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How many people have to die over a type II error?

Stephen Rice® and David Trafimow
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(Received 3 August 2008, final version received 5 January 2009)

Although much concern over type I errors has permeated psychology for decades,
there is less concern over type II errors. In fact, type II errors constitute a serious
problem in safety research that can result in accidents and fatalities because
researchers fail to reject the null hypothesis due to arbitrary probability
thresholds. The purpose of this paper is to reveal how often type II errors
occur and the effect they have on applied ergonomics research. Computer
simulations using population parameters were generated, revealing that type II
errors happen quite often, particularly with effect sizes between 0.2 and 1.2.
A utility analysis also reveals that the cost of type II errors on society is much
greater than it needs to be. Solutions for avoiding type II errors are discussed.
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1. Introduction

Concern over errors in the null hypothesis significance testing procedure (NHSTP) has
a long tradition in statistics and in other fields that employ these statistical methods
(e.g. Neyman and Pearson 1933, Mechl 1978, Cohen 1994, Loftus 1996, Trafimow 2003).
As several authorities have indicated (e.g. Gigerenzer 1990, Loftus 1991, Hubbard and
Bayarri 2003), NHSTP is actually a conflation of the procedures proposed by Fisher and
by Neyman and Pearson, with which neither would be likely to approve. To see this,
consider the following quote from Gigerenzer (1990):

...almost no [social science statistics] text presented Neyman and Pearson’s theory as an
alternative to Fisher’s, still less as a competing theory. The great mass of texts tried to fuse the
controversial ideas into some hybrid statistical theory...Of course this meant doing the
impossible. But...statisticians were eager to sell, and psychologists were eager to buy
the method of inductive inferences. The statistical texts now taught hybrid statistics, of which
neither Fisher nor, to be sure, Neyman and Pearson would have approved. The type-II errors
became added to null hypothesis testing (although it could not be determined in this context),
Neyman and Pearson’s interpretation of the level of significance as the proportion of type-I
errors in the long run became mishmashed with Fisher’s and so on. Whatever the textbooks
taught, it was not indicated that some of the ideas stemmed from Fisher, others from Neyman
and Pearson. The hybrid statistics was presented anonymously, as if it were the only truth, as
if there existed only one type of statistics. There was no mention of the existence of a deep
controversy, much less of the controversial issues, nor of the existence of alternative statistical
theories . .. (p. 208)
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Of particular interest to applied researchers, who have to decide whether or not to act
on the obtained data, Neyman and Pearson (1933) discussed two types of errors that
they referred to as incorrectly rejecting the null hypothesis (o) and incorrectly accepting
the null hypothesis (B). These are commonly referred as type I and type II errors,
respectively.

Imagine that an experiment is conducted to test whether a new airbag system is more
effective than a previous system. The null hypothesis states that the two systems are
identical in effectiveness; the alternative hypothesis states that the new system is more
effective than the previous system. Now, imagine that, in reality, the new system is no
better than the old system, but the null hypothesis is rejected because a p-value less than
0.05 is found (this is an arbitrary threshold; the argument applies to any threshold given).
This is an example of a type I error.

Type 1 errors should be avoided for theoretical and practical reasons. From a
theoretical point of view, type I errors indicate that the researcher has falsely rejected a
null hypothesis, which was in reality true. There is a long tradition in psychology of trying
to avoid this type of error and a conservative significance level was derived early on in the
history of statistics for this very purpose. Fisher (1935) argued that since one could never
prove the null hypothesis, it fell to the researcher to disprove the null hypothesis instead.
However, to disprove the null hypothesis, one has to set a conservative threshold for
significance. He suggested a significance level of p<0.05, which is still commonly used
today in most psychology journals.

Many modern-day researchers are at odds with the notion of having such a threshold
and some refer to it as the ‘tyranny of the 0.05’ (Wickens 1998, p. 18; see also Cohen
(1994), Loftus (1996), Schmidt (1996)). Rosnow and Rosenthal (1989) outlined several
criticisms of the current system, including:

(a) the over-reliance on dichotomous significance-testing decisions; (b) the tendency
to do many research studies in situations of low power; (c) the habit of defining the
results of research in terms of significance levels alone; (d) the overemphasis on
original studies and single studies at the expense of replications (p. 1276).

