
Food Quality and Prefmence6 (1995) l-6 

0 1995 Elsevier Science Limited 

Printed in Great Britain. Ail rights reserved 

095~3293/95/$9.50 

AUTOMATEDFORMULATIONOFABEVERAGEBASED 
ONTHEOPTlMlZATlONOFSENSORYPROPERTlES 

B. Heyd, I. Bardot, G. Trystram & J. Hossenlopp 
Ecole Nationale Superieure des Industries Agricoles et Alimentaires, 1, Avenue des Olympiades, 91305 Massy, France 

(Received 4 January 1994; accepted 23 May 1994) 

ABSTRACT 

The formulation of a beverage prepared from a mixture 

of liquid products was optimized, based on sensory 

properties, using the simplex algorithm. This method 

offfe many advantages compared to classical methods of 

qptimization such as multiple regression. Because the 

composition of the sample being tasted depends on the 

responses to prior samples, on-line preparation of the 

samples is required. This was achieved through the use 

of an automated apparatus (AAST) fM- sample prepa- 

ration and of a computerfor responseprocessing, feedback 

to the AAST and judge instruction. Applications of the 

method include matching a standard product or develop- 

ing an ideal product. 

Kqwords: Formulation; sensory analysis; optimization; 

simplex; automation. 

INTRODUCTION 

A food product is generally manufactured from a mix- 
ture of raw materials. The characteristics of the product 
(sensory and nutritional properties, safety, price, etc. . . .) 
depend on a number of variables, including the kinds 
and sources of raw materials, the proportions of the 
various ingredients in the product formula and pro- 
cessing variables. 

The goal of the food scientist is to formulate the best 
possible product with the ingredients and processes at 
hand, that is, to optimize one or several characteristics 
of the product as a function of various goals and con- 
straints related to the variables listed above. 

The purpose of the present article is to present a new 
method for the formulation of food products based on 
the search for an optimum. In this method we apply a 
modified version of the simplex algorithm to sensory 
formulation. A step-by-step search for the optimum is 
performed, which requires the use of an automated 
system. Such a procedure allows one to determine 

formulations and prepare samples that get closer and 
closer to an optimum based on an individual’s re- 
sponses to previous samples. 

Optimization methods 

There have been many studies of product optimization 
methods for the food industry. Bender et al. (1982) 
used linear programming for the formulation of a 
low-cost mayonnaise. Lund (1982) optimized product 
quality based on processing parameters. 

Optimization based on the sensory properties of a 
product traditionally has been achieved with indirect 
methods (Schutz et al, 1972; Stubblefield & Hale, 1977; 
Huor et cd, 1980; Shen et al., 1980; Henika, 1982; 
Giovanni, 1983; Bardot et al., 1992). The parameters 
of the model are adjusted through an experimental 
design which minimizes the number of sensory assess- 
ments. Samples are prepared in advance. The main 
problem associated with these methods is the depen- 
dence of the results on the model chosen in advance. 
This can be limiting in the case of aromas, the mixture 
of which is hard to predict with any model (Laing et al., 
1989). Also, these methods do not account for biases 
or errors that the judge may commit during tasting 
sessions. For these reasons, we opted for a direct optim- 
ization method. 

Direct optimization methods were introduced by 
Box (1957). Many algorithms are now available, most 
of which proceed variable by variable (Rosenbrock, 
1960; Hooke & Jeeves, 1961). These evolutionary o@rution 
methods use factorial designs combined with regression 
techniques to estimate the direction of steepest ascent 
and to locate the optimum region of a response surface 
(Morgan & Deming, 1974). The selection of the proper 
algorithm for sensory tests is crucial because, in sensory 
evaluation, the number of trials or assessments quickly 
becomes limiting. It is therefore imperative to use a 
method which quickly converges towards the optimum. 
We selected the modified simplex method proposed by 
Nelder and Mead (1965). This sequential method is a 
highly efficient, multifactor, empirical feedback strategy 
that requires neither the large number of trials nor the 
complex calculations of the evolutionu7y operation methods. 
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It optimizes the step size of the simplex at each step 
and reaches the optimum by convergence in less than 
twenty trials (Morgan & Deming, 1974). The simplex 
algorithm has been successfully used to optimize reac- 
tional mixtures in chemistry (Porte et al., 1984; Phan- 
Tan-Lu et al, 1979) and beverages (Williams, 1989a,6). 

