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Abstract—This paper argues that the speed-accuracy trade-off 
arises as a consequence of Shannon’s Fundamental Theorem for a 
Channel with Noise, when coupled with two additional postulates:  
that people are imperfect information processors, and that 
motivation is a necessary condition of the speed-accuracy trade-
off. 
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I. INTRODUCTION

The speed-accuracy trade-off arises spontaneously and 
universally across the full range of human activities – simply 
put, when we go faster we make more errors.  Reported in 
academic papers dating back more than a century [5], mundane 
to the point of being proverbial (“Haste makes waste”) and 
steeped in common sense (we instinctively slow down to avoid 
errors), it is hard to imagine a more banal feature of human 
performance.  And yet, ironically, the cause and underlying 
mechanism of the speed-accuracy trade-off remain a mystery 
that has persisted through the years, despite the work of some 
noteworthy researchers.  For example, Fitts [1] proposed a 
random-walk model to explain the speed-accuracy trade-off in 
choice reaction time studies; Plamondon and Alimi [2] 
constructed a delta-log-normal impulse model of the human 
neuromuscular system that explains the speed-accuracy trade-
off in rapid aimed movements;  and Swensson [4] proposed an 
explanation of the speed-accuracy trade-off for visual 
discrimination tasks by combining the features of a random-
walk with post-deadline guessing.  But all of the explanations 
proffered so far are too narrow in scope to explain the speed-
accuracy trade-off over the full range of human activities.  
Specifically, Fitts’ random-walk model of choice reaction time 
does not explain the empirical results pertaining to movement 
or visual discrimination.  Likewise, the neuromuscular impulse 
model of Plamondon and Alimi does not apply to choice 
reaction time or visual discrimination tasks.  Similarly, 
Swensson’s random walk with guessing does not explain the 
speed-accuracy trade-off as it pertains to movement.  And so 
we have three explanations of the speed-accuracy trade-off that, 
together, raise an interesting philosophical question: is it 
reasonable to conclude that humans coincidentally embody (at 
least) three distinct mechanisms that give rise to three separate 
instances of the speed-accuracy trade-off, or, could these be 
three manifestations of a single underlying phenomenon? 

If there is a single, unifying, explanation of the speed-
accuracy trade-off, then it must affect the human machine at a 
very fundamental level in order to influence human 

performance across the wide spectrum just listed, including 
vision (an example of the human input system), motion (the 
human output system), and choice reaction time (internal
information processing).  This paper presents an explanation of 
the speed-accuracy trade-off that is rooted in communication 
theory – specifically Shannon’s Fundamental Theorem for a 
Channel with Noise [3] – augmented with two additional 
hypotheses:  that humans are imperfect information processors, 
and that motivation is a necessary condition for the speed-
accuracy trade-off to exist.  Choice reaction time tasks, rapid 
aimed movements, and visual discrimination tasks, are all 
activities that involve the movement of information, and 
consequently they are bound by the laws of communication 
theory.  Our thesis is that the speed-accuracy trade-off arises as 
a predictable feature of communication within humans, and it is 
for this reason that the speed-accuracy trade-off influences the 
wide range of human activities reported. 

II. COMMUNICATIONS THEORY

A. Source Entropy, Equivocation, and Throughput 
Shannon’s ground breaking work A Mathematical Theory 

of Communication [3] deconstructs a communications system 
into three parts: the transmitter, the receiver, and the 
communications medium between them.  The rate at which 
information is broadcasted by the transmitter is called the 
source entropy1.  The rate of information successfully received 
by the receiver, is called the throughput.  (The quantifier 
‘successfully’ is the defining characteristic of throughput;  
information that is transmitted but not accurately received, does 
not count towards throughput.)  And the difference between 
source entropy and throughput is called equivocation.  This 
quantity corresponds to information that has been lost in transit, 
corresponding in traditional communications theory to the 
corruption of the broadcast signal by noise, typically occurring 
as the signal traverses the communications medium.  
Mathematically, this relationship is, 

E = I – R, (1) 

                                                          
1 Shannon defines a discrete information source as a producer of messages, 
where each message conveys a quantity of information called its entropy,
usually measured in the units bits.  Shannon then refers to the average entropy 
per message produced by an information source as “the entropy of the source” 
[3, page 13].  We find the term “entropy of the source” to be cumbersome, and 
so will refer to this quantity as the source entropy.
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where, E denotes the equivocation, I is the source entropy, and
R, the throughput.  The units of these quantities can be either 
bits per second, or bits per symbol.

