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The objective of this research was twofold: first, the performance of the tetrad protocol was compared to
that of the triangle test under conditions that could possibly lower its sensitivity, consequently resulting
in the loss of its theoretical power advantage. Second, the same samples were compared with a prefer-
ence test to investigate whether a no difference conclusion obtained with a discrimination test would
consistently result in a non-significant preference (consumer relevance).

The investigation involved sensory differences that could be deemed small (d0 values less than 1.0) as
well as the comparison of resampling vs. no resampling conditions. 456 consumers performed tests using
apple and orange juices for which slight sensory differences were created through dilution. In all condi-
tions, the tetrad always exhibited a greater number of correct answers than the triangle, confirming its
greater statistical power. Therefore, it was concluded that even for small sensory differences, and in con-
ditions where sensory fatigue could play a greater role (resampling allowed), the tetrad test sill appears
like a good alternative to the triangle. Also, the theoretical increase in performance predicted when
allowing sample resampling was confirmed.

For the preference study, the same stimuli were evaluated by 208 subjects. Consumer relevance was
defined as a significant result between two products in a preference test (assuming no population seg-
mentation). Such significant preferences were found for three out of the four conditions, including the
one with the smallest difference for which a significant result had not been found with either the tetrad
or triangle. The non-significant preference in the fourth condition was attributed to segmentation in the
population.

Therefore, this investigation confirmed further that the tetrad test is a viable alternative to the triangle
test, as it exhibits a greater statistical power even in conditions that could potentially affect it negatively.
Also, it was shown that a non-significant sensory difference can still result in a significant preference test,
outlining the necessity to go beyond the simple use of a ‘more powerful’ discrimination test when making
decisions and to define the actual consumer relevance of an underlying sensory difference.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Sensory discrimination testing procedures are an integral part
of the sensory scientist toolbox. Consumer product manufacturers
in the food, beverage and personal care industries are constantly
confronted with challenges to modify their products, good exam-
ples of which are the current push to reduce salt content or elim-
inate trans-fat for health related reasons. In this case, like in the
majority of situations, the objective is to establish a ‘match’, i.e.,
a reformulated product that can be deemed an acceptable alterna-
tive to the original product. A scientist can investigate such simi-
larity through two interchangeable routes, one involving power
considerations (Ennis, 1993; Ennis & Jesionka, 2011; Schlich,
1993) and the other direct equivalence testing (Bi, 2005; Ennis &
Ennis, 2010).

In order to conduct such investigation, a multitude of protocols
are available to the sensory scientists: 2-alternative forced choice,
triangle, duo–trio, tetrad, two-out-of-five, hexad, octad, dual-pair,
same–different, degree of difference, A/Not A, etc. While all these
methodologies are used towards the same objective, namely to
investigate whether a noticeable difference exists between the
products, they vary considerably in their ability to do so in an accu-
rate and efficient manner (Ennis, 1993; Ennis & Jesionka, 2011). A
protocol such as the 2-AFC, which generally requires the nature of
the reference to be specified in the instructions (e.g., ‘‘which of the
two samples is harder?’’), is statistically more powerful than other
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more broadly used protocols such as the triangle and duo–trio.
Consequently, a researcher is less likely to miss a difference and
will have a better estimate of its size by using the 2-AFC. However,
since it needs the identification of an attribute, it is usually less
straightforward to use than its ‘attribute free’ counterparts.

The lack of a need to specify an attribute in the triangle and
duo–trio methodologies explains why they have been so largely fa-
vored in sensory and consumer research. However, their low statis-
tical power regularly results in the miss of sensory differences that
can potentially be detected by consumers and lead to the rejection
of the reformulated product. In order to address this key weakness,
research has been conducted to improve their ability to detect dif-
ferences: use of replications (Brockhoff & Schlich, 1998; Ennis & Bi,
1998); modification to the experimental protocol (Kim & Lee,
2012; Kim, Lee, & Lee, 2010; Lee & Kim, 2008; Rousseau, Stroh, &
O’Mahony, 2002). Also, other protocols that do not require the nat-
ure of the difference to be specified in the instructions have been
investigated (same–different test (Rousseau, Meyer, & O’Mahony,
1998; Rousseau, Rogeaux, & O’Mahony, 1999; Stillman & Irwin,
1995), 2-AFC-R (Lee, van Hout, & Hautus, 2007; van Hout, Hautus,
& Lee, 2011), Torgerson’s method of triads (Ennis, Mullen, & Frij-
ters, 1988; Rousseau, 2007; Torgerson, 1958)).

