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Abstract: This paper compares two methods, inferential statistics and Systems Dynamics, to study 
the individual happiness evolution after a single dose of drug consumption. In an application case, 
the effect of alcohol and caffeine on happiness is analyzed through a single case experimental design 
with replication with two participants. Both inferential statistical analysis and Systems Dynamics 
methods have been used to analyze the results. Two scales were used to measure happiness: the 
Euphoria Scale (ES) and the Smiling Face Scale (SFS), in trait and state format. A single-case 
experimental ABC design was used. Phase A with no treatment, and Phases B and C with both 
subjects receiving 26.51 ml of alcohol and 330 mg of caffeine, respectively. The participants filled in a 
form with both scales in state-format every 10 minutes over a 3-hour period, in each one of the three 
phases A, B and C. The main conclusion of the performed analysis is that both methods provide 
similar results about the evolution of individual happiness after single dose consumption. Therefore, 
the article provides that inferential statistics and the stimulus-response model derived from the 
Systems Dynamics approach can be used in a complementary and enriching way to obtain prediction 
results. 

Keywords: happiness dynamics; alcohol; caffeine; stimulus-response model; systems dynamics; 
differential equation 
 

1. Introduction 

The main objective of this paper is to demonstrate that the inferential statistics method and the 
Systems Dynamics method can provide similar results when studying the short-term evolution of 
individual happiness because of a drug single dose. To do this, an application case, where drugs are 
alcohol and caffeine, is analyzed through a single case experimental design with replication with two 
participants.  

There exists a scientific debate about whether happiness is a trait or a state (see [1] for a review). 
However, some authors go beyond this controversy by offering an inclusive proposal about the 
happiness nature: it is both a trait and a state [2]. We adopt this inclusive approach in this study. 

If happiness has a state nature as well as a trait one, then we must be able to study its short-term 
and long-term dynamics, even because of a single eliciting stimulus in a single session, as a drug 
intake is. For instance, it has been demonstrated that, after a single dose intake of alcohol or caffeine, 
both stimuli can increase happiness and other feelings such as euphoria in the short term [3-10].  
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The relationship between alcohol and happiness depends on doses and lifestyle. In fact, 
moderate drinkers tend to be happier than abstainers and heavy drinkers [11,12], and also tend to 
reduce their depression and stress [13]. Besides, happiness and team cohesion are significant 
predictors of alcohol consumption in university sports people [14]. In a longitudinal study with a 
Russian sample, a hump-shaped relationship among men but not among women was obtained [15]. 
In addition, there exists a non-linear relationship between alcohol and happiness showing that 
abstainers and occasional drinkers, as well as heavy and problem drinkers, are at risk of reaching 
high anxiety and depression levels [16].  

On the other hand, the existence of individual differences inside the acute effects of both drugs 
(alcohol and caffeine) has been proved [17-19], as well as the existence of an interaction between 
personality, time of the day and caffeine, in such a way that in the morning of the first day of the 
experiment, low impulsive persons were hindered and high impulsive ones were helped by caffeine. 
This pattern reverses in the evening of this first day, and it reverses again in the evening of the second 
day [20]. Furthermore, previous findings of studies using a large single dose, such as increased 
alertness and anxiety, an improved performance on simple and choice reactive tasks, or a cognitive 
vigilance, may be applicable to normal patterns of the effects of caffeine consumption [21].  

Long-term dynamical effects of alcohol consumption have also been studied [22]: the result of a 
meta-analysis show that the positive effect intensity of alcohol consumption decreases along time. In 
fact, the study [22] proposes the construction of a mathematical model to study accurately this 
dynamical response. However, even the corresponding short-term dynamics has not been well 
described yet. Therefore, a mathematical dynamical model, the stimulus-response model (SRM), is 
here presented to fill this gap. The SRM is capable to predict and to describe how the whole 
personality (the General Factor of Personality or GFP) changes during a single session in response to 
a single dose of caffeine or alcohol, and also how its responses vary between individuals [23,24]. 
However, it has not been applied to the study of happiness dynamics yet. 

Then, this study applies the SRM to predict the evolution of a subject’s happiness in response to 
a single dose of alcohol or caffeine. In fact, the advantages of the SRM are the following: (a) it is 
capable to reproduce happiness dynamically as a consequence of a single dose of a stimulus such as 
alcohol or caffeine; (b) it points out how much the obtained happiness response is due to the stimulus; 
and (c) it provides the changes in the happiness trait at short term. Therefore, it is possible with the 
SRM to go beyond the results of the inferential statistics methods traditionally used by the behavioral 
sciences, such as it is attempted to be demonstrated here.  

In addition, the SRM is presented within the System Dynamics approach, proposed by Jay W. 
Forrester about the half twentieth century [25] and updated by Antonio Caselles about ending the 
same century [26]. The System Dynamics approach includes, between other features, a diagram like 
the hydrodynamic ones as a help to analyze, understand and program the model equations that can 
be written as a system of coupled differential or finite difference ones (see Section 3.2 for details). In 
fact, the “hydrodynamic diagram” that System Dynamics uses is much more intuitive for a 
behavioral researcher than an abstract set of coupled differential equations (see Section 3.4 for the 
comparison with other approaches frequently used in behavioral sciences). Nevertheless, and only 
for pure mathematicians’ interest, the SRM can be described as a time function equation for the 
stimulus plus an integrodifferential equation for happiness [27]. 

Moreover, it is here demonstrated that the SRM reproduces accurately the happiness’ measures 
of the experimental design below presented. In this experimental design happiness is measured with 
two instruments: the Euphoria Scale (ES) and the Smiley Face Scale (SFS). The first scale was shown 
to be a very good instrument to measure happiness in both trait and state aspects in two studies with 
Spanish and Colombian samples [28, 29]. 

On the other hand, and as announced above, both inferential statistics and the SRM are used 
here to integrate the mathematical tools currently used in humanity sciences (inferential statistics) 
and other ones frequently used in natural sciences (dynamical systems), similarly to what another 
study does by connecting personality theories and physical models about energy [30]. In addition, to 
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set the significance of the individual differences of the alcohol/caffeine dynamical response, both the 
SRM outcomes and SRM parameters are obtained with uncertainty, i.e. with their corresponding 
confidence intervals and confidence levels. Therefore, the here called overall power parameter (opp), 
defined as a combination of four SRM parameters, provides those differences with the possibility to 
determine whether they are significant or not. The conclusion of the above-mentioned integration is 
that the analysis of the opp confidence intervals leads to the same conclusions about those differences 
as the classical inferential statistics (see Section 3.4 for details). 

About the contents of the next sections, Section 2 is devoted to the experimental design 
methodology. Section 3 presents the results of the inferential statistics application to the experimental 
scores. Section 4 presents the SRM by using the methodology of Systems Dynamics, with the 
hydrodynamic diagram as the central qualitative tool to help understanding. In Section 5, the SRM is 
used to reproduce the dynamics present in the scores obtained in Section 4 by the experimental design 
presented in Section 2, as well as its main predictions. Section 5 presents the integration of the results 
from inferential statistics and those from the SRM. Section 6 introduces the conclusions of this paper, 
stressing the advantages of the System Dynamics approach over other methods used in behavioral 
sciences such as structural equations or time series analysis. Annex 1 ending this paper is a practical 
support to better understand the construction of a dynamical model such as the SRM. 

