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Abstract. The equiratio taste mixture model was originally developed for the prediction of
psychophysical power functions of equiratio mixtures of substances that have a similar taste and
that also exhibit mutual cross adaptation. Earlier studies have shown that the model is valid for
mixtures of sugars and/or sugar alcohols. Two experiments are reported in which it is
questioned whether the psychophysical functions of mixtures of higher physical complexity can
be predicted by the model. In the first experiment the psychophysical power functions of binary
and quaternary equiratio mixture types were determined experimentally and compared to those
predicted by the generalized model. In the second, similar, experiment quaternary and eight-
component mixture types were examined. The method of magnitude estimation, in combination
with the sip and spit procedure, was used. The functions predicted by the model were almost
identical to the functions established on the basis of the experimental data. These results
reconfirm that the gustatory modality operates like an ‘averaging’ system when processing this
kind of mixture. It is argued that for other kind of mixtures the model will predict incorrectly.
The status of the equiratio mixture model is discussed.

1 Introduction

The equiratio taste mixture model (ETMM) is a psychophysical model developed for
the prediction of the sensory response to the taste intensity of a binary mixture of
sensory dependent substances that have similar taste qualities (Frijters and Oude
Ophuis 1983). It has been previously tested in two experiments with mixtures of sweet-
tasting substances (Frijters and Oude Ophuis 1983; Frijters et al 1984). In both
experiments the model had good predictive validity. This motivated us to consider
whether or not the ETMM can be generalized and used to predict the taste intensity
response to mixtures composed of more than two components. In this paper we report
two experiments in which mixtures of sweet-tasting substances were used. Binary and
quaternary mixtures are investigated in the first experiment, and quaternary and eight-
component mixtures are studied in the second experiment.

2 Theory
The object of the ETMM is estimation of the sensory response to the taste intensity of a
mixture, on the basis of the predicted psychophysical equiratio mixture function. Two
assumptions underly the model: (i) the compounds to be used for mixture composition
have similar taste qualities, and (ii) these substances are not independently processed
by the gustatory system. The latter is confirmed by the existence of mutual cross
adaptation. According to Kroeze (1979), absence of cross adaptation is an adequate
operational definition of peripheral independency, and this criterion has been adopted
in a number of experiments (Meiselman 1968; McBurney 1969; McBurney and
Barthoshuk 1973; Gent and McBurney, 1978).

Since a psychophysical equiratio mixture function can be established on the basis of
experimentally obtained data, the predictive power of the model may be tested by
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comparing the psychophysical mixture function which is predicted by the model with
the one which is directly obtained from a set of experimental data. In the present study
a number of such comparisons are carried out. Before describing the generalized form
of the ETMM for mixtures of more than two components, we shall briefly review the
original model for binary mixtures.

Let the psychophysical power functions of the two substances, A and B, be given by:

Rai = kaCa‘:' ’ ‘)‘; (1)
and
Ry; = kbe“} ’ (2)

respectively, where R is the sensory response and C is the molar concentration. The
constants k, and k, and the exponents v and w are estimated when fitting the functions.
The subscripts-a and b refer to the two substances A and B, and i and j to their respec-
tlve concentrations.

In addition to the general formula for a psychophys1cal power function of a single
substance, a similar expression has also been derived for what has been termed an
equiratio mixture ‘type’ (Frijters and Oude Ophuis 1983). This is a series of mixtures of
two substances; A and B, where the ratio of the molar concentrations of the two
substances is equal throughout the series, but where each member of the series has a
different total concentration (total concentration is concentration of A plus concen-
tration of B). The general formula of a psychophysical power function of a binary
equiratio mixture type is given by:

R

where the sensory response to a mixture of concentration i of substance A plus
concentration j of substance B is denoted by R, ;,,. The subscripts p and g refer to the
proportion of the concentrations of A and B, respectively (p + ¢ = 1). These propor-
tions are specific for each equiratio mixture type; changing their values creates another
mixture type. The constant k,, and the exponent z in equation (3) have the same status
as the comparable parameters in the power function of a single compound.

According to Frijters and Oude Ophuis (1983), the exponent z can be estimated
from the exponents of the functions of the single substances used for mixture
composition. When these are denoted as v and w, respectively, it follows that

_ 2
abijpq kabpq abijpq > (3)

z=pvraw o | | (4)

The constant k,;, ,, can be obtained through:

- (pka/ca') + (qkb/cb’)
(p/Cy) + (g/Cy)

where C, and: Cy are the concentrations of A and B, respectively; that elicit a sensory
response identical to the response-to a specified ‘standard’ stimulus in-a magmtude
estimation experiment (cf Frijters and Oude Ophuis 1983).