From a practical point of view, type I errors can cause multiple problems for
researchers and consumers. First, they give false hope that the effect is real, which can lead
to sub-optimal behaviours on the part of consumers. Second, it can lead future researchers
to assume the effect is real and thus base their future experimental designs on the fallacy
generated from the original type I error. Third, it can induce agencies to employ this new
‘improved’ system with a resulting expenditure of time and money on producing a system
that has no benefit.

Although many researchers have highlighted the perils of the type I error, there has
been less discussion on the potential perils of type II errors. Going back to the airbag
system example, imagine that the new system was actually more effective than the older
system, but one failed to find a significant effect (e.g. p>0.05) and thereby failed to reject
the null hypothesis in favour of the alternative hypothesis. This would result in a type II
error. What consequences might this produce and why might it be critical to avoid these
types of errors?

From the perspective of the researcher, one might wish to avoid type II errors for
several reasons. What dissertation-level student has not spent a sleepless night or two
worrying about his or her data and praying that it comes out ‘significant’. A non-
significant result can mean another year of research before receiving that PhD. Or it
can mean being denied tenure for that assistant professor. Or it can mean losing



18:17 29 May 2009

[Rice, Stephen] At:

Downl oaded By:

Theoretical Issues in Ergonomics Science 3

future grant money. These are life-changing consequences for the researcher who commits
a type II error.

But these consequences pale in comparison to the consequences to the consumer,
particularly in human factors research. As Wickens (1998) argues, committing a type II
error may be disastrous when it comes to safety research. Again imagine that one has
committed a type II error when experimenting with the new airbag system. Unknowingly,
a system that will save lives, perhaps thousands of lives, has been rejected. Clearly, one
should consider the consequences of type II errors as a function of what type of research is
being conducted and not just assume that all type I errors are more detrimental than all
type II errors.

When a conservative threshold for rejection (e.g. p<0.05) is used, NHSTP tends to
produce more type II errors than type I errors. NHSTP is often made to be even more
conservative by using two-tailed tests rather than one-tailed tests, which increases the
probabilities of type II errors even further. Reviewers and editors should be cognisant that
safety devices are rarely designed to result in more accidents; rather, hypotheses tend to be
uni-directional in favour of the efficacy of new safety devices. Therefore, it makes sense to
use one-tailed tests to investigate whether the new safety device is better than the old one.

The present authors argue that researchers should not blindly follow the standard
statistical methodology without considering how the type of research affects whether one
should avoid type I errors or type II errors. In addition, it is argued that the consequences
of a type II error depend on more than just the type of research. It also depends on the
effect size found in the experiment and the amount of cost/benefit gained from the
research.

For example, if research is conducted to test a new type of kitchen timer and a small
effect size is discovered, it would not be critical to avoid type II errors because the timer
does not have life-changing (or life-saving) benefits and any benefits it does have are
probably small. However, if one is testing a new crash avoidance warning system in future
automobiles and a large effect size is seen (but the statistical test is not significant), then the
cost of the type II error is dramatic. People will die because of it.

Because the authors are interested in human factors issues, particularly with regard
to public safety, the remaining focus of this paper will be primarily on type II errors. It is
intended to first show that type II errors occur more frequently than most people suspect.
Then it is intended to show how effect size and severity interact as a function of expected
value (EV). For simplicity’s sake, the specific paradigm that will be used is safety research
in automobiles (e.g. seatbelts, airbags, etc.). To answer these questions, computer
simulations will be conducted that produce millions of ‘experiments’ based on preset
population parameters. From these simulations, it will be shown exactly how often type 11
errors occur and what cost they produce as a function of effect size and severity.

2. Method
2.1. Overview

The basic strategy of the simulation was to perform an infinitely large set of experiments,
whereby each experiment contained group 1 of n participants and group 2 of n
participants. Although it is impossible to generate an infinite number of experiments,
a computer program was used (VBA) to randomly generate 3.9 million datasets, thus
assuring that the simulation data that were produced were sufficiently close to what would
be generated by an infinite number of experiments.
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2.2. Materials and software

The experimental simulation was conducted on a MacPro Xeon Workstation with
2xQuadCore processors and 8 gb of RAM. 3.9 million datasets (65,000 per effect size * 3
sizes of n) were generated using a VBA random number generator, which predetermined
a normal distribution with fixed population means () and standard deviations (o).

