen for 1,000 ms.
Then, an addition probiem appeared on the screen and remained until
the subject responded. The experimenter initiated each problem pre-
sentation sequence by pushing a control key.

Procedure

Each subject was tested individually and in a quiet room. The 40
experimental problems were presented one at a time and were pre-
ceded by B practice problems. The instructions encouraged the sub-
jects to use whatever strategy made it easiest for them to obtain the
answer, although equal emphasis was placed on speed and accuracy.

After each trial, subjects were asked to describe how they got the
answer and based on this description the trial was classified by the
experimenter as one of the earlier described strategies: (a) verbal count-
ing, (b} decomposition, or (¢) memory retrieval. In studies with chil-
dren, strategies can typically be classified by an independent observer,
because children frequently count to solve the problem, and counting
is easily observable (¢.g., children typically move their lips when implic-
itly counting). Several previous studies have demonstrated that chil-
dren’s descriptions of their problem-solving strategies in arithmetic are
consistent with the classifications of independent observers and with
the associated R, if the children are asked to describe the strategy
immediately after the problem is solved (Siegler, 1987, 1989b).

For adults, however, implicit counting, for example, cannot be easily
classified by an independent observer, because most adults do not
move their lips when implicitly counting to solve an arithmetic prob-
iem, Thus, these verbal reports must be interpreted with caution (Ha-
mann & Ashcraft, 19835), because the experimenter could not directly
observe indications of different strategy usage. Nevertheless, having
some information on reported problem-solving strategies seems prefer-
able to no information at all. In support of the validity of the adult
reports, the descriptions provided for the different strategies were very
similar to those reported by children {e.g., Siegler, 1987). For retrieval
trials, subjects typically reported “just knowing” or “remembering”
the answer. For verbal counting trials, for instance, one young adult
reported solving the problem “7 + 2” by counting “7, 8, 9.” Reports for
decomposition trials were also consistent with developmental studies
but indicated subtly different ways of decomposing the problem. For
example, for the problem “8 + 7,” one elderly subject reported subtract-
ing 1 from the 8 and then adding “7 + 7 + 1,” whereas another elderly
subject reported solving this same problem by subtracting 2 from the 7
and then adding “8 + 2 + 5 Analyses designed to more explicitly
assess the validity of these reports are described in the Results section.

Results

The results with brief discussion are presented in three major
sections, followed by a more general discussion of the results
and their implications. In the first section, analyses of group
differences in strategy choices are presented. The second sec-
tion presents results for the Addition Test. The final section
presents a componential analysis of the RT data designed to
assess the validity of the self-reports and potential group differ-
ences in the rate of executing various arithmetical processes, for
instance, rate of retrieving facts from long-term memory.

Note.  Health status was tated on a | (excellent) to 5 (bad) Likert-type
scale. The dfs for the F tests were 1,118,

2 The excluded stimuliwere 2+ 4,2+ 6,3+ 2,3+ 4,4+ 7,4+ 8,5+
3,5+8,6+56+9,7+5,7+6,84+3,8+9,9+2,and9+7.
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Table 2
Characteristics of Addition Strategies
Mean % of trials Mean RT {ms)*"
on which
strategy used Mean % of errors Young Elderly

Strategy Young Elderly Young Elderly M SD M SD
Verbal counting 5 o® 8 0 1,703 697 — —
Decomposition 7 2 7 0 1,189 255 1,271 175
Retrieval 88 98 2 2 833 96 930 95

Note. Qverall {across strategies) mean reaction time {RT) was 885 ms (§D = 142) for the young group and
939 ms (8D = 102) for the elderly group. The difference in overall mean RT was marginally reliable
{ p = .054). The overall error raics for the young and elderly groups were 2.5% and 1.5%, respectively.

¢ Mean RT excluded error and spoiled trials. ° The actual percentage was 0.2,

Strategy Choices

The group-level characteristics of addition strategies are dis-
played in Table 2. Retrieval was the primary strategy choice for
both the young and elderly adults, although the decomposition
and verbal counting strategies were used occasionally. Untvar-
iate analyses of variance (ANOVAs) with group as the between-
subjects variable indicated reliable differences across groups for
the frequency with which the retrieval, F(1, 118) = 19.07, p <
0001, decomposition, F(1, 118) = 8.66, p < .01, and verbal
counting, F(I, 118) = 13.19, p < .001, strategics were used for
problem solving. In all, the elderly subjects used the retrieval
strategy more frequently, and the backup decomposition and
verbal counting strategies less frequently, than did the young
subjects.