These are the essentials of -the ETMM for binary mixtures of sensory dependent
substances with similar taste quality. Based on the same principles, this model can be
generalized for the prediction of sensory responses to mixtures of higher physical
complexity. As an example, we derive the ETMM for the general case of a quaternary
equiratio mixture type.

Let the psychophysical functlons of the substances A, B, C, and D be given by,
respectively

Rl = kacavi: Rbi = kbcb‘;’ ’ V Rlck = kc cxk’ Rdl = de&VI-

(5)
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If the various parameters of these functions are used to extend equations (3)-(5),
one obtains equations (6)-(8). The general formula for a quaternary equiratio mixture
type is given by:

Rabcdijklpqls = kabcdpqmc;zl)cdﬁklpqr: ’ (6)
where R,pcqjuipqrs TEPTESents the sensory response to a mixture of concentration i of A
plus j of B plus k of C and / of D. The total concentration is expressed as Cypcqjikipgrs-
The subscripts p, g, r, and s refer to the proportions of the concentrations of the
individual compounds (ie,p + g + r +s = 1).

According to the generalized ETMM, the exponent z in equation (6) can be
estimated by:

Z=pv+gw+rx+sy, (7)
and the constant K,pcq g, bY:

£ _ (Pk./Cy) + (gky/Cy) + (rk./Cer) + (ska/Cy) (8)

oedrar (P/Cy) +(q/Cy) + (r/Ce) + (s/Cy)

If the psychophysical functions of the substances A, B, C, and D have been estab-
lished on the basis of the experimental data, then the response to any particular mixture
of these substances can be predicted by the following power function:

R ) - (pka/Ca:) + (qkb/Cb’) + (rkc/Cc:) + (skd/cd’) va +qwtrx+sy . (9)

abcd ijklpgrs (p/Ca') + (q/Cb') + (r/CC:) + (S/Cd') abed ijklpqrs .

Based on the same principles, the original equations (3)-(5) for the binary case can

be extended to any order of complexity.

3 Experiment 1

This experiment was designed to investigate the generalizability of the ETMM in
predicting the responses to quaternary equiratio mixtures. Three equiratio mixture
types were prepared; two binary and one quaternary. The substances used were fructose,
sucrose, sorbitol, and glucose. The binary equiratio mixture types were
fructose-sucrose (0.50/0.50) and sorbitol-glucose (0.50/0.50). (The notation
0.50/0.50 means that each mixture in the series contains an equal molarity of both
substances.) The quaternary equiratio mixture type comprised fructose-sucrose-
sorbitol - glucose in the ratios of 0.25/0.25/0.25/0.25 (ie, the concentration of each of
the four substances was equal to one quarter of the total concentration of each mixture
in the series). For each of the seven series of solutions (ie, four single substances, two
binary mixture types, and one quaternary mixture type) a psychophysical power
function was determined experimentally. The functions of the binary mixture types and
the quaternary mixture type were compared to the corresponding functions predicted
by the generalized ETMM.

3.1 Methods

3.1.1 Subjects. The twenty subjects (fourteen females and six males) were paid
volunteers and ranged in age from 19 to 24 years. All were undergraduates of the
Agricultural University and had no prior experience of psychophysical experiments.

3.1.2 Stimuli. Solutions of fructose (F) (Merck 5321), sucrose (S) (Merck 7653),
sorbitol (B) (BDH Chemicals 30242), and glucose (G) (Merck 15639) were prepared in
demineralized water. Mixtures of fructose-sucrose (0.50/0.50), sorbitol-glucose
(0.50/0.50), and fructose-sucrose -sorbitol - glucose (0.25/0.25/0.25/0.25) were
prepared in a similar manner. Each of the seven series of stimuli comprised five
solutions of concentration 0.125, 0.250, 0.500, 1.000, and 2.000 M. All solutions were
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prepared at least 24 h before presentation to the subjects and were stored at 4 °C for
no longer than 3 days before use. A stimulus consisted of 10-15 ml of solution,
presented in a hard plastic medicine cup at room temperature (22 °C).

