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Psychophysical Laws and the 
Superorganism
Andreagiovanni Reina1, Thomas Bose1, Vito Trianni   2 & James A. R. Marshall   1

Through theoretical analysis, we show how a superorganism may react to stimulus variations according 

to psychophysical laws observed in humans and other animals. We investigate an empirically­motivated 

honeybee house­hunting model, which describes a value­sensitive decision process over potential 

nest­sites, at the level of the colony. In this study, we show how colony decision time increases with 

the number of available nests, in agreement with the Hick­Hyman law of psychophysics, and decreases 

with mean nest quality, in agreement with Piéron’s law. We also show that colony error rate depends 

on mean nest quality, and difference in quality, in agreement with Weber’s law. Psychophysical laws, 
particularly Weber’s law, have been found in diverse species, including unicellular organisms. Our 

theoretical results predict that superorganisms may also exhibit such behaviour, suggesting that these 

laws arise from fundamental mechanisms of information processing and decision­making. Finally, we 

propose a combined psychophysical law which unifies Hick-Hyman’s law and Piéron’s law, traditionally 
studied independently; this unified law makes predictions that can be empirically tested.

Psychophysics, introduced in the nineteenth century by Fechner1,2, studies the relationship between stimulus 
intensity and its perception in the human brain. This relationship has been explained through a set of psycho-
physical laws that hold in a wide spectrum of sensory domains, such as sound loudness, musical pitch, image 
brightness, time duration, vibrotactile frequency, weight, and numerosity1–8. More recently, numerous studies 
have shown that a wide range of organisms at various levels of complexity obey these laws. For instance, Weber’s 
law1,2, which Fechner named after his mentor Weber, holds in humans as well as in other mammals9, fish10, 
birds11 and insects12,13. Surprisingly, also organisms without a brain can display such behaviour, for instance slime 
moulds14 and other unicellular organisms15,16.

In this study, for the first time, we show that superorganismal behaviour, such as honeybee nest-site selection, 
may obey the same psychophysical laws displayed by humans in sensory discriminatory tasks. Weber’s law has 
been acknowledged in the behaviour of individual insects12,13, however, it has not successfully been investigated 
at the colony-level, considered as a single superorganism. In our previous work17,18, through stability analysis 
(see Sec.Weber’s Law) of deterministic models, we found colony-level regime changes that could possibly lead to 
dynamics in agreement with Weber’s law. In this study, through a thorough analysis and stochastic computational 
simulations, we more fully investigate the adherence to three psychophysical laws: Weber’s, Hick-Hyman’s, and 
Piéron’s law, which relate decision conditions to decision time and accuracy.

Finding psychophysical laws in a non-neurological model contributes to the identification of general mech-
anisms generating these patterns and the adaptive benefits that led to them19. Our findings are based on a model 
derived from previous empirical observations of house-hunting honeybees20. However, a model response in 
agreement with psychophysical laws does not guarantee that the same response would be found in social insects. 
However, we believe our contribution is a valuable testable prediction; this may motivate empirical collective 
behaviour researchers to confirm that a superorganism—not limited to honeybees—can display cognitive abilities 
with characteristics comparable to higher order organisms21–23. Our study can also be of interest to psychologists 
because it proposes an amalgamated psychophysical law that subsumes the traditionally separate Hick-Hyman’s 
and Piéron’s laws.

Model
In spring, colonies of the European honey bee (Apis mellifera) reproduce though fission, and the resident queen 
leaves the nest together with thousands of scout bees. Part of the swarm protects the queen while the other 
part of the swarm makes a decision on the best available nesting location. Scout bees explore the surrounding 
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environment and, having located a potential nest-site, return to the swarm to actively recruit other scouts to 
that site, through the waggle dance. When a scout committed to one nest-site encounters a scout dancing for 
another, it may deliver a stop-signal; a bee that receives several stop-signals reverts to an uncommitted state. The 
colony makes a decision when the honeybees committed to the same option reach a quorum Q24. In our study 
psychophysical laws are measured at the colony level and the organism’s response to varying stimulus strengths 
corresponds to the colony’s response to varying nest-site qualities.

