
Under conditions common to many psychological 
studies, the behavioral measures that are most sensitive 
to experimental manipulation are also the ones most sen-
sitive to extraneous variables. If many of these extrane-
ous variables are uncontrolled or uncontrollable, the data 
generated with such measures will be noisy. Conversely, 
measures that are stable across conditions or time tend to 
be relatively insensitive to random variables, but also to 
the independent variables of interest. Sensitivity and vari-
ability are usually inseparable.

A composite response measure (herein, called through-
put) was originally devised for reasons of convenience spe-
cific to a particular set of experiments in our laboratory in 
which a computerized psychological test battery was used 
(Thorne, Genser, Sing, & Hegge, 1985). This measure sub-
sequently proved to be more orderly than was anticipated, 
revealing effects that were larger and less variable than 
those shown by more conventional measures. Some of the 
reasons for this superiority have now been identified, and 
they suggest that the measure may be useful in a number of 
frequently encountered experimental situations.

Definition and Interpretation No. 1
Numerically, throughput is equal to the number of cor-

rect responses on a task, divided by the cumulative reac-
tion times (RTs; both correct and incorrect). Conceptually, 

throughput may be viewed as a corrected rate measure 
giving the number of hits or successes per unit of discre-
tionary time. Discretionary time is the time functionally 
available to and actually used by the subject for processing 
and responding, separated from any arbitrary or idiosyn-
cratic delays imposed by the test mechanism or procedure 
itself. Choice of this measure was influenced by response 
per opportunity measures (Anger, 1956) and by the dis-
tinction between overall rates and running rates (Ferster 
& Skinner, 1957). Part of the rationale for its use is to 
maximize generality across tasks.

The term throughput is occasionally used in informa-
tion theory as a synonym for channel capacity. It describes 
the amount of information that a given system can trans-
mit without error, measured in bits per unit time. Suc-
cesses or hits per unit time, as used here, express a similar 
concept.1

Definition and Interpretation No. 2
Numerically, the throughput measure is also equal to 

percent correct, divided by mean RT, times a scaling con-
stant.2 Conceptually, throughput may thus be viewed as a 
speed–accuracy product, where speed is the reciprocal of 
RT. This product may be considered a measure of useful or 
effective performance. In most tasks in which speed and 
accuracy are meaningful and measurable, subjects cannot 
respond both at 100% accuracy and at maximum possible 
speed simultaneously but can make various compromises 
(trade-offs) between the two, trading higher accuracy for 
lower speed or vice versa. This behavioral phenomenon 
can be represented as a shift in the operating point on a 
speed–accuracy trade-off function (Pachella, 1974; Pew, 
1969). Trade-off functions have been widely studied and, 
under set conditions, are relatively stable for a particular 
individual and task. The operating point on the function 
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can be manipulated experimentally by instructions, dead-
lines, penalty/payoff protocols, and other variables (Wick-
elgren, 1977; Wood & Jennings, 1976). More typically, the 
operating point shifts back and forth from one group of tri-
als to the next, due to random uncontrolled variables.

Generality
Because it separates available time from overhead time, 

throughput values are not determined or directly influ-
enced by the execution times of a particular computer, 
operating system, programming language, interpreter, or 
algorithm or by the operating times of relays, slide projec-
tors, disks or tapes, and so forth. Neither are they directly 
determined by procedural differences in the intertrial in-
terval, the duration of a feedback interval or reinforce-
ment, or the length of the retention interval in tasks of 
immediate or short-term memory. Thus, the measure al-
lows comparisons to be made between different computer 
and instrumental implementations of a task. It also allows 
comparisons with paper-and-pencil versions where the full 
test duration may be considered discretionarily available. 
Its use also helps to avoid the confounding of dependent 
and independent variables that can create ambiguous or 
misleading conclusions, such as “the subjects responded 
twice as fast on a task with a 2-sec intertrial interval (ITI) 
as on one with a 4-sec ITI.”

Sensitivity
Under conditions in which an external or experimen-

tal manipulation causes parallel, rather than reciprocal, 
changes in speed and accuracy (i.e., both degrade or both 
improve), throughput will be a more sensitive measure 
of performance than either alone will be. In all cases in 
which both speed and accuracy decline, their product must 
decline even more. If the individual speed and accuracy 
values were changed by some multiplicative factor m, the 
resultant throughput values would, of course, change by 
a factor m2.

There are many real-world variables that can cause both 
speed and accuracy to degrade (e.g., alcohol, drugs, or 

sleep deprivation), to improve (e.g., training, stimulants, 
or incentives), or to oscillate (e.g., circadian variation). 
These variables are often studied across time, treatments, 
or sessions, rather than within single sessions. It is under 
these conditions and with these kinds of variables that the 
improved sensitivity of the throughput measure may be 
most useful.