3.1.3 Procedure. A random series of all thirty-five stimuli was presented to each of the
twenty subjects in each of two sessions held on consecutive days. The method of
magnitude estimation (Stevens 1956) was used, with a fixed standard stimulus and a
fixed modulus: the 0.500 M solution of the quaternary mixture was used as the
standard stimulus, with a value of 10 assigned by the experimenter. Before a series was
presented the subjects were asked to rinse their mouths with demineralized water and
to taste the standard stimulus. They were requested to taste the standard stimulus again
after every five stimuli. The interval between two consecutive stimuli was exactly 1 min.
All subjects rinsed their mouths with demineralized water between stimuli. In the
instructions it was explicitly stated that the subject should estimate the taste intensity as
a ratio of the intensity of the standard stimulus, and should ignore the hedonic value.
The subjects were not aware of the purpose of the experiment and were not given any
information about the sweeteners or concentrations used.

3.2 Results ) ,

A total of forty responses (twenty subjects X two sessions) was obtained for each of the
thirty-five stimuli. For each of these distributions the arithmetic mean of the natural
logarithm was calculated. The geometric mean (R) of the distribution was obtained by
taking the antilog of the corresponding mean of the distribution of log-transformed
values. In those cases where a distribution contained one or more ‘zero’ responses the
geometric mean was calculated by the formula (cf Frijters and Oude Ophuis 1983)

R = (1-o0)expu, (10)

where o denotes the proportion of zero responses and u is the mean of the (left-
censored) distribution of log-transformed (nonzero) responses. The 95% intervals for
each value of R were determined according to Alf and Grossberg (1979). The values of
R are shown in figure 1. For the three mixture types these values, plus their confidence
intervals, are also given in table 1 (columns 3 and 4, respectively).
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Figure 1. Experimentally obtained sweetness responses to solutions of four single substances
(fructose, F; sucrose S; sorbitol B; glucose G) and mixtures of two binary equiratio mixture
types and one quaternary equiratio mixture type.
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These values were subsequently used for the determination of seven psychophysical
power functions using linear regression on the log-transformed variables, where InC
and InR were the independent and dependent variables, respectively. The functions
thus obtained are given in table 2, together with the coefficients of determination (72)
based on the log-log regression. By substitution of the concentrations into these

Table 1. Experimentally obtained and predicted sensory response values for the five mixtures of
each of the two binary equiratio mixture types and the quaternary equiratio mixture type.

Mixture Concen- R Confidence R predicted by
tration/M interval (95%)
experi- model model
ment? (1)® (2)¢
FS (0.50/0.50) 0.125 3.8 3.0-5.0 4.3 4.0
0.250 80 6.4-10.0 8.6 8.2
0.500 220 18.5-26.1 17.3 16.8
1.000 40.3 33.4-484 34.8 342
2.000 56.5 44.0-72.6 70.1 69.3
BG (0.50/0.50) 0.125 1.0 0.7-1.5 0.9 0.9
0.250 2.0 1.6-2.6 2.2 2.2
0.500 54 44-6.6 5.5 5.6
1.000 137 11.1-16.8 13.6 14.0
2.000 347 29.2-412 338 34.8
FSBG (0.25/0.25/0.25/0.25) 0.125 2.0 1.5-2.6 22 2.5 2.6
0.250 48 4.0-6.0 5.0 5.5 5.7
0.500 15.1 12.7-17.9 114 12.5 12.8
1.000 29.6 23.7-37.0 25.7 28.1 28.7
2.000 46.0 35.3-60.5 58.2 63.4 64.2

F, fructose; S, sucrose; B, sorbitol; G, glucose.

2 These values were obtained from the psychophysical functions derived from the experimental
data.

® These values were obtained from the psychophysical functions predicted on the basis of the
experimentally determined functions for the single compounds.

¢ These values were obtained from the quaternary function predicted on the basis of the two
experimentally determined binary functions.

Table 2. Experimentally determined and predicted psychophysical functions for four single
substances and mixtures of two binary equiratio mixture types and one quaternary equiratio
mixture type. r2 is the coefficient of determination.

Substance R experimentally r? R predicted
determined?

Fructose (F) 26.39 C110 0.982

Sucrose (S) 38.98 C%% 0.980

Sorbitol (B) 13.16 C'* 0.997

Glucose (G) 14.67 C'38 0.988

FS (0.50/0.50) 34.78 C! 0.971 34.18 C13
BG (0.50/0.50) 13.59 C!* 0.998 13.95 C'*2
FSBG (0.25/0.25/0.25/0.25) 25.74 C\V7 0.974 28.10 C'17 (1)®

28.68 C116 (2)¢

2The mean of the 95% confidence intervals for the seven exponents is £0.22.

bObtained from the psychophysical functions predicted on the basis of the experimentally
determined functions for the single compounds.