One protocol that seems to be a particularly relevant alternative
to the triangle method is the tetrad test (Ennis, Ennis, Yip, &
O’Mahony, 1998; Ennis & Jesionka, 2011) with the following
instructions: ‘‘Here are four samples. Group them into two groups
of two based on similarity’’. While it has been present in the liter-
ature for some time, its greater statistical power has only recently
been investigated (Ennis & Jesionka, 2011). What was found is that,
theoretically, the tetrad methodology is more powerful than the
triangle test by a factor of approximately 3 (Ennis, 2012). Since
the guessing probability for the tetrad is, like the triangle, 1/3, di-
rect comparisons between the two methodologies can readily be
made in terms of performance and the same binomial tables can
be used to investigate whether the results of an experiment show
a statistically significant difference.

While it exhibits a greater power, the tetrad can potentially suffer
from a decrease in performance linked to the addition of a fourth
stimulus, compared to the three stimuli comprised in the triangle
test. Numerous pieces of research have investigated the effect of
memory as well as sensory adaptation and sensitization and have
shown that protocols involving fewer stimuli can have a practical
advantage over theoretically more powerful procedures (see for in-
stance Dessirier & O’Mahony, 1998; Lau, O’Mahony, & Rousseau,
2004; Rousseau & O’Mahony, 1997). This decrease in sensitivity can
be measured in terms of d0 values, a standardized measure of sensory
difference(Ennis, 1993; Frijters,1979; Green& Swets,1966; Macmil-
lan & Creelman, 2005). This effect was for instance investigated using
the triangle (three stimuli) and same–different (two stimuli) meth-
odologies, with the triangle’s lower d0 value being attributed to the
greater memory requirements, rather than fatigue or sequence ef-
fects (Kim, Jeon, Kim, & O’Mahony, 2006; Lau et al., 2004).

While a decrease in sensitivity, illustrated by a lower d0 value,
will reduce the tetrad’s statistical power, it can still be more pow-
erful than the triangle if this decrease is ‘small enough’. Ennis
(2012) provides a useful rule that outlines when the tetrad can
be a good alternative to the triangle. Ennis showed that the tetrad
test is a better alternative to the triangle if its d0 value is greater
than at least 2/3 of that of the triangle. It is thus valuable to get
experimental insights on the relationship between the tetrad and
triangle tests’ sensitivities, to corroborate the value of the four
sample protocol.

Several pieces of research are already available in the literature
that compared the triangle and tetrad procedures. Delwiche and
O’Mahony (1996) and Garcia, Ennis, and Prinyawiwatkul (2012) in-
deed found a lower d0 value for the tetrad compared to the triangle.
However, the decrease of performance was not large enough for
the tetrad to lose its advantage. Masuoka, Hatjopoulos, and O’Mah-
ony (1995), working with beer products, did not observe this lower
discrimination. However, since two different groups of nine evalu-
ators performed the two protocols, the lack of decrease in perfor-
mance can possibly be assigned to differences in sensory acuity
between the two groups of subjects. Of the above three studies,
only that by Garcia et al. (2012) allowed re-tasting and only if all
stimuli were tasted in the same order.

The research presented here proposes to expand our current
knowledge related to triangle and tetrad testing in three important
ways:

(1) Compare the two methodologies specifically. The findings
currently reported in the literature mentioned above include
the investigation of other methodologies such as the 3-AFC
and specified method of tetrads. This in turn could have
resulted in the dampening of the sensitivity differences
between the protocols due to additional experimental vari-
ance, specifically a potential sensitivity advantage of the tri-
angle test might have been concealed because of the
additional noise in the overall experiment (sensory fatigue,
confusion with different sets of instructions, learning effects
upon repeated exposure to the stimuli, etc.).