2. Materials and Methods: experimental design methodology  

Two voluntary men participated in the experimental design. Both are workers from Valencia 
(Spain), with 54 and 68 years old, respectively. Both subjects gave their informed consent for inclusion 
before they participated in the study. The study was conducted in accordance with the Declaration 
of Helsinki, and the protocol was approved by the Ethics Committee of Universitat de València (5th-
October 2009) (for caffeine) and by the Ethics Committee of Universidad Politécnica de Valencia (26th 
July 2012) (for alcohol). A single-case experimental ABC design was used. In Phase A the participants 
received no treatment. At the start of Phase B, both participants received 26.51 ml of alcohol and a 
slight food. In Phase C, both participants received 330 mg of caffeine. Two instruments to evaluate 
happiness were used:  

1) The Euphoria Scale (ES) [28,29,31] in its trait-format (“Are you like this in general?”) and in 
its state-format (“Are you like this at this moment?” or “do you feel so at this moment?”). ES is a 4-
item Likert-type response scale with the following self-descriptive adjectives: cheerful, elated, 
exhilarated, and lively. Each adjective score goes from 0 (no effect) to 5 (maximum effect), therefore, 
the ES goes from 0 (no effect) to 20 (maximum effect). Note that it has been assumed that the ES can 
take even values lesser than 1 score but positive.  

2) The Smiling Face Scale (SFS) is a 7-item Likert-type response scale that shows images from 
very sad to very happy faces, so it ranges from the most negative non-smiling face aspect (scored by 
1) to positive smiling face aspect (scored by 7) [32,33]. Therefore, the SFS has been taken from 0 (to 
include the non-effect, such as in the ES) to 7 (maximum effect). Note that it has been assumed that 
the SFS can take even values lesser than 1 score but positive. 

Both participants filled in the ES and the SFS forms in its trait format at the very beginning of 
this study (before consumption, as initial condition for Phases B and C), and every 10 minutes over a 
3-hours period, in each one of the three phases A, B and C. Firstly, an inferential statistic procedure 
was used to analyze the results. Then, the stimulus-response model (SRM) was applied for data 
analysis showing its usefulness to model the dynamical effect of both drugs. In Section 5, Figures 2 
and 3 show the data for both scales in the base line, while Figures 4 to 7 show the data for both scales 
jointly with the corresponding evolution curves predicted by the SRM, being these results interpreted 
and commented. 
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3. Inferential statistics results 

Table 1 shows the descriptive statistics of the results of the experiment, mean and standard 
deviation, corresponding to the two participants in all the three previously mentioned phases. 
Participant 1 (P1) score is lower in the base line (BL), for alcohol and caffeine in both ES and SFS 
than Participant 2 (P2). Moreover, the statistical dispersion measure in all conditions and scales is 
higher in P1 than in P2. 

Table 1. Descriptive statistics for both participants in the experimental design. 

 EUPHORIA FACES 

MEAN SD MEAN SD 

 BL 3.84 1.068 3.89 0.315 

P1 ALCOHOL 13.63 6.457 5.32 1.827 

 COFFE 10.16 5.069 4.58 1.539 

 BL 7.63 1.300 4.58 1.017 

P2 ALCOHOL 9.47 1.926 4.89 1.329 

 COFFE 11.53 1.645 5.53 0.612 

Two-way repeated measures ANOVA were performed to determine whether there are 
significant differences in mean scores in ES and SFS between the three conditions (BL, alcohol and 
caffeine) for each participant. See Table 2. 

Table 2. Two-Way Repeated Measures ANOVA of ES and SFS for two participants. 

 Factors Sig. Mauchy’s 

W 

F Sig. Partial Eta 

Squared 

Observed  

Power  

Participant 1 EUPHORIA .420 27.771 <.001 .607 1.000 

 FACES .703 7.827 .002 .303 .934 

Participant 2 EUPHORIA .480 19.908 <.001 .525 1.000 

 FACES .021 7.630 .004 .473 .901 

There exist significant effects of both alcohol and caffeine in both scales for both participants. 
For example, for P1, there exist a significant effect of both drugs in ES (F(2, 36)=27.771, p<.001, 
η2=0.607, β=1.000). In general, a medium effect size has been obtained for Cohen’s value, but the 
power is higher than 0.9 in all cases.  

Pairwise multiple comparisons were done with the Bonferroni adjust for mean differences and 
t test between all conditions and for both participants. See Table 3. 

Table 3. Pairwise Comparisons and t-test of COPE and PANAS Variables. 

   MD ST t p d 95% (CI) β 

P1 BL ALCOHOL -

9.789 

1.442 -

6.886 

<.001 -1.580 (-2.252, -

0.889) 

1.000 

EUPHORIA BL COFFE -

6.316 

1.106 -

5.712 

<.001 -1.310 (-1.919, -

0.682) 

1.000 

 ALCOHOL COFFE 3.474 1.442 2.410 .013 0.553 (0.062, 

1.030) 

0.626 
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 BL ALCOHOL -.421 .385 -

3.693 

<.001 -0.847 (-1.366, -

0.312) 

0.937 

P1 FACES BL COFFE -.684 .334 -

2.050 

.028 -0.470 (-0.008, -

0.010) 

0.492 

 ALCOHOL COFFE .737 .357 2.062 .027 0.473 (1.680, 

0.942) 

0.497 

P2 BL ALCOHOL -

1.842 

.574 -

3.221 

.002 -.0.737 (-1.238, -

0.220) 

0.859 

EUPHORIA BL COFFE -

3.895 

,567 -

6.874 

<.001 -1.577 (-2.248, -

0.887) 

1.000 

 ALCOHOL COFFE -

2.053 

.703 -

2.920 

.005 -0.670 (-1.162, -

0.163) 

0.789 

 BL ALCOHOL -.316 .472 -

0.669 

.256 -0.154 (-0.604, 

0.301) 

0.097 

P2 FACES BL COFFE -.947 .270 -

3.508 

<.001 -0.805 (-1.316, -

0.276) 

0.913 

 ALCOHOL COFFE -.632 .368 -

1.714 

.052 -0.393 (-0.856, 

0.079) 

0.368 

 
In general, the effects of both drugs are higher for the ES scores than for the SFS ones in both 

participants. Moreover, the effect of alcohol is higher in P1 than in P2 on ES and SFS scores, but the 
contrary occurs for the caffeine effect.  

For example, in P1 alcohol increases significantly the Euphoria (ES), where the pre-scores (Table 
1) (BL, M=3.84, SD=1.068) were lower than the post-scores (M=13.63, SD=6.457) t(32) =-6.886, p<.001, 
CI95% (-2.252, -0.889), β=1.000, while regarding caffeine, the pre-scores were also lower than the post-
scores (M=10.16, SD=5.069) t(32) =-5.712, p<.001, CI95% (1.919, -0.682), β=1.000, but, as we can see with 
CI 95%, there is no significant difference between both conditions. 

4. The stimulus-response model (SRM) 

Following Forrester’s methodology [25] for Systems Dynamics, the model to be built (the SRM) 
can be represented qualitatively by the hydrodynamic diagram (HD) that is showed in Figure 1. It 
summarizes the factors and patterns of the problem dynamics studied in the specialized literature or 
obtained from the scholars’ knowledge about the problem. In the case here studied, the problem 
dynamics is given by the individual happiness response to a stimulus (drug), whose knowledge can 
be taken from [19,23,24].  

However, before presenting the HD and deducing the equations from it, the variables 
considered, their symbols and their dimensions and units are presented in Table 4 for the input 
variables or parameters, and in Table 5 for the output variables. Note that the input variables or 
parameters are those not influenced causally for any other model variables, and in general can 
depend on time. In the here presented model they are constant, and their values are calibrated from 
real data with a genetic algorithm, i.e., an informatics program that finds the set of parameter values 
that provides the SRM dynamical prediction closest to the experimental scores (see Section 3.3 for 
more details), with their respective confidence intervals and corresponding confidence levels. The 
last two rows of Table 4 represent (for ES and for SFS) the initial happiness value and the initial drug 
in blood value respectively. These values are not computed by the genetic algorithm, because the first 
one is the score of the participant before consumption (see below: y0 in Eq. 12 or Eq. 18), and the 
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second one is the amount of drug in blood before consumption, being always s0=0 because neither 
alcohol nor caffeine have been consumed since a long time ago for both participants.  