Rearranging (1) yields,2

R = I – E. (2) 

An additional minor detail concerning throughput is that it 
cannot be negative3.  Thus, to be accurate, Shannon’s definition 
of throughput should be written, 

if  0
0 otherwise.

I E I E
R

− − >
=  (3) 

B. The Fundamental Theorem for a Channel with Noise 
The primary consequence of Shannon’s Fundamental 

Theorem for a Discrete Channel with Noise 4 [3] is that there is 
a limit to the rate of information transmission achievable 
through a noisy communications channel.  In this sense the 
fundamental theorem is a universal law – a constraint on the 
movement of information that cannot be surpassed by any 
means.  Using (3) it is possible to define the capacity for a 
channel in the presence of noise.  The channel capacity, C, is 
simply the maximum possible throughput, 

( )
( ) ,

C Max R

Max I E

=

= −
 (4) 

where the maximum is taken over all possible information 
sources, communication protocols, and error correcting 
schemes.  As such, C represents the highest throughput 
transmittable through the channel by any means.  
Consequently, we may write, 

R C. (5) 

                                                          
2 Equation 2 is taken directly from Shannon [3, pages 20 and 42], although the 
notation has been simplified.  The source information I is written H(x) by 
Shannon.  The equivocation E is written Hy(x) by Shannon, to indicate that it 
can be calculated as a conditional entropy (the mathematical implications of 
this do not concern us, the interested reader is referred to [3, pages 10-12, and 
35-36]).

3 The reader familiar with information theory will know that continuous 
information sources can sometimes yield negative entropy values.  However, 
because all rates and capacities are calculated as the difference between two 
entropies, rates and capacities can only be greater than or equal to zero, even 
in the continuous case.  As Shannon writes: “The entropy of a continuous 
distribution can be negative. … The rates and capacities will, however, always 
be nonnegative.” [3, page 38].
4 Although we are using the discrete fundamental theorem here, there are no 
significant differences (other than the complexity of the mathematics) between 
the discrete case and the continuous version (viz., The Capacity of a 
Continuous Channel), the definitions of throughput and channel capacity are 
identical.  See [3] and compare pages 20 – 23 with pages 41 – 44.  As 
Shannon notes, “The entropies of continuous distributions have most … of the 
properties of the discrete case.” [3, page 35].

C. How does the Fundamental Theorem limit Throughput? 
Equations (4) and (5) describe the effect of Shannon’s 

fundamental theorem, but they do not describe the mechanism 
by which the capacity of a communications channel is limited 
by the fundamental theorem.  In general, an information source 
is free to attempt to transmit information at any rate, including 
rates that exceed the channel capacity.  However, above the 
channel capacity, noise corrupts the signal in such a way that 
the achievable throughput cannot exceed the channel capacity.  
Specifically, the fundamental theorem states that the lowest 
possible equivocation is,5 [3, Theorem 11, page 22] 

Emin = I – C. (6) 

Shannon’s fundamental theorem stipulates the values of 
equivocation that are attainable during the transmission of 
information over a noisy channel, and this is what limits 
throughput to the channel capacity.  The fundamental theorem 
is depicted graphically in Fig. 1. 
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Figure 1. Depiction of Shannon’s fundamental theorem 
for a discrete channel with noise 

The hatched region denotes the ranges of source entropy and 
equivocation that are attainable.  Throughout the hatched region 
there is a linear gradient of throughput ranging from 0 to C as 
indicated by the lines, R = 0, R = ½C, and, R = C.  The units of the 
axes may be either bits per second, or bits per symbol.  The point 
‘C + S’ facilitates discussion in the text.  (This diagram is based on 
Shannon [3, Figure 9, page 22].)