(2) Use a range of sensory effect sizes for the comparison, espe-
cially smaller sizes that are more relevant in situations
where a ‘match’ between products is of interest. The
research mentioned above often involved fairly large sen-
sory differences between samples (e.g., d0 � 1.3 in Masuoka
et al. (1995), d0 � 2.2 in Delwiche and O’Mahony (1996);
d0 � 0.8–1.8 in Garcia et al. (2012)). In order to put these dif-
ferences into context, in a 2-AFC a d0 of 1 corresponds to 76%
of tests correct while a d0 of 2 corresponds to 92% of tests
correct. It is possible that when trying to discriminate
between samples with smaller perceivable sensory differ-
ences that could be of relevance to the consumer (d0 � 0.5
or 64% of tests correct in a 2-AFC), the addition of a fourth
sample in the tetrad protocol will have a greater weakening
effect on discrimination due to more ‘damaging’ adaptation,
fatigue or/and memory effects.

(3) Investigate the effect of resampling on overall discrimina-
tion when comparing the two protocols. Resampling has
been shown to increase discrimination (Caroselli, 2012; Jus-
lin & Olson, 1997; Rousseau & O’Mahony, 2000). However,
there is a possibility that when subjects are allowed to
retaste and choose to do so, their sensory acuity deteriorates
faster in the tetrad condition, thus exacerbating the differ-
ence with the triangle procedure.

Building on this first investigation, the second part of this re-
search focuses on a question essential to any successful discrimina-
tion testing program: while the tetrad test might be more powerful
than the triangle test, can it always successfully detect a difference
that consumers would find relevant? Would switching to the tet-
rad test solve all issues associated with the lack of power often
encountered in discrimination testing? Study 2 was to illustrate
the fact that simply using a more powerful protocol might not be
enough to reach a suitable business decision based on discrimina-
tion test results. In order to answer these questions, one must first
define ‘consumer relevance’. Various metrics are available and here
we will consider that the size of a difference is relevant if consum-
ers express a preference for one product over the other. The idea is
that if no sensory difference exists between the samples, a con-
sumer population cannot have a preference. As the size of the
underlying difference increases, the likelihood of a preference aris-
ing increases until it reaches a threshold above which preferences
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will be measured.1 Previous research (Geelhoed, MacRae, & Ennis,
1994; MacRae & Geelhoed, 1992) showed that even though no statis-
tical sensory difference was found when comparing tap and distilled
water, consumers could detect a difference when required to iden-
tify their preferred stimulus, which was tap water.

To that end, the samples were evaluated under the same condi-
tions (resampling allowed or not), but this time focusing on con-
sumers’ preferences for the products. The results were then
linked back to those obtained in the triangle and tetrad
investigation.
2. Study 1: triangle vs. tetrad

2.1. Materials and methods

2.1.1. Products
The base stimuli were apple and orange juices from Cascadian

Farm (Rockport, WA). Within each flavor, the difference was to
be created through a specific level of dilution. Preliminary testing
using successive dilutions was conducted using members of the
lab to estimate approximately the level of dilution for each flavor
that would result in the appropriate level of difference between
the two samples being compared. Accordingly, a 10% dilution (with
distilled water) was chosen for the apple juice, while a 20% dilution
was chosen for the orange juice. Samples were dispensed in 10 mL
aliquots (primer, no-resampling condition) or 20 mL aliquots
(resampling condition) in 2 oz (�60 mL) black plastic cups. Sam-
ples were served at room temperature (approx. 16–20 �C), constant
within a session.
2.1.2. Subjects
A total of 456 subjects (200 males, 256 females; 15–78 years

old, average age 24.4 years old, median 21 years old) participated
in this research. They were students, staff, friends and family at
the University of California in Davis.
2.1.3. Procedures
Interviews were conducted one on one, to ensure that the

instructions were followed precisely. Upon seating at the tasting
table across from the interviewer, respondents were asked to rinse
their mouth three times with distilled water. They were then pre-
sented with four successive sets of samples. Each respondent eval-
uated two sets in the no-resampling condition and two sets in the
resampling condition. Within a resampling condition (allowed or
not allowed), the same flavor (apple or orange) was involved. Both
a triangle and tetrad tests were performed in each of the two
conditions.