The parameter that measures the global effect of the drug on an individual by the SRM is defined 
as a combination of the three power parameters and the inhibitor effect delay of Table 4, and it is here 
called as the overall power parameter: 𝑜𝑝𝑝 = 𝑎 + 𝑝 + 𝑞 · 𝜏. Note that the three terms of 𝑜𝑝𝑝 have the 
same dimensions (T-1) and units (min-1).  

Besides, the output variables of Table 5 depend causally on other model variables through the 
corresponding equations: every model output variable corresponds to a particular model equation 
deduced from the HD and the hypotheses stated about its variables. 

Table 4. Input variables of the SRM: symbols and dimensions. 

 

Table 5. Output variables of the SRM: symbols and dimensions. 

Output variables  Symbol Dimensions Units 
Drug in blood 

(not yet consumed by 
cells) 

s(t) Amount=M ml (Phase B) ; mg 
(Phase C) 

Drug in digestive organs 
(not yet assimilated) 

m(t) M ml (Phase B) ; mg 
(Phase C) 

 
Assimilation velocity fm(t) M·T-1 ml·min-1 (Phase B) 

mg·min-1 (Phase C) 
Consumption velocity fs(t) M·T-1 ml·min-1 (Phase B) 

mg·min-1 (Phase C) 
happiness (phasic) y(t) H ua 

Homeostatic control fr(t) H·T-1 su·min-1 

Excitation effect fe(t) H·T-1 su·min-1 
Inhibitor effect fi(t) H·T-1 su·min-1 

Happiness delay z(t) H·M·T su·ml·min (Phase B) 
su·mg·min (Phase C) 

Inhibitor happiness delay fh(t) H·M su·ml (Phase B) 

Input variables or Parameters Symbol Dimensions Units 

Dose M Amount=M ml (Phase B) ; mg (Phase C) 

Inhibitor effect delay  Time=T min 

Assimilation rate  T-1 min-1 

Consumption rate  T-1 min-1 

Homeostatic control power a T-1 min-1 

Tonic or basal happiness  b ES or SFS=H scale units (su) of adjectives 

Excitation effect power p T-1 min-1 

Inhibitor effect power q T-2 min-2 

Initial happiness (initial state) y0 H su 

Initial drug in blood s0 M ml (Phase B) ; mg (Phase C) 
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su·mg (Phase C) 
Excitation happiness delay fl(t) H·M su·ml (Phase B) 

su·mg (Phase C) 

 
Figure 1. Hydrodynamic diagram of the stimulus-response model (SRM). See Tables 4 and 5 for the meaning of 
the variables inside icons. To the well understanding of the symbols of the HD in Figure 1, see Appendix A. 

 
Following Forrester’s methodology [25] for Systems Dynamics, the model to be built (the SRM) 

can be represented qualitatively by the hydrodynamic diagram (HD) that is showed in Figure 1. It 
summarizes the factors and patterns of the problem dynamics studied in the specialized literature or 
obtained from the scholars’ knowledge about the problem. In the case here studied, the problem 
dynamics is given by the individual happiness response to a stimulus (drug), whose knowledge can 
be taken from [19,23,24]. 

Let us deduce now the model equations from this diagram. Take into account for this deduction 
the variable dimensions and units presented in Tables 4 and 5. First, to compute the drug in blood, 
𝑠(𝑡), and the drug in digestive organs, 𝑚(𝑡), the following balance equations provided by the HD 
must be considered in finite differences form (∆𝑡 is a finite time increment): 

𝑚(𝑡) = 𝑚(𝑡 − ∆𝑡) + ∆𝑡 · ൫−𝑓𝑚(𝑡)൯                          (1) 

𝑠(𝑡) = 𝑠(𝑡 − ∆𝑡) + ∆𝑡 · ൫𝑓𝑚(𝑡) − 𝑓𝑠(𝑡)൯                        (2) 

However, Eqs. 1 and 2 can be written in the infinitesimal limit form (∆𝑡 → 0) as: 
ௗ௠(௧)

ௗ௧
= −𝑓𝑚(𝑡)                                     (3) 

ௗ௦(௧)

ௗ௧
= 𝑓𝑚(𝑡) − 𝑓𝑠(𝑡)                                  (4) 
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From now onwards, the balance equations for the level variables of the HD will be written in the 
infinitesimal limit form. Note from the HD the causal influences on the flows 𝑓𝑚(𝑡) and 𝑓𝑠(𝑡). The 
hypothesis about how to compute them is provided by the drug chemical kinetics [30]:   

𝑓𝑚(𝑡) = 𝛼 · 𝑚(𝑡)   ;   𝑓𝑠(𝑡) = 𝛽 · 𝑠(𝑡)                        (5) 

Then, from (5) in (3) and (4), and adding their initial values in the initial time 𝑡 = 𝑡଴: 
ௗ௠(௧)

ௗ௧
= −𝛼 · 𝑚(𝑡)

𝑚(𝑡଴) = 𝑀
ቋ                                  (6) 

ௗ௦(௧)

ௗ௧
= 𝛼 · 𝑚(𝑡) − 𝛽 · 𝑠(𝑡)

𝑠(𝑡଴) = 𝑠଴

ቋ                             (7) 

Eqs. (6) and (7) provide the drug dynamics in organism, being α and β two parameters to be 
calibrated in Section 3.3 for both participants and phases. Both parameters depend on the individual 
personality and on the kind of drug. For alcohol in Phase B they are calibrated in the intervals 
α∈[0.00118, 0.02050] and β∈[0.00462, 0.00533] following the literature about alcohol kinetics [24], and 
for caffeine in Phase C the corresponding intervals are α∈[0.00137, 0.091138] and β∈[0.00144, 0.00304] 
following the literature about caffeine kinetics [23].    

Considering the balance equation in the infinitesimal limit form for the happiness level variable, 
𝑦(𝑡) in the HD: 

ௗ௬(௧)

ௗ௧
= 𝑓𝑟(𝑡) + 𝑓𝑒(𝑡) − 𝑓𝑖(𝑡)                             (8) 

Taking the literature about the subject as a base, the hypotheses about the mathematical patterns 
of the three flows considered in (8) are explained in the following paragraphs. 

About the homeostatic control, fr(t), it is a control around the tonic or basal happiness b. It is 
assumed that the happiness state, y(t), tends to return to the tonic happiness when it is modified by 
a stimulus:   

𝑓𝑟(𝑡) = 𝑎൫𝑏 − 𝑦(𝑡)൯                                  (9) 

Parameter b in (9) represents the value to which the y(t) variable would tend asymptotically 
under the ideal case that no other stimulus would influence the individual happiness. The restriction 
to be considered in the calibration of parameter b in Section 3.3 is that its value must belong to the 
interval of the corresponding happiness scale: b∈(0, 20] for the ES scale and b∈(0, 7] for the SFS scale. 
Parameter a represents the strength or power of the above-mentioned asymptotic dynamics and its 
only restriction is that its value must be greater or equal to zero. Both parameter values also depend 
on the kind of drug and on the individual characteristics.  

About the excitation effect, fe(t), it tends to increase happiness proportionally to the stimulus, 
s(t), and the present happiness, y(t), per unit of drug amount M:   

𝑓𝑒(𝑡) =
௣

ெ
· 𝑠(𝑡) · 𝑦(𝑡)                                (10) 

Parameter p in (10) represents the strength or power of the excitation effect, and its value also 
depends on the kind of drug and on the individual characteristics. The only restriction for p is that its 
value must be greater or equal to zero. Note that the greater the value of p the greater the excitation 
effect of the considered drug on the individual happiness [23,24].  