Examination of individual protocols indicated that 10% and
30% of the elderly and young adults, respectively, used more
than one problem-solving strategy. The group difference in the
proportion of subjects using more than one strategy was reli-
able, z = 4.78, p < .01. Examination of individual strategy dis-
tributions indicated that retrieval was the primary problem-
solving process for 5 of the 6 elderly subjects who reported using
a backup strategy. These 5 subjects reported using retricval to
solve, on average, 34 of the 40 addition problems (the range was
27 to 39 problems). The sixth subjcct reported using decompo-
sition to solve 21 problems, and retrieval to solve 18 problems
(one trial was spoiled). A similar pattern emerged for the young
group. Here, 28 of the 30 subjects who reported using a backup
strategy relied primarily on retrieval for problem solving. These
subjects reported using retrieval to solve, on average, 31 of the
40 addition problems (the range was 21 to 38 problems). One of
the remaining subjects reported using the verbal counting and
retrieval strategies equally often, whereas the final subject re-
ported using retrieval to solve 13 problems, decompasition to
solve 16 problems, and verbal counting to solve the remaining
problems,

A second series of univariate ANOVAs revealed no reliable
group difference in the frequency of retrieval errors, F(1,118) <
L, but the young group committed significantly more decompeo-
sition, F(1,118) = 5.76, p < .05, and verbal counting, F(1,118)=
5.09, p < .05, errors than did the elderly group.

The final set of columns in Table 2 displays the mean solution
times across strategies and groups. No mean RT is displayed for

the elderly group for the verbal counting strategy because there
were almost no verbal counting trials from the elderly subjects.
Inspection of mean RTs from the voung and elderly subjects
(averaged across problems to be consistent with the later de-
scribed componential analyses) for the decomposition and re-
trieval strategies reveals a group difference favoring the young
subjects of 82 ms and 97 ms, respectively. The mean difference
for the retrieval strategy was highly reliable, F(1, 78) = 20.87, p
< .0001, but was not reliable for the decomposition strategy,
F{1, 78) < 1. Note that the solution time data for the decomposi-
tion strategy were based on a relatively small number of trials
and therefore might not be a reliable estimate of the rate with
which young and elderly adults execute this strategv. A compo-
nential analysis of the retrieval trial solution times is presented
in the final section.

The final set of analyses in this section sought to determine if
the use of the backup strategies was related to problem diffi-
culty, as is the case for children (Geary, 1990; Geary & Brown,
1991; Siegler & Shrager, 1984). To achieve this end, the fre-
quency {across problems) with which the backup strategics were
used for problem solving was corrclated with the value of the
problem’s correct sum. The sum value was used because it pro-
vides a straightforward index of problem difficulty (Washburne
& Vogel, 1928) and is highly correlated with other indexes of
problem difficuity (e.g., Geary & Burlingham-Dubree, 1989).
Consistent with studies in which children were used as subjects,
the results indicated that the frequency of backup trials in-
creased with an increase in the value of the correct sum for both
the young, r = .73, p < .001, and elderly, r = .80, p < .0001,
groups. The frequency of decomposition trials was also rcliably
correlated with the presence of'a “9” in the problem for both the
young, r=.82, p<.001,andelderly, r= .41, p < .01, adults. The
value of these two correlation coefficients (ie., .82 and .41) dif-
fered reliably, z = 3.10, p < .01. Although only 25% of the prob-
Iems contained a “9,” 70% and 45% for the young and elderly
groups, respectively, of the decomposition trials occurred when
either the augend or the addend was a “9.” Finally, for the voung
group, the frequency of decomposition and verbal counting
trials was not reliably correlated, r = .19, p > .20. This result
suggests that decomposition and counting tended to be used to
solve different types of problems. In ali, the results indicate that
the backup strategies tended to be used for the solution of more
difficult problems for both young and elderly adults, and that
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the decomposition strategy tended to be used, rather than
counting, if the problem contained a “9.”