For each set, respondents started by taking a diluted sample
(the ‘primer’) to prepare their mouth to the taste of the samples
after rinsing with water. They were told that this first sample
was not part of the test and that they should not pay attention
to its taste. In the no-resampling condition, respondents were re-
quired to taste the samples from left to right and evaluate the
whole 10 mL of each sample and give their answer upon tasting
the last one. In the resampling condition, they were told that they
should taste each sample once first (20 mL were served), and then
go back if they chose to do so before giving their answer.

For the triangle test, the instruction was to select the sample
that was different from the other two. For the tetrad test, respon-
dents were asked to divide the four samples into two groups of two
1 A relevant level might not result in a significant preference due to population
segmentation. However, a significant preference will indicate that the size of the
difference is relevant for that group of consumers.
based on similarity. Instructions and responses were given ver-
bally. Testing lasted approximately 10 min on average.

Sample presentation orders, test sequences and resampling
conditions were carefully balanced throughout the whole experi-
ment. Half the respondents (228) started with the no-resampling
condition, while the other half started with the resampling condi-
tion. For each subgroup, half of them (114) started with the orange
samples, while the other half started with the apple samples. Each
of the six possible presentation orders of both the triangle and tet-
rad tests was presented 38 times.

2.2. Results

2.2.1. Analyses by condition
The results combined over all subjects are provided in Table 1.

d0 values and their variances were estimated using IFPrograms™
version 8.10 (The Institute for Perception, USA), which was also
used to conduct d0 tests between the relevant d0 values. This infor-
mation can also be obtained from tables and instructions available
in the literature (Bi, Ennis, & O’Mahony, 1997; Ennis, 1993; Ennis &
Jesionka, 2011; Ennis et al., 1998).

For the four conditions, the tetrad resulted in greater numbers
of correct responses than the triangle. This is an illustration of its
greater statistical power, as predicted by the Thurstonian theory.

For the triangle test in the apple no-resampling condition, the d0

value was estimated to be 0, as the proportion of correct answers is
slightly lower than chance (0.325). Since no d0 variance can be esti-
mated for the triangle test at 0 (it is infinite), no triangle vs. tetrad
d0 comparison test was possible for that condition. Since the tetrad
results are not significantly different from 0 (binomial, p = 0.14), it
can be concluded that the tetrad and triangle d0 values are not sig-
nificantly different. For the other three conditions, the triangle and
tetrad values were not significantly different, even if the triangle
test exhibited a slightly higher d0 value in each case.

Based on Ennis (2012) research, the tetrad will be a better alter-
native to the triangle test even if its estimated d0 value is lower
than that of the triangle as long as the ratio of the tetrad d0 over
the triangle d0 is greater than 2/3. Using Ennis and Ennis (2011) ap-
proach to ratio comparisons which uses both the d0 values and
their associated variances, the ratio can be estimated and com-
pared to 2/3 as a reference point. The confidence levels that the ra-
tio is greater than 2/3 are shown in Table 2.

Therefore, even for relatively small effect sizes (d0 of 1 or lower),
we would conclude that the tetrad test is a good alternative to the
triangle test. For the smallest degree of difference (no-resampling
condition for the apple juice), the tetrad even exhibited a perfor-
mance above chance, while the triangle did not.

2.2.2. Effect of resampling
The effect of resampling can be investigated here as well. It is

worth noting that subjects were not required to retaste the sam-
ples in the resampling condition. Nevertheless, a vast majority
elected to do so. This analysis was conducted two ways:

– The first analysis consists of comparing the d0 values obtained
from the various conditions, as reported in Table 1. A limitation
in this analysis is that the consumers who evaluated the apple
juices under the no-resampling condition, for instance, were
different from those who evaluated the same products under
the resampling condition. Therefore, differences in sensory acu-
ity could confound the effect investigated.