¢Obtained from the quaternary function predicted on the basis of the two experimentally
determined binary functions.
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functions, the sweetness responses to the mixtures, as estimated from these experi-
mentally determined functions, were obtained. These are given in column 5 of table 1.

To be able to apply the ETMM for the prediction of the psychophysical functions of
the equiratio mixture types, the concentration of each substance that could have been
expected to give rise to a response of the same magnitude as the response to the
standard stimulus must be known. In this experiment, the 0.500 M solution of the
FSBG (0.25/0.25/0.25/0.25) mixture type was used as the standard stimulus. In the
instructions it had an assigned value of 10. However, unknown to the subjects, the same
solution was also included in the series of stimuli. The concentrations of the various
mixture types c.q. single substances hypothetically eliciting the same response value
(15.07) were obtained by setting each of the six experimentally determined psycho-
physical functions equal to this value of 15.07. The concentrations thus obtained
are: fructose, 0.6005 M; sucrose 0.3698 M; sorbitol 1.1139 M; glucose 1.0198 M;
fructose - sucrose (0.50/0.50), 0.4374 M; sorbitol - glucose (0.50/0.50), 1.0823 M.

From these values, plus the psychophysical functions for the single substances
calculated on the basis of the experimental data (table 2), three psychophysical mixture
functions were predicted (table 2). The first two are the functions of the binary
equiratio mixture types. These were obtained using equations (4) and (5). Table 1,
column 6 contains the estimated sensory sweetness responses to the individual
mixtures, as calculated from the predicted mixture functions (table 2). The psycho-
physical function for the quaternary equiratio mixture type was predicted in two
different ways, denoted as model (1) and model (2). In model (1) the function was
obtained by taking the four psychophysical functions of the individual compounds
which constitute the mixture type, and using equations (7) and (8). This means that the
generalized form of the ETMM was applied. Table 1, column 6 contains the estimated
sensory sweetness responses to the individual mixtures of this type. These values were
calculated by substituting the concentrations into the predicted mixture function
(table 2). In model (2) the function was obtained by taking the pair of experimentally
determined psychophysical functions for the two binary mixture types (as if these were
single substances instead of mixtures) and then using equations (4) and (5). Table 1,
column 7 contains the estimated sweetness responses to the individual mixtures as
calculated from these predicted functions.

It can be seen that the sensory taste intensity responses estimated from the predicted
functions (table 1) are similar in magnitude to those estimated from the psycho-
physical functions determined on the basis of the experimental data (compare
columns 6 and 7 to column 5). It can also be seen in the same table that at the
concentration of 2.000 M there are differences between the values actually obtained in
the experiment and those calculated from the psychophysical functions established
on the basis of these experimental values (compare columns 3 and 5). The experimental
values are lower than the predicted values. This suggests that the power functions do
not perfectly describe the psychophysical relationship between concentration and
response at high sweetener concentration levels, despite the high goodness of fit that
can be inferred from the magnitudes of the coefficients of determination (table 2,
column 3).

3.3 Conclusions

The results of this experiment reconfirm the validity of the equiratio taste mixture
model for the prediction of psychophysical equiratio mixture functions for binary
mixture types. In previous studies good predictions were observed for glucose -fructose
(Frijters and Oude Ophuis 1983) and sorbitol -sucrose (Frijters et al 1984) mixture
types. The psychophysical functions we have obtained here of the binary mixture types
of fructose-sucrose and of sorbitol -glucose are virtually identical to those predicted
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by the model: the exponents are, respectively, 1% and 0% different from the predicted
values, and the constants are 1.7% and 2.6 % different, respectively.

The results also show that the model can be generalized to predict the psycho-
physical function (and therefore also the sensory taste responses) of the quaternary
equiratio mixture type. The predicted functions in table 2 are almost identical to the
function determined experimentally, and only the constants, which are predicted as
28.10 and 28.68, are slightly higher than the expected value of 25.74 (9.2% and 11.4%
different, respectively). A comparison of the two predicted psychophysical functions for
the quaternary mixture type (table 2) shows that both procedures result in virtually the
same prediction.

The main conclusion to be drawn from this experiment is that the ETMM can be
generalized from the level of binary to quaternary equiratio mixtures.