Consider the region of Fig. 1 to the left of the dashed 
vertical line extending upward from ‘C’.  In this region, the 
entropy of the information source I, is less than the channel 
capacity C, and so by (6) an equivocation of zero is possible 
(i.e., the hatched area extends all the way down to the x-axis).  
Intuitively, this means that the channel capacity is high enough, 
and the speed of information transmission low enough (i.e., 
below C), that perfect transmission is possible.  Note that 
higher error rates are also possible in this region.  One may 
choose a non-optimal communication protocol or even 
deliberately broadcast errors if one wishes to, but according to 
the fundamental theorem, an optimal protocol exists that can 
reduce the equivocation effectively to zero. 

                                                          
5 Again, note that negative values of entropy rates are not possible, so the 
minimum equivocation is zero if, I < C.
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To the right of the I = C dashed vertical line, the minimum 
possible equivocation rises above zero as stipulated by the 
fundamental theorem (6), reflecting the fact that throughput 
cannot exceed the capacity (and so, the hatched area only 
extends down as far as the R = C line).   

D. Exceeding the Capacity of a Channel 
The relationship between the speed of transmission (i.e., 

source entropy rate, I) and throughput (R), at speeds that 
exceed the channel capacity (C), is demonstrated via the 
following calculations.  Let us define S > 0 as the amount by 
which I exceeds C, (see the point ‘C + S’ in Fig. 1).  Note that 
the value of S is arbitrary, and so the following calculations 
apply to all points where I is in excess of C, (i.e., everywhere to 
the right of the dashed vertical line in Fig. 1).  Setting, 
I = C + S, and substituting this into Shannon’s fundamental 
theorem (6), yields, 

( )
.

minE I C
C S C

S

= −
= + −
=

  

Next, calculating throughput via (2), and remembering that Emin
is the minimum allowable equivocation, we obtain, 

( )
.

minR I E
C S S

C

= −
≤ + −
≤

 (7) 

Thus at rates of transmission that are faster than the channel 
capacity, no matter how the information is encoded, nor what 
error-correcting codes are employed, the equivocation 
increases so that the throughput (the actual rate of useful 
information transmission) cannot exceed the channel capacity.  

Treatises on information theory invariably omit discussion 
of communication at rates in excess of the channel capacity;  
because throughput cannot exceed channel capacity, there is no 
advantage to attempting greater-than-capacity transmission 
speeds.  Consequently, information theorists focus on the 
region of Fig. 1 to the left of the I = C dashed vertical line.  But 
people are different than technology, they have the freedom to 
choose the speed at which they communicate, and they do 
attempt greater-than-capacity communication rates.  We 
routinely drive too fast, talk in environments too noisy to be 
heard, practice to learn new skills, compete with one another 
physically and mentally, overload ourselves with too much to 
do, and leave things to the last minute.  These are all practices 
that involve exceeding one’s capacity to perform tasks.  The 
application of information theory to human performance 
obliges us to consider the area to the right of the I = C dashed 
line of Fig. 1, reflecting a fundamental difference between 
traditional communication theory and the human-centric 
communication theory developed here. 

The preceding discussion comes more or less directly from 
Shannon’s work [3].  The novel contribution made by this 
paper follows. 

III. HUMAN PERFORMANCE

Two hypotheses concerning the application of information 
theory to human performance are now described.  The first 
defines how humans differ from theoretically ideal information 
transmitters.  The second characterizes the performance of 
people conscientiously performing an information transmission 
task.  During these discussions, four claims are made that are 
used to develop the two hypotheses.  These claims represent 
important concepts for which there exists strong supporting 
evidence.  We begin with the first of these claims. 

A. Claim 1:  The Informatic Basis of Action 
Humans have a capacity for processing information, and this 
capacity underlies many activities. This information theoretic 
basis implies that the properties of information theory 
underwrite many human activities. 

This claim should not be surprising to students of Fitts’ law 
or the Hick-Hyman law.  The point made by the first claim is 
that there is an information theoretic basis for a wider array of 
human behaviors than merely the Fitts’ and Hick-Hyman 
paradigms.  Many activities would not be possible were 
humans unable to receive, transmit, or process information.  
Consequently, certain aspects of human performance fall 
within the sphere of communication theory. 

B. Claim 2:  Shannon’s Fundamental Theorem Applies to 
Human Information Transmission 

When operating below or at one’s capacity, it is possible to 
achieve unequivocal (error-free) performance.  Conversely, 
operating above one’s capacity implies a strictly greater than 
zero equivocation (and error rate). 

