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The Ising model as a discovery tool in cognitive sciences

Foma Kozhin

Institute of Science and Environment. University of Cumbria.

For  decades,  physicists  have  pursued  the  use  ideas  from  statistical  mechanics  to  capture  the

collective phenomena of life. Biological systems have a subtle structure that is not described neither

by ordered crystals nor disordered gases. Moreover, these states are far-from-equilibrium, being

maintained by a constant flow of energy and matter through the system. There are special states for

a  functional  living  system and,  at  the  same time,  their  activity  cannot  rely  on  fine-tuning the

parameters  of  the  system.  Of  the  many  ideas  originated  in  statistical  physics  that  have  been

suggested to characterize these states, perhaps the most suggestive and speculative is the idea of

self-organized criticality. The theory of self-organized criticality originated in models of inanimate

objects (sand mountains, earthquakes, etc.)  [1], [2], but then the theory was to include biological

systems through the analysis of simple toy models [3]. A simple model the evolution of interacting

species can self-organize into a critical state where the quiescent period is interrupted by avalanches

of all sizes [4], describing a behavior similar to the idea of punctuated equilibrium in evolution [5].

Similarly,  the  brain  has  been suggested  to  be in  a  self-organized  critical  state  at  the  boundary

between being nearly dead and becoming completely epileptic [6]. 

Currently,  some of the early ideas don't seem correct (for example,  real sand-piles behave very

differently from the model). However, the idea of biological systems operating near a critical point

remains interesting. Over the last decade or so, there have been significant advances in experimental

research on biological networks, suggesting a very different route to the use of ideas from statistical

physics. Monitoring the activity or state of individual elements in a network has long been the

traditional  method,  but  now it  is  possible  to  monitor  many elements  in  parallel.  Technology is

unique  to  each class  of  system.  Large  arrays  of  electrodes  recording in  parallel  from multiple

neurons [7], [8], high-throughput sequences probing large populations of amino acid sequences [9],

accurate  imaging to track individual  animals  in large groups  [10],  [11] — And of course each

measurement has its  own limitations.  Nonetheless,  as these new experiments became available,

several groups tried to build statistical physics models directly from the data. These notable features

Analysis scattered at many levels of the organization is the emergence of signatures of importance.

Twenty-five years ago there was a grand theory that had little relevance to the data, but now there

are many isolated arguments about specific experiments that suggest similar conclusions. Our goal

here is to put together these analyzes. Perhaps it rekindles expectations for a more general theory.



The Ising model is a mathematical model of physical ferromagnetic material, used to study phase

transitions, such as the transition from a ferromagnetic to a paramagnetic state in a material [12]. It

can also be used to study the ordering of spins in a material, and to model spin glasses. The Ising

model has been used to study the coordination of neural activity in the brain and to model learning

and memory retrieval in neural networks  [13]. In this contribution we will explore how the Ising

model can connect different physical phenomena with the cognitive sciences.

Self-organized  criticality  (SOC)  is  a  concept  in  physics  and  systems  theory  where  a  system

spontaneously evolves towards a critical  state.  In a  critical  state,  the system is  "at  the edge of

chaos",  meaning  that  it  is  highly  sensitive  to  small  perturbations  and  can  exhibit  large-scale

fluctuations  [1],  [2].  SOC is  thought  to  be  a  mechanism by which  complex systems can  self-

organize and evolve. Many natural systems are thought to exhibit SOC, including earthquakes, solar

flares,  and  forest  fires.  The  Ising  model  has  been  a  canonical  example  to  study  criticality  in

biological and neural systems. Using inverse learning methods to model neural activity using the

Ising model, it has been suggested that the brain operates near a critical point, and that this could be

a mechanism for the brain to self organize and evolve [14]. These methods have been later extended

to  broader  classes  of  biological  systems  [15]–[17] and larger  neural  systems  [18].  In  addition,

simple  algorithms  have  shown  how  robotic  agents  can  be  driven  to  be  near  critical  points

spontaneously generating a diversity of complex behaviours, suggesting that criticality might be a

simple mechanism to generate a diverse range of interactions with the environment [19].

Integrated information theory is a theory of consciousness developed by Giulio Tononi  [20]. The

theory is based on the idea that consciousness arises from the integration of information. The theory

posits  that  consciousness is  a  measure of the amount  of information that is  integrated across a

system [21], [22]. The more information that is integrated, the more conscious the system is. The

theory has been used to explain a variety of phenomena, including the binding problem, the unity of

consciousness, and the relationship between consciousness and the brain. Generally, the theory is

difficult to explore in large systems due to its computational complexity. However, studies using the

Ising model  [23], [24] show that integrated information is maximized at critical phase transitions,

suggesting a connection between self-organized criticality and integrated information in the brain.