About the inhibitor effect, fi(t), assuming that it actuates with some delay, it tends to decrease 
happiness proportionally to the happiness delay, z(t), per unit of drug amount M:   

𝑓𝑖(𝑡) =
௤

ெ
· 𝑧(𝑡)                                   (11) 

Parameter q in (11) represents the strength or power of the inhibitor effect, and its value also 
depends on the kind of drug and on the individual characteristics. The only restriction for q is that its 
value must be greater or equal to zero. Note that the greater the value of q the greater the inhibitor 
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effect of the considered drug on the individual happiness [23, 24]. That is, the greater the values of p 
and q are the more intense is, respectively, the excitation effect and the inhibitor effect.  

By substituting (9), (10) and (11) in (8), and adding the initial happiness value at the initial time 
𝑡 = 𝑡଴:   

ௗ௬(௧)

ௗ௧
= 𝑎൫𝑏 − 𝑦(𝑡)൯ +

௣

ெ
· 𝑠(𝑡) · 𝑦(𝑡) −

௤

ெ
· 𝑧(𝑡)

𝑦(𝑡଴) = 𝑦଴

ቋ                   (12) 

Considering the balance equation in the infinitesimal limit form for the happiness delay level 
variable, 𝑧(𝑡), of the HD: 

ௗ௭(௧)

ௗ௧
= −𝑓ℎ(𝑡) + 𝑓𝑙(𝑡)                                (13) 

According to the literature about the subject [23,24], the hypotheses about the mathematical 
patterns of the two flows fh(t) and fl(t) that appear in (13) are the following. 

About the happiness inhibitor delay, fh(t), it is a decreasing control about the happiness delay 
with a time parameter 𝜏 as:   

𝑓ℎ(𝑡) =
௭(௧)

ఛ
                                     (14) 

The only restriction for parameter τ value in (14) is that it has to be positive. About the happiness 
excitation delay, fl(t), it tends to increase the happiness delay as the product of the present stimulus 
and happiness:   

𝑓𝑙(𝑡) = 𝑠(𝑡) · 𝑦(𝑡)                                  (15) 

The initial value of 𝑧(𝑡) in 𝑡 = 𝑡଴ is zero due to it just starts to act when the stimulus arises from 
this instant. Therefore, considering this initial value and substituting (14) and (15) in (13):     

ௗ௭(௧)

ௗ௧
= −

௭(௧)

ఛ
+ 𝑠(𝑡) · 𝑦(𝑡)

𝑧(𝑡଴) = 0
ቋ                              (16) 

The equations (6), (7), (12) and (16) define the stimulus-response model (SRM) to study the short 
term happiness dynamical response to a stimulus provided by a drug single dose, such as the here 
considered ones: alcohol and caffeine. 

However, the SRM can be presented in a briefer way, such it was presented in [27]. On the one 
hand, the drug dynamics is given by (6) and (7); nevertheless, they define an independent subsystem 
of the SRM from which the drug in blood variable 𝑠(𝑡) can be analytically found, that is:         

𝑠(𝑡) = 𝑠଴𝑒ିఉ·௧ + ൝

ఈ·ெ

ఉିఈ
൫𝑒ିఈ·௧ − 𝑒ିఉ·௧൯ ∶  𝛼 ≠ 𝛽

𝛼 · 𝑀 · 𝑡 · 𝑒ିఈ·௧ ∶  𝛼 = 𝛽
                     (17) 

On the other hand, Eq. (16) is a linear differential equation in 𝑧(𝑡), therefore, it can be integrated 
and substituted in (12): 

ௗ௬(௧)

ௗ௧
= 𝑎൫𝑏 − 𝑦(𝑡)൯ +

௣

ெ
· 𝑠(𝑡) · 𝑦(𝑡) −

௤

ெ
· ∫ 𝑒

ೝష೟

ഓ · 𝑠(𝑟) · 𝑦(𝑟) 𝑑𝑟
௧

௧బ

𝑦(𝑡଴) = 𝑦଴

ൡ        (18) 

Eq. 18 is an integrodifferential equation where the inhibitor effect arises explicitly with a 
continuous delay (the integral term). Both equations (17) and (18) also define the SRM in a much more 
concise way. However, the complexity of (18) forces the researcher to find its solutions numerically. 
Consequently it is more advantageous finding numerical solutions for happiness 𝑦(𝑡)  by using 
equations (12) and (16), while the solutions for the drug in blood variable 𝑠(𝑡) are found directly by 
(17) (see following section). 
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5. Dynamical results of the stimulus-response model (SRM) 

In order to fit the SRM dynamics presented in Section 4 to the scores obtained by the 
experimental design presented in Section 3, two questions must be answered: (1) how to get the SRM 
outcomes with uncertainty; and (2) how to get the best outcomes (also with uncertainty) of the model 
parameters of Table 4 to reproduce the dynamical patterns followed by the experimental design 
scores. 

The answer for question (1) is that the outcomes of the stimulus-response model are provided 
by Eq. 17 for the drug in blood variable, 𝑠(𝑡), and by using the 4th order Runge-Kutta method for the 
numerical outcomes of the happiness variable, 𝑦(𝑡) through Eqs. (12) and (16). However, these SRM 
outcomes do not present uncertainty. Therefore, to consider its uncertainty, the following steps are 
followed:  
(a) Once the SRM outcomes are obtained, the corresponding residuals are computed as the 

differences between the experimental scores and the SRM outcomes. 
(b) The p-value of the Anderson-Darling test is applied to the residuals to determine whether 

they are distributed as Normal distributions of zero mean and sd standard deviation, N(0, 
sd), or not. Note that the H0 hypothesis is that the residuals follow such Normal distribution. 
Subsequently, if the H0 hypothesis holds, the confidence interval for every SRM outcome is 
computed by the usual way, i.e., by the Student-t distribution with a 0.05 signification level. 

(c) All corresponding figures present the experimental scores jointly with the SRM mean value 
line and the two limit lines corresponding to the confidence intervals. 

The answer for question (2) is that a genetic algorithm, whose algorithmic bases can be found in 
[34], provides the model happiness responses with random residuals, (i.e., the noise, considered as 
the influence of other sources different to the stimuli), as well as a sample of 40 relatively optimal sets 
of parameter values (those described in Table 4) that better fit the model outcomes to the experimental 
scores. To be more precise, the genetic algorithm of [34] just presents the set of values of each 
parameter that better fits the model outcomes. The genetic algorithm version used in this work is an 
advance on the [34] version that provides a sample of the best sets of parameter values to get the 
corresponding confidence intervals. 

For better understanding of how the genetic algorithm works, a brief explanation is provided 
here (details can be found in [34]). The genetic algorithm tries to imitate natural selection. So, an 
individual is defined like a set of values for the parameters (genes) of the model and a population is 
defined as a set of individuals. Reproduction is defined as the creation of a new individual by 
choosing randomly a gene from every couple of genes one from each parent (may be with random 
mutation). Consanguinity is restricted to avoid too small differences between individuals. The SRM 
provides a fitting value for each individual of the considered population. The fitting method consists 
in calculating the quadratic sum (QS) of the differences between experimental scores and those 
provided by the SRM. The best fitting individuals (those with lesser values for QS) are chosen as 
reproducers to produce the next generation. Some immigrants may be considered. Summarising: (1) 
The first population is determined by assigning randomly a value to each parameter (gene) inside a 
given scale. (2) Calculation of QS for each individual, ordering and selection of reproducers. (3) 
Random immigration. (4) Random reproduction (with consanguinity control and random mutation) 
up to completing population. (5) New ordering and selection. (6) Checking the end condition: if yes 
then exit routine else go to (3). The end condition is: “no lesser QS values are observed”.   