This nest-site selection process as been modelled18,20 as:

∑

∑

γ α ρ β= − + − ∈ …

= −

=

=

dx

dt
x x x x x x i n

x x

, {1, , },

1
(1)

i
i u i i i u i

j

n

j ji i

u
i

n

i

1

1

This model describes the changes of xi over time, which represent the proportion of bees committed to nest 
i with i ∈ {1, …, n}, with xu representing the proportion of uncommitted bees. The variation of committment to 
nest-site i is determined by four behaviours: (i) increase at rate γi through individual discovery, (ii) decrease at 
rate αi through individual abandonment, (iii) increase at rate xuρi through recruitment upon interaction (in the 
form of waggle dance), and (iv) decrease at rate xjβji (with i ≠ j) through cross-inhibition upon interaction (in the 
form of stop signals).

When a scout bee visits a potential nest-site i, she estimates its quality vi and modulates her behaviour accord-
ingly, showing higher activity in support of better quality nest-sites25. Owing on these observations, in a previous 
study18 we proposed a value sensitive parameterisation:

γ α ρ β= = = =
−k v k v h v h v, , , , (2)i i i i i i ij i

1

where the parameters k and h modulate the strength of individual and signalling behaviours in response to per-
ceived site quality, respectively. Equation (2) generalises the parameterisation proposed in17 to allow effective 
choices in best-of-n decision problems. Empirical observations20,25 motivate such a parameterisation and show 
that individual recruitment behaviour is proportional to estimated nest quality. As in18, we reduce the analysis to 
the single control parameter r = h/k which is the ratio between signalling and individual behaviour. When r 1, 
the decision dynamics are strongly influenced by recruitment and cross-inhibition. In this case, the first few dis-
covered options can quickly gain momentum and are very likely to be selected, leading to quick decisions with 
low accuracy. Instead, when r < 1 interactions among bees are less relevant and the dynamics are dominated by 
individual discovery and abandonment. In this case, reaching a quorum is not guaranteed, especially when 
options have similar qualities (vi), as shown in18. In the special case of r = 0, bees spread among the available 
options quasi-proportionally with respect to the options’ quality.

Psychophysical Laws
We analysed the dynamics of the decision model of Eq. (1) under the parameterisation (2) by introducing ran-
dom fluctuations caused by the finite size of the system (i.e. the system is composed of a finite number of bees S). 
The model of Eq. (1) can be described in the form of a master equation, as done in20,26, which allows the analysis 
of the finite-size system dynamics. We approximated the solution of the master equation through the stochastic 
simulation algorithm (SSA)27.

Weber’s Law.  Weber’s law1,2 states that the minimum difference between two stimuli Δv (also known as just 
noticeable difference) that an organism can correctly discriminate is a constant fraction w of the base stimulus 
strength:

=
Δ

w
v

v
;

(3)

in our analysis, v  represents the mean stimulus strength (i.e., the mean nest-site quality).
Figure 1 shows a comparison between the results of the SSA and the previously proposed bifurcation analy-

sis17,18, which was based only on the phase transition between bistable and single-attractor regimes. Analogous to 
these previous results, we find a linear relationship between the mean quality v  and the just noticeable difference 
(Δv), however, with a different slope. Indeed the two lines represent two different measures. The phase transition 
(dashed lines) shows a change of regime in the mean-field system, passing from a phase with two attractors (rep-
resenting possible decisions for either option) to a phase with a single attractor in favour to the superior option 
only. This change of regime hinted at the possibility of agreement with Weber’s law17,18, which however had not yet 
been shown. In contrast, in this study, through SSA simulations we precisely determine the actual decision out-
comes (i.e. when one committed population surpasses the quorum Q) and compute the Weber fraction w accord-
ingly (displayed as solid lines in Fig. 1, see Sec. 5 for details on the SSA results). Figure 1 show that the model can 
correctly discriminate between options within the bistability regime. In this regime, having an attractor for each 
option introduces the possibility of converging to the inferior option due to random fluctuations, although, when 
the quality difference is large enough (Δ ≥v wv), the swarm is able to select the highest value option.

Figure 1 also shows how the discriminability of signals varies as a function of the signalling ratio r; that is, the 
Weber fraction w grows with r. Increasing levels of signalling reduce the ability of the organism to discriminate 
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between similar stimuli. The adaptive pressure to keep low levels of signalling must be balanced with the pressure 
to increase signalling in order to speed up the decision process (Sec. 3.2) and to break decision deadlocks (see18).