2.3. Procedure

Two columns of data (experimental group and control group) were generated for each
experiment. For the study purposes, the experimental group represented a new safety
device for automobiles, whereas the control group represented an older type of safety
device (or no safety device). The data from the experimental groups were generated using
w ranging from 1.0 to 3.0, in 0.1 increments, and o = 1.0. The data from the control groups
were generated using population ©=1.0 and o=1.0. This effectively manipulated the
population effect sizes, which ranged from 0.0 to 2.0. For example, a simulation generating
a population effect size of 1.1 would consist of a control group with population u=1.0
and o =1.0 and an experimental group with population p=2.1 and o =1.0.

Following generation of the experimental data, sample means and standard deviations
were computed for each group. Binary scoring was used to indicate the direction of the
experimental effect for each experiment, which made it possible to calculate the true
proportion of experiments in which the group 1 sample mean exceeded the group 2 sample
mean. Subsequently, between-participants #-tests (one-tailed and two-tailed) were
conducted on each experiment, producing a p-value. Binary scoring was again used to
determine if p<0.05 and the means were in the right direction (i.e. correctly rejecting
the null).

From these data, it was possible to determine the true probability of making a correct
decision (p[C]) for each effect size. Each effect size was then converted into a correlation
coefficient (see Equation (1)), where R is the population correlation coefficient and E is the
effect size (see Rosenthal and Rosnow (1991)).

E
e M

Using the result from Equation (1) (R), the binomial effect size display was used to
calculate the percentage of times the new safety device prevents an accident when the
null hypothesis is always rejected, using Equation (2), where OP is the optimal
probability under this condition (see Rosenthal and Rosnow (1991)); OP is the
probability, assuming that the null hypothesis has been rejected, of obtaining the desired
result in practice (e.g. preventing the accident with the new safety device). To use the
binomial effect size display in this context, it is assumed that the probability of
preventing an accident is 50% when the old safety device is used. Consequently, as long
as the effect size is positive, which it always is in the present computer simulations, OP
always exceeds 50%.

R
OP = 3 +0.5 2)
Following this, the percentage of accidents that the new safety device prevented was
calculated based on the traditional method of rejecting the null when p<0.05, using
Equation (3), where EP is the expected probability using NHSTP and C is the probability
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of making a correct decision. For example, when n =10, and the effect size is 0.7, OP is
0.665 and EP is 0.572.

EP = (C%OP)+((1 — C)%0.5) 3)

Finally, EP and OP was multiplied by 2 (low), 6 (moderate) or 10 (severe) to simulate
the optimal utility and expected utility of potentially preventing various levels of damage
to the individual in the case of an accident. For example, a value of 2 might indicate the
driver was potentially prevented from being bruised, a value of 6 might indicate potential
prevention of broken bones and a value of 10 would indicate potential prevention of
fatalities. Obviously, these values are arbitrary but they should nevertheless serve to
illustrate the importance of considering the severity of accidents as well as their
probabilities. It was hypothesised that the difference between OP and EP would be
magnified as the severity of the accident increased.

3. Results

The following sections describe the findings from two types of simulations. The first
section simulates the probability of correctly rejecting the null hypothesis in the correct
direction as a function of the effect size. The second section concerns the expected cost of
using the standard NHSTP given the probability of making the right decision and the
utility of making the right decision.

3.1. The probability of correctly rejecting the null hypothesis

Figure 1 illustrates the probability of correctly rejecting the null hypothesis given that the
population effect sizes range from 0.0 to 2.0. Obviously, in cases where the population

Probability of a correct decision (C)
1.0 - -

0.8 |

06 |

Probability

04 |

0.2 |

0.0

0.0 01 02 03 04 05 0.6 07 0z 09 10 ‘ 11 12 13 14 15 16 17 18 19 20

—&—l-tailed | 0,052 | 0.076 | 0.110 |0.159 | 0.222 | 0.289 | 0.363 | 0.436 | 0.528 | 0.615 | 0.705 | 0.763 | 0.839 | 0.866 | 0.911 | 0.943 | 0.968 | 0.979 | 0.988 | 0.991 | 0.995 |

—o—2-talled | 0.025 |0.042 | 0.062 |0.089 | 0.130 | 0.185 | 0.246 | 0.317 | 0.390 | 0492 | 0.574 | 0.631 | 0.736 | 0.784 | 0.831 | 0.881 | 0.929 | 0.947 | 0.951 | 0.980 | 0.982 |

Figure 1. Probability of making a correct decision as a function of effect size, for r-tailed and
two-tailed r-tests.