4 Experiment 2

This experiment was designed to investigate whether or not the ETMM can be applied
to predict the sensory taste intensity response to mixtures of a higher than quaternary
order of physical complexity. It was almost arbitrarily decided to study an eight-
component mixture type and the substances used to prepare the eight-component
mixture type were chosen more or less at random.

Two quaternary equiratio mixture types and one eight-component equiratio mixture
type were constructed using fructose, sucrose, xylitol, maltose, sorbitol, glucose, xylose,
and galactose. The quaternary mixture types were fructose - sucrose —xylitol - maltose
(0.25/0.25/0.25/0.25) and sorbitol - glucose - xylose — galactose (0.25/0.25/0.25/0.25).
The eight-component mixture type consisted of a series of equiratio mixtures of all
eight compounds. The psychophysical functions for each of the eight single substances
and the equiratio mixture types were determined experimentally.

4.1 Method

4.1.1 Subjects. The twenty subjects (seventeen females and three males) were paid
volunteers and ranged in age from 18 to 26 years. All were undergraduates of the
Agricultural University and had no prior experience of psychophysical experiments.

4.1.2 Stimuli. Solutions of fructose (F) (Merck 5321), sucrose (S) (Merck 7653),
xylitol (X) (BDH Chemicals 38101), maltose (M) (Sigma M 5885), sorbitol (B) (BDH
Chemicals 30242), glucose (G) (Merck 15639), xylose (Y) (Sigma X 1500), and
galactose (L) (Sigma G 0625) were prepared in demineralized water. Mixtures of
fructose - sucrose - xylitol - maltose (0.25/0.25/0.25/0.25), sorbitol -glucose -xylose -
galactose (0.25/0.25/0.25/0.25), and fructose -sucrose - xylitol - maltose - sorbitol -
glucose - xylose - galactose (0.125/0.125/0.125/0.125/0.125/0.125/0.125/0.125) were
prepared in a similar manner. Each of the eleven series of mixtures consisted of five
solutions of 0.125, 0.250, 0.500, 1.000, and 2.000 M. Preparation, storage, and
presentation of the solutions were the same as in the first experiment.

4.1.3 Procedure. The experimental procedure was identical to that in the first experi-
ment, except for the following details. Each subject participated in two sessions within a
period of a week. In each session a random series of fifty-five stimuli was presented to
each of the subjects. The 0.500 M solution of the eight-component mixture was used as
the standard stimulus, with an assigned value of 10.

4.2 Results
The analysis of the raw data and the calculation of the psychophysical functions of the
single substances, the quaternary mixtures, and the eight-component mixture were as in
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the previous experiment. Figures 2a, 2b, and 3 show the experimentally obtained
responses. For the mixtures, the numerical values of R are also given in column 3 of
table 3, together with their 95% confidence intervals (column 4).

From the values given in the figures 2 and 3, eleven psychophysical power functions
were calculated. These functions plus the corresponding coefficients of determination
are' given in table 4. By substitution of the concentrations into these functions, the
sweetness responses to the mixtures were estimated. These values are given in
column 5 of table 3.

As in the first experiment, the concentration of each substance c.q. mixture type that
could have been expected to give rise to a response of the same magnitude as the
response to the standard stimulus must be known in order to be able to use the model.
The standard used in this experiment was identical to the 0.500 M solution of the eight-
component mixture type. The same stimulus included in the experiment had an
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Figure 2. Experimentally obtained sweetness responses to solutions of eight single substances
[fructose, F; sucrose, S; xylitol, X; maltose, M in (a); sorbitol, B; glucose, G; xylose, Y; galac-
tose, Lin (b)]and the two corresponding quaternary equiratio mixture types.
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Figure 3. Experimentally obtained sweetness responses to mixtures of two quaternary equiratio
mixture types (fructose-sucrose-xylitol-maltose, FSXM, and sorbitol-glucose-xylose-
galactose, BGYL), and the corresponding eight-component equiratio mixture type.



The equiratio taste mixture model 623

Table 3. Experimentally obtained and predicted sensory response values for the five mixtures of
each of the two quaternary equiratio mixture types and the eight-component equiratio mixture
type.