Nonequilibrium thermodynamics is a branch of thermodynamics that deals with systems that are not

in equilibrium. The field is concerned with the behaviour of systems that are far from equilibrium,

such as those that are undergoing a chemical reaction or are subject to a strong external force.

Nonequilibrium thermodynamics is a relatively new field, and it is still being developed. Some of



the key concepts in the field include entropy production, irreversibility, and dissipative structures

[25].  Nonequilibrium thermodynamics  has  been  used  to  study  a  variety  of  systems,  including

chemical reactions, biological systems, and economic systems. Specially, it has been shown that

irreversibility is a signature of the level of conscious activity in cognitive systems [26]. While the

classical Ising model is a model of equilibrium thermodynamics, extensions of the model include

irreversible  dynamics  with  asymmetric  connections  [27].  Recent  research  shows  that  the  Ising

model  can  maximize  its  irreversibility  when  it  is  near  a  critical  point  [28],  [29],  suggesting  a

connection between nonequilibrium properties of neural networks and the capacity to self organize

near critical points.

In conclusion,  the Ising  model  shows the  potential  to  connect  different  properties  of  cognitive

systems  with  concepts  from  physics,  exemplifying  how  new  mathematical  and  statistical

descriptions  could  be  useful  in  capturing  mental  properties  that  are  usually  hard  to  trace

analytically.

References

[1] P. Bak, C. Tang, and K. Wiesenfeld, ‘Self-organized criticality’, Physical review A, vol. 38, no.
1, p. 364, 1988.

[2] P. Bak, C. Tang, and K. Wiesenfeld, ‘Self-organized criticality: An explanation of the 1/f 
noise’, Phys. Rev. Lett., vol. 59, no. 4, pp. 381–384, Jul. 1987, doi: 
10.1103/PhysRevLett.59.381.

[3] P. Bak, How nature works: the science of self-organized criticality. New York: Copernicus, 
1996.

[4] P. Bak and K. Sneppen, ‘Punctuated equilibrium and criticality in a simple model of 
evolution’, Phys. Rev. Lett., vol. 71, no. 24, pp. 4083–4086, Dec. 1993, doi: 
10.1103/PhysRevLett.71.4083.

[5] S. J. Gould and N. Eldredge, ‘Punctuated Equilibria: The Tempo and Mode of Evolution 
Reconsidered’, Paleobiology, vol. 3, no. 2, pp. 115–151, 1977.

[6] M. Usher, M. Stemmler, and Z. Olami, ‘Dynamic Pattern Formation Leads to 1/f Noise in 
Neural Populations’, Phys. Rev. Lett., vol. 74, no. 2, pp. 326–329, Jan. 1995, doi: 
10.1103/PhysRevLett.74.326.

[7] R. Segev, J. Goodhouse, J. Puchalla, and M. J. Berry, ‘Recording spikes from a large fraction 
of the ganglion cells in a retinal patch’, Nat Neurosci, vol. 7, no. 10, Art. no. 10, Oct. 2004, 
doi: 10.1038/nn1323.

[8] A. M. Litke et al., ‘What does the eye tell the brain?: Development of a system for the large-
scale recording of retinal output activity’, IEEE Transactions on Nuclear Science, vol. 51, no. 
4, pp. 1434–1440, Aug. 2004, doi: 10.1109/TNS.2004.832706.

[9] J. A. Weinstein, N. Jiang, R. A. White, D. S. Fisher, and S. R. Quake, ‘High-throughput 
sequencing of the zebrafish antibody repertoire’, Science, vol. 324, no. 5928, pp. 807–810, 
May 2009, doi: 10.1126/science.1170020.

[10] M. Ballerini et al., ‘Empirical investigation of starling flocks: a benchmark study in collective 
animal behaviour’, Animal Behaviour, vol. 76, no. 1, pp. 201–215, Jul. 2008, doi: 
10.1016/j.anbehav.2008.02.004.



[11] A. Cavagna et al., ‘New statistical tools for analyzing the structure of animal groups’, Math 
Biosci, vol. 214, no. 1–2, pp. 32–37, Aug. 2008, doi: 10.1016/j.mbs.2008.05.006.

[12] B. A. Cipra, ‘An introduction to the Ising model’, The American Mathematical Monthly, vol. 
94, no. 10, pp. 937–959, 1987.