18:17 29 May 2009

[Rice, Stephen] At:

Downl oaded By:

6 S. Rice and D. Trafimow

effect size exceeds 0.0, the null hypothesis is always wrong and should be rejected.
However, as Figure 1 demonstrates, the probability of making the correct decision is not
very impressive, particularly at low population effect sizes. This probability becomes even
lower when using two-tailed #-tests. Not surprisingly, this probability increases as the effect
sizes increase and as the sample sizes increase.

3.2. The potential cost of using NHSTP

As was described earlier, the population effect size was translated into the percentage of
people who would be helped by the safety device assuming that the null hypothesis was
correctly rejected in every study, which is the OP of success. By arbitrarily assuming
various values for helping people to avoid injuries of differing severities, labelled as ‘low’
(2), ‘moderate’ (6) and ‘severe’ (10), it was also possible to calculate the optimal utility of
correctly rejecting the null hypothesis and always using the safety device.

Alternatively, given that NHSTP is used, and so the null hypothesis is not always
rejected, it is clear that optimal utility will not be obtained. But by combining the
probability of correctly rejecting the null hypothesis with the arbitrarily assigned utilities,
it is a simple matter to find expected utilities that can then be compared with optimal
utilities. The difference between an expected utility and the corresponding optimal utility is
the benefit that society foregoes by the dependence of engineering psychologists on
NHSTP.

Figure 2 illustrates the foregoing considerations when there are 10 participants in each
condition. Not surprisingly, as the utility of the safety device increases from ‘low’ to
‘moderate’ to ‘severe’, so does the optimal utility as well as the expected utility. Also not
surprisingly, optimal utility tends to exceed expected utility. But Figure 2 also shows some
important interactions. For instance, optimal and expected utilities tend to converge at
extremely low or extremely high effect sizes, whereas the difference between them tends to
max out at moderate effect sizes. The reason for this interaction is that at extremely low

Degree of Benefit (1-tailed) Degree of Benefit (2-tailed)
10 10
8 = b= =Optimal 8 === =Optimal
(severe) (severe)
- —tr— Expected . —tr— Expected
iﬁ (severe) % (severe)
—#— Optimal —i— Optimal

5 6 (moderate) 5 6 (moderate)
o —C—Expected o —C— Expected
"o' (moderate) '.6 (moderate)
@ ~-@~-Optimal Q =@~ - Optimal
B 4 . (low) b (low)
an —O0— Expected oo —0— Expected
a {low) a {low)

Effect Size Effect Size

Figure 2. Degree of benefit of making a correct decision for optimal utility vs expected utility, for
t-tailed and two-tailed r-tests, as a function of severity.
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effect sizes very few people are being helped by the safety device and so little is lost by
not using it. In addition, at large effect sizes the likelihood of failing to reject the null
hypothesis is extremely small. It is only when the effect size is moderate that: (a) the safety
device provides enough help to matter; (b) there is a reasonable likelihood of failing to
reject the null hypothesis.

This interaction is qualified by the utility of the help. When the utility of the help is
low, then the difference between expected utility and optimal utility is minimised. But as
the two topmost curves in Figure 2 demonstrate, under high utility the difference between
expected utility and optimal utility is impressive, particularly at moderate effect sizes.
Finally, Tables 1-4 demonstrate that these effects are magnified even more when two-
tailed tests are used rather than one-tailed tests. As an example of the importance of
distinguishing between optimal and expected probabilities for severe accidents, consider
that when the population effect size is 0.7, EV'=5.75 and OP=6.65, for a difference of
0.90. In contrast, when the accidents are mild, EV=1.14, OP =1.33, for a difference of
only 0.19 (see Table 2).