– The second analysis consists of combining the apple and orange
data for a given protocol and condition. This raises the sample
size for the comparison to 456 and reduces the effect of differ-
ent sensory acuities in each condition, as all the consumers are
included (one could argue that if some consumers have



Table 1
Triangle and tetrad results by flavor and resampling condition: number correct, d0 and associated variances, binomial probabilities for sample differences and d0 value
comparisons.

Flavor Condition Protocol # Correct N d0 r2 Binomial d0 Comparison

Apple No resampling Triangle 74 228 0 N/A N/A N/A
Tetrad 84 228 0.44 0.043 p = 0.14

Resampling Triangle 92 228 0.90 0.050 p = 0.02 p = 0.82
Tetrad 103 228 0.84 0.017 p = 0.0001

Orange No resampling Triangle 96 228 1.02 0.043 p = 0.003 p = 0.65
Tetrad 107 228 0.91 0.015 p < 0.0001

Resampling Triangle 109 228 1.35 0.032 p < 0.0001 p = 0.32
Tetrad 122 228 1.14 0.013 p < 0.0001

Table 2
Triangle and tetrad results by flavor and resampling condition.

Flavor Condition Protocol d0 r2 d0tetrad
d0triangle

Confidence that ratio is greater than 2/3 (%)

Apple No resampling Triangle 0 N/A N/A N/A
Tetrad 0.44 0.043

Resampling Triangle 0.90 0.050 0.93 85
Tetrad 0.84 0.017

Orange No resampling Triangle 1.02 0.043 0.89 85
Tetrad 0.91 0.015

Resampling Triangle 1.35 0.032 0.84 90
Tetrad 1.14 0.013

52 R. Ishii et al. / Food Quality and Preference 31 (2014) 49–55
different sensory acuity depending on the juice evaluated, the
confounding effect would still not be totally eliminated).
Results are summarized in Fig. 1.
Fig. 1. Comparison of the no resampling and resampling conditions. NR: No resamp
significantly different from chance level (d’ = 0).
For all analyses, the resampling d0 values are larger than their
no-resampling counterparts, confirming predictions and previ-
ously observed results. The lack of significance for some of the
ling allowed condition; R: Resampling allowed condition. ⁄Resampling d’ results
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comparisons can most likely be assigned to a lack of power due to
an insufficient sample size.

3. Study 2: product preference investigation

3.1. Materials and methods

3.1.1. Products
The stimuli were the same as those used in Study 1 and the

preparation protocol was also identical.

3.1.2. Subjects
Subjects were recruited from the same pools as in Study 1. A to-

tal of 208 subjects (94 males, 114 females; 16–59 years old, aver-
age age 27.2 years old, median 22 years old) participated in this
research. They were students, staff, friends and family at the Uni-
versity of California in Davis.

3.1.3. Procedures
Interviews were again conducted one on one, to ensure that the

instructions were followed precisely. Respondents first rinsed their
mouth three times with distilled water. Each respondent then per-
formed two successive paired preference tests: one in the resam-
pling condition, the other in the no-resampling condition. Also,
one involved the apple juice stimuli, while the other involved the
orange juice stimuli.

As in Study 1, respondents first took 10 mL of the primer and
were told not to pay attention to its taste. They then tasted the
two samples for preference from left to right. In the no-resampling
condition, they took the whole 10 mL of each sample and gave
their answer upon tasting the second one. In the resampling condi-
tion, they were told that they should taste each stimulus once and
that they could resample them if they wished to do so (20 mL were
served). For each pair, they were asked which of the two samples
they preferred, or if they had no preference. Testing lasted approx-
imately 5 min on average.

As in Study 1, sample presentation orders, test sequences and
resampling conditions were carefully balanced throughout the
whole experiment. Half the respondents (104) started with the
no-resampling condition, while the other half started with the
resampling condition. For each subgroup, half of them (52) started
with the orange samples, while the other half started with the ap-
ple samples. Each of the two possible presentation orders (AB, BA)
was presented 26 times for each flavor and resampling condition.