The main drawback of direct optimization methods 
is that, unlike commonly used indirect methods, they 
require on-line preparation of the samples because the 
formulation of the sample presented to the judge de- 
pends on prior sample’s evaluations. The test protocol 
was modified to meet this requirement: preparation of 
the samples was automated and judge instruction, data 
collection and statistical analysis where computerized. 
The automation of sensory measurements also elimi- 
nates many experimental biases (Hossenlopp et aL, 1989). 

The purpose of this study was to apply the simplex 
method to match a reference by minimizing the sen- 
sory difference between the samples and the reference 
in a stepwise fashion. In this study, we focused on the 
sensory properties of the product in the optimization 
process. The results from this experiment, where a 
known reference was copied, will aid in the develop 
ment of further studies in which the method would be 
used to copy an existing food product (Mehu, 1989) or 
to formulate a product based on hedonics (ad lit&urn 

formulation). 

apple solution 
II 

strawberry solution water 

MATERIALS AND METHODS 

Products 

The purpose of the experiment was to copy a known 
reference containing 3% v/v strawberry syrup and 
2% v/v apple syrup in water. The quality of the match 
obtained by the judge was then assessed by comparing 
its composition to that of the reference. The samples 
to be compared to the reference were prepared by an 
automated apparatus (Fig. 1) which mixed (1) 20% v/v 
strawberry syrup, (2) 20% v/v apple syrup and (3) min- 
eral water (VolvicTM) in proportions determined by a 
calculation module. 

Judges 

The panel consisted of seventeen judges (7 male and 
10 female), between 17 and 48 years of age, all of them 
students or university staff. 

Sensory attribute 

The judge was asked to scale the overall sensory differ- 
ence between each sample and the reference. That 
difference was the function being minimized through 

scale 

FIG. 1. Operating principles of the automated apparatus for sensory testing (A.&ST) 



Automated Formulation of a Beumage 3 

the simplex procedure. The scaling of the difference 
between a sample and a reference is based on the same 
principle as similarity ratings which compare samples 
two by two. It should be emphasized that the sensory 
space in which the samples and the reference may be 
characterized is a multidimensional continuum. In a 
sensory measurement, the judge evaluates the differ- 
ence between samples and the reference along several 
dimensions. That is in contrast with physical measure- 
ments which monitor differences along one dimension. 
An unstructured graphic scale, anchored with the terms 
identical to the refae%ce and ueq different, was used to scale 
the difference (Schiffman et al, 1981). This scale is 
suited for computerized data collection (Barthelemy et 

aZ., 1990). Using a mouse, the judge marked the scale 
displayed on the monitor to indicate the intensity of 
the difference. An interlaboratory study (Lungred et al., 

1986) demonstrated the validity and reproducibility of 
this type of scale across a variety of sensory tests. 

Optimization algorithm 

The modified simplex designed by Nelder and Mead 
(1965) was used. The function to minimize was the 

judge’s difference rating between samples and the ref- 
erence, a function of 2 variables-the proportion of 
strawberry (1) and apple (2) solutions. 

Initial simplex 

The following three samples made up the initial simplex 
for all judges (Figs 2 and 3) : 

sample 1 6% strawberry solution 6% apple solution 
sample 2 6% strawberry solution 8% apple solution 
sample 3 8% strawberry solution 6% apple solution 
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FIG. 2. Location of the optima produced by the 17 judges. 
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sample sequence for the second session 
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FIG. 3. (a) Illustration of the progression of a judge towards 
the reference during two consecutive sessions. (b) Example 
of premature convergence. 