Ability Test Performance

The mean number of problems solved correctly on the Addi-
tion Test (Ekstrom et al.,, 1976) was 21.4 (§D = 5.7) and 24.0
(SD = 7.6) for the young and elderly groups, respectively A
univariate ANOVA (with group as the between-subjects vari-
able) indicated that the performance advantage of the elderlv
adults was reliable, F(1, 118) = 4.25, p < .05. Across groups,
performance on the Addition Test was unrelated to reported
health status, r= .04, p > .50, but was marginally correlated
with age, r= .16, p <.10. The frequency with which the backup
strategies were used for problem solving was inversely corre-
lated with performance on the Addition Test, r=-.19, p <.05.
This result is consistent with the argument that decomposition
and verbal counting are developmentally immature strategies;
that js, the use of these strategies indicates that the subject has
not vet achieved the level of expert in simple addition. Finally, a
multiple regression analysis revealed that partialing the fre-
quency of correct retrieval trials from the group variable re-
duced the elderly advantage on the Addition Test to nonsignifi-
cance, F(l, 117) = 1.23, p > .25. Thus, the advantage of the
elderly adults on the ability test appears to be related to the fact
that nearly all of the elderly subjects had memorized nearly all
basic addition facts, whereas many of the young subjects
had not.

Componential Analyses

The componential analyses served two purposes. First, the
pattern of solution times was examined across strategies to de-
termine if they were consistent with the self-reports. Second,
these analyses were designed to determine the locus of the
group difference in rate of executing the memory retrieval strat-
egy. Both sets of analyses were based on correct trials, but ex-
cluded trials on which the voice-operated relay was triggered by
responses other than the answer (¢.2., coughing} or if the initial
response did not trigger the relay® Process models for addition
were fitted to average RT data by using regression technicques
for both groups. Because not all subjects used the same strategy
to solve all problems, the matrix of RTs from which these aver-
ages were computed necessarily contained missing data. In this
circumstance, the resulting regression equation could be biased
in some way, This bias would probably result in some increase
in the variability of the regression estimates and attenuate the
goodness of fit of the overall model. Nevertheless, this proce-
dure seems preferable to the alternative of averaging all RT3
across different strategies (Siegler, 1987, 1989h).

The min and product (prod) variables were used to model
RTs(Geary, 1990; Siegler, 1987). Because the min variable repre-
sents a process whereby the subject implicitly counts to solve the
problem, the RTs from verbal counting trials should increase
linearly with the min value, and the associated regression
weight should be consistent with estimates for the rate of count-
ing, when counting is used to solve simple addition problems
{Groen & Parkman, 1972). The prod variable can be used to
represent the long-term memory network of addition facts

(Geary et al, 1986; Miller et al,, 1984). The raw regression
weight for the prod variable multiplied by the product of the
augend and addend provides an estimate of the rate of retriev-
ing the sum from long-term memory. The raw regression esti-
mate for the prod variable for retrieval trials should be similar
to the 3.0 value obtained by Miller et al. for a similar addition
task.

Yalidity of self-reports. Two approaches can be used to assess
the validity of the self-reports. The first approach involves com-
paring the magnitude of the correlation between RTs and the
variables thought to represent the processes underlying the so-
lution of addition problems, For example, the prod variable
should show a higher correlation coefficient, than the min vari-
able, with retrieval trial RT5. Although this approach seems
logical, Pellegrino and Gokiman (1989) showed that relying on
the value of the best fitting variable (i.c, the variabie that is
most strongly correlated with RTs) to make inferences about the
underlying processes is not always appropriate because vari-
ables representing different processes are often correlated with
RT3 to the same degree. Nevertheless, we report the results for
this type of comparison,

Second, if the subjects’ reports of their problem-solvingstrate-
gies are valid, then the regression weights for the min and prod
variables should differ across strategies. Moreover, the value of
the regression weights should be consistent with thearetical ex-
pectations and previous studies. The min variable should pro-
duce a regression estimate for verbal counting trials that is con-
sistent with the rate of implicit counting but a much lower esti-
mate for decomposition and retrieval trials. The regression
estimate for the prod variable, as noted earlier, should be about
3.0 for retrieval trials but much larger for decomposition and
verbal counting trials (cf. Siegler, 1987). No predictions can be
made regarding the expected regression weights for decomposi-
tion trials, because there are no appropriate comparisons avail-
able in the literature and because, as noted earlier, different
subjects used subtly different decomposition strategies.