Mixture Concen- R Confidence R predicted by
tration/M interval .(95%)
experi- model  model
ment? (1)° (2)¢
FSXM (0.25/0.25/0.25/0.25) 0.125 2.7 2.1- 3.6 34 2.9
0.250 8.5 7.1-10.2 7.5 6.7
0.500 206 17.0-25.0 16.4 15.5
1.000 379 30.5-47.2 36.2 35.7
2.000 66.6 54.9-80.9 79.6 82.5
BGYL (0.25/0.25/0.25/0.25) 0.125 07 04- 11 0.7 0.7
0.250 1.7 1.2- 24 1.9 2.1
0.500 59 4.7- 13 5.5 5.9
1.000 17.8 14.7-21.5 15.8 16.5
2.000 416 33.8-51.2 45.7 46.6
FSXMBGYL (0.125/0.125/  0.125 1.6 1.3- 2.2 1.8 1.8 1.8
0.125/0.125/0.125/0.125/  0.250 43 35- 52 4.5 4.5 4.6
0.125/0.125) 0.500 134 11.2-16.0 11.5 11.4 11.7
1.000 347 28.8-41.9 29.2 29.2 29.5
2.000 610 522-72.6 74.1 74.6 73.6

F, fructose; S, sucrose; X, xylitol: M, maltose; B, sorbitol; G, glucose; Y, xylose; L, galactose.
*These values were obtained from the psychophysical functions established on the basis of the
experimental data.

®These values were obtained from the eight-component mixture function predicted on the basis
of the experimentally determined functions of the single compounds.

‘These values were obtained from the eight-component mixture function predicted on the basis
of the two experimentally determined quaternary functions.

Table 4. Experimentally determined and predicted psychophysical functions for eight single
substances and mixtures of two quaternary equiratio mixture types and one eight-component
equiratio mixture type. r? is the coefficient of determination.

Substance R experimentally r? R predicted
) determined?
Fructose (F) 32.70 C'10 0.990
Sucrose (S) 46.15 C%%0 0.985
Xylitol (X) 22.03 C'3? 0.992
Maltose (M) 28.55 C!3! 0.962
Sorbitol (B) 16.60 C1% 0.991
Glucose (G) 16.28 C!** 0.996
Xylose (Y) 15.39 C'%3 0.993
Galactose (L) 17.77 C'3! 0.981
FSXM (0.25/0.25/0.25/0.25) 36.22 C414 0.976 35.70 Cct2
BGYL (0.25/0.25/0.25/0.25) 15.80 C'%3 0.996 16.54 C'#°
FSXMBGYL (0.125/0.125/0.125/ 29.16 C'% 0.988 29.23 C'% (1)°
0.125/0.125/0.125/0.125/0.125) 29.48 C135 (2)

*The mean of the 95% confidence intervals for the eleven exponents is +0.24.

®Obtained from the eight-component mixture function predicted on the basis of the experi-
mentally determined functions of the single compounds. )

¢Obtained from the eight-component mixture function predicted on the basis of the two experi-
mentally determined quaternary functions.
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associated response value of 13.40. The concentrations of the substances and equi-
ratio mixture types with an estimated response of 13.40 (obtained by setting the
experimentally determined functions equal to 13.40) are: fructose, 0.4451 M;
sucrose, 0.2720 M; xylitol, 0.6868 M; maltose, 0.6054 M; sorbitol, 0.8572 M;
glucose, 0.8813 M; xylose, 0.9134 M; galactose, 0.8298 M; fructose - sucrose - xylitol -
maltose  (0.25/0.25/0.25/0.25), 0.4422 M; sorbitol - glucose - xylose - galactose
(0.25/0.25/0.25/0.25), 0.8980 M.

On the basis of these values, plus the experimentally determined psychophysical
functions (table 4), three psychophysical functions were predicted (table 4). The first
two are the functions of the quaternary mixture types. These were obtained using
equations (7) and (8). Table 3, column 6 contains the estimated sensory sweetness
responses to the individual mixtures, as calculated from the predicted quaternary
mixture functions (table 4). The eight-component equiratio mixture function was
predicted in two different ways. First [model (1)], on the basis of the eight psycho-
physical functions of the single substances, using extended versions of equations (7) and
(8), and second [model (2)], on the basis of the two experimentally determined functions
of the quaternary mixture types, using equations (4) and (5). In the latter case the
normal ETMM is applied and each of the quaternary mixture types is created as if it
was a single substance. Columns 6 and 7 in table 3 contain the values of the sensory
responses to the individual mixtures, as calculated from the predicted eight-component
mixture functions. These are very similar to the values estimated on the basis of the
experimentally determined psychophysical functions. As in the first experiment, the
values of the responses to the 2.000 M solutions estimated from the experimentally
obtained mixture functions are higher than the values actually obtained in the experi-
ment (compare column 5 to column 3 in table 3).