As discussed by Thurstone28 and Stevens3, the discriminal variability has a key role in determining the just 
noticeable difference. The variability in correctly discriminating between two stimuli is directly proportional to 
the magnitude of the random fluctuations within the discrimination process. In the considered honeybee model, 
the magnitude of the random fluctuations is determined by the number of bees (i.e. the system size S): the smaller 
the system size, the larger the fluctuations. Figure 2 shows the effect of random fluctuations (by varying S) on the 
discriminability of the stimuli. In agreement with3,28, higher variability (i.e. higher fluctuations) leads to lower dis-
criminability (i.e. higher just noticeable difference). This result contributes to the argument for the evolutionary 
advantages of group living by which collective decisions are more reliable than individual decisions29,30. Although, 
it is worth noting that in different systems accuracy is not always maximised through large group decisions31,32.

Figure 1. Comparison between analytical results from the ODE system of Eqs (1) and (2) and the 
computational results from the SSA with system size S = 500, see Sec. 5.1. The analytical lines show the 
bifurcation from bistability (left side, where noise may lead to inferior option) to a single-attractor phase 
(right side, where convergence to the superior option is guaranteed)18. The SSA results display the minimum 
difference for which the model correctly discriminates; this happens in the bistable regime. The SSA lines are 
fitted through linear regression (Supplementary Table S1).

Figure 2. The just noticeable difference Δv increases with the magnitude of random fluctuations. (left) the 
Weber fraction increases with decreasing system size S (i.e., for increasing random fluctuations), see 
Supplementary Table S1. (right) Just noticeable difference as a function of S for base quality v . The data points 
are fitted with the red curve (z + aS−b), with a ≈ 12.13, b ≈ 0.626, z ≈ 0.013, and quality of fit R2 > 0.999 (see Sec. 
5.4). The inset shows examples of commitment change for v1 = 10, v2 = 11 and varying number of bees S; the 
largest fluctuations are displayed for S = 10. Plots show results for signalling ratio r = 3.



www.nature.com/scientificreports/

4SCIENTIFIC REPORTS |  (2018) 8:4387  | DOI:10.1038/s41598-018-22616-y

Hick­Hyman’s Law.  Hick-Hyman’s law5,6 states that the reaction time (RT) to a stimulus increases linearly 
with the amount of information I that needs to be processed:

= sIRT , (4)

where s is the time taken by the organism to process one bit of information, and information I is a function of the 
number of alternatives n involved in the discrimination process.

Varying the task and its necessary computational resources varies the amount of processed information 
per alternative, ranging from a constant function (i.e. independent from n)33, to logarithmic5,6, to linear34, to 
exponential35,36.

The investigated task—value-sensitive best-of-n decision-making—is cognitively expensive as it requires the 
evaluation of n alternatives and the selection of the best-quality alternative if above acceptance threshold18,37. 
Neurological models applied to best-of-n decisions predict a non-linear increase of reaction time with the num-
ber of alternatives38. Considering the similarity between neurological and the collective decision-making mod-
els39, we expect a qualitative agreement with results on the same multi-alternative choice task. Indeed, Fig. 3 (left 
panel) shows an exponential increase of RT with the number of options n that is well approximated by the curve

= =I e s e, RT (5)
s n s n

1
2 2

(see Sec. 5.2 for details). The nonlinear RT increase may possibly derive from nonlinearities of the process which 
are characteristic in decentralised systems40. This exponential increase in RT can be compensated for by increas-
ing the signalling ratio r which produces a power law response (see Fig. 3, right panel). The trade-off between 
low r for discriminability (Fig. 1) and high r for speed resembles the well-known speed-accuracy trade-off and 
could be optimised through an increase of r over time (as proposed in18). The inset of Fig. 3 (right) shows that RT 
increases with increasing difficulty of the problem, however, in natural environments it is unlikely to find a large 
number of options with the equal high-quality value (i.e. κ ≈ 1). Additionally, during a decision, the honeybee 
colony may take a limited number of options into consideration, similarly to working memory in human brains41.

Piéron’s Law.  Piéron’s law7 states that the mean RT decreases as a power law with increasing stimulus inten-
sity v:

=
−avRT , (6)b

where a and b are constants. (In the original formulation of the Piéron’s law the equation involves an additive con-
stant term z as: av−b + z, which we removed (z = 0).) The law has been initially proved to be valid on perception 
tasks in various sensory domains (such as pressure, temperature, taste of salt/sugar/bitter/acid, loudness, lumi-
nance)7,8. Later, studies have shown that also binary choice reaction tasks obey Piéron’s law42–45. Figure 4 shows 
that the considered model of value-sensitive decisions in a superorganism also obeys Piéron’s law.

