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Carroll (1991) has argued that our empirical test of the hypothesis that psychometric g is a 
unitary factor fails methodologically to prove that g is not unitary, and that our finding 
could have resulted from some impurity in the g extracted from 11 psychometric tests. The 
gist of this argument is that our multiple regression method for testing the unity of g and 
the outcome of this test would be valid only if it were certain that we had a "perfect 
estimate" of g as the dependent variable. We argue that the hypothetical ideal of a 
perfectly pure g is empirically unattainable, but that such purity is an unnecessary condi- 
tion for testing the hypothesis by the method we used. Our analyses suggest that one 
would have to assume an improbably large amount of "impure" variance in our g factor to 
make Carroll's argument compelling. Finally, we are most grateful for Carroll's elegant 
hierarchical factor analysis of our psychometric and chronometric variables. The unity of 
g cannot be proved or disproved by factor analytic methods per se and the unitary g 
hypothesis has only the status of a parsimonious assumption within that framework. But 
Carroll's factor analysis of our data indeed beautifully represents the relationship between 
conventional psychometric tests and elementary cognitive tasks based on chronometric 
techniques and further highlights the central role of efficiency (= speed and consistency) 
of information processing in g. 

Car ro l l ' s  (1991)  c o m m e n t a r y  has  two dis t inct  parts:  (1) a c r i t ic i sm of  our  c l a im 

that  our  data  and  ana lyses  seem to con t rad ic t  the no t ion  that  p sychomet r i c  g is 

un i ta ry ;  and  (2) a h ie rarch ica l  fac tor  analys is  o f  the  p sychome t r i c  a~ad chro-  

nome t r i c  va r iab les  in our  study. 

As  for  Par t  1, we only  wish  we could  be l ieve  that  Carrol l  is r ight ,  for  a truly 

uni ta ry  g wou ld  be  so n ice  for  g theory.  H ow  beaut i fu l  wou ld  be an au thent ic  

p r o o f  o f  the  uni ty  o f  g: a c o n s u m m a t i o n  devout ly  to be  wished  indeed!  Alas ,  our  

s tudy has  s h a k e n  our  hope .  But  apparen t ly  not  C a r r o l l ' s - - y e t .  

As  for  Par t  2, b rav i s s imo!  Our  art icle (Kranz le r  & Jensen ,  1991) was a imed  

solely at  t es t ing  the  hypo thes i s  o f  uni tary  g, and it was  not  at all in tended  to do 

wha t  Carrol l  has  done  wi th  our  data  in his  admi rab ly  expert  appl ica t ion  of  the  
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most appropriate method of factor analysis. His factor analysis of 38 variables in 
the combined batteries of psychometric tests and chronometric tests (elementary 
cognitive tasks, ECTS) displays, probably better than in any previous study, the 
structural relationship between psychometric and chronometric measures of men- 
tal abilities. Also, it beautifully highlights the role of speed and consistency of 
information processing in general mental ability, or g. We are most grateful to 
Carroll for this contribution to understanding the nature of g. 

PART 1: C A R R O L L ' S  CRITIQUE ON THE UNITY 
OF PSYCHOMETRIC g 

Carroll (1991) regards the idea of a unitary g as a parsimonious assumption and 
points out that this assumption has prevailed throughout the history of research 
and discussion about the g factor. There is the notable exception, of course, of Sir 
Godfrey Thomson's (1951) so-called "sampling theory" of g, which he put forth 
to challenge Spearman's notion of g as having a unitary basis. By "unitary" it is 
meant, in Carroll's (1991) words, that g "represents a single entity or con- 
stellation in the constitution of the individual that influences a great variety of 
behaviors and performances, including speed and efficiency of information pro- 
cessing" (p. 434). Thomson's sampling theory, however, never really offered an 
empirical challenge to the theory of a unitary g, because the nature of the 
population of sampled "elements" was not specified in such a way as to suggest 
any operations by which the theory could be empirically tested (Jensen, 1987a, 
pp. 126-128). 