This claim is really a restatement of Shannon’s fundamental 
theorem for a discrete channel with noise [3, Theorem 11, 
page 22] and thus is generally accepted as a universal law.  
Shannon’s theorem places a limitation upon the movement of 
information that takes the form of a minimum equivocation 
arising when transmission rates exceed the capacity of a 
communication system.  It is important to note that Shannon’s 
equivocation is a minimum – one is free (and indeed likely) to 
commit more errors than are required by Shannon’s theorem.  
Achieving Shannon’s minimum equivocation is difficult, and in 
general, not always possible, because it requires perfectly 
optimal encoding of information.  Consequently we expect 
humans to incur an equivocation that is greater than Shannon’s 
theoretical minimum (the implication being that human 
performance is less than optimal). 

C. The Fundamental Theorem of Human Performance 
Humans are not optimal information processors, and in 
particular, the minimum equivocation achievable by a human 
is greater than the minimum required by Shannon’s channel 
capacity theory. 

Shannon [3, page 22], referring to Figure 9 in his paper 
(equivalent to Fig. 1 in this paper), states, “Any point above the 
[‘Slope = 1.0’ line of Fig. 1] in the shaded region can be 
attained and those below cannot.  The points on the line cannot 
in general be attained…”  Here, Shannon is making an 
important distinction between theory and reality.  The theory is 
concisely stated by equations (6) and (5) above, derived in 
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detail in (7), and clearly depicted by Fig. 1.  Undeniably, in 
theory, the ‘Attainable Region’ extends all the way down to the 
R = C line.  But in practice, it is very difficult to achieve 
performance that approaches the R = C line.  To do so requires 
ideal information encoding and the highest possible error 
mitigation, and this is not always practicable.  And so a 
question arises:  What mathematical function describes the 
lower-right edge of the ‘Attainable Region’ for real-world (and 
in our case, human) communication channels?   

For reasons clarified later  (see the ‘Supporting Evidence 
from the Literature’ section below), we posit the existence of a 
linear relationship between Shannon’s minimum equivocation 
and the minimum equivocation achievable by humans when 
operating above their capacity.  This corresponds to the 
simplest function that remains above the R = C line as required, 
and that passes through the point labeled C in Fig. 1 (a feat that 
every communications channel is capable of).  Mathematically 
we write, 

Eh = α·Emin (8) 

where Eh represents the minimum equivocation achievable by a 
human, and Emin represents Shannon’s minimum equivocation 
(defined by (6) above, Emin = I – C).  The scalar, α, represents a 
fundamental constant of human performance, that is equal to 
the ratio of the human-achievable equivocation to the 
theoretically minimum equivocation (i.e., α = Eh / Emin).  
Communication theory requires that α  1, because no process 
can achieve a lower equivocation than Shannon’s universal 
minimum (i.e., Eh Emin).  In practice, however, it is expected 
that α will always be greater than (as opposed to, equal to) one, 
simply because human information processing is not perfect. 

The effect of the fundamental theorem of human 
performance becomes clear when Figs. 1 (above) and 2 (below) 
are compared.  At information transmission speeds below the 
channel capacity (to the left of the I = C dashed line), ideal 
information sources and humans may both achieve error-free 
performance (i.e., approach zero equivocation).  However, 
above the channel capacity (to the right of the I = C dashed 
line) the minimum equivocation achievable by humans 
(represented by the Eh line in Fig. 2) rises rapidly as the source 
entropy increases.  This causes the achievable range of source 
entropy and equivocation to assume the triangular shape visible 
as the hatched area of Fig. 2.  This contrasts with the range of 
performance characteristics available to theoretically optimal 
devices, which extends upwards and to the right indefinitely 
(observe the hatched area in Fig. 1). 

D. Claim 3:  Freedom of Choice Applies to Performance 
Humans have control over the characteristics of performance 
(i.e., the rates of source entropy, and equivocation) with which 
they perform. 

For example, when engaged in an information transmission 
task such as typing, one can find a comfortable speed where not 
too many errors are made (this speed is likely close to one’s 
capacity).  But one can choose to type faster or slower than 
this, corresponding to changing one’s source entropy and thus 
shifting one’s place of performance horizontally in Fig. 2.  