Principle of the algorithm 

The principle of the simplex method (Spendley et aZ., 
1962) and of the modified simplex method is to elimi- 
nate the worst of the three samples evaluated by the 
judge (i.e. the one with the highest difference rating) 
and to replace it with a sample closer to the optimum. 
This principle is illustrated in Fig. 3a. The simplex is a 
geometric figure defined by three points, that is, one 



4 B. Heyd, I, Bardot, G. Tytram,J. Hossenlopp 

more than the number of dimensions of the variable 
space (2). In the initial simplex, sample 3 gave the best 
response (smallest difference rating), sample 2 gave 
the worst response and sample 1 gave the next-to-worst 
response. C is the centroid of the face remaining when 
the worst sample is eliminated. The composition of the 
new sample is defined by extending the line segment 
between sample 2 and C by a factor of two beyond C to 
generate sample 4. The same process is repeated with 
the three new samples. This method allows for the 
expansion or the contraction of the simplex to adjust 
its size according to the phase of the optimization pro- 
cess (i.e. quick, rough search of the optimum at first, 
followed by a finer search). The respective values of the 
expansion and contraction coefficients were 2 and 0.5. 
The ‘best’ formulation obtained by this method was 
then presented to the judge and the program iterated 
in the same way until an optimum was found, that is to 
say until the stopping criterion was reached. 

Stopping criterion 

Determining a stopping criterion proved to be difficult. 
In this particular sensory test (matching a reference), it 
was possible to interrupt the tasting session when the 
perceived difference between the sample and the refer- 
ence was small. We elected to stop the session when the 
average of the difference ratings of the last simplex was 
below 10 on the O-100 scale. At this point, it was con- 
sidered that the variation brought about by a new point 
was not significant anymore. 

To take into account judge fatigue, the maximum 
number of trials per session was set at twenty. This 
number is high enough to allow convergence in most 
cases (Morgan & Deming, 1974)) and it accommodates 
sensory constraints. 

Constraints 

The search for the optimum is limited by physical con- 
straints, such as the impossibility of serving negative 
volumes or technological ones, such as the smallest 
possible volume that can be accurately measured. 
Economical considerations set by the experimenter 
may also be constraints. In this experiment, we intro- 
duced the following physical constraints only: 

Vs > 0, Va < 0 and Vs + Va < 20 ml (sample volume), 

where Vs is the volume of strawberry solution and Va 
the volume of apple solution. 

Any mixture which fell outside the above constraints 
(beyond the constraint line) was not presented to the 

judge and was assigned a high arbitrary difference 
rating which made it the worst sample in the simplex 
being evaluated. 

Validation of the optimum 

Validation is an essential part of the experiment. In the 
case of an imitation test, the optimum formula is ob- 
tained when there is no detectable difference between 
the sample and the reference. The optimum formu- 
lations were validated by having the judges perform 
triangle tests between the sample and the reference. 
These triangle tests were automated using the same 
apparatus as for the simplex procedure (Hossenlopp et 
al, 1989) and analyzed with Wald’s sequential test 
(1947). 

The automated apparatus for sensory testing 

The composition of a sample depends on the differ- 
ence rating given by the judge to prior samples. The 
required on-line preparation of the samples cannot 
be achieved manually. An automated apparatus for 
sensory testing (AA!ST) was designed to carry out the 
following functions: (1) preparation of the samples, 
(2) dialogue with the judge and (3) processing of the 

judge’s responses (especially the sequential calculation 
of the composition of the next sample). This auto- 
mated apparatus (Fig. 1) is a modified version of the 
apparatus described by Heyd et al. (1989). The micro- 
computer used in connection with the AAST was a 
Macintosh’ SE. 