Once the samples of parameter values are obtained, the p-value of the Anderson-Darling test is 
applied to each sample to determine whether they are distributed as a N(m, sd) i.e. a Normal 
distribution of m mean and sd standard deviation corresponding to each parameter. Note that the H0 
hypothesis is that the samples follow such Normal distribution. Subsequently, if the H0 hypothesis 
holds, the confidence intervals are computed in the usual way.   

Besides, the results of the fitting process obtained through the genetic algorithm are evaluated 
by the determination coefficient values ( 𝑅ଶ ), which measures the fitting degree between the 
experimental scores and the corresponding values provided by the SRM. Note that the SRM values 
here considered are those computed by the averages of the 40 size parameter samples, i.e., by the 
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mean value of their confidence intervals. In addition, the 𝑅ଶ  measures the relation between the 
square covariance of both sets of data and the product of both variances, and it varies from 0 to 1, i.e., 
0 ≤ 𝑅ଶ ≤ 1, such that the closer to the unit the better the fitting degree. The determination coefficient 
values are provided jointly with the p-value of the Anderson-Darling test with which the residuals 
are checked for being noise, i.e., a N(0, sd) or a Normal distribution of zero mean and sd standard 
deviation between the experimental scores and the corresponding values given by the model. Note 
again that the H0 hypothesis is that the residuals follow such Normal distribution. 

It is important to emphasize the joint meaning of 𝑅ଶ and the Anderson-Darling test: the 𝑅ଶ 
value represents the part of scores’ dynamics explained by the SRM, and if, in addition, the residuals 
are demonstrated to be random by the Anderson-Darling test then it can be asserted that no other 
significant dynamical pattern is also assumed by the scores’ dynamics. Moreover, if a high 𝑅ଶ value 
is associated with a low residual dispersion (do not confuse with the statistical dispersion of Section 
3) and vice versa, then, in this case, the individual feels the drug effect accurately, and in the contrary 
case (low 𝑅ଶ value that is associated with a high dynamical dispersion) the individual feels the drug 
effect not clearly. 

Moreover, the production of the SRM numerical solutions as well as the above-described genetic 
algorithm is stated in a C++ program. The corresponding figures and Anderson-Darling test p-values 
have been obtained by the software MATHEMATICA.  

Figure 2 (for Participant 1) and Figure 3 (for Participant 2) show the scores in low stimuli 
conditions for both participants in the experimental design in Phase A (base line), in both happiness 
scales. Note that both figures are far from seeming to represent noise. In fact, the Anderson-Darling 
test provides for both participants a p-value lesser than 0.01, i.e., it is not an orthodox noise N(m, sd), 
being m the average score. Therefore, either the outcomes follow a dynamical pattern produced by 
boring or the noise follows an unknown distribution. However, the dynamical patterns of happiness 
produced in Phase B and Phase C by alcohol and caffeine respectively are radically different, as it can 
be observed in the subsequent figures. 

 

 

Figure 2. ES scores (left) and SFS scores (right) for the base line for Participant 1. 

 

Figure 3. ES scores (left) and SFS scores (right) for the base line for Participant 2. 
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Figure 4 presents the scores with uncertainty along time of the ES and SFS scales for Phase B of 
the experimental design of Participant 1, jointly with the curves predicted by the SRM because of 
26.51 ml of alcohol dose. Note that for the ES response 𝑅ଶ = 0.87 and for the SFS response 𝑅ଶ = 0.88, 
being the corresponding Anderson-Darling test of the residuals respectively 0.71 and 0.95, which 
provide us a conclusion: the SRM explains almost fully the scores’ dynamics of Participant 1, in other 
words, the prediction of the SRM for this participant is excellent, which implies that Participant 1 
feels accurately the happiness response to the alcohol stimulus. 

 

    

Figure 4. Phase B, Participant 1. ES (left) and SFS (right) scores (dots) and curves with uncertainty predicted by 
the stimulus response model. For ES: 𝑅ଶ = 0.87, p-value=0.71. For SFS: 𝑅ଶ = 0.88, p-value=0.95.  

Besides, Table 6 shows the parameter confidence intervals of the SRM provided by the genetic 
algorithm for Participant 1, except for the dose and the initial values that are known and then 
presented with their respective single value. The corresponding opp confidence intervals (𝑜𝑝𝑝 = 𝑎 +

𝑝 + 𝑞 · 𝜏) obtained from Table 6 are (6.57082, 8.16833) min-1 for ES and (0.887418, 1.12422) min-1 for 
SFS (confidence level 0.95). In Section 6 these data are compared with those of Participant 2. In 
addition, note that the initial values for Participant 1 are very low for both happiness scales (𝑦଴ = 2.0 
for both scales). About the initial values, according to the GFP theory [23,24], it is very important to 
emphasize that for happiness in both scales: the lower the initial value is, the more significant the 
dynamical responses will be, and vice versa. This is in correspondence with the high determination 
coefficients values obtained for both scales. Therefore, what the SRM predicts is that Participant 1 
becomes happier after alcohol consumption than he usually uses to be, at least at short term. 

Table 6. Parameters’ confidence intervals (0.95 confidence level) and values of the SRM provided by the genetic 
algorithm for ES and SFS for Participant 1 in Phase B (see dimensions and units in Table 4).  

Parameters Symbol ES SFS 
Dose M 26.51 26.51 

Inhibitor effect delay  (12.1347, 16.6347) (80.7987, 102.809) 
Assimilation rate  (0.01810, 0.01892) (0.01493, 0.01700) 

Consumption rate  (0.00491, 0.00504) (0.00491, 0.00503) 
Homeostatic control power a (2.77343, 3.42798) (0.34036, 0.41955) 

Tonic or basal happiness  b (3.60124, 4.03113) (2.31024, 2.62212) 
Excitation effect power p (3.7454, 4.64086) (0.44050, 0.52910) 
Inhibitor effect power q (0.00428, 0.00598) (0.00132, 0.00170) 

Initial happiness (initial 
state) 

y0 2.0 2.0 

Initial drug in blood s0 0.0 0.0 
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Figure 5 presents the scores with uncertainty of the ES and SFS scales for Phase B of the 
experimental design of Participant 2, jointly with the curves predicted by the SRM because of 26.51 
ml of alcohol dose. Note that the scores’ residual dispersion is much higher than that of Participant 
1. In fact, the low values of the determination coefficients, 𝑅ଶ = 0.39 for ES and 𝑅ଶ = 0.34 for SFS, 
announce this residual dispersion, although the Anderson-Darling test of the residuals (respectively 
0.46 and 0.70) shows us that the residuals are random. The conclusion from these data is very 
important: compared with Participant 1, the part of the data variability explained by the SRM for 
Participant 2 provides a very low happiness response to the alcohol stimulus.  

    

     

Figure 5. Phase B, Participant 2. ES (left) and SFS (right) scores (dots) and curves with uncertainty predicted by 
the stimulus response model. For ES: 𝑅ଶ = 0.39, pvalue=0.46. For SFS: 𝑅ଶ = 0.34, pvalue=0.70.  

Besides, Table 7 shows the corresponding parameters’ confidence intervals of the SRM provided 
by the genetic algorithm for Participant 2, except for the dose and the initial values that are known 
and then presented with its respective single value. The corresponding opp confidence intervals 
(𝑜𝑝𝑝 = 𝑎 + 𝑝 + 𝑞 · 𝜏) obtained from Table 7 are (4.46197, 6.20496) min-1 for ES and (0.18140, 0.25944) 
min-1 for SFS (confidence level 0.95). In Section 6 these data are compared with those of Participant 1. 
In this case, the model predictions must be taken more carefully, due to the low effect of alcohol on 
this participant happiness. However, it can be advanced, by comparing the respective opp intervals, 
that Participant 1 feels significantly more intensively the effect of alcohol consumption than 
Participant 2 for both happiness scales. In addition, note that the initial happiness values of 
Participant 2 are higher for both happiness scales than for Participant 1 (𝑦଴ = 9.0 for the ES and 𝑦଴ =

4.0 for the SFS). Following again the GFP theory [23,24], the higher the initial value the less significant 
the dynamical responses and vice versa. This is in correspondence with the lower determination 
coefficients values obtained for both scales. 