An empirically testable challenge to unitary g, however, is suggested by 
modern componential theories of mental ability. Based on concepts from experi- 
mental cognitive psychology, componential theory hypothesizes that (1) some 
quite limited number of basic or elemental information processes enter into 
performance on any complex cognitive task (such as the items in typical psycho- 
metric tests of elemental ability); (2) there are individual differences in these 
elemental information processes; and (3) the various elementary processes (at 
least some of them) are independent (i.e., uncorrelated) at the level of individual 
differences. These processes may consist, for example, of stimulus apprehen- 
sion, discrimination, stimulus encoding, retrieval or transfer of information be- 
tween short-term and long-term memory systems, chaining of operations or bits 
of information, response integration and execution, and the like. Certain elemen- 
tal processes may be describable in physiological terms: neural conduction ve- 
locity, synaptic delay, neural "noise" or errors in the transmission of action 
potentials, neural redundancy, and so on. It does indeed seem intuitively at least 
plausible that a number of such processes might underlie performance on com- 
plex tests, and furthermore, it seems improbable that just a single factor would 
account for all of the reliable variance in the various processes. 

Considerations such as these help to explain why, in the realm of conventional 
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(i.e., relatively complex) psychometric tests, any method of factor analysis per 
se has not, and logically cannot, either prove or disprove the hypothesis that g is 
unitary, that is, a reflection of individual differences in some single process or 
property of the brain. The simplest hypothetical example makes this clear. Sup- 
pose that among all the various information processes there are three "elemen- 
tary processes," A, B, C, and that every psychometric test (or test item) always 
involves all three of these processes, whatever other processes or information 
content they may involve. As a result, even if individual differences in A, B, and 
C are independent of one another, the various psychometric tests, in which they 
are all involved, will be positively correlated with one another to some degree, so 
that a factor analysis of them will yield a strong g factor, whether as a first 
principal factor or as a second (or other higher-order) factor in a hierarchical 
analysis. Other factors, too, may emerge, reflecting other processes or informa- 
tion content that is not shared by all of the tests. In terms of this collection of 
complex tests, then, it would perhaps not seem amiss to speak of its g factor as 
"unitary" as far as the application of any kind of factor analysis per se would 
allow us to go. But we don't have to stop at that point. We can proceed, in our 
hypothetical example, to a more fine-grained level of analysis in terms of a 
variety of ECTs, each of which involves, say, only one or two of the processes A, 
B, C (in addition to any other processes that may or may not also enter into some 
of the psychometric tests). A common factor analysis (or a principal components 
analysis) of these ECTs thus could yield two or more uncorrelated components 
(i.e., sources of variance), reflecting the independent aspects of these processes. 
If, then, it is found that each of these independent components is correlated with 
the g factor of-the psychometric tests, it would mean that the g is not really 
unitary at the level of ECTs, but comprises certain independent components of 
variance reflecting the uncorrelated aspects of processes A, B, and C. (Note that 
this would not be discovered by simply factor analyzing collections of psycho- 
metric tests when each test comprises variance attributable to processes A, 
B, and C.) 

This represents essentially the rationale and method of our study." However, 
instead of obtaining single, simple correlations between each of the uncorrelated 
principal components of ECTs and psychometric g, we used a statistically more 
efficient and powerful technique--stepwise multiple regression--to test whether 
more than one of the ECT components adds a significant increment to the 
multiple correlation (R) with the dependent variable, g. It turned out that four 
independent ECT components each contributes significantly to the prediction 
of g. 

So what is the problem exactly? Carroll agrees with the logic of our argument, 
admitting that our reasoning is valid but makes the assumption that our dependent 
variable is a "completely adequate and 'pure' measure of g (p. 424). To closely 
paraphrase his argument, if the obtained g factor scores are not a perfect estimate 
of g, then any covariance they have with one or more orthogonal measures based 
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on ECT measures can reflect whatever additional variance in the estimated g 
factor scores that make them less than pure, and at least in part overlapping with 
variance from the ECT variables. Carroll's hypothetical data (in his Tables 1-4) 
simply illustrate the fact that if two or more orthogonal variables (e.g., ECTs) 
have some of their variance in common with another variable (e.g., g), then if the 
orthogonal variables (e.g., ECTs) are entered as the independent variables in a 
stepwise multiple regression, they may add significant increments to the predic- 
tion of the dependent variable (e.g., g). The difference between Carroll's in- 
terpretation and ours is that he attributes this outcome to "impurities" in our 
psychometric g that happen to be measured by two or more of the ECT principal 
components beyond the first component (which is presumably g plus any other 
variance that the ECT variables do not have in common with the psychometric 
variables). But is it not also just as plausible that what Carroll views as "im- 
purities" are actually constituents of psychometric g attributable to different 
elementary information processes measured by the ECT variables? 