We tested decision-deadlock breaking in equal-quality decisions so that we removed any possible overlap-
ping effect from discriminability of stimuli and Weber’s law. As discussed in previous analysis43,46, the obtained 
agreement with Piéron’s law could be a natural artefact of optimality constraints in value-sensitive models. In the 
considered model (1), value-sensitivity is determined by value-dependent rates (Eq. (2)), which allowed previous 

Figure 3. (Left panel) Mean RT to reach the quorum Q = 0.8 for the best option as a function of the number of 
options n. Different coloured lines correspond to varying decision difficulty κ (see Sec. 5.2). The SSA data 
(points) are fitted with curves of Eq. (5) (light dot-dashed lines), with curves of Eq. (7) (solid lines), and with 
curves of Eq. (7) using fµ(κ) (dashed thick lines) (see Supplementary Table S2). (Right panel) Mean RT 
decreases as a power law with the signalling ratio r. The SSA data (points) are fitted with the curve =

−z rRT z
2

1. 
The inset shows a power law increase ( κ= +m mRT m

1 2
3) of RT as a function of the problem difficulty κ. 

Vertical bars show the variance.
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analyses to approximate the honeybee model to simpler leaky competing accumulators and to prove its (quasi-)
optimality17,39. Stafford and Gurney43 show that models composed of simple leaky integrators that accumulate 
evidence with speed proportional to the stimulus magnitude have reaction times that always fit Piéron’s law. 
Similarly, Van Maanen et al.46 show that optimal Bayesian classifiers which integrate evidence at a speed propor-
tional to the input stimuli have reaction times that fit Piéron’s law. Our results support (and extend) these hypoth-
eses by identifying a response in agreement with Piéron’s law on a model which has both positive and negative 
feedbacks (recruitment and cross-inhibition) proportional to the stimulus intensities.

A Unifying RT law.  Both Hick-Hyman and Piéron’s law s describe the variation in RT as a function of the 
decision problem, however, each law focuses on a different aspect. Here, we attempt to combine the two laws to 
identify a unique generic function that generalises Eqs (5) and (6) and determines the RT dynamics:

α= β µ−v eRT , (7)n

where α, β, and µ are constants, and v  is the mean quality of the n options. The parameter µ varies as a function 
of the decision problem difficulty, i.e. µ = fµ(κ). The function fµ displays a power law increase with the problem 
difficulty κ in the form of κ κ= +

µ
f m m( ) m

1 2
3, as shown in the inset of Fig. 3 (right panel). Eq. (7) reduces to Eq. 

(6) by imposing a = αeµn. The reduction to Eq. (5), however, is not straightforward because the term v  is the mean 
option quality which varies with the number of options n, except in the special case of κ = 1. However the fitting 
results reported in Supplementary Table S2 show good agreement between parameters.

Discussion
A large number of organisms at diverse levels of biological complexity, from humans to unicellular moulds, obey 
the same psychophysical laws that characterise the relationship between stimuli and the organism’s response. This 
study shows for the first time that groups of individuals, in our case honeybee colonies, considered as a single 
superorganism, might also be able to obey the same laws. Similarly to neurons, no individual explicitly encodes 
in its simple actions the dynamics determining the psychophysical laws; instead it is the group as a whole that 
displays such dynamics. The observed similarities in stimuli response between brain and superorganism motivate 
further investigations of collective behaviour through the lens of cognitive science and psychology20–22,39,47,48. 
Research synergies between neuroscience and collective intelligence studies can highlight analogies that could 
help better to understand both systems. Future work following this line of research aims at identifying which 
are the generic mechanisms causing psychophysical laws responses. Previous analyses showed how Weber’s law 
emerges from Bayesian collective decision-making49. In a similar fashion, other work has hypothesised that 
Piéron’s law responses are present in any optimal process with value-sensitive dynamics43,46. Further investiga-
tions on this topic may reveal which are the generic features that let a process exhibit psychophysical responses.