Sample preparation 

The AAST allows for the automatic delivery to the 
judge of samples varying in the proportions of straw- 
berry and apple solutions. These samples were pre- 
pared by mixing the solutions and the water in 
proportions determined by the microcomputer. The 
samples were presented at room temperature (20°C). 

Each solution to be mixed into the sample cup flows 
by gravity. The flow is controlled by two clamp-valves 
interfaced with the microcomputer through an analog 
to digital converter. The apparatus has two networks of 
feed lines. The first one, with a flow rate of 2.5 ml/s, is 
used to approach quickly the programmed volume, 
and the second one, with a flow rate of O-5 ml/s, is used 
to accurately and precisely reach it. 

The weights of solutions delivered by the apparatus 
are controlled with a precision scale (1 mg) interfaced 
to the microcomputer. The software converts weights 
into volumes and commands the opening or closing of 
the valves accordingly. 

Dialogue with the judge 

The apparatus was used in a self-service fashion by the 
judge. The program identified the judge and gave 
him/her instructions on the monitor. The judge did 
not know the composition of the samples being served. 



The judge went through the following sequence of 
events: (1) place the empty cup on the scale, (2) rinse 
his/her mouth with water while the next sample is 
being prepared, (3) taste the new sample, (4) compare 
it to the reference and (5) mark his/her response on 

the scale. 
When the program determined that the session was 

over (i.e. the maximum number of trials has been 
reached or the algorithm has converged to the opti- 
mum), the judge was dismissed. A session took about 

30 min. 

Data processing 

The computer program processed the responses of the 
judge at each step according to the simplex algorithm, 
determined the composition of the next sample and 
commanded its preparation. The responses were also 
saved in a file. 

RESULTS AND D ISCUSSION 

Performance of the apparatus 

The apparatus afforded good precision in the prepara- 
tion of the samples. The standard deviation for the 
sample volume was 0.02 ml. This value is well below the 
difference threshold (for visual perception of differ- 
ences in sample volume) of 1 ml measured for the 
panel. 

The average mixing time was below 20 s for 20-ml 
samples. This time is not too long because it allows the 
judge to rinse between samples and to get ready for the 
next trial. 

During the experiments, there was no reliability 
problem with the equipment. The use of sweetened 
products did not cause any plugging of the tubing, nor 
did it affect the performance of the apparatus. A daily 
cleaning of the apparatus was required. The accuracy 
of the measured volumes was maintained. There was 
no interference between the aromatic compounds in 
the solutions because the two circuits are completely 
separate and the tasting cups are used only once and 
disposed of thereafter. The use of clamp-valves allows 
for easy replacement of the tubing. This is particularly 
important to avoid contamination among products 
when different products are being tested. 

Formulation results 

The triangle tests conducted to compare the optimum 
and the reference showed that there was no significant 
difference between the two when the optimum was 
inside a circle called the reference surface, centered at the 
point corresponding to the composition of the refer- 
ence, with a radius of 1 (Fig. 2). Any optimum located 
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inside the reference suqace cannot be improved. On the 
other hand, judges whose optimum is located outside 
of the reference suface can detect the difference with the 
reference in the triangle test, and their responses sub- 

sequently can be eliminated. 
Figure 2 shows that 11 out of 17 judges produced an 

optimum located inside the reference suface. Consider- 
ing the difficulty of the task-high amount of sugar in 
the samples, complexity of the strawberry and apple 
aromas-the method proved to be efficient by reach- 
ing the optimum formula in 65% of the cases over a 
short period of time (less than 30 min). 

Figure 3a shows the progression of a judge towards 
the reference in two sessions conducted on two con- 
secutive days. The judge converged to the optimum in 
10 trials during the first session, and in 11 trials during 
the second one. Convergence was achieved in both 
sessions, although different paths were used by the 
judge. It is concluded that the method is reproducible. 
It is also worth noting that the simplex method affords 
some correction of judge error in the evaluation pro- 
cess (Porte et al, 1984). For example, Figure 3a shows 
that in the second session, the algorithm proposed 
sample 5, which actually is a step away from the refer- 
ence. This point was rejected as the worst of the three 
points in the new simplex, and optimization then pro- 
ceeded in the right direction. 