3.3. The effects of sample size

Tables 1-4 show how increases in sample size can modulate the effects described above.
Table 1 demonstrates these effects when the sample size is very small (z = 6). While many
ergonomics researchers would avoid such a low n, one must be careful not to assume that
increasing n for any given experiment is a simple matter of gathering more participants.
For example, in aviation research, it is often quite difficult to find an infinite number
of licensed pilots that are willing to participate in experimental research. The problem
becomes exacerbated when experimental designs prevent the use of within-participants
analysis, forcing researchers to run between-participants designs due to issues of fatigue,
contamination between conditions, etc. (e.g. Dixon and Wickens 2006). Thus, it is often
the case that researchers are limited to a low n when conducting aviation research (e.g.
Thomas and Wickens 2004).

Tables 2—4 present data from sample sizes of 10, 20 and 30, respectively. Clearly, as the
sample size is increased, the gap between OP and EV becomes increasingly smaller, leading
to fewer opportunities for type II errors. Thus, when possible, it would be beneficial to
increase n as a means of reducing type II errors. However, this does not fully resolve
the issue, as even when n =30, there is a noticeable difference between OP and EV,
particularly when accidents are severe and effect sizes are small.

4. Discussion

Previous researchers (e.g. Murphy and Myors 2004) have shown mathematically that
NHSTP results in high probabilities of type II errors when p is set at, or below, the
traditional level of 0.05. The computer simulations resulted in similar findings and
reinforce previous conclusions about the high probability of failing to reject the null
hypothesis when it should be rejected. It is important to note just how great the probability
of a type Il error is, particularly when the effect size is low to moderate. In fact, it takes a
population effect size of 1.0 just to reach a level where the researcher is correct 60-70% of
the time, depending on whether he/she used a one-tailed or two-tailed r-test. Effect sizes of
1.0 are often considered to be large (Cohen 1992); many studies reveal effect sizes that are
much smaller, but are still taken quite seriously (Cohen 1992). An example would be the
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traffic alert and collision avoidance system that has had some success in the real world
(Williamson and Spencer 1989). Thus, one must be aware of the danger of the type II error
in these types of studies.

In addition, because utility was included in the calculations, it was also possible to
simulate the harm to society that is caused by failing to reject the null. To the extent that
the accidents prevented by the safety device are serious, the harm to society caused by
failing to reject the null hypothesis when it should be rejected becomes increasingly
important. The computer simulations also demonstrate that there is an interaction
between the size of the effect and the degree of harm prevented by the device when it
works; harm to society from type II error is maximised at moderate effect sizes and when
the safety device prevents severe injury. This is an important point to drive home, because
the authors suspect that many, if not most, ergonomics studies reveal effect sizes in this
range (0.2-1.2). And yet, as can be seen in Figure 2, the gap between optimal utility and
expected utility is quite large in this range, with more than a 10% difference in some cases.
Thus, it is important to note that the authors are not talking about errors in extreme cases
where effect sizes are so tiny that no one would report them anyway, or when effect sizes
are so large that the danger of a type II error almost disappears. The biggest danger of a
type II error occurs when effect sizes are in the moderate range.

So what can be done to reduce type II errors? There is a variety of potential solutions.
One possibility is to increase the alpha level so that p no longer has to be less than the
traditional level of 0.05 to enable the null hypothesis to be rejected. Using one-tailed tests
instead of two-tailed tests has this effect, although the present simulations show that it is
clearly not enough to overcome the entire problem (see Figure 2). Another possibility is to
have more participants; as the number of participants increases, so does power (as is
shown by Tables 1-3). However, as mentioned previously, this is not always possible,
particularly in areas of research that require participants with specialised skills. For
example, in aviation, researchers frequently need participants who are licensed pilots (e.g.
Wickens et al. 2003, Thomas and Wickens 2004), a requirement that is not easy to fill.
Even research conducted in aviation laboratories that have access to a flight school nearby
often is limited by the number of pilots that can be found. Aviation experiments can be
long and fatigue-inducing, thereby preventing the use of within-participants designs
(e.g. Dixon et al. 2005). Furthermore, it often is the case that once pilots are exposed to
one condition, they cannot participate in other conditions due to contamination effects
(e.g. Dixon and Wickens 2006).