Stability
As a speed–accuracy product or an accuracy–latency 

ratio, the throughput index is related to the slope of the 
trade-off function and, therefore, is relatively unaffected 
by movements of a point along that function. More accu-
rately, throughput is equal to the slope of a line connect-
ing the origin to the operating point on the trade-off func-
tion. When the trade-off function approximates a straight 
line passing through the origin, as idealized in panel A 
of Figure 1, throughput will be completely isolated from 
fluctuations in accuracy and speed, up to the zero-slope 
asymptote. 

When the function has a nonzero intercept, such as an 
irreducible minimum RT, or exhibits curvilinearity, as 
shown in panel B of Figure 1, throughput values will still 
be relatively constrained, in comparison with the corre-
sponding fluctuations in accuracy and speed, for mathe-
matical reasons elaborated below. Part of the rationale for 
using the throughput measure is that under approximately 
stationary conditions, particularly across trials within a 
session, throughput will tend to be less variable than speed 
or accuracy. This will hold for all cases in which accuracy 
is an increasing function of RT, regardless of the shape of 
the trade-off function. The function may be linear, convex, 
concave, continuous, or discontinuous, as long as slope(s) 
remain positive. It will not hold for any case in which the 
local slope is negative.3

The expected variability of the throughput measure 
is analytically specifiable. If we use variance ( 2) as the 
index of variability and regard throughput (z) as a func-
tion of two random variables, accuracy (x) and RT ( y), the 
variance of z will be related to the means and variances of 
x and y, to their correlation ( ), and to the partial deriva-
tives of the function with respect to each, according to the 
following equation:
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This equation has no particular computational use. The 
important thing to note is that the third term in the summa-
tion is negative and that the variance of z will be reduced by 

Figure 1. Schematized speed–accuracy trade-off functions. 
Filled circles indicate the operating point at three different points 
in time. The slopes of the numbered dashed lines correspond to 
throughput values at these operating points. In panel A, two of the 
three (dashed) lines are coincident with the function itself and, 
hence, appear as a solid line.
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an amount proportional to twice the correlation coefficient. 
A high positive correlation between latency and accuracy 
is a defining characteristic of the trade-off phenomenon. 
Hence, where trade-offs operate, the variability in the com-
bined throughput measure will be less than that otherwise 
expected for random variables. It is easier to conceptualize 
the direction and maximum size of this effect by selecting 
metrics where the two means are unity and then comparing 
the two cases in which the correlation is either zero or one. 
For uncorrelated random variables,

z x y= +2 2 2

whereas when the correlation approaches one (e.g., Fig-
ure 1A)

z x y
2 2

,

thus explaining the reduced variability.

Examples
An indication of the relative sensitivity and variability 

of the three performance measures is provided in Table 1. 
These data were derived from a 72-h sleep deprivation 
experiment involving 7 human subjects and eight per-
formance tasks (Thorne, Genser, Sing, & Hegge, 1983). 
The tasks included visual search and recognition, mental 
arithmetic, logical reasoning, sustained attention, short-
term memory, and pattern recognition. For each task, 
each subject’s performance scores were first converted to 
percentage difference from baseline and then averaged. 
Performance declined with increasing sleep deprivation, 
and the maximum performance decrements for each of the 
tasks were used to construct the table. 

The first row of numbers shows throughput to be more 
sensitive than accuracy or speed, since it exhibits the 
greater decrement. The second row of numbers shows 
throughput to be less variable than accuracy or speed. 
Even if all three measures had the same absolute range 
of variation, the smaller relative variability of throughput 
would make it the preferred measure in this case, as is also 
shown by the coefficients of variation in the bottom row.

Only the relative variability in throughput was expected 
to be smaller. The smaller absolute variability obtained 
suggests that yet another factor was operating. The prob-
able source can be identified, although not completely 
quantified. With RTs, the mean and standard deviation 
are positively correlated, usually by a simple direct pro-
portionality (Chocholle, 1945). With accuracy, the mean 
and standard deviation are negatively correlated, with 
variability greatest near chance and decreasing as the 

mean approaches 100%, although the form of the inverse 
relationship is not generally specifiable. When the two 
means are linked by the speed–accuracy trade-off effect, 
the two sources of variability are also linked but change 
in opposite directions and, thus, tend to compensate for 
one another.

This greater sensitivity and/or reduced variability will 
increase the computed statistical significance values of 
experimental differences, or how quickly they may reach 
a given alpha level. This is indicated in Table 2 with data 
from a study by Kay et al. (1997). After a baseline train-
ing day, subjects were given either a placebo or 100 mg of 
diphenhydramine, a drug and dosage known to have seda-
tive effects, and were tested 90 min later on tasks from the 
CogScreen battery (Kane & Kay, 1992; Kay, 1995). The 
table shows both significant and nonsignificant p values for 
the three performance measures across four cognitive tests, 
with throughput typically showing the largest effect.