4.3 Conclusions

Table 4 shows that the quaternary mixture functions predicted by the equiratio taste
mixture model are almost identical to those established on the basis of the experi-
mental data. The predicted exponent of the fructose-sucrose-xylitol-maltose
(0.25/0.25/0.25/0.25) mixture type is 6% higher than the predicted value, but does not
differ statistically (¢, = 0.67). The constant of the predicted function is about 1% less
than the experimentally obtained value. For the other quaternary mixture type,
sorbitol - glucose - xylose - galactose (0.25/0.25/0.25/0.25), the predicted and esti-
mated exponents and constants are 3% lower and 5% higher, respectively. In line with
the findings of the first experiment, it can be concluded that the generalized ETMM can
be used to predict precisely responses to quaternary mixtures.

The results in table 4 also show that the psychophysical function of the eight-
component mixture type is predicted with great precision. Apparently, it makes no
difference whether this function is predicted on the basis of the eight psychophysical
functions of the single substances (generalized ETMM), or whether this is done on the
basis of the two experimentally determined functions of the quaternary mixture types.
In both cases the predicted exponent is identical to that of the experimentally deter-
mined function. The predicted constants are 0.2% and 1% higher, respectively, than the
experimentally obtained constants. This result shows clearly that the model can safely
be generalized to mixtures of high complexity.

5 General discussion

Our results show that the equiratio taste mixture model is valid not only for binary
mixtures, but also for higher-order mixtures of sugars and/or sugar alcohols. The
applicability of the model to combinations of other sensory dependent substances with
a similar taste has yet to be investigated, although preliminary research (Frijters and
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Stevens 1986, unpublished report) suggests that the sourness intensity response to
mixtures of weak organic acids can be successfully predicted by the model.

The model seems to be an adequate representation of the operation of the gustatory
system when processing mixtures of dependent substances which have similar tastes.
From the viewpoint of the content of the model, it can be concluded that it describes the
gustatory modality as an ‘averaging’ system. In the case of a binary mixture, the
magnitude of the response is intermediate between the magnitudes of the responses to
the unmixed compounds of equal molarity. This phenomenon was also observed in
previous studies of equiratio sweetener mixtures (Frijters and Oude Ophuis 1983;
Frijters et al 1984). In addition to the evidence from these studies, de Graaf and Frijters
(1987) have also shown, by analyzing the data from a number of other mixture studies
(Cameron 1947; Stone and Oliver 1969; Stone et al 1969; Yamaguchi et al 1970;
Curtis et al 1984; Munton and Birch 1985; McBride 1982, 1983b, 1986), that
‘averaging’ is the rule in binary mixtures. The present experiments have shown that in
cases of mixtures of more than two components, the response to the mixture is some
kind of average of the values of the responses to the unmixed compounds of a molar
concentration equal to that of the mixture.

Because the substances used for mixture composition are sensory dependent
substances of similar taste, competition for adsorption at the same receptor sites seems
to be adequate to explain the averaging principle. However, our results do not
necessarily preclude the possibility of averaging at a neural or central level. If, however,
averaging is the result of peripheral competition between the molecules of the different
substances in the mixture, then it can be hypothesized that the ETMM will not correctly
predict the sensory response to all possible mixtures. For example, mixtures of
substances which operate independently at the periphery (ie, they do not show cross
adaptation), might not be expected to follow the averaging rule. Also, mixtures of
substances of different taste qualities may be expected to elicit a sensory response to
the total intensity of that mixture which is lower than would be predicted by the
ETMM. The predicted depression of the mixture intensity response would probably be
due to the phenomenon of central mixture suppression which has been shown to occur
in these types of mixture (Kroeze 1978, 1979; Kroeze and Bartoshuk 1985).