Table 7. Parameters’ confidence intervals (0.95 confidence level) and values of the SRM provided by the genetic 
algorithm for ES and SFS for Participant 2 in Phase B (see dimensions and units in Table 4). 

Parameters Symbol ES SFS 
Dose M 26.51 26.51 

Inhibitor effect delay  (101.926, 124.902) (49.3634, 64.2997) 
Assimilation rate  (0.00903, 0.01159) (0.01186, 0.01500) 

Consumption rate  (0.00432, 0.0050) (0.00463, 0.00515) 
Homeostatic control power a (1.44962, 1.84127) (0.09105, 0.11523) 

Tonic or basal happiness  b (7.72213, 8.26224) (5.48972, 5.71433) 
Excitation effect power p (1.38302, 1.7862) (0.01197, 0.01977) 
Inhibitor effect power q (0.01599, 0.02064) (0.00159, 0.00193) 

Initial happiness (initial state) y0 9.0 4.0 
Initial drug in blood s0 0.0 0.0 
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Figure 6 presents the scores with uncertainty of ES and SFS scales for Phase C of the experimental 
design for Participant 1, jointly with the corresponding curves predicted by the SRM because of 330 
mg of caffeine dose. Note that the determination coefficients are again very high for Participant 1. In 
fact, 𝑅ଶ = 0.84 for ES and 𝑅ଶ = 0.80 for SFS, due to the residual dispersion is very low. In addition, 
the Anderson-Darling tests for the residuals give respectively 0.35 and 0.43, i.e., the residuals are 
random. Again, the conclusion of these data is very important: Participant 1 also feels in a very high 
way the happiness response to the caffeine stimulus.   

 

     

Figure 6. Phase C, Participant 1. ES (left) and SFS (right) scores (dots) and curves with uncertainty predicted by 
the stimulus response model. For ES: 𝑅ଶ = 0.84, pvalue=0.35. For SFS: 𝑅ଶ = 0.80, pvalue=0.43.  

Besides, Table 8 shows the parameters’ confidence intervals of the SRM provided by the genetic 
algorithm for Participant 1, except for the dose and the initial values that are known and then 
presented with its respective single value. The corresponding opp confidence intervals (𝑜𝑝𝑝 = 𝑎 +

𝑝 + 𝑞 · 𝜏) obtained from Table 8 are (0.47382, 0.68607) min-1 for ES and (0.44504, 0.64521) min-1 for SFS 
(confidence level 0.95). In Section 6 these data are compared with those of Participant 2. In addition, 
note that the initial values of Participant 1 are very low for both happiness scales (𝑦଴ = 1.0 for both 
scales). About these values, the GFP theory [23,24] says that the lower the initial value the more 
significant the dynamical responses and vice versa, which is very important to be also emphasized 
for happiness in both scales. This is in correspondence with the high values obtained for the 
determination coefficients for both scales. Therefore, again for Participant 1, what the SRM predicts 
is that Participant 1 becomes happier after caffeine consumption than what he usually is, at least at 
short term. 

Table 8. Parameters’ confidence intervals (0.95 confidence level) and values of the SRM provided by the genetic 
algorithm for ES and SFS for Participant 1 in Phase C (see dimensions and units in Table 4). 

Parameters Symbol ES SFS 
Dose M 330.0 330.0 

Inhibitor effect delay  (104.076, 126.348) (93.4624, 115.972) 
Assimilation rate  (0.00242, 0.00307) (0.00237, 0.00294) 

Consumption rate  (0.00174, 0.00234) (0.00167, 0.00223) 
Homeostatic control power a (0.04088, 0.04595) (0.05661, 0.06551) 

Tonic or basal happiness  b (18.4502, 18.9933) (6.33578, 6.57401) 
Excitation effect power p (0.02217, 0.02913) (0.05159, 0.07140) 
Inhibitor effect power q (0.00395, 0.00483) (0.00360, 0.00438) 

Initial happiness (initial state) y0 1.0 1.0 
Initial drug in blood s0 0.0 0.0 
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Figure 7 presents the scores with uncertainty of the ES and SFS scales for Phase C of the 
experimental design of Participant 2, jointly with the curves predicted by the SRM because of 330 mg 
of caffeine dose. Note that the scores’ residual dispersion is again much higher than that for 
Participant 1, in correspondence with the lower values of the determination coefficients, 𝑅ଶ = 0.51 
for ES and 𝑅ଶ = 0.10 for SFS, although the Anderson-Darling test of the residuals (respectively 0.80 
and 0.25) indicate us that the residuals are random. The conclusion from these data is very important: 
compared with Participant 1, the part of the data variability explained by the SRM for Participant 2 
provides in a very low way his happiness response to the caffeine stimulus. 

 

    

Figure 7. Phase C, Participant 2. ES (left) and SFS (right) scores (dots) and curves with uncertainty predicted by 
the stimulus response model. For ES: 𝑅ଶ = 0.51, pvalue=0.80. For SFS: 𝑅ଶ = 0.10, pvalue=0.25.  

Besides, Table 9 shows the parameters’ confidence intervals of the SRM provided by the genetic 
algorithm for phase C of Participant 2, except for the dose and the initial values that are known and 
then presented with its respective single value. The corresponding opp confidence intervals (𝑜𝑝𝑝 =

𝑎 + 𝑝 + 𝑞 · 𝜏) obtained from Table 9 are (2.03852, 2.49726) min-1 for ES and (3.13283, 5.17100) min-1 for 
SFS (confidence level 0.95). In Section 6 these data are compared with those of Participant 1. In this 
case, the model predictions must be taken again very carefully, due to the low effect of the caffeine 
stimulus for this participant happiness. However, although the part of the data variability explained 
by the SRM for Participant 2 provides in a very low way the happiness response to the caffeine 
stimulus, compared with Participant 1, it can be advanced, by comparing the respective opp intervals, 
that Participant 2 feels significantly more intensively the effect of caffeine consumption than 
Participant 1 for both happiness scales, despite the initial happiness values of Participant 2 are higher 
for both happiness scales than for Participant 1 (𝑦଴ = 8.0 for the ES and 𝑦଴ = 5.0 for the SFS).  

Table 9. Parameters’ confidence intervals (0.95 confidence level) and values of the SRM provided by the genetic 
algorithm for ES and SFS for Participant 2 in Phase C (see dimensions and units in Table 4). 

Parameters Symbol ES SFS 
Dose M 330.0 330.0 

Inhibitor effect delay  (23.7557, 34.4288) (93.8173, 120.312) 
Assimilation rate  (0.00303, 0.00376) (0.00172, 0.00251) 

Consumption rate  (0.00188, 0.00241) (0.00203, 0.00249) 
Homeostatic control power a (1.16297, 1.43869) (1.06066, 1.31459) 

Tonic or basal happiness  b (9.6396, 9.82576) (5.05004, 5.23716) 
Excitation effect power p (0.87554, 1.05855) (1.02267, 1.61104) 
Inhibitor effect power q (2.731, 4.761)·10-7 (0.01119, 0.01866) 

Initial happiness (initial 
state) 

y0 8.0 5.0 

Initial drug in blood s0 0.0 0.0 
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A general conclusion of this section is that the SRM is a mathematical tool that predicts how 

much a stimulus (alcohol or caffeine) affects individual happiness along time as well as the happiness 
dynamics pattern of this change. In addition, the SRM highlights the individual differences between 
the responses to both drugs that the inferential statistics approach of Section 3 has discovered: (a) the 
jointly representation of the experimental scores with the SRM predictions in Phases B and C (Figures 
4 to 7); (b) the determination coefficients and the residual dispersion that this coefficient represents 
(the lower the determination coefficient the more residual dispersion); and (c) the significant 
differences between the overall power parameter (opp) confidence intervals. However, the individual 
differences between both participants are deeply explained in Section 6 in an integrated way with the 
inferential statistics results of Section 3. 