Williams (1994) evaluated the relative sensitivity of 24 
dependent variables to four classes of independent vari-
ables (drugs, exercise, heat stress, and sleep deprivation), 
using 13 cognitive tests, and concluded that

across all the dependent measures, the most sensitive mea-
sure was [throughput]. This single measure of performance 
produced substantially more significant findings than the 
standard measures used in analyzing this type of data . . . 
57% more than Reaction Time and 267% more than Percent 
Correct. (p. 18)

In a factor-analytic study evaluating the construct va-
lidity of four cognitive functions (attention, processing 
efficiency, cognitive flexibility, and working memory), 
using tasks from the ANAM battery (Kane & Kay, 1992; 
Reeves, Kane, & Winter, 1995), Short, Cernich, Wilken, 
and Kane (in press) concluded that

choice of a specific index for a given construct is cur-
rently a function of historical practice. . . . However, we 
believe there are strong psychometric reasons for relying 
predominantly on throughput values. Response latencies 
and accuracy scores may be helpful for interpreting why 
throughput behaves as it does, but the information con-
tained in throughput best reflects the processes at work in 
the ANAM tasks we evaluated.

Limitations and Applications
Throughput is a measure of useful or effective perfor-

mance, an index having both theoretical and practical 
implications and applications. It is more of a descriptive 
measure than an analytic one. Although it serves a data 
reduction function by combining two measures into one, 
it thereby confounds them. It cannot replace accuracy or 
RT for purposes of detailed analysis.

The throughput measure separates discretionary time 
from overhead time and, thus, is mathematically (not nec-
essarily behaviorally) independent of the usual temporal 
variations that arise from different implementations of a 
given task. However, both throughput and RT measures 
combine stimulus-processing time with response execu-
tion time and cannot distinguish between the two without 
additional information and assumptions.

Table 1 
Effects of ~72 h of Sleep Deprivation Shown by 

Three Performance Measures

Statistic  Accuracy  Speed  Throughput

Mean change from baseline 35% 66% 77%
Range of variation 53% 31% 26%
Coefficient of variation  52%  18%  12%

Note—Averaged across 7 subjects and eight tasks.
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Throughput can give misleading values if the subject 
is deliberately making errors, responding randomly or by 
some arbitrary rule, dozing off, or otherwise changing the 
nature of the task. If the numerator approaches chance or 
the denominator approaches or falls below the minimum 
RT for the given task, the measure acquires a different 
meaning. Similar qualifications hold for speed and accu-
racy. It is the experimenter’s responsibility to ensure that 
the subject is performing the task as intended or to detect 
departures from the intent.

Throughput is a general performance index applicable 
to a large number of psychomotor, behavioral, and cog-
nitive tasks—specifically, those that are instrumented or 
computerized to provide RT measurements. It is function-
ally similar to a measure frequently used with paper-and-
pencil tasks: number correct per qualified time unit. This 
qualifier may not be stated but usually means a period of 
time fixed by the experimenter (e.g., 30 min) and wholly 
available for subject responding. However, throughput 
can give the same sort of measure while allowing manipu-
lations that are not practical or possible with most paper-
and-pencil tasks, such as experimenter-controlled pacing, 
subject-controlled termination, and/or termination by 
item count, as well as controlled interitem intervals, re-
tention intervals, feedback durations and delays, and other 
intervals that are not available for subject responding. It 
allows for these without confounding the measure and the 
manipulation, as would be the case for number correct per 
total time, both available and not.

Because it is multiplicative, throughput will be particu-
larly sensitive (and variable) to manipulations that cause 
speed and accuracy to change in the same direction. Such 
shifts correspond to changes in the slope or shape of the 
trade-off function itself. Note that such parallel changes in 
speed and accuracy may be called gains or losses, but not 
trade-offs. Examples of variables that typically produce 
such changes are sleep deprivation, circadian rhythms, al-
cohol, drugs, and training.

Throughput will be rather insensitive (and stable) to 
manipulations, variables, and phenomena that cause speed 
and accuracy to change in opposite directions (e.g., trade-
off effects). Such effects generally correspond to shifts in 
the subject’s criterion operating point on the current trade-
off function. Although these shifts may be induced by ex-
perimental manipulations (the most common of which 
may be the instruction to respond both as rapidly and as 
accurately as possible), usually they are neither conscious 

on the subject’s part nor deliberate on the experimenter’s 
part but are attributed to unidentified random variables. 
It is these kinds of random variables to which throughput 
will be relatively insensitive.