It is important to note that this study is a prediction of the honeybees behaviour based on the analysis of a 
computational model derived from field observations20, and the reported analysis holds only for the parame-
terisation of Eq. (2) (from18). Even if the investigated value-sensitive decision model18 is the state of art model 
with qualitative agreement with value-sensitive dynamics observed in honeybee swarms, our theoretical results 
still need empirical validation to confirm that superorganisms obey psychophysical laws. We are aware of one 
previous attempt to determine if superorganisms exhibit Weber’s law, through the study of house-hunting in 
the rock ant Temnothorax albipennis50; this study did not find Weber’s law. However the recruitment system 

Figure 4. Mean RT (and variance) for decisions between n ∈ {2, 3, 4} equal-quality options as a function of the 
options’ quality v ∈ [5, 15] for varying values of the signalling ratio r ∈ {2, 5, 10}. The SSA data (points) are fitted 
with the power law curves of Eq. (6) (dashed lines) and with curves of Eq. (7) (dotted lines). See Supplementary 
Tables S3 and S4 for details on fitting values and relative quality.
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of Temnothorax, while similar to that of honey bees, differs in some important regards. Rock ant colonies thus 
frequently split, especially when confronted with similar quality nest-sites, but are able to subsequently move to 
the best nest during a reunification phase51. This may relax selection pressure on decision-making mechanisms, 
which may thus diverge from displaying phenomena associated with optimal mechanisms.

An additional result of this study is the introduction of a novel psychophysical law that describes how the 
reaction time of value-sensitive decisions varies as a function of the number of options and the mean stimulus 
magnitude. The law is based on the combination of the Hick-Hyman’s and Piéron’s laws. While each law has 
been investigated independently and shown to hold for various stimuli, to the best of our knowledge the unified 
dynamics have not been taken into account in any study. The combined law predicts an organism’s response 
to variations in the number of options and in stimulus strength for value-sensitive decisions. Reaction time is 
determined by the interplay of these factors which are explicitly considered as function parameters in the com-
bined law. We believe that the proposed formalisation is not limited to the analysis of collective behaviours but 
motivates empirical investigation by the psychology and neuroscience community. In fact, similarities between 
the considered honeybee model and neurological models in terms of their dynamics38 have been observed in this 
study and in previous work39.

Methods
Testing Weber’s law.  To measure how the discriminability varies as a function of the stimuli strength, we 
followed the methodology of Deco et al.4. First, we collected simulation data from iterations of binary decision 
tasks in which we varied the base stimulus’s quality v1 ∈ [7.5, 12.5] with step size 0.5. For each base stimulus 
quality, we varied the second option’s quality v2 ∈ [v1 − 6, v1 + 6] with step size 0.1. We repeated the SSA for 
100 independent runs for each pair of quality values for varying population size S ∈ {10, 50, 100, 500, 1000}. All 
simulations started from a fully uncommitted state, the individual behaviour coefficient (from Eq. (2)) was kept 
constant k = 1 and we varied the signalling coefficient h ∈ [1, 5].

We considered that an option was selected when the quorum Q = 0.8 of the population (i.e., 80% of S) became 
committed to that option. For each base option’s quality v1, we computed the probability P2 of selecting the second 
option as a function of its quality v2 (see Fig. 5). We fitted the data with a logistic function = +

− −P e(1 )b a v
2

( ) 12  
with a and b fitted parameters. Through the fitted curve, we computed the second option’s value ⁎v2  for P2 = 0.75 
(red hollow diamonds in Fig. 5). The difference between ⁎v2  and v1 determined the just noticeable difference Δv 
for the mean quality = +v v v( )/21 2 . Finally, we fitted the just noticeable difference values through a line 
Δ =v wv  to determine the Weber fraction w. Supplementary Table S1 shows the fitted values and the quality of 
fit R2 (for details on R2 see Sec. 5.4).

Testing Hick­Hyman’s law.  To investigate how the reaction time (RT) varies as a function of number of 
options n, we considered the best-of-n case in which there is one superior option and n − 1 inferior quality dis-
tractors, in agreement with the experimental setup of empirical studies18,52–54. We fixed the quality of the inferior 
n − 1 distractors to vd = 5 and varied the quality of the superior option 1, v1 ∈ [5, 15] with step size 0.5. The prob-
lem difficulty is determined by the ratio between the distractors’ quality and the best option’s quality: κ = vd/v1. 
Simulations started from a fully uncommitted state and stopped when commitment to any option reached the 
quorum Q = 0.8, or the maximum time T = 100 was reached. The number of options varied as n ∈ [1, 15], system 
size was S = 1000, individual behaviour coefficient was a constant k = 1, and the signalling coefficient varied as 

Figure 5. Proportion of runs with commitment to second option over quorum Q = 0.8 (circle points) for 
varying base stimulus quality v1 ∈ [8, 12] as a function of second option’s quality v2 (on the x-axis). SSA data are 
fitted to the curve = +

− −P e(1 )b a v
2

( ) 12 . The red hollow diamonds indicate the intersection of the fitted curves 
with discrimination in favour of option 2 in 75% of the cases, while the blue filled diamonds highlights the v1 
values.
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h ∈ {2, 5, 10}. We ran 100 independent runs for each parameterisation. The case n = 1 represents the base reaction 
time to a stimulus.