Also, one may choose to be careful or sloppy, corresponding to 
varying one’s equivocation, and so influencing one’s place of 
performance vertically in Fig. 2.  However, the control humans 
have over their characteristics of performance is limited by 
information theory and the fundamental theorem of human 
performance, and so it is not possible to escape the hatched 
triangle of Fig. 2.  And while the entire hatched triangle is 
theoretically achievable, not all locations within the triangle are 
equally preferable – this is discussed next. 
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Figure 2. The Fundamental Theorem of Human Performance 

Shannon’s fundamental theorem for a channel with noise [3, 
Theorem 11, page 22] implies that the area below the R = C line is 
unattainable by any communications system (see Fig. 1).  But for 
humans, the cost of exceeding the channel capacity is greater than 
Shannon’s minimum equivocation, and so the attainable region 
follows the Eh line instead.  (Note that in this figure, a value of 
α  2 is depicted.) 

E. Claim 4:  Efficiency is Preferred 
Although a wide range of values of source entropy and 
equivocation are achievable, humans generally prefer 
performance characteristics that are (at least) reasonably 
efficient. 

Subjective comfort6 is not uniform across the range of 
available performance characteristics.  Certain areas within the 
hatched triangle of Fig. 2 are preferable to others, and these 
predilections are predictable.  Consider performance anywhere 
along the R = 0 line;  to achieve zero throughput, equivocation 
must completely nullify source entropy.  Few would choose to 
perform in this manner, expending effort and yet achieving 
nothing.  Next, consider performance along the R = ½C line;  
there are several ways to achieve merely half of one’s capacity, 
for example, using a very slow source entropy (i.e., going at 
half speed), or by coupling a moderate source entropy with 
poor accuracy, or by exceeding one’s capacity and so 
expending considerable effort while enduring a devastating 

                                                          
6 Our choice of the rather vague term comfort here is deliberate.  The intention 
is not to qualify or quantify satisfaction during information transmission tasks, 
but rather to predict, in general, the combinations of source entropy and 
equivocation that most will be drawn to as a result of subjective comfort.

2972



equivocation.  None of these alternatives seem appealing.  
Contrast this with performance near the point ‘C’ (on the x-axis 
of Fig. 2), where the highest throughput is achieved.  Near ‘C’,  
source entropy is approximately equal to capacity, and 
equivocation is low.  This combination is relatively 
comfortable, as the source entropy is not excessively fast (in 
fact it is slow enough that it is possible to achieve very few, or 
zero errors), and the low equivocation lessens the costly 
overhead of (and frustration associated with) error correction.  
To generalize, the desirability of a particular location in the 
information transmission space correlates positively with 
throughput.7

Due to the fundamental theorem of human performance, if 
source entropy and equivocation were measured and plotted for 
a group of people performing an information transmission task 
with their natural performance characteristics, then the 
performance characteristics must fall within a triangle similar 
to the hatched area of Fig. 2.  But a positive correlation 
between throughput and subjective preferences implies that the 
distribution of the plotted performance points would not be 
uniformly distributed throughout the hatched triangle.  Instead, 
the performance points would be concentrated near to the point 
‘C’, with a decreasing number at performance points farther 
from ‘C’.  Additionally, it is unlikely that anyone would 
naturally choose to perform at less than half of their capacity – 
compare the stippled and hatched areas of Fig. 3. 

So far we have considered the performance characteristics 
of people performing at the source entropy and equivocation 
point of their own choosing.  Next we consider what happens 
when a person performs an information transmission task with 
either a speed or accuracy emphasis. 

F. The Theory of Motivated Performance 
If motivated to achieve a high level of performance, humans 
will increase their speed, decrease their error rate, or attempt 
a combination of the two.  This has the effect of confining their 
performance characteristics to the Eh line (or possibly a small 
portion of the x-axis). 