 

6. Integration of both kinds of results: those from inferential statistics and those 
from the stimulus-response model (SRM) 

Consider the following Table 10 for the integration obtained in this section. 

Table 10. Overall power parameter (𝑜𝑝𝑝 = 𝑎 + 𝑝 + 𝑞 · 𝜏) confidence intervals (0.95 confidence level), initial 
happiness values and determination coefficients of the SRM provided by the genetic algorithm for ES and SFS 
for Participants 1 and 2 in Phases B and C (see dimensions and units in Table 4). 

 ES SFS 
 opp y0 R2 opp y0 R2 
B P1 (6.57082, 8.16833) 2 .87 (0.887418, 1.12422) 2 .88 

P2 (4.46197, 6.20496) 9 .39 (0.18140, 0.25944) 4 .34 
C P1 (0.47382, 0.68607) 1.0 .84 (0.44504, 0.64521) 1.0 .80 

P2 (2.03852, 2.49726) 8.0 .51 (3.13283, 5.17100) 5.0 .10 

6.1. Alcohol effect 

Considering the descriptive data of Table 1, the BL score is higher for P2 than for P1, for both 
the ES scale (M=3.84 and M=7.63, respectively) and the SFS scale (M=3.89 and M=4.58, respectively). 
With respect to the dynamic data (Tables 6-9 and Figures 4-7), the initial score in phases B and C 
(which in a certain way approximates the mean of the BL data), also follows this pattern of 
differences. 

In the descriptive data (Table 1), the effect of alcohol on happiness is greater in P1 in relation to 
P2 in both ES and SFS scales, with a greater dispersion of the scores also for P1. In the dynamical data 
(Tables 6-9 and Figures 4-7), alcohol also produces a higher overall power parameter (opp) in P1 in 
relation to P2 in the two scales, as can be seen in the corresponding opp confidence intervals. 
Descriptive data and dynamic data are in the same line.  

Regarding the contribution of each methodology, and the comparison of means between 
conditions (Table 3), the effect size (in absolute value) of the difference between BL and alcohol is 
higher for P1 than for P2 for ES (1.580 and 0.737, respectively) and for SFS (0.847 and 0.157, 
respectively). This result confirms everything stated in the previous paragraphs. 

Regarding the contribution of the dynamic methodology, the prediction capacity of the model 
is excellent in P1 in both the ES and SFS scales (R2=.87 and R2=.88, respectively), while in P2 it is lower 
(R2=.39 and R2=.34, respectively), with a much greater dispersion of residuals in P2, although they are 
random, indicating that the effect has occurred. For P2, as we see in Table 3, β=0.859 for ES and 
β=0.097 for SFS, so that only ES registers the effect of alcohol. On the other hand, there is no 
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intersection between confidence intervals for both participants, which means that the opp difference 
is significant statistically, with an overall power greater for P1, for both scales. 

In summary, the effect of alcohol is clearly higher in P1 than in P2, and the higher statistical 
dispersion (of the scores) found in P1 with respect to P2 collected in Table 1, for both the ES (6.45 and 
1.92, respectively) and the SFS (1.82 and 1.32, respectively) are now perfectly explained by their 
different pattern of change observed in Figures 4 and 5. Now it can be well understood that since the 
statistical dispersion is higher in P1 than in P2, the inverse is true for the spread of the residuals, 
which means a better fitting of the model for P1 than for P2, which is illustrated by a greater R2. 

6.2. Caffeine effect 

In the descriptive data (Table 1), the effect of caffeine is lower in P1 in relation to P2, for both ES 
(M=10.16 and M=11.53, respectively) and SFS (M =4.58 and M=5.53, respectively). Regarding the 
dispersion of the scores, it is greater in P1 than in P2 for both ES (DS=5.06 and SD=1.64, respectively) 
and SFS (DS=1.53 and SD=0.61, respectively).  

Regarding the contribution of each methodology, and the comparison of means between 
conditions (Table 3), the effect size (in absolute value) of the difference between BL and caffeine is 
higher for P2 than for P1 for ES (1.577 and 1.310, respectively) and for SFS (0.805 and 0.470, 
respectively). This result confirms everything stated in the previous paragraphs. 

Regarding the contribution of the dynamic methodology, the prediction capacity of the model 
is excellent in P1 in both the ES and SFS scales (R2=.84 and R2=.80, respectively), while in P2 it is lower 
(R2=.51 and R2=.10, respectively), with a much greater dispersion of residuals in P2, although they are 
random, indicating that the effect has occurred. Besides, there is no intersection between confidence 
intervals for both participants, which means that the opp difference is significant statistically, with an 
overall power greater for P2, for both scales. 

Thus, the effect of caffeine is clearly lesser in P1 than in P2, but with a greater statistical 
dispersion (of the scores) in P1 than in P2 (collected in Table 1) both for ES (5.069 and 1.645, 
respectively) and for SFS (1.539 and 0.612, respectively). This is now perfectly explained by their 
different pattern of change observed in Figures 6 and 7. Now it can be perfectly understood that since 
the statistical dispersion is greater in P1 than in P2, the inverse is true for the dispersion of the 
residuals: observe that the fitting degree of the model is greater in P1 than in P2, which is illustrated 
by higher R2. In other words, the trajectory (pattern of change) of the effect in P1 follows better the 
one predicted by the model than in P2. 

6.3. Comparison between the effects of alcohol and caffeine 

Regarding the comparison between the effects of alcohol and caffeine, the size of the difference 
in the scores of the effect of alcohol and caffeine in ES for P1 is 0.553 and for P2 is -0.670. And in SFS 
it is -0.470 for P1, while for P2 it is somewhat lower (-0.393), although this difference is not significant 
if we stick into the CI data (-0.856, 0.079). In summary, for ES, due to the size and sign of the effect, 
alcohol produces a higher effect than caffeine in P1 while in P2 the contrary occurs. As for SFS, the 
result is less conclusive. However, we can find a clearer result regarding opp. Thus, there is no 
intersection between the confidence intervals for both conditions (alcohol and caffeine) for both 
participants, which means that the opp difference is statistically significant, with higher overall power 
for alcohol than for caffeine in P1 and the reverse in P2. 

In short, the two methodologies offer results that follow the same lines, but their interpretation 
is considerably enriched by putting both results together filling their respective gaps. 

7. Discussion  

Comparing the present approach with other approaches, on the one hand, Structural Equations 
Modeling (SEM), time series or network models (for instance) perhaps could fit the experimental 
data. However, we must consider that the SRM is a consolidated knowledge and its variables, 
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parameters and equations have a biological sense. The SEM approach hardly could respect the 
hydrodynamic diagram of Figure 1 with the biological sense of its variables, parameters and 
structure. Note, for instance, that the drug (alcohol and caffeine) pharmacokinetics fits the balance 
equations of the System Dynamics approach that the hydrodynamic diagram provides. Then, the 
subsequent SRM equations are a natural continuation from the pharmacokinetics to the general 
pharmacodynamics represented by the SRM. In addition, the SRM approach considers the nonlinear 
dynamical equations that the SEM cannot represent.   