Six judges, however, did not reach the reference sur- 
face (Fig. 2). In each case this was due to premature 
contractions of the simplex during the progression. 
One example is shown in Fig. 3b. The first three sam- 
ples making up the three points of the initial simplex 
are clearly visible, but a contraction of the simplex led 
to the drawing together of the samples. Contractions 
usually take place near the optimum in order to refine 
its determination. However, when a contraction 
happens due to judge error early on in the optim- 
ization process, it does so in a zone away from the opti- 
mum. In turn, the difference among samples becomes 
smaller, whereas the difference between the samples 
and the reference gets larger. Scaling the difference 
becomes more difficult for the judge (Fishken, 1983), 
which in turn increases the chances for judge error and 
simplex contraction. When the judge cannot converge 
properly, the triangle test establishes that he/she can 
detect the difference between the optimum towards 
which he/she is converging and the reference. 

Premature contraction is a drawback of the modified 
simplex method when it is used to monitor a response 
with a high level of noise or background (Routh et al., 
1977). Such is often the case with a sensory response. 
This drawback could be eliminated by using the super 
modified simplex method presented by Routh et al. 
(1977). 

According to these results, the proposed method has 
proved both efficient and appropriate for sensory 
formulation. The same kind of approach could be used 
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for hedonic applications (Heyd, 1991). Although some 
formulations (35% of cases) did not lead to any con- 
clusive result, the coupling of this testing method with 
validation tests should guarantee the validity of the 
optimum reached. 

CONCLUSIONS 

This study demonstrated the potential of the auto- 
mation of the formulation of food products based on 
sensory properties. The use of the AAST simplified the 
test protocol and reduced the biases normally associ- 
ated with sensory experiments. This resulted in im- 
proved reproducibility of the measurements. 

The simplex algorithm proved to be a useful tech- 
nique for the optimization of a food product formu- 
lation in matching an existing product. Indeed, the 
optimum reached by 65% of the judges was not 
significantly different from the reference. The simplex 
method could also be used in the formulation of an 
‘ideal’ product using hedonic ratings. The simplex 
method requires the instantaneous, on-line prepa- 
ration of the samples, a requirement which was met 
with the AAST. 

REFERENCES 

Bardot, I., Heyd, B., Trystram, G., Hossenlopp, J. & Danzart, 
M. (1992). MPthode automatide de formulation sensorielle 
pour des boissons non gazeuses. Stiences aliments, 12, 19-36. 

Barthelemy, J., Clement, J. F., Danzart, M., Issanchou, S., 
Koster, E. P., MacLeod, P., Nicot, H., Sauvageot, F., Sztrygler, 
F. & Trouaille, C. (1990). Mesures de similitudes. In EL&~- 
ation Sensorielle, Manuel M&hodologique. APRL4 Lavoisier, 
pp. 144-61. 

Bender, F. E., Kramer, A. & Kahan, G. (1982). Linear pro- 
gramming and its application in the food industry. Food 

TechnoL ,36 (7)) 94. 
Box, G. E. P. (1957). Evolutionary operation: a method for 

increasing industrial productivity. Appl. Stat., 6 (2)) 81. 
Fishken, D. (1983). Consumer-oriented product optim- 

ization. Food Technol., 37( 11)) 49. 
Giovanni, M. (1983). Response surface methodology and 

product optimization. Food Technol., 37( 11)) 41. 
Henika, R. G. (1982). Use of response-surface methodology 

in sensory evaluation. Food Technol., 36( 11)) 96. 
Heyd, B. (1991). Contributions de l’automatique en metro- 

logie et formulation sensorielle. These de I’ENSIA, Massy. 
Heyd, B., Hossenlopp, J. & Trystram, G. (1989). Brevet 

(Patent) 89/11231; AoQt 1989. 
Hooke, R. & Jeeves, T. A. (1961). ‘Direct search’ solution of 

numerical and statistical prob1em.J. Ass. Comp. Much., 8,212. 