McBride (1986) has noted that the ETMM rests upon the substitutability assump-
tion. According to McBride, if the molecules of the substances in the mixture compete
for the same receptor sites, they can be considered as substitutes for each other. He
further notes (page 590) that: “For substitutability to hold, the sweetness of a [binary)
mixture would always have to lie between the intensities of equivalent concentrations of its
components”. McBride reports some data on binary mixtures of sucrose and fructose
which he considers to be contradictory to this rule (his figure 7). De Graaf and Frijters
(1987) have argued that this apparent inconsistency may arise for two reasons. The first
is that McBride used percentage weight per volume (% w/v) as a unit of concentration,
and not molarity. It is obvious that solutions of two compounds with a different
molecular weight which are equally concentrated on the basis of % w/v are not equally
concentrated on the basis of molarity. As a consequence, McBride compared the
sweetness of solutions of sucrose, fructose, and sucrose -fructose of unequal molarity.
A second factor which may explain the discrepancy between our findings and
McBride’s is that in his study the sweetness values for the mixtures and single
compounds were obtained in different experiments, carried out with different subjects.
These experimental factors may have contributed to errors in the estimated values.
De Graaf and Frijters (1987) replotted McBride’s sucrose-fructose data (see their
figure 9, panel C) and found most of the perceived sweetness intensities of the equiratio
mixtures to be intermediate between the intensities of the concentrations of the
unmixed compounds. In view of the evidence discussed, we maintain that the value of
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the sweetness response to a mixture is intermediate between the responses to equimolar
concentrations of the unmixed substances. This was also confirmed . again by
de Graaf et al (1987) in an extensive study in which sucrose-fructose mixtures were
investigated at five different levels, ranging from 0.125 M to 2.000 M.

Interpretation of the ETMM will depend to some extent on the meaning that is
attached to magnitude estimation as a scaling procedure, since the model incorporates
psychophysical power functions obtained with this technique (cf Frijters and Oude
Ophuis 1983). According to Stevens (eg, 1975), the numerical response obtained using
magnitude estimation instructions is a direct and unbiased estimate of the perceived
intensity of the stimulus. This view represents a behaviouristic stimulus~-response
(S-R) conception of psychophysics (Shepard 1981; McKenna 1985). In contrast, in the
stimulus - output - response (S - O -R) paradigm of psychophysical judgement a psycho-
physical stage relating stimulus to sensation (psychophysical input function), and a
judgemental stage relating sensation to overt response (judgemental output function)
are distinguished (Torgerson 1961; Attneave 1962; Treisman 1964). Investigators who
have adopted the S-O-R view have shown that the judgement function generated with
magnitude estimation is a nonlinear and positively accelerating function of the internal
sensation (eg, Curtis et al 1968; Rule et al 1970; Weiss 1972; Rule and Curtis 1977;
Veit 1978). In other words: the sweetness response to a particular sugar-containing
stimulus is not identical to, or a linear representation of, the perceived sweetness of
that stimulus.

The existence of a nonlinear response output function, in addition to a psycho-
physical input function, is of no consequence to the ETMM, because it is an S -R model
which predicts the sensory response to a mixture on the basis of sensory responses to
stimulus compounds. It does not predict perceived sweetness intensities on the basis of
other perceived sweetness intensities. If an equiratio mixture function is predicted on
the basis of psychophysical power functions (here meaning S-R functions) of single
substances determined in the same experiment under identical conditions, then the
predicted power function is ‘biased’ to the same degree as the power function of the
single compounds. This follows from the fact that the perceived sweetness intensities of
the solutions of both substances and the mixtures are ‘biased’ to the same degree by the
same response output function. Although the psychophysical input function is
substance and mixture-type specific, the response output function is not.

The shape of the psychophysical power function derived for a particular compound
varies from experiment to experiment. For example, the function for glucose was
R = 14.67C'® in the first experiment, and R = 16.28 C!** in the second. The
difference between the constants can be explained because of the use of a different
standard stimulus in the two experiments, but the difference between the exponents
cannot be attributed to this experimental difference. Based on a review of published
studies, Meiselman (1972) reported that the exponents of the power functions of
sucrose obtained in ratio scaling experiments varied between 0.46 and 2.93. Even
within experiments where the sip and spit procedure was used in combination with
magnitude estimation, the variability was substantial. Meiselman (1980) noted that the
exponent varied from 0.69 to 1.67 over these experiments. Baird and Noma (1978)
described how all kinds of experimental factors may affect the shape of the psycho-
physical power function; for example, stimulus range, stimulus distribution, position of
the standard stimulus, type of instructions given, and numerical value assigned to a
fixed standard. These authors therefore concluded (page 105) that: “The compelling
evidence is that response scales depend on the context in which they are obtained”, Since this
holds for the psychophysical power functions of single substances, it is obvious that the
same applies to the power function for any equiratio mixture type that is predicted by
the ETMM. It can thus be concluded that predicted power functions are not context
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independent, despite the high validity of the model showing that. the relationship
between psychological functions of individual compounds and those in their equlratlo
mixture types is invariant in different experimental contexts. :
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