Figure 3 shows how the mean RT varies as a function of the considered parameters, and Supplementary 
Table S2 shows the fitted curves’ parameters.

Testing Piéron’s law.  To investigate the agreement with the Piéron’s law, we considered decisions with 
equal-quality options. The system needs to break the decision deadlock and select any option (with committment 
over quorum Q = 0.8). We ran 100 independent runs for S = 1000, k = 1, h ∈ {2, 5, 10} and options’ quality v ∈ [5, 
15]. Supplementary Table S3 shows the fitting data for the curves displayed in Fig. 4.

Quality of fit. We measured the quality of fit with the coefficient of determination, denoted R2, which is the 
proportion of the variance in the dependent variable that is predictable from the independent variables. Better fits 
correspond to higher R2 ∈ [0, 1].

Open source data.  Simulation code (in python) and scripts (in bash) to generate the data, the generated 
data, and Wolfram Mathematica notebooks to analyse data are open source and available online at: http://diode.
group.shef.ac.uk/extra_resources/Data_Reina_PsychoLaws.zip.

References
 1. Fechner, G. T. Elemente der psychophysik. Breitkopf und Härtel, Leipzig (1860).
 2. Fechner, G. T. Elements of psychophysics, 1860. In Readings in the history of psychology, Century psychology series, 206–213 

(Appleton-Century-Crofts, East Norwalk, CT, US, 1948).
 3. Stevens, S. S. On the psychophysical law. Psychological Review 64, 153–181 (1957).
 4. Deco, G., Scarano, L. & Soto-Faraco, S. Weber’s Law in Decision Making: Integrating Behavioral Data in Humans with a 

Neurophysiological Model. J Neurosci 27, 11192–200 (2007).
 5. Hick, W. E. On the rate of gain of information. Q J Exp Psychol 4, 11–26 (1952).
 6. Hyman, R. Stimulus Information as a Determinant Of Reaction Time. J Exp Psychol 45, 188–196 (1953).
 7. Piéron, H. Recherches sur les lois de variation des temps de latence sensorielle en fonction des intensités excitatrices. L’année 

psychologique 20, 17–96 (1913).
 8. Luce, R. D. Response times: Their role in inferring elementary mental organization (Oxford University Press, 1986).
 9. Nieder, A. & Miller, E. K. Coding of cognitive magnitude: Compressed scaling of numerical information in the primate prefrontal 

cortex. Neuron 37, 149–157 (2003).
 10. Gómez-Laplaza, L. M. & Gerlai, R. Can angelfish (pterophyllum scalare) count? discrimination between different shoal sizes follows 

weber’s law. Animal cognition 14, 1–9 (2011).
 11. Gibbon, J. Scalar expectancy theory and weber’s law in animal timing. Psychological review 84, 279 (1977).
 12. Perna, A. et al. Individual rules for trail pattern formation in Argentine ants (linepithema humile). PLoS Comput. Biol. 8 (2012).
 13. Von Thienen, W., Metzler, D., Choe, D. H. & Witte, V. Pheromone communication in ants: A detailed analysis of concentration-

dependentdecisions in three species. Behav Ecol Sociobiol 68, 1611–1627 (2014).
 14. Mori, Y. & Koaze, A. Cognition of different length by physarum polycephalum: Weber’s law in an amoeboid organism. Mycoscience 

54, 426–428 (2013).
 15. Goentoro, L. & Kirschner, M. W. Evidence that fold-change, and not absolute level, of β-catenin dictates wnt signaling. Mol Cell 36, 

872–884 (2009).
 16. Goentoro, L., Shoval, O., Kirschner, M. W. & Alon, U. The incoherent feedforward loop can provide fold-change detection in gene 

regulation. Mol Cell 36, 894–899 (2009).
 17. Pais, D. et al. A mechanism for value-sensitive decision-making. PLoS One 8, e73216 (2013).
 18. Reina, A., Marshall, J. A. R., Trianni, V. & Bose, T. Model of the best-of-N nest-site selection process in honeybees. Phys Rev E 95, 