We think it is even more probable that this is the case, for it seems to us most 
difficult to imagine what the "impurities" could be that would have such surpris- 
ing properties as the following: (1) the "impurities" would have had to arise 
entirely from within the psychometric battery, which scarcely resembles the 
battery of ECTs; (2) these "impurities" would have to constitute more than half 
of the significantly predictable variance in the psychometric g, that is, variance 
contained in the three principal components of the ECT variables beyond the first 
principal component; and (3) this assumed "impurity" in the psychometric g is 
contained in just the first few principal components of the 37 ECT variables. 
Hence, given these properties, the imputed "impurity" in our g seems to us 
implausible. In other studies in which a psychometric battery, such as the 
Wechsler Adult Intelligence Scale (WAIS) or the Armed Services Vocational 
Aptitude Battery, has been given to a large group of subjects along with a variety 
of ECTs, we have found that none of the first-order factors (independent of g) 
extracted from the psychometric batteries shows any significant correlation with 
the ECTs; g seems to be the only psychometric factor that is correlated with the 
ECTs. It would seem surprising and puzzling, therefore, that the 11 psycho- 
metric tests used in our study would harbor some substantial source of variance 
besides g, which also exists in the ECT variables and which has infiltrated the 
psychometric g, making it "impure." 

Sources of Er ro r  in g 
Certainly, like any other statistic, a g factor based on a limited number of mental 
tests and a limited number of subjects will contain error. There are three main 
sources of such error: (1) subject sampling error, because a sample does not 
perfectly represent the population; (2) psychometric sampling error, because a 
limited number of diverse mental tests does not perfectly represent the total 
population of mental tests, actual or conceivable; and (3) all factor scores in a 
common factor analysis, including g factor scores, by any method of derivation, 
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are only estimates of the true factor scores, which remain unknown, in the same 
sense that obtained scores are estimates of true scores, with some determinable 
margin of probable error, in classical measurement theory. It has been deter- 
mined mathematically that the average minimum correlation between estimated 

factor scores and their corresponding hypothetical true factor scores rapidly 
increases as a function of the ratio of the number of tests to the number of first- 
order factors (Gorsuch, 1983, p. 259). With 11 tests and two first-order factors, 
as in this psychometric battery, the minimum correlation between estimated and 
true factor scores would be + .84, and the actual correlation could be well above 
this value. 

There are several methods, or models, commonly in use for estimating the g 
factor in a correlation matrix, but in any typical battery of 10 or more diverse 
mental tests, method differences for estimating g would be a negligible source of 
variation in g factor scores. The correlations between g factor scores derived 
from different models for extracting a g factor from a given correlation matrix 
typically range above +.97, with a mean close to +.99 (e.g., Ree & Earles, 
1991). 

As for psychometric sampling error, our g, though based on only 11 tests, is 
probably very close to the general factor in the population of all conventional 
mental tests, because our battery is composed of Raven's Advanced Progressive 
Matrices (APM), a good g marker, and the 10 subtests of the Multidimensional 
Aptitude Battery (MAB), which was devised to provide a measure of general 
ability and to correlate highly with the WAIS, both in terms of the homologous 
subtests and the full-scale IQ. In general, the psychometric sampling error of g is 
quite surprisingly small. For example, six nonoverlapping test batteries, each 
composed of nine tests randomly selected from a large pool of extremely diverse 
tests (used in the U.S. Air Force) showed highly similar g factors. Seventeen 
highly varied "probe" tests were inserted, 1 at a time, into each of the 6 
batteries; the g loadings of the "probe" tests had an average correlation of + .85 
across the 6 batteries (Thorndike, 1987). Hence, we believe that the error or 
"impurity" in our g factor is relatively small, unlike the large "impurities" that 
Carroll put into the hypothetical data in his Table 1, in which the "impurities" 
constitute more than half of the dependent variable's communality in some cases. 
We have no theoretical or empirical basis for supposing that ECTs should predict 
any large or significant proportion of the sources of error that commonly exist in 
factors or factor scores. The componential theory of information processing, 
however, predicts that some independent components measurable with ECTs 
should be correlated with psychometric g (e.g., Detterman, 1987; Sternberg & 
Gardner, 1982). 