Hossenlopp, J. H., Trystram, G. & Heyd, B. (1989). Design 
and development of an apparatus for automated sensory 
testing of liquid products. Science Aliments, 9, 613. 

Huor, S. S., Ahmed, E. M., Rao, P. V. & Cornell, J. A. (1980). 
Formulation and sensory evaluation of a fruit punch con- 
taining watermelon juice.j. Food k-i., 45,809. 

Laing, D. G., Cain, W. S., McBride, R. L. & Ache, B. W. 
(1989). Perception of Complex Smells and Tastes. Academic 
Press, Australia. 

Lund, D. B. (1982). Application of optimization in heat pro- 
cessing. Food Technol., 36 (7)) 97. 

Lungred, B., Pangborn, R. M., Daget, N., Yoshida, M., Laing, 
D. G., McBride, R. L., Griffiths, N., Hyvonen, L., Sauvageot, 
F., Paulus, K. & Barylko-Pikielna, N. (1986). An interlabora- 
tory study of firmness, aroma, and taste of pectin gels. 
Lebens. Wissen. Technol., 19(l), 66. 

Mehu, J. (1989). Me too or not me too. Rev. Zndust. Aliment., 

424,s. 

Morgan, S. L. & Deming, S. N. (1974). Simplex optimization 
of analytical chemical methods. Anal. Chem., 46(9), 1170. 

Nelder, J. A. & Mead, R. (1965). A simplex method for func- 
tion minimization. Comp.J., 7,308. 

Phan-Tan-Lu, R ., Bazard, D., Flayeux, R., Lehuede, J. M., 
Parisot, M., Vinh, T. & Moll, M. (1979). Application de la 
methodologie de la recherche experimentale. Zndus. Aliment. 

Agrk., 5, 441. 

Porte, C., Debreuille, W. & Delacroix, A. (1984). La methode 
simplex et ses derives. L’Actual. Chim., 10,45. 

Rosenbrock, H. H. (1960). An automatic method for finding 
the greatest or least value of a function. Comp.J, 3, 175. 

Routh, M. W., Swartz, P. A. & Denton, M. B. (1977). Perfor- 
mance of the super modified simplex. Anal. Chem., 49(9), 
1422. 

Schiffman, S., Reynolds, M. & Young, F. (1981). Introduction to 

Multidimensional Scaling: Theory, Methods and Applications. 

Academic Press, New York. 
Schutz, H. G., Damrell, J. D. & Locke, B. H. (1972). Predict- 

ing hedonic ratings of raw carott texture by sensory analysis. 
J. Texture Stud., 3, 227. 

Shen, J, A., Montgomery, M. W. & Libbey, L. M. (1980). Sub 
jective and objective evaluation of strawberry pomace 
essence. J. Food Sci., 45, 235. 

Spendley, W., Hext, G. R. & Himsworth, F. R. (1962). Sequen- 
tial application of simplex designs in optimization and 
evolutionary operation. Technometrics, 4(4), 441. 

Stubblefield, J. D. & Hale, K K. (1977). Determination of 
optimum brine curing procedures for smoked chicken. J 
Food Sci., 42(5), 1349. 

Wald, A. (1947). Sequential Analysis. Wiley, New York. 
Williams, A. A. (1989a). Procedures and problems in optim- 

izing sensory and attitudinal characteristic in foods and 
beverages. In Food Accqbtability, ed. D. M. H. Thomson. 
Elsevier Applied Science, London, pp. 297-310. 

Williams, A. A. (19896). Consumer optimisation of blended 
whiskies using the simplex approach. In Distilled Beverage 

Flavour, Recent Developments, eds J. R. Piggott & A. Patterson. 
Ellis Horword, Chichester, pp. 251-6. 