On the other hand, network models and time series are considered as input-output models and 
do not provide any explanation of the biological mechanisms underlying personality dynamics after 
a drug consumption. Again, for instance, the pharmacokinetics of the drug, the homeostatic control, 
the immediate excitation effect or the delayed inhibition effect, which defines the general 
pharmacodynamics represented by the SRM, i.e., the SRM nonlinear dynamical equations that the 
other models cannot represent. 

A single case experimental design with replication with two participants is used in this study. 
This fact leads us to a controversy about how to apply the statistical analysis to a single case 
experimental design. In a classical book about this topic [35], the authors consider that ANOVA is 
not the most appropriate statistical analysis for the single case experimental design. Nevertheless 
being aware of the methodological limitations of this bold suggestion, this kind of analysis has been 
chosen because its results can illustrate very well the implicit dynamics in the effects of drugs, taking 
into account that the dynamical mathematical model can complement these results and facilitate both 
their humanistic and their natural scientific interpretations. 

In fact, the results are clearly in the same vein. Starting from the two mathematical approaches, 
we can conclude that the difference between both participants in the experiment is evident: P1 
presents more statistical dispersion (SD) than P2, but P2 presents more residual dispersion than P1, 
computed by the SRM predictions. In fact, this result of the SRM represents that P1 feels in a stronger 
way the dynamical response to both drugs than P2. However, the results provide random residuals 
in both cases, and so the SRM represents the deterministic predictive part of the dynamical responses.  

As other pointed out studies [23,24], a model describes and predicts how the General Factor of 
Personality (GFP) changes in response to a single dose of caffeine or alcohol. This mathematical 
model predicts that the lower the GFP-trait score is, the higher the response to both caffeine and 
alcohol intake will be, and better the corresponding model evolution curve fits the data. Reading the 
Happiness scores, the relationship between the trait and the state evolution after a single dose intake 
of caffeine or alcohol is not the same as regarding the GFP in the previous studies. So, the difference 
between both participants is 10 and 14 points respectively for the Euphoria Scale, and the same score 
(5 points) for the Face Scale, and like we expected similar results in GFP and Happiness scores 
because they are closely related [28,29], this discrepancy should be studied in the future.  

On the other hand, these results are consistent with the ones obtained for the GFP in the sense 
that the lower the initial score is the higher level will be achieved during the response to the drug 
intake. Likewise, the same thing happens regarding Happiness as this study reveals. So, the means 
of BL scores for P1 are 3.84 and 3.89 for the Euphoria Scale of Happiness and for the Face Scale, 
respectively, while for P2 they are 7.63 and 4.58 analogously. This result is coherent with the model 
prediction for the personality responses to drug intakes [36]. 

Finally, the individual differences between both participants observed by using the SRM 
parameter values can be highlighted. The overall power parameter (opp) is an integration of four 
parameters involved in the three balance terms of Eq. 12 or Eq. 18: the homeostatic effect power (a), 
the excitation effect power (p) and the two parameters involved in the inhibition effect power, i.e., 
the inhibition effect power (q) and the inhibitor effect delay (𝜏), whose product have the same units 
of a and p (min-1). The addition of the four parameters as 𝑜𝑝𝑝 = 𝑎 + 𝑝 + 𝑞 · 𝜏 provides the sought 
global effect of the drug on an individual. In addition, due to the calibration has been done with 
uncertainty, this global effect can be presented as a confidence interval for both participants. 
Comparing those confidence intervals the significant individual differences can be found out. The 
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conclusion is showed clearly in Table 10 by using the overall power parameter (opp) confidence intervals: 
the effect of alcohol consumption is significantly greater for Participant 1 than for Participant 2, and 
the effect of caffeine consumption is significantly greater for Participant 2 than for Participant 1. 
Moreover, as developed in Section 3.4, this result is in coherence with the inferential statistics. 
Therefore, one of the main goals of the present study is reached: that referred to the integration of the 
inferential statistics method, used classically in the behavioural sciences, and that known as System 
Dynamics, used for the modelling and simulation of complex systems. 

This study has some limitations. We use a specific dose of drug, 26.51 ml of alcohol and 330 mg 
of caffeine, as a replication of doses used in previous research with group experimental design [23,24], 
but it would be better to calculate an individual dose taking into account the physical conditions of 
both participants. Besides, we have presented a single case experimental design with replications, 
but to increase the number of experimental subjects is necessary to test some of the considered 
hypothesis from an intra and inter-individuals experimental design. However, some considerations 
must be considered in this regard:  

1. This is not a case study but rather it is an experiment with control of variables, a single case 
design with replication [35]. Thus, the data obtained in the baseline (phase A) are contrasted with 
two alternative treatments (phases B and C). This experimental design has given good results, in 
terms of its ability to describe and predict subjective measures of the effects produced by drugs, and 
in terms of the adjustment of dynamic mathematical models [37,38].  

2. The results of this study are consistent with previous studies using between-group designs 
that imply a larger number of participants and the same doses of both caffeine and alcohol [23,24]. In 
the first of these studies, 20 participants received 330 mg of caffeine, and in the second study, 28 
participants received 26.51 g of alcohol.  

3. Although the two previous studies used different instruments than the one used here to 
measure the effect of drugs, there are some positive and significant statistical relationships between 
all of them. Thus, in the study about caffeine [23] the MAACL-R (Multiple Affect Adjective Checklist 
Revised) [39] was used, and in the study about alcohol [24] the GFP-FAS was used. In several studies 
it has been found that these scales are positively and significantly related to each other and to the 
General Factor of Personality Questionnaire (GFPQ) [40] and the Oxford Happiness Questionnaire 
(OHQ) [41]. Thus, the data obtained in this study are consistent with previous studies with large 
samples of participants and closely related subjective effects evaluation instruments. On the other 
hand, it can be argued that the results obtained in a single session cannot be extrapolated for a long-
term effect, and that to increase euphoria in a session does not mean that happiness can increase and 
maintain itself in a stable way during life. As we pointed out above, the positive affect produced by 
alcohol consumption decreases along time, but it depends on the consumption pattern [22], what 
means that we can promote a moderate alcohol use as a therapeutic goal [37]. Besides, some authors 
[38] claim that happiness is associated with and precedes numerous successful outcomes, including 
marriage, friendship, income, work performance, and health. Then, the happiness–success link exists 
not only because success makes people happy, but also because positive affect engenders success. 

Note however, that this study is a first approach to the relationship between happiness and drug 
consumption. Considering that this subject can provide an upset social discussion due to somebody 
can understand that this paper suggests consuming drugs to reach short periods of happiness, we 
want to emphasize that its objective is the opposite: preventing consumers that drug consumption 
must be done rationally. From this result, in future research, the objective could be to relate happiness 
with personality dynamics, such as it has been already done with the General Factor of Personality 
dynamics [30]. 

The general conclusion that we can draw from this study is that inferential statistics and the SRM 
derived from the Systems Dynamics approach can be used in a complementary and enriching way 
to obtain prediction results. Particularly, it has been demonstrated that drugs such as alcohol and 
caffeine can increase happiness in a single session as measured by two different scales, ES and SFS. 
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Appendix A 

 
  

 

Level. Something accumulated. The level of a 

reservoir has an initial value and every time step 

its value is equal to the previous one plus the 

sum of the flows filling or widening the 

reservoir,  

Flow. It increases or decreases a level. 

Normally its value depends on the values of 

some levels and/or auxiliary or input variables 

or parameters.  

Auxiliary variable or strict output variable. 

Input variable or parameter. 

Source or sink. Origin or end of a flow. 

Moving material or something to accumulate. 

Interpretation of the icons of the hydrodynamic diagram. 
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