As noted in Table 3, the min variable was correlated .45 with
retrieval trial RTs for both the young and elderly groups,
whereas for these same RTS the prod variable showed a correla-
tion coefficient of .55 for the young group and .63 for the elderly
group (for all rs, p <.03). For the young group, however, the min
and prod variables were both correlated .80 with verbal count-
ing trial RT8. No correlations were computed for the elderly
group for the verbal counting strategy because the elderly sub-
jects almost never used this strategy. Table 3 also displays the
regression weights for the min and prod variables across groups
and strategies. As expected, the largest estimate for the min
variable was obtained for the verbal counting trials. The asso-
ciated regression weight of 372 ms is consistent with the 400 ms
estimate, reported by Groen and Parkman (1972), for the
counting rate associated with the min process. In a similar
manner, the lowest estimates for the prod variable were ob-
tained for retrieval trials, followed in turn by the decomposi-
tion and verbal counting trials. For the retrieval trials the prod
variable regression estimates of 3.2 ms and 3.6 ms for the young

¥ A total of 6.0% and 6.2% of the responses were spoiled for the
young and elderly groups, respectively.
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}zi?;jsm Coefficients for Counting and Memory Retrieval Models Across Strategies

Verbal counting Decomposition Retrieval
Group Min re Prod r Prod Min r Prod r
Young 372 .80 38 .80 7.7 25 45 3.2 535
Elderly — — — — 8.2 25 45 36 .63
Note. Min = the cardinal value of the smaller integer. Prod = the product of the augend and the addend.

Regression coefficients were estimated from mean reaction times, which excluded error and spoiled trials.
2 The correlations are between the variable and mean reaction timies.

and elderly groups, respectively, were highly consistent with the
estimate reported by Miller et al. (1984). For the retrieval trials,
both the correlation values and the regression estimates are
consistent with the self-reports. For the counting trials, how-
ever, the correlation values do not allow for a differentiation of
the prod and min models, although the regression estimate for
the min variable is consistent with a counting process. More-
over, although the prod variable was strongly correlated with
counting trial RT8, the associated regression estimate of 38 ms
1$ very inconsistent with a retrieval process (Miller et al., 1984).
Overall, the pattern of RT5 across strategies seems to support
the validity of the self-reports.

Memory retrieval strategy.  The final set of analyses in this
section sought to determine the locus of the group difference,
favoring young adults, in mean retrieval trial RT5. To achieve
this end, mean RTs from both groups were combined into a
single data set and were analyzed by means of regression tech-
niques. The prod variable was used as one of the independent
measures. The second independent measure was a dummy
coded variable, group (coded O for the young group and 1 for the
elderly group). The partial F ratio for the group variable tested
the intercept difference between groups. The Group X Prod
interaction tested the slope difference for the prod variable be-
tween groups.

The resulting regression equation is displayed in Table 4.
Inspection of the table reveals reliable group, F(l, 76) = 5.90,
p < .05, and prod, F(1, 76} = 18.08, p < .01, variables, but a
nonreliable Group X Prod interaction, F(1, 76) < 1. The results
indicate that the young and elderly adults did not differ in the
rate of executing the substantive addition process—the rate of
retrieving facts from long-term memory. The intercept term
{i.e., 740 for the young adults and 740 + &6 for the elderly adults)

Table 4
Statistical Summaries of Regression Analyses: Retrieval Trials
Equation R? dr F RMS,
RT = 740 + 86 (Group)* + 3.2
(Prod)* + 0.4 (Group X Prod) 49 3,76  23.97 78

Partial Fs: 5.90, 18.08, 0.13

Note.  RT = mean reaction time; Prod = the product of the augend and
addend. Group was coded 0 for the young adults and 1 for the elderly
adults.

*p<.05.

theoretically represents a combined estimate for the rate of en-
coding digits and for the rate of the strategy selection and the
answer production processes (Ashcraft & Battaglia, 1978;
Campbell & Clark, 1988). The reliable group variable indicated
that the elderly adults required an additional 86 ms, relative to
the young adults, to execute the processes subsumed by the
intercept term.

Discussion

The first purpose of our study was to provide normative in-
formation on strategy choices in addition in adulthood. The
second purpose was to compare young and elderly adults on
strategy choice and speed-of-processing characteristics asso-
ciated with the cognitive addition task. Both of these issues are
discussed within the context of the strategy choice model. Ac-
cording to the model, the combination of variations in the
peakedness of the distributions of associations parameter and
the rigor of the confidence criterion can accommeodate develop-
mental changes in strategy choices, the proportion of retrieval
errors, and the use of backup strategies (Geary et al,, in press;
Siegler, 1988). Peaked distributions of associations, where the
associative strength is concentrated on a single answer, should
produce a high proportion of retrieval trials, independent of the
rigor of the confidence criterion. Conversely, for less peaked
distributions the rigor of the confidence criterion can have a
substantial impact on strategy choices. For these problems a
stringent confidence criterion should produce many trials on
which a backup strategy is used for problem solving, because
the associative strength of the retrieved answers would not often
exceed the value of the confidence criterion, making necessary
the use of a backup strategy. Less peaked distributions of associ-
ations combined with a less rigorous confidence criterion, how-
ever, should result in fewer backup strategy trials and a rela-
tively high proportion of retrieval errors (Siegler, 1988).