In situations in which speed changes but accuracy re-
mains the same or vice versa, the throughput measure will 
be “safe,” in the sense that it will detect the effect, but will 
be no more or less sensitive than the component measures 
themselves. One example of such would be an overlearned 
task with accuracy constant at 100%, where throughput 
would simply be inversely proportional to RT.

Although the stability (but not the generality and sensi-
tivity) advantages of the throughput measure arises from 
the existence of the speed–accuracy trade-off phenom-
enon, the measure would be of no particular use to those 
interested in obtaining or studying trade-off functions 
themselves. However, since the function may be linear, 
curvilinear, or even discontinuous, those using throughput 
as a performance measure need not know the shape of the 
function in order to take advantage of its existence. They 
do need to make two simple assumptions: (1) Some form 
of trade-off is operating, and (2) the operating point var-
ies over only a moderate or limited range during a typical 
single test session. Both assumptions are reasonable with 
the tasks and variables most often used in performance 
testing and with the degree of experimental control em-
ployed in most laboratory studies. Indeed, it usually re-
quires considerable experimental effort and ingenuity to 
force the operating point over the full range of the function 
(Wickelgren, 1977; Wood & Jennings, 1976).

The data in Table 1 show percent changes in throughput, 
relative to rested baseline. In theory, absolute throughput 
values or their channel capacity transforms (see note 1) 
could be used to rank order qualitatively different tasks 
on a single dimension. It remains to be seen whether such 
a ranking scale would have any practical or theoretical 
utility. A more conventional use would be for scaling and 
quantifying the effects of parameter changes or variable 
manipulations in qualitatively identical tasks in which 
trade-offs are known or expected to occur.

In the introduction, it was said that sensitivity and vari-
ability are usually inseparable. Not even the throughput 
measure can separate the two within a single experimen-
tal setting if the source of variation arises from the ac-
tions of a single variable or phenomenon. However, across 
situations, it can weight the two differentially. Typically, 
throughput appears to provide increased sensitivity to 
several kinds of systematic variations that operate across 
sessions and decreased sensitivity to some of the random 
variations that operate within sessions. This would seem 
to lend it best to the study of time-acting variables and 
repeated measures designs.

As a corrected rate measure, a speed–accuracy product, 
and a channel capacity analogue, throughput allows both 
traditional behavioral and information-processing interpre-
tations of findings. As a simple performance measure, the 
generality, stability, and sensitivity of throughput recom-
mend it for consideration in studies of performance degra-
dation and enhancement in humans or lower animals.

Table 2 
p Values for Diphenhydramine* Placebo† Differences on Four 

Tasks Shown by Three Performance Measures

Task  Accuracy  
Reaction

Time  Throughput

Continuous performance .010 .063 .002
Shifting attention instruction .062 .117 .015
Mathematical processing .115 .136 .003
Running memory  .008  .000  .000

Note—Subanalysis of data from Kay et al. (1997), Table 4, courtesy of 
the authors. *100 mg, n  32. †N  33.
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NOTES

1. Throughput, as defined here, can be formally transformed to chan-
nel capacity by multiplying it by the binary logarithm of the number 
of response alternatives. For the case of a two-choice task, the scaling 
factor is unity, so hits per unit time and bits per unit time are numerically 
identical. This (log) transform is of no particular advantage when one 
compares different tasks with the same number of alternatives or the 
same task with itself under different conditions, since it simply scales 
each equally. It may be useful, however, for information-theoretical in-
terpretations across tasks with different numbers of stimulus–response 
alternatives.

Note that this conversion differs from the practice of plotting mean 
or correct-only RTs against log alternatives without regard to accuracy 
itself. These RTs are bought at the cost of a particular (often undisclosed) 
error rate and error RT, muddying interpretation and making the practice 
questionable.

2. Throughput units are typically reported as correct responses per 
minute of actual responding (cumulative RTs). The scaling constant con-
verts percent to number and RT to minutes. For mean RTs in seconds, the 
scaling factor would be 60/100  0.6; for milliseconds, 600.

3. Subtracting chance accuracy from the numerator and minimal RT 
from the denominator yields a measure that may be useful in some appli-
cations. Both constants attenuate change and, thereby, reduce sensitivity. 
Although this transform is no longer interpretable as a simple hit rate, 
it theoretically forces the trade-off function to pass through the origin. 
Some practical problems with this measure are the following: (1) In 
many tasks, the appropriate minimal RT is not easily specifiable; (2) in 
some tasks, the expected or chance value depends on arbitrary defini-
tions or can vary with different subject strategies; and (3) amplified vari-
ability and spuriously low or even negative values can arise if tasks use a 
very small number of trials and randomization with replacement.

(Manuscript received October 10, 1984; 
revision accepted for publication September 1, 2005.)
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