3.2. Results

Results are summarized in Table 3. The data were analyzed
using the 2-alternative choice model, which makes use of all the
data (Braun, Rogeaux, Schneid, O’Mahony, & Rousseau, 2004;
Christensen, Lee, & Brockhoff, 2012) and can be used for preference
tests involving a ‘No preference’ option. The 2-AC analyses were
again conducted using IFPrograms 8.10.
Table 3
Paired preference results by flavor and resampling condition.

Flavor Condition Preference response

Concentrated No. pref. Dilute

Apple No resampling 57 24 23
Resampling 57 12 35

Orange No resampling 54 13 37
Resampling 77 3 24

* % Preference for concentrated/% preference for diluted.
Other analyses consisting of ignoring, splitting equally or split-
ting proportionally the no preference answers (see Ennis & Ennis,
2012a; Ennis & Ennis, 2012b) result in the same conclusions as
those reached using the 2-AC analysis in terms of significant differ-
ences. In general, consumers tended to prefer the concentrated
samples for both flavors and both resampling conditions.

Note: while d0 values can also be estimated using a preference
test, as shown in Table 3, their meaning will be different from d0

values obtained from difference tests in the presence of preference
segmentation. For instance, even if a large difference exists (e.g.,
d0 = 2.0) and is picked up by a difference test, a preference test
could result in a smaller d0 value being measured and no significant
preference. This would be driven by preference segmentation in
the population. An extreme situation will be where 50% of the pop-
ulation prefers A, 50% of the population prefers B, i.e., preference
d0 = 0, but products A and B can be clearly sensorily different. Gen-
erally, one would expect a preference d0 value to be equivalent to
or lower than, but not greater than, a d0 between the same products
obtained in a discrimination test.
4. Discussion

In this research it was hypothesized that while the tetrad test
sensitivity did not decrease enough to lose its theoretical power
advantage over the triangle test when sensory differences were lar-
ger (d0 > 1), it might not be the case when the underlying difference
was less than a d0 of 1. This was not confirmed here. The stimuli
and testing conditions used in this experiment allowed for the tar-
geting of such smaller d0 values in three of the four conditions. In
those three conditions, as well as in the fourth where d0 values
were 1.14 and 1.35, the tetrad test resulted in a higher number
of correct answers than the triangle.

For the smallest d0, a protocol feature could have played a
role in the somewhat counterintuitive trend observed: the size
of the estimated d0 value variance. For a sample size of 228
and a d0 of 0.44, the tetrad d0 variance is 0.043. For the same
sample size and the same d0 value of 0.44, the triangle d0

variance would be 0.16. Therefore, even if the triangle testing
would generally result in a slightly higher d0 value due to more
limited experimental variance (as seen in the other three
conditions), the imprecision of the d0 estimate with its larger
variance negates that potential advantage. Another example of
this effect is visible in Table 1, where it can be seen that in order
for the triangle d0 to have approximately the same variance as
that of the 0.44 tetrad d0 (variance = 0.043), it needs to be more
than twice as large (apple juice resampling condition, d0 = 0.90,
variance = 0.05). This illustrates a further benefit of the tetrad
over the triangle, namely the higher precision in the estimation
of the size of the underlying difference between the products.

Nevertheless, the expected trend is observed in the other three
conditions: the tetrad d0 value, while not significantly so, is slightly
lower than that of the triangle. The analysis based on Ennis (2012)
shown in Table 2 confirms that the results show at the 85% confi-
2-AC analysis

d % Expressed preference* (%) d0 r2 p

71/29 0.63 0.03 <0.001
62/38 0.38 0.03 0.02

59/41 0.30 0.03 0.08
76/24 0.98 0.04 <0.001
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dence level a decrease in d0 value that is less than 1=3, level at which
the tetrad is no longer a relevant alternative to the triangle. Conse-
quently, based on the results reported here, we can confirm the
finding from previous research, but this time with smaller sensory
differences, and expand the experimental evidence that the tetrad
test is a more powerful alternative to the triangle procedure. It is
worth noting that using products more fatiguing than fruit juices
might yield different outcomes, specifically a greater sensitivity
reduction for the tetrad test. This will be the topic of further
experimentation.