When motivated to perform a task quickly, people attempt 
to generate information rapidly, increasing their source entropy, 
and shifting their place of performance to the right in Fig. 3, 
impacting upon the Eh line.  The range along the Eh line 
occupied by those with a speed-emphasis may be wide, as this 
range is only limited by an individual’s tolerance of the 
frustration associated with the increased errors caused by 
exceeding their capacity.  (Although, in accordance with 
Claim 4, we expect few will choose to go so fast as to halve 
their throughput.)  Conversely, an accuracy emphasis causes 
people to slow down and be careful.  In the context of Fig. 3, 
this has the effect of gravitating their performance point down 
to the x-axis, close to the point ‘C’.  But, because error-free 
performance is possible at any speed up to and including one’s 
capacity, there is no advantage to slowing down less than C.
Thus the range along the x-axis populated by those desiring 

                                                          
7 Note that no claim is made here on the precise nature of the relationship 
between subjective comfort and source entropy, equivocation, or throughput – 
only that a positive correlation exists between relative desirability and 
throughput.

accuracy is likely not very wide.  Because the Eh line goes 
through the point ‘C’, we conclude that, regardless of whether 
the goal is speed or accuracy, the effect of motivation is to shift 
performance characteristics onto the Eh line, either close to the 
point ‘C’ (if the goal is accuracy), or stretched-out along the 
Eh line (if the goal is speed). 
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Figure 3. Effect of a speed or accuracy emphasis on performance 

The triangle formed by the union of the stippled area and the 
hatched area indicates the range of source entropy and 
equivocation available to humans.  However, we expect the 
performance of most people to fall into the hatched area where 
R  ½C.  Further, within the hatched area, an emphasis toward 
speed draws one’s point of performance to the right, against the Eh
line; an accuracy emphasis shifts the point of performance 
downward to the x-axis (but likely near to the point ‘C’, and thus 
still on, or very near to, the Eh line).  The thickened line indicates 
the regions of the Eh line likely to be occupied by people 
performing with a speed or accuracy emphasis.  The point W
facilitates discussion in the text. 

The theory of motivated performance draws a distinction 
between natural performance (constrained merely to the 
hatched triangle of Fig. 3), and motivated performance 
(constrained to the Eh line).  Note that natural performance is 
underrepresented in the published literature, as most papers 
present studies of motivated subjects.  The published literature 
reflects the fact that models of human performance are in fact 
models of motivated behaviour.  Indeed, Fitts’ law is often 
cited as a model of “rapid aimed movement”, and studies of 
choice reaction time (viz., the Hick-Hyman law) and text entry 
usually instruct subjects to perform “as quickly and accurately 
as possible”.  This is because most researchers are interested in 
observing their subjects’ maximum capacities – not some 
arbitrary speed below their capacity – and to ensure that the 
subjects perform to their maximum capability, researchers 
motivate their subjects. 

G. Mathematical Implications 
The theory of motivated performance states that the 

performance characteristics of motivated subjects fall along the 
Eh line.  The defining characteristic of the Eh line is that it 
follows the minimum equivocation achievable by humans 
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engaged in an information transmission task.  The minimum 
human equivocation, Eh, is defined by the fundamental theorem 
of human performance via (8) as, Eh = α⋅Emin, where the 
minimum theoretical equivocation, Emin, is given by (6), 
Emin = I – C.  Substituting (6) into (8) yields an expression 
describing the relationship between source entropy and 
equivocation along the Eh line,

( ).
h minE E

I C
α
α

= ⋅
= ⋅ −

 (9) 

Equation 9 defines the Eh line depicted in Figs. 2 and 3, having 
slope α, and extending upward and to the right of the point ‘C’.  
Solving (9) for source entropy, I, and then substituting into (2) 
we obtain, 

1 ,hR E Cα
α

α
−= ⋅ +  (10) 

a useful expression describing throughput along the Eh line, as 
a function of equivocation.  This expression for throughput (10) 
is depicted in Fig. 4. 
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Figure 4. Throughput as a function of equivocation 

This figure shows the relationship between throughput and 
equivocation along the Eh line.  The thickened line indicates the 
portion of the Eh line occupied by those who are motivated to 
perform well (i.e., with good speed, high accuracy, or both).  (Note 
that in this figure, a value of α  2 is depicted.) 