[13] J. J. Hopfield, ‘Neural networks and physical systems with emergent collective computational 
abilities.’, Proceedings of the National Academy of Sciences, vol. 79, no. 8, pp. 2554–2558, 
Apr. 1982, doi: 10.1073/pnas.79.8.2554.

[14] E. Schneidman, M. J. Berry II, R. Segev, and W. Bialek, ‘Weak pairwise correlations imply 
strongly correlated network states in a neural population’, Nature, vol. 440, no. 7087, p. 1007, 
2006.

[15] T. Mora and W. Bialek, ‘Are biological systems poised at criticality?’, Journal of Statistical 
Physics, vol. 144, no. 2, pp. 268–302, 2011.

[16] W. Bialek et al., ‘Statistical mechanics for natural flocks of birds’, Proceedings of the 
National Academy of Sciences, 2012.

[17] T. Mora, A. M. Walczak, W. Bialek, and C. G. Callan, ‘Maximum entropy models for antibody
diversity’, Proceedings of the National Academy of Sciences, vol. 107, no. 12, pp. 5405–5410, 
2010.

[18] G. Tkacik et al., ‘Thermodynamics and signatures of criticality in a network of neurons’, 
PNAS, vol. 112, no. 37, pp. 11508–11513, Sep. 2015, doi: 10.1073/pnas.1514188112.

[19] M. Aguilera and M. G. Bedia, ‘Adaptation to criticality through organizational invariance in 
embodied agents’, Scientific Reports, vol. 8, no. 7723, May 2018, doi: 10.1038/s41598-018-
25925-4.

[20] G. Tononi, M. Boly, M. Massimini, and C. Koch, ‘Integrated information theory: from 
consciousness to its physical substrate’, Nature Reviews Neuroscience, vol. 17, no. 7, pp. 450–
461, Jul. 2016, doi: 10.1038/nrn.2016.44.

[21] M. Oizumi, L. Albantakis, and G. Tononi, ‘From the Phenomenology to the Mechanisms of 
Consciousness: Integrated Information Theory 3.0’, PLOS Computational Biology, vol. 10, no.
5, p. e1003588, May 2014, doi: 10.1371/journal.pcbi.1003588.

[22] M. Oizumi, S. Amari, T. Yanagawa, N. Fujii, and N. Tsuchiya, ‘Measuring Integrated 
Information from the Decoding Perspective’, PLOS Computational Biology, vol. 12, no. 1, p. 
e1004654, Jan. 2016, doi: 10.1371/journal.pcbi.1004654.

[23] M. Aguilera and E. A. Di Paolo, ‘Integrated information in the thermodynamic limit’, Neural 
Networks, vol. 114, pp. 136–146, Jun. 2019, doi: 10.1016/j.neunet.2019.03.001.

[24] M. Aguilera and E. A. Di Paolo, ‘Critical integration in neural and cognitive systems: Beyond 
power-law scaling as the hallmark of soft assembly’, Neuroscience & Biobehavioral Reviews, 
vol. 123, pp. 230–237, Apr. 2021, doi: 10.1016/j.neubiorev.2021.01.009.

[25] B. C. Eu, Generalized Thermodynamics: The Thermodynamics of Irreversible Processes and 
Generalized Hydrodynamics, Softcover reprint of the original 1st ed. 2002 edition. Springer, 
2010.

[26] Y. Sanz-Perl et al., ‘Nonequilibrium brain dynamics as a signature of consciousness’, Phys. 
Rev. E, vol. 104, no. 1, p. 014411, Jul. 2021, doi: 10.1103/PhysRevE.104.014411.

[27] J. Hertz, Y. Roudi, and J. Tyrcha, ‘Ising Models for Inferring Network Structure From Spike 
Data’, arXiv:1106.1752 [cond-mat, q-bio], Jun. 2011, Accessed: Mar. 26, 2021. [Online]. 
Available: http://arxiv.org/abs/1106.1752

[28] M. Aguilera, S. A. Moosavi, and H. Shimazaki, ‘A unifying framework for mean-field theories
of asymmetric kinetic Ising systems’, Nat Commun, vol. 12, no. 1, p. 1197, Feb. 2021, doi: 
10.1038/s41467-021-20890-5.

[29] M. Aguilera, M. Igarashi, and H. Shimazaki, ‘Nonequilibrium thermodynamics of the 
asymmetric Sherrington-Kirkpatrick model’. arXiv, May 19, 2022. doi: 
10.48550/arXiv.2205.09886.