Regarding the no-resampling vs. resampling conditions, the re-
sults confirmed that better discrimination can be achieved by let-
ting subjects resample the stimuli. While the results were not
significant with the smaller sample sizes (Fig. 1, N = 228), they all
show the same trend, namely a higher number of correct answers,
and thus d0 value, in the resampling condition, even if different
groups of consumers are involved in the comparison. When com-
bining the apple and orange juice data, thus involving the same
consumers and doubling the sample size, the resampling condition
exhibits a significantly higher d0 value and thus sensitivity.

The first experiment confirmed that the tetrad test is a more
powerful alternative to the triangle test, even for small sensory dif-
ferences. However, is it powerful enough for all situations? The re-
sults from the second experiment showed it is not systematically
the case. As mentioned previously, a significant or non-significant
result in itself in a difference test between two products does not
guarantee a suitable prediction of consumers’ reaction to the
change. For instance, a common use for discrimination tests is
the objective of confirming that a reformulation is equivalent to
the product it is trying to match. In that case, assuming a ‘differ-
ence test’ rather than an ‘equivalence test’ approach, it is often as-
sumed that a non-significant difference will signal that the
products are indeed equivalent. This is the conclusion that would
be reached in Study 1 based on the tetrad test for the apple no-
resampling condition. However, it is possible that due to a lack
of statistical power in the experiment, a difference that matters
to the consumers would be missed.

This is what the research here illustrates. As seen before, based
on the tetrad test in the apple juice no-resampling condition, we
would conclude that 228 consumers could not detect a significant
difference between the samples, and thus possibly confirm that the
products are equivalent. However, when looking at the results
from the preference test reported in Table 3, we see that a separate
group of 104 consumers, recruited from the same population, had a
clear preference for the concentrated sample (p < 0.001). Therefore,
a non-significant difference in the tetrad test with a sample size of
228 can still correspond to a situation where consumers exhibit a
strong preference. Assuming that a company only conducted a dif-
ference test and found the non-significant result above, it would
have released the reformulation that could then have been rejected
by consumers who would significantly prefer the original recipe.
This is the effect reported by Macrae and Geelhoed (1992). It is
worth noting that the tetrad test and the preference test measured
the same size of a difference when translated into d0 values. The
tetrad d0 value (0.44) and the preference test d0 (0.63) are not sig-
nificantly different (p = 0.48). Finally, using power calculations as
described by Ennis and Jesionka (2011), in order for the tetrad test
to reach a power of 80% for an alpha of 5% and a d of 0.54 (average
d0 value between the tetrad and preference tests), a sample size of
568 would be necessary for the tetrad test. On the other hand, a
preference test (modeled as a 2-alternative forced choice) would
need a sample size of 78 for the same specifications. The results ob-
served in this research illustrate these predictions. Depending on
the target size of the underlying difference, the tetrad test might
still require large sample sizes, even if the triangle test’s sample
size requirements would even be larger (2104 for the above spec-
ifications). If the target d value is greater than 0.54, the required
sample size for the tetrad will be lower. However, this shows the
importance of investigating and setting the relevant d value to en-
sure sufficient power and accuracy in the decision making process.

As for the other experimental preference conditions, they
showed similar trends, even if in the orange no-resampling condi-
tion the preference was not significant. This can be explained by
segmentation in the population, which was confirmed by sponta-
neous comments from consumers.

To conclude, the difference and preference results reported here
show the importance of going beyond relying solely on a test’s sig-
nificance level to make decisions, and to start thinking in terms of
the size of the sensory difference relevant to the consumer: the size
of the sensory difference below which the products can truly be
considered as ‘equivalent’. The future of difference testing and
the improvements reached when using discrimination protocols
rely on establishing the size of a relevant difference for a com-
pany’s line of products. To that end, the tetrad is a better alterna-
tive to the traditional triangle and duo–trio protocols, as it
permits greater precision in the estimation of underlying sensory
differences between products. However, suitable research is neces-
sary to ensure that the specifications of the protocol used to study
product differences, even if that protocol is the tetrad test, are
appropriate to deliver the necessary power and warrant that sen-
sory differences relevant to a company’s consumers do not go
unnoticed.
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