H. Motivation and the Speed-Accuracy Trade-off 
The mechanism by which motivation plays a causal role to 

the speed-accuracy trade-off follows.  Motivation causes 
people to move their performance point onto the Eh line at the 
edge of the achievable performance space, and once at the 
edge, the freedom to individually affect speed separately from 
accuracy is lost.  The nature of the speed-accuracy trade-off 
(i.e., that an increase in speed translates into an increase in 
equivocation) arises from the geometry of the Eh line.  
Mathematically speaking, the Eh line is strictly increasing, and 
so to accommodate a movement to the right in Fig. 3 (due to 
increased speed), the performance point must also rise 
(reflecting decreased accuracy) in order to remain within the 
achievable performance space, and in so doing, to satisfy the 
fundamental theorem of human performance. 

In the absence of motivation, however, the speed-accuracy 
trade-off does not spontaneously arise.  For example, consider 
the point W in Fig. 3.  The point W represents an arbitrary 
performance point that anyone may achieve by deliberately 
performing slowly and carelessly.  The point ‘C’ also 
represents a performance point that anybody may achieve, 
although with a higher speed, and yet a lower equivocation 
than the point W.  Comparing the performance characteristics 
of these two points reveals that they contravene the speed-
accuracy trade-off, whereby as speed increases, equivocation 
must increase.  This example demonstrates that, without 
motivation forcing the performance point onto the Eh line, 
freewill may contravene the speed-accuracy trade-off. 

I. The Role of α in the Speed-Accuracy Trade-off 
It is worth noting that the argument given in the previous 

section does not require the equivocation ratio α, to be greater 
than one for the speed-accuracy trade-off to exist.  Even if 
humans were ideal information sources (and consequently 
limited only by Shannon’s fundamental theorem to the R = C
line, instead of to the Eh line), then the speed-accuracy trade-off 
would still be evident.  Moving to the right along the R = C line 
requires that equivocation increases as source entropy 
increases.  The only difference would be the rate at which 
increased source entropy is traded for equivocation, 
(corresponding to whether, α = 1, or, α > 1). 

IV. SUPPORTING EVIDENCE FROM THE LITERATURE

Due to the popularity of applying information theory in 
psychology, and in particular to reaction time studies, in the 
1950s and 1960s, there are many published papers that report 
rates of information transmission (either throughput or 
estimates of channel capacity).  The difficulty of finding 
supporting evidence lies in locating data that show the 
relationship between equivocation and source entropy or 
throughput (most publications present reaction time versus 
source entropy or throughput, and many papers overlook 
equivocation).  Nonetheless, evidence supporting the two 
hypotheses presented above is provided in the paper by Fitts 
referenced earlier [1].  The purpose of Fitts’ paper was to 
examine the means by which humans perform choice reaction 
time tasks.  Ancillary to the experiment and analysis, Fitts 
included an “informatic analysis” where he noted that “a 
surprisingly consistent relation can be observed between 
response equivocation and information transmission rate” [1, 
page 856].  Although Fitts was unable to explain the linear 
relationship observed, the relation cited is that described above 
by (10), shown in Fig. 4. 

Fitts did not include raw data in his paper, however he did 
include a figure [1, Figure 7, page 856] depicting data from all 
eighteen subjects, revealing the linear relationship between 
throughput and equivocation.  Unfortunately, Fitts used the 
units bits per second for throughput, but bits per response for 
equivocation.  This problem can be overcome, as Fitts included 
a figure showing the reaction time for each subject [1, Figure 3, 
page 852].  We were able to estimate Fitts’ data by digitally 
scanning and enlarging these figures and measuring the 
location of the data points on the graphs.  This yielded 
approximate values of throughput, equivocation, and reaction 
time, for all eighteen subjects.  By dividing the equivocation 
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values (in bits per response) by the corresponding reaction 
times, equivocation values in bits per second were obtained for 
each of Fitts’ subjects.  These adjusted data appear in Fig. 5. 
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Figure 5. Throughput versus equivocation data adapted from Fitts [1] 

This figure presents data from Figure 7 of Fitts [1] with a change 
of units.  Equivocation was reported in bits per response in Fitts’ 
paper, but here, the units are bits per second.  Note the similarity 
between this figure and Fig. 4, above. 