Varying the "Purity" of g: An Experiment 
It is almost axiomatic that increasing the number and diversity of the mental tests 
in a battery increases the reliability and validity of the estimate of its general 
factor. In fact, under the assumption that a given test battery is a random sample 
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from a population of tests containing the same factors, it is possible to calculate 
the correlation between the g of  the sample and the hypothetical "true" g of  the 
population (Kaiser & Caffrey, 1965). For the g in our I 1-test battery, this hypo- 
thetical validity coefficient is about + .90. 

Now, if we extract a g from some smaller subset of the 11 tests in our battery, 
we should expect the proportion of  true g variance in relation to error or "im- 
purity" variance to decrease; that is, there would be a larger proportion of  
impurity in the g based on a smaller number of  tests. As the number of  tests 
increases, the g should become more "pure," that is, a more reliable and valid 
estimate of the general factor in our total battery of  11 tests. 

So we proceeded as follows: 

1. From the battery of 11 psychometric tests, we made up 3 (nonoverlapping) 
sets, each composed of  3 tests selected at random; and, in addition, we also 
made up 3 sets each of  5, 7, and 9 tests, randomly selected with the 
condition that there be minimum overlap between sets. 

2. A g factor (represented by the first principal factor) was extracted from each 
of the 12 sets and also from the total battery of  11 tests. 

3. Factor scores for each of  the 13 different g factors were used as the depen- 
dent variables in 13 separate stepwise multiple regressions, in every case 
using the principal component scores derived from the four principal compo- 
nents of the ECTs that contributed significantly to the prediction of g in our 
original study. 

4. The squared multiple correlation coefficients obtained from the regression of  
g on the ECT components in each of  the 13 sets of  tests then were averaged 
within each of  the sets of 3, 5, 7, 9, and 11 tests. 

Figure 1 shows the correlations of g factor scores based on either 3, 5, 7, or 9 
tests with the factor scores based on all 11 tests. As the number (n) of  tests that 
go into the estimate of  g increases, of  course, the larger is the correlation of  the g 
based on n tests with the g based on all 11 tests; that is, the validity (or factor 
"purity") of each successive g increases, going from n = 3 to n = 9. 

Figure 2 (p. 444) shows the average multiple correlation (R) for the regression 
of g based on either 3, 5, 7, 9, or all 11 tests when the independent variables are 
either the first principal component (PC: 1) of  the ECTs; or ECT principal compo- 
nents 3, 4, and 5 (PC: 3, 4, 5), that is, all of the ECT components beyond PC: 1 
that make significant independent contributions to R; or all four principal compo- 
nents (PC:l, 3, 4, 5). The two most noteworthy features of Figure 2 are: 

1. The multiple R based on the 3 ECT components (PC:3, 4, 5) beyond the first 
component (PC:l) is larger than the R for PC:I at every battery size (n), 
indicating that ECT components beyond the first principal component con- 
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FIG.  | .  Correlations between the g factor scores based on g (first principal factor) extracted from 
either 3, 5, 7, or 9 tests of the psychometric battery and the g factor scores based on all of the 11 
psychometric tests. 
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stitute at least as substantial a proportion of the variance in the psychometric 
g as the first ECT principal component. 
The multiple correlation coefficient, R, for PC:3, 4, 5 increases with the 
number of psychometric tests and hence with the increasing validity (or 
"purity") of the estimated g. The opposite trend should be expected if the 
ECT PCs beyond the first PC reflected only impurities in the psychometric 
g, which, if such impurities existed, should be a decreasing proportion of the 
g variance as the number of tests increases. 