Furthermore, even if researchers can increase n to 10-20 participants, that is not always
sufficient to overcome the loss of power, particularly if the phenomenon of interest is
a rare event. For example, one might be interested in how pilots respond to emergency
situations; it is a necessary (and fortunate!) fact that these situations occur rarely. Thus,
when conducting experimental research on these types of issues, pilots only can be
exposed to very few events (sometimes only one) (e.g. Wickens et al. 2006); otherwise, the
realism of the event is destroyed. The only way to overcome this loss of power is to
increase n even more.

Yet another possibility is for the researcher to set up the experiment in as careful a way
as possible so as to eliminate as much error variance as possible, although the increase
in experimental precision might come at a cost with regard to experimental realism or the
ability to generalise the findings beyond the experimental context. Another alternative
might be to use the epistemic ratio procedure (Trafimow 2005, 2006), whereby the safety
researcher would first decide what the minimum effect size would have to be to justify the
adoption of the proposed safety device and use this as the alternative hypothesis. A more
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extreme solution would be to employ a strategy where one always rejects the null and
simply relies on the sample means as the best indicators of the population means. Finally,
researchers might consider a recommendation by Loftus (1996) to add a third category to
the reporting of results: accept, reject, or withhold judgement pending the acquisition of
new data.

To be clear, the purpose of this paper is not to dictate to the field of ergonomics which
method should be used to avoid type II errors. The purpose herein is simply to show the
dangers of type II errors, provide possible solutions for avoiding them and let researchers
and designers decide what they wish to do with this information. Regardless of whether
researchers choose to increase alpha, increase the number of participants, use more precise
experimental designs, employ the epistemic ratio procedure, use sample means as
indicators of population means or include a ‘withhold judgement’ category to the
reporting of results, the result should be fewer type Il errors and higher prevention of
injuries or deaths.

In summary, ergonomics editors and reviewers should be flexible when evaluating
research studies with important safety implications and consider that it might be more
important to avoid a type Il error than a type I error, particularly when the rejection of the
research could lead to loss of life.

4.1. Other fields of research

For the purposes of this paper, an automobile safety paradigm was used; however, the
present findings can be generalised to many other areas of research. For example, safety
research spans a wide variety of paradigms, including aviation, transportation,
manufacturing, workplace design, etc. In each of these areas, researchers are attempting
to provide safety devices and/or techniques that prevent accidents and fatalities. The
present authors believe that many researchers in these areas understand the dangers of
type II errors and are taking precautions against them. It is also realised that not all
researchers are equally aware of how insidious a type II error can be and it is hoped that
this paper helps to convince the sceptics that it is a very serious matter indeed; often a
matter of life and death.

There are also many areas of applied research where type II errors may not be a
significant concern. For example, when developing new medications, it may be more
important to avoid type I errors (incorrectly rejecting the null), because the results of
a type I error may lead to dangerous and expensive medications that cause harm to,
or do nothing for, the patient. Take, for example, a cancer patient who is spending
thousands of dollars on a medication that does nothing for him/her, when instead
he/she should be taking a different medication that might help. An even worse
scenario would be this same patient taking a medication that is actually causing harm
to him/her.

In basic research, the dangers of type II errors may also not be very severe. For
example, when conducting basic visual perception experiments, a type II error is probably
not going to lead to someone’s death. Basic researchers are interested in topics that often
do not generalise readily to application, so any errors they make do not have catastrophic
consequences. This is not a criticism of basic research, as the authors highly value their
basic colleagues (and in fact, both authors of this paper conduct and have published basic
research); it is simply a natural fact that basic research has different implications from
applied research.
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5. Conclusion

Type II errors have not received as much ‘press’ in the field of psychology as have type I
errors (Murphy and Myors 2004) and most statistics courses focus much more on avoiding
type I errors than type II errors. However, there have been several important advocates of
avoiding type II errors in applied research (e.g. Wickens 1998). The present authors have
heeded their warning and have presented simulated data that reveal just how dangerous a
type 11 error can be and what might be its cost to society.

Although researchers may differ on which remedy they prefer for reducing type II
errors, and it is likely to depend on the particular situation at hand, as well as on the
mathematical or philosophical virtuosity of the researcher involved, there can be little
doubt that researchers should consider carefully the virtues and detractions associated
with each of them. The present computer simulations demonstrate that such careful
consideration has the potential to greatly increase the benefits to society that accrue from
the field of ergonomics.
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