The results for the young subjects do not support strong as-
suraptions about the exclusive use of memory retrieval pro-
cesses for the solution of mental arithmetic problems in aduit-
hood (Ashcraft, 1982; Campbell, 1987a; Geary et al., 1986;
Miller et al., 1984; Widaman et al., 1989). For the young adults,
12% of the rather simple problems used in the experimental
task were apparently solved by means of either the verbal count-
ing or decomposition backup strategies. Moreover, 50% of the
young subjects reported using at least one of the backup strate-
gies. Thus, the development of skill in simple addition, for
many individuals, is not complete until well into adulthood. In
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other words, many of the young adults had not yet achieved the
level of expert in simple addition. Within the context of the
strategy choice model, the low proportion of retrieval errors
combined with the relatively high proportion of backup strat-
egy trials by the young adults suggests a rather rigorous confi-
dence criterion (Geary & Brown, 199 1; Siegler, 1988). The find-
ing that the use of the backup strategies increased with in-
creases in the difficulty of the problem indicates that the
backup strategies were probably used when an answer was not
readily retrievable from long-term memory. In other words, the
relatively immature mix of problem-solving strategies for the
young group appeared to reflect a distributions of associations
parameter that was relatively flat, for many of these subjects, for
more difficult problems.

Indeed, a group difference in the peakedness of the distribu-
tions of associations parameter can easily accommodate the
advantage of the elderly adults in the distribution of strategy
choices. In this study, the advantage of the elderly adults in the
proportion of retrieval trials, combined with no group differ-
ence in the proportion of retrieval errors, suggests rather more
peaked distributions of associations for the elderly adults rela-
tive to the young adults. The finding of an equivalent prepor-
tion of retrieval errors for the two groups suggests that the age
difference in the frequency of retrieval trials was not due to
group differences in the rigor of the confidence criterion. The
data in fact suggest that both groups had a rather stringent
confidence criterion. In other words, no group difference in the
proportion of retrieval errors suggests that the young and el-
derly subjects did not differ in speed-accuracy trade-offs. In all,
the data argue that the strength of the underlying memory repre-
sentation for basic addition facts is not adversely affected by the
aging process (Smith, 1980), assuming good health (Manton,
Siegler, & Woodbury, 1986).

It is not clear from these data, however, whether the age-re-
lated difference in the distribution of problem-solving strate-
gies is primarily due to developmental or cohort differences. A
developmental interpretation would argue that the elderly sub-
jects might have relied on backup strategies more frequently as
younger adults. With the continned use of the backup strate-
gies, the associative strength between the correct answer and
the problem ¢ventually reached a point where retrieval became
the dominant problem-solving strategy for nearly all simple ad-
dition problems. An equally plausible explanation is that the
group difference in strategy choices is related to cohort differ-
ences. Indeed, Schaie (1983) reported reliable cohort differ-
ences for basic numerical skills, with later cohorts generally
showing relatively poor basic skills. These cohort differences
would presumably be related to a greater emphasis on rote
memorization of basic facts during the elementary school years
for earlier cohorts (Washburne & Vogel, 1928). From this per-
spective, the elderly adults have probably been experts in basic
addition since the elementary school years. Either way, the data
suggest that the elderly subjects showed better developed basic
addition skills than the college students and that this advantage
can be understood in terms of the strategy choice model.
Within the context of the strategy choice model, however, the
attainment of expert status in addition might be more closely
related to level of practice than to age per se (Charness, 1987).

Counsistent with many other cognitive aging studies {e.g., Cer-

ella, 1985; Salthouse & Somberg, 1982), the young adults
showed an advantage relative to the elderly adults in the rate of
information processing. However, contrary to generalized
slowing models of age-related changes in rate of information
processing (Cerella, 1990; Myerson et al., 1 990), the component-
ial analysis of the retrieval trial RTS suggested that the group
difference in speed of processing might not have been uniform
across basic processes. The young and elderly adults showed no
reliable difference in the rate with which addition facts could be
retrieved from long-term memory, but the young adults did
show an advantage in the rate of executing the processes sub-
sumed by the intercept term, that is, the processes of encoding,
strategy selection, and verbal production of the answer. This
basic finding is similar to a finding by Charness (1987) for a
somewhat similar task.