The actual outcome (shown in Figure 2), therefore, would seem more consis- 
tent with the hypothesis that the variance in psychometric g reflects a number of 
independent components of information processing, as measured by ECTs, than 
with the hypothesis that the g of our psychometric battery is really unitary but our 
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FIG. 2. Multiple correlation (R) of ECT principal components with psychometric g, when g is 
extracted from either 3, 5, 7, 9, or all 11 of the psychometric tests. The r for just tile first principal 
component (PC:l) is contrasted with the R for the three significant components excluding the first 
(PC:3, 4, 5) and with all four components (PC:I, 3, 4, 5) that make significant independent contribu- 
tions to R. 

estimate of it contains some error or impurity that just happens to be significantly 
predicted by three principal components (beyond the first PC) of the ECT battery. 

PART 2: CARROLL'S FACTOR ANALYSIS OF THE 
COMBINED PSYCHOMETRIC AND ECT BATTERIES 

This, we believe, is surely the major contribution of Carroll's article, although it 
has no direct bearing on the main purpose of our study, which was to examine the 
hypothesis of  unitary g. The result, presented in Carroll's Table 6, is probably the 
clearest and theoretically most interpretable factor-analytic representation of the 
relationship between psychometric and chronometric tests that we have seen 
anywhere in the published literature. This is largely a result of  applying the most 
appropriate hierarchical factor model to an unusually large and diverse battery of 
chronometric (ECT) and psychometric measures. 

Carroll's insightful discussion of the theoretically most important features that 
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emerge from the hierarchical factor analysis of these variables is here supple- 
mented with a few additional observations. (Carroll's numbering of the factors in 
his Table 6 are indicated in boldface print.) 

1. All of the reaction time (RT) measures and intraindividual consistency of RT 
measures (RTSD, i.e., the standard deviation of RT across trials) have 
loadings on the second-order factor [1], which may be characterized as 
"fluid" g. The RT and RTSD of the more complex ECTs have higher 
loadings on this factor than do the less complex ECTs, although even the 
most complex ECTs have RTs that average less than 1 s. 

2. All of the psychometric tests are loaded on the same fluid g factor [1] as the 
RT and RTSD measures. The g factor extracted from just the psychometric 
battery is similar to the general factor [1] of the combined psychometric and 
chronometric measures, with a congruence coefficient of .98 between the 
two sets of g loadings. On this fluid g factor [1], as one would expect, the 
six nonverbal tests have slightly larger loadings than the five verbal tests. 

Carroll suggests that the correlation of the psychometric tests with the RT 
measures could have resulted from the fact that the MAB was administered 
under timed conditions. This conjecture can be discounted by the results of 
other studies in which psychometric tests administered without a time limit 
showed highly similar correlations with the same RT variables as in this 
study. Typically, the most speeded psychometric tests have slightly l o w e r  

correlations with RT measures (as well as lower g loadings) than tests given 
with more liberal time limits (e.g., Jensen, Larson, & Paul, 1988). Studies 
done specifically with the MAB have shown its correlation with RT mea- 
sures to be virtually unaffected by whether the MAB is administered under 
speeded or nonspeeded conditions (Vernon & Kantor, 1986; Vernon, Nador, 
& Kantor, 1985). 

3. The spatial visualization [4] and crystallized-verbal [5] factors of the psy- 
chometric battery come out as separate (orthogonal) first-order factors. It is 
noteworthy that all of the ECT variables have absolutely negligible loadings 
on these two factors [4 and 5]. This finding is consistent with the finding that 
the RT in ECTs is correlated with only the g factor of the WAIS and has near- 
zero correlations with all other factors or subtests of the WAIS independent 
of g (Vernon, 1983). 