Linear regression of the units-adjusted data from Fitts’ 
paper yields the linear relation, 

 R = -0.696×E + 8.563, (11) 

with correlation coefficient, r = 0.77.  By applying the values 
from the regression equation (11), to the expressions for the 
slope and intercept from (10), we estimate that for Fitts’ data, 

C = 8.56 bits per second,  and,  α = 3.29. 

Because Fig. 5 shows results for a group of people 
performing with performance characteristics falling along their 
own individual Eh lines, there is a fair amount of scatter among 
the data points (resulting in only a modest correlation 
coefficient value).  But there is enough similarity between the 
individual Eh lines that Fitts was able to notice and report the 
linear relationship apparent in the data.  Our fundamental 
theorem of human performance posits a linear relationship 
between source entropy and equivocation (implying a linear 
relationship between throughput and equivocation, see (10)), 
and requires that α  1.  By comparing Fitts’ adjusted data in 
Fig. 5 with Fig. 4, it is apparent that the predicted relationship 
between throughput and equivocation is confirmed.  Also, note 
that the performance characteristics of the subjects fall in the 
upper half of Fig. 5, implying that people do seem to prefer 
efficiency (Claim 4, above). 

V. CONCLUDING REMARKS

There are three facets of the speed-accuracy trade-off.  The 
first is the inverse relationship between speed and accuracy that 
is observed over a wide range of human behaviors – as people 
speed up, they commit more errors, and as they slow down, 
they make fewer errors.  The second facet is that the speed-
accuracy trade-off is spontaneous and involuntary.  And the 
third facet is that the speed-accuracy trade-off only manifests 
itself under motivated conditions (where the goal is either faster 
speed, higher accuracy, or both). 

The theory of motivated performance explains why 
motivation is a necessary condition for the trade-off, and it 
reveals the spontaneous and involuntary nature of the trade-off;  
motivation limits the available range of source entropy and 
equivocation to the Eh line, and the shape of this line defines 
the nature of the trade-off.  Although confined to the Eh line, 
motivated humans are free to occupy any place along the Eh
line that they choose.  One end of the Eh line corresponds to 
slow speed with high accuracy, the other to high speed with 
low accuracy.  In the intervening range along the Eh line, the 
rate at which increased speed is traded for decreased accuracy 
is parameterized by the equivocation ratio, α;  see (9) and note 
that, essentially, it states that: Error rate ∝ α × Speed, a 
mathematical statement synonymous with the speed-accuracy 
trade-off. 

Mathematically, the distinction between the new theory 
described here and traditional information theory is the value of 
the equivocation ratio, α.  We argue that when humans are 
engaged in an information transmission task, the resulting 
equivocation ratio is greater than one, and Fitts’ 1966 data 
bares this out.  However, if we set α = 1, then the equations 
given here reduce to traditional information theory.  That the 
distinction between the new and traditional models amounts to 
the value of a single parameter, is a strength of the new model, 
because, when either (9) or (10) are fit to empirical data, the 
value of the α parameter serves as a direct indicator of whether 
or not the new theory is sound and applicable. 

REFERENCES

[1] P. M. Fitts, “Cognitive aspects of information processing: III. Set for 
speed versus accuracy,” J. Exp. Psychology, vol. 71, no. 6, pp. 849–857, 
1955. 

[2] R. Plamondon and A. M. Alimi, “Speed/Accuracy trade-offs in target-
directed movements,” Behavioral and Brain Sciences, vol. 20, pp. 279-
349, 1997. 

[3] C. E. Shannon, “A mathematical theory of communication,” The Bell 
System Technical Journal, vol. 27, pp. 379-423 and 623-656, 1948. 
Note that page numbers appearing in references to Shannon 1948 
refer to the 1998 republication, a freely downloadable .PDF file 
available from: 
http://cm.bell-labs.com/cm/ms/what/shannonday/paper.html 

[4] R. G. Swensson, “The elusive tradeoff: Speed vs accuracy in visual 
discrimination tasks,” Perception and Psychophysics, vol. 12(1A), 
pp. 16-32, 1972. 

[5] R. S. Woodworth, “The accuracy of voluntary movement,” The 
Psychological Review, vol. III, no. 3 (Monograph 13), pp. 1-114, July 
1899. 

2975



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