The finding that the elderly subjects nearly always used re-
trieval suggests that the speed-of-processing difference found
in this study was probably not due to a strategy selection pro-
cess. Nor do these data support the strategy-shift hypothesis of
an age-related slowing in information processing. In fact, the
elderly were more likely to use the less time-consuming re-
tricval strategy than were the younger adults. The Nebes (1978)
and Salthouse and Somberg (1982) findings of no age difference
in verbal production R suggests that the intercept difference
might not be related to age differences in the rate of verbally
producing an addition answer, although Charness (1987) found
that young adults showed about a 28-ms advantage cver elderly
adults on a similar verbal production task. Thus, it is possible
that a portion of the intercept difference is related to age differ-
ences in rate of verbally producing an answer, although the
28-ms estimate (Charness, 1987) would not explain the entire
intercept difference. The remainder of the intercept difference
could be parsimoniously explained by age differences in the
rate of encoding integers {Hunt, 1978; Smith, 1980). In all, the
pattern of results supports Charness’s argument that “much of
the age-related slowing is attributable to encoding and response
processes” (pp. 229-230), and not attributable to more central
processes.

Future studies will, of course, need to explicitly test this
speed-of-encoding/response hypothesis. Regardless, the find-
ing of no age difference in the rate of retrieving simple addition
facts from long-term memory is consistent with the finding of
Cerella and Fezard (1984). Recall that Cerella and Fozard found
no age difference in the rate of retrieving the meaning of single
words from long-term memory. In fact, data from converging
areas, such as psychometrics, mental chronometry; learning dis-
abilities, and neuropsychology, support the position that the
long-term memory representation of arithmetic facts is a se-
mantic language-like system (Ashcraft & Battaglia, 1978; Biller
& Grafman, 1983; Geary, 1990; Geary & Brown, 1991; Geary et
al., in press; Horn, 1968; Luria, 1980; Richman, 1983). Thus,
the finding of no age difference in the rate of addition fact
retrieval might be interpreted as a replication, albeit with a
different content, of the Cerella and Fozard finding.

Although the elderly aduits did not appear to be at a disad-
vantage in the rate of fact retrieval, their overall solution times
for retrieval trials were slower relative to the young adults. Yet,
consistent with Schaie’s (1989) findings, the elderly adults cut-
performed the young adults on the pencil-and-paper test of
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numerical facility (ie, the Addition Test). The elderly adults’
advantage on the ability measure in this study, and perhaps in
Schaie’s study;, appeared to be related te a mature distribution
of strategy choices (i.c., less frequent use of backup strategies).
Because the elderly adults were able to correctly retrieve nearly
all basic additton facts from long-term memory and therefore
rarely use a backup strategy, they were able to solve more addi-
tion problems in the allotted time than were the young adults.
For the young adults the relatively frequent use of backup strate-
gies appeared to have lowered their overall performance on the
ability measure. This finding supports Charness’s (1981) argu-
ment that decreases in the overall rate of information process-
ing typically associated with aging can be compensated forby a
shift to more efficient problem-solving strategies, at least in
domains in which elderly individuals have considerable knowl-
edge.

Finally, our study demonstrated the utility of developmental
models for guiding the study of age-related differences on basic
cognitive tasks and suggests that the development of seemingly
simple cognitive skills, such as addition, might continue well
into adulthood for many individuals. The study also illustrated
the need to consider age differences in the distribution of prob-
lem-solving strategies when comparing voung and elderly
adults on information-processing tasks. The finding of an age
difference in the mix of problem-solving strategies for everyday,
well-practiced addition problems suggests that strategic differ-
ences might also emerge on other basic information-processing
tasks. As has been aptly demonstrated by Siegler (1987, 1989b)
for children's arithmetic, the averaging of RTs across different
strategies can seriously distort estimates of the speed of execut-
ing basic information processes and therefore distort any group
comparisons in rate of executing these processes if the groups
differ in strategy approaches to the task. Finally, this study indi-
cated that the strategy choice model (Siegler, I986) can provide
a fruitful theoretical context for the study of cognitive aging in
that the model can, and should, be extended into adulthood.
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