052411 (2017).
 19. Akre, K. L. & Johnsen, S. Psychophysics and the evolution of behavior. Trends in Ecology and Evolution 29, 291–300 (2014).
 20. Seeley, T. D. et al. Stop Signals Provide Cross Inhibition in Collective Decision-Making by Honeybee Swarms. Science 335, 108–111 

(2012).
 21. Passino, K. M., Seeley, T. D. & Visscher, P. K. Swarm cognition in honey bees. Behavioral Ecology and Sociobiology 62, 401–414 

(2007).
 22. Trianni, V., Tuci, E., Passino, K. M. & Marshall, J. A. R. Swarm Cognition: An interdisciplinary approach to the study of self-

organising biological collectives. Swarm Intell 5, 3–18 (2011).
 23. Sasaki, T. & Pratt, S. C. Groups have a larger cognitive capacity than individuals. Curr Biol 22, R827–R829 (2012).
 24. Seeley, T. D. & Visscher, K. P. Quorum sensing during nest-site selection by honeybee swarms. Behavioral Ecology and Sociobiology 

56, 594–601 (2004).
 25. Camazine, S., Visscher, P. K., Finley, J. & Vetter, R. S. House-hunting by honey bee swarms: Collective decisions and individual 

behaviors. Insectes Sociaux 46, 348–360 (1999).
 26. Reina, A., Valentini, G., Fernández-Oto, C., Dorigo, M. & Trianni, V. A design pattern for decentralised decision making. PLoS One 

10, e0140950 (2015).
 27. Gillespie, D. T. Exact Stochastic Simulation of Coupled Chemical Reactions. J Phys Chem 81, 2340–2361 (1977).
 28. Thurstone, L. L. PsychophysicalAnalysis The American Journal of Psychology 38, 368–389 (1927).
 29. King, A. J. & Cowlishaw, G. When to use social information: the advantage of large group size in individual decision making. Biol. 

Lett 3, 137–139 (2007).
 30. Marshall, J. A., Brown, G. & Radford, A. N. Individual Confidence-Weighting and Group Decision-Making. Trends in Ecology and 

Evolution 32, 636–645 (2017).
 31. Kao, A. B. & Couzin, I. D. Decision accuracy in complex environments is often maximized by small group sizes. Proceedings of the 

Royal Society of London Series B 281 (2014).
 32. Vicente-Page, J., Pérez-Escudero, A. & de Polavieja, G. G. Dynamic choices are most accurate in small groups. Theoretical Ecology 

1–11 (2017).
 33. Kveraga, K., Boucher, L. & Hughes, H. C. Saccades operate in violation of hick’s law. Exp. Brain Res. 146, 307–314 (2002).
 34. Sternberg, S. High-speed scanning in human memory. Science 153, 652–654 (1966).
 35. Royer, F. L. Information processing in the Block Design Task. Intelligence (1977).
 36. Jensen, A. R. Chronometric analysis of intelligence. J Soc Biol Struct 3, 103–122 (1980).
 37. Bose, T., Reina, A. & Marshall, J. A. R. Collective decision-making. Current Opinion in Behavioral Sciences 6, 30–34 (2017).

http://diode.group.shef.ac.uk/extra_resources/Data_Reina_PsychoLaws.zip
http://diode.group.shef.ac.uk/extra_resources/Data_Reina_PsychoLaws.zip


www.nature.com/scientificreports/

8SCIENTIFIC REPORTS |  (2018) 8:4387  | DOI:10.1038/s41598-018-22616-y

 38. Bogacz, R., Usher, M., Zhang, J. & McClelland, J. L. Extending a biologically inspired model of choice: multi-alternatives, 
nonlinearity and value-based multidimensional choice. Phil Trans R Soc B 362, 1655–1670 (2007).

 39. Marshall, J. A. R. et al. On optimal decision-making in brains and social insect colonies. Journal of the Royal Society, Interface 6, 
1065–74 (2009).

 40. Sasaki, T., Granovskiy, B., Mann, R. P., Sumpter, D. J. T. & Pratt, S. C. Ant colonies outperform individuals when a sensory 
discrimination task is difficult but not when it is easy. PNAS 110, 13769–73 (2013).