4. Besides having substantial loadings on fluid g [1], a considerable part of the 
RT variance of every ECT involving either short-term or long-term memory 
search and visual search ECT (but not  RTSD, i.e., intertrial consistency of 
RT) comes out on a separate first-order factor [3], which, of course, is 
orthogonal to the second-order fluid g factor, and the psychometric tests 
have small, nondescript loadings on this memory search factor [3]. It ap- 
pears that ECTs measuring the speed of visual search and search for infor- 
mation in both long-term and short-term memory involve not only the 
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general speed-of-information-processing factor, represented here by fluid g 
[1], but also involve a separate search-speed factor. This seems to be strong 
evidence for independent cognitive processes involving speed of processing 
(cf. Jensen, 1987b). 

Similarly, RT and RTSD of simple and choice RT (Hick 0-bit and Hick 3- 
bit), besides having substantial loadings on the second-order fluid g factor 
[1], have part of their variance on a separate first-order factor [6], which the 
Hick paradigm has in common with inspection time (IT). Thus, it appears 
that a limiting factor to the correlation that the RT of any particular ECT has 
with psychometric g is the fact that some fairly large part of the RT variance 
on a given ECT is associated with certain features of the measurement 
paradigm itself, whereas only some part of the RT variance in any particular 
paradigm represents general information-processing speed, or fluid g. 
Movement time (MT) on all of the ECT variables comes out separately on 
two first-order factors [8 and 9] and a second-order factor, as general MT 
[7]. The general MT factor [7] is very clearly distinguished from RT, a fact 
that justifies the separate measurement of RT and MT in chronometric 
studies of individual differences. An ECT that amalgamates both RT and 
MT in a single measure combines two quite different and poorly correlated 
sources of variance. The MT on all of the ECTs has an average loading of 
only.  17 on the second-order fluid g factor [1]. Odd-man RT, for example, is 
loaded .62 on the fluid g factor, while Odd-man MT has a g loading of only 
• 17. Inexplicably, 3 of the 11 psychometric tests (Information, Comprehen- 
sion, and Picture Completion) have loadings on the general MT factor (7] 
slightly over .30, which is close to their loadings on the fluid g factor [1]. 
Any interpretation of this enigma would be wholly speculative at present. 

DISCUSSION 

Certainly, the empirical evidence that psychometric g is not unitary is far from 
conclusive. But the assumption that g is unitary, we believe, has been brought 
seriously into question. Carroll has underlined the considerable difficulty in 
making a strong test of the unitary g hypothesis, but without suggesting any 
better means than the method we tried for seeking an answer to this long-standing 
and fundamental question. Carroll or someone else might come up with an 
ingenious method that could yield a more definitive answer. But, so far, we have 
thought of no other method for approaching it, except to replicate our study with 
different batteries of psychometric tests, for it seems unlikely that the estimated g 
in every battery would contain the same "impurities" imputed by Carroll, and be 
predicted by the same ECT components in every case. In fact, there are already 
two more recent studies that test the unitary g hypothesis using our method, with 
different tests and ECTs but results essentially like ours (Miller & Vernon, in 
press; Vernon & Weese, 1991 ). 
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The very nature of  the problem, however,  practically precludes actually prov- 

ing that g is unitary, for it would be, in effect, a case of  trying to prove the null 
hypothesis.  If  we had found that only  a single principal component  of our large 
collect ion of  ECT variables had a significant  correlation with our psychometric 
g, it still could be argued that g is not unitary, and that our choice of ECTs had 
not included the right e lementary processes or components .  If, in a series of  such 
studies based on  a wide variety of  ECTs,  there were repeated failures to find 
independent  components  that correlated with g, we would have to accept the 
uni ty  of  g, not as empir ical ly  proved,  but as a pars imonious  assumption with 
little chance of  empirical  contradiction.  

Certain assumptions  and Occam's  razor, of  course, have a legitimate and 

necessary place in theory development .  But in science, our assumptions should 
also be treated, whenever  possible,  as empir ical ly  testable hypotheses,  in hope of 
mov ing  them from their status as assumptions or postulates to the status of facts. 
We believe it would be an important  advance in the theory of  mental  ability if the 
nature of  g as either unitary or component ia l  could,  if at all possible,  be decided 
empirically,  rather than remain as an arguable assumption.  
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