 41. Miller, G. A. The magical number seven, plus or minus two: some limits on our capacity for processing information. Psychological 
Review 63, 81–97 (1956).

 42. Pins, D. & Bonnet, C. On the relation between stimulus intensity and processing time: Piéron’s law and choice reaction time. Percept 
Psychophys 58, 390–400 (1996).

 43. Stafford, T. & Gurney, K. N. The role of response mechanisms in determining reaction time performance: Piéron’s law revisited. 
Psychonomic bulletin & review 11, 975–87 (2004).

 44. Teodorescu, A. R., Moran, R. & Usher, M. Absolutely relative or relatively absolute: violations of value invariance in human decision 
making. Psychonomic bulletin & review 23, 22–38 (2016).

 45. Pirrone, A., Azab, H., Hayden, B., Stafford, T. & Marshall, J. Evidence for the speed-value trade-off: human and monkey decision 
making is magnitude sensitive. Decision (2017).

 46. Van Maanen, L., Grasman, R. P. P. P., Forstmann, B. U. & Wagenmakers, E.-J. Piéron’s law and optimal behavior in perceptual 
decision-making. Front Neurosci 5, 143 (2012).

 47. Marshall, J. A. R. & Franks, N. R. Colony-level cognition. Current Biology 19, R395–96 (2009).
 48. Couzin, I. D. Collective cognition in animal groups. Trends in Cognitive Sciences 13, 36–43 (2009).
 49. Arganda, S., Pérez-Escudero, A. & de Polavieja, G. G. A common rule for decision making in animal collectives across species. 

Proceedings of the National Academy of Sciences 110, 3651–3651 (2013).
 50. Franks, N. R. et al. Not everything that counts can be counted: ants use multiple metrics for a single nest trait. Proceedings. Biological 

sciences/The Royal Society 273, 165–169 (2006).
 51. Franks, N. R. et al. Speed–cohesion trade-offs in collective decision making in ants and the concept of precision in animal behaviour. 

Animal Behaviour 85, 1233–1244 (2013).
 52. Seeley, T. D. & Buhrman, S. C. Nest-site selection in honey bees: how well do swarms implement the “best-of-n” decision rule? Behav 

Ecol Sociobiol 49, 416–427 (2001).
 53. Franks, N. R., Dornhaus, A., Best, C. S. & Jones, E. L. Decision making by small and large house-hunting ant colonies: one size fits 

all. Animal Behaviour 72, 611–616 (2006).
 54. Robinson, E. J. H., Franks, N. R., Ellis, S., Okuda, S. & Marshall, J. A. R. A simple threshold rule is sufficient to explain sophisticated 

collective decision-making. PLoS One 6, e19981 (2011).

Acknowledgements
This work was funded by the European Research Council (ERC) under the European Union’s Horizon 2020 
Research and Innovation Programme (grant agreement number 647704). Vito Trianni acknowledges support 
by FP7 People: Marie-Curie Actions through the project “DICE, Distributed Cognition Engineering” (grant 
agreement number 631297).

Author Contributions
A.R. and J.A.R.M. conceived of the study. A.R. designed the study, generated the data, fitted the curves, plotted the 
results, and drafted the manuscript. V.T. co-designed the study for Weber’s law analysis. All authors contributed to 
the interpretation of the results, edited the manuscript, and gave final approval for submission.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22616-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-22616-y
http://creativecommons.org/licenses/by/4.0/

	Psychophysical Laws and the Superorganism

	Model

	Psychophysical Laws

	Weber’s Law. 
	Hick-Hyman’s Law. 
	Piéron’s Law. 
	A Unifying RT law. 

	Discussion

	Methods

	Testing Weber’s law. 
	Testing Hick-Hyman’s law. 
	Testing Piéron’s law. 
	Quality of fit. 
	Open source data. 

	Acknowledgements

	﻿Figure 1 Comparison between analytical results from the ODE system of Eqs (1) and (2) and the computational results from the SSA with system size S = 500, see Sec.
	Figure 2 The just noticeable difference Δv increases with the magnitude of random fluctuations.
	Figure 3 (Left panel) Mean RT to reach the quorum Q = 0.
	Figure 4 Mean RT (and variance) for decisions between n ∈ {2, 3, 4} equal-quality options as a function of the options’ quality v ∈ [5, 15] for varying values of the signalling ratio r ∈ {2, 5, 10}.
	Figure 5 Proportion of runs with commitment to second option over quorum Q = 0.


