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Introduction

The actual processes that allow animal groupings to adjust toward critical points in a fully dispersed manner are a significant unresolved question with regard to the criticality hypothesis in animal collectives. Phase transitions, and thus critical points, are macroscopic features of the system at the level of the entire group in this case, whereas behavior adaptation can only be carried out by individuals. Secondly, it's not clear how single individuals, who often only observe their immediate surroundings, can understand the overall condition of the group, and how, as a result, they can adjust their behavior to steer the entire collective toward or away from a phase transition. Second, it must be assumed that only a small percentage of people will ever change their behavior. This will generally increase the group's heterogeneity and may have undetermined effects on the system's capacity to adjust the macroscopic state, as well as potentially negative effects on collective behavior by altering the spatial organization of the group and leading to a loss of cohesion. As characterized by the collective dynamics of a sizable number of interacting elements or agents that make up the complex biological system, this ability to implement functional adaptive behavior often depends on distributed information processing at multiple levels. Examples on a smaller scale include the interactions between proteins in cells [? ] to neurons interacting in brains[? ? ] to the group behavior of animals and humans [? ]. The parameter space in which such collective biological systems operate is large due to the complexity of individual individuals as well as the sizeable number of individuals that may make up a functional group. An important question that emerges is if some parameter combinations or parameter regions are particularly appropriate for their biological function by making their aggregate behavior in some way close to optimal.

In this instance, the so-called criticality theory has been advanced. It suggests operating at or close to a critical threshold that separates fundamentally different aggregate behavior in complex living systems processing data dispersedly. The collective dynamics at the macroscopic level will be most vulnerable, or sensitive, to minute variations in an external input at such crucial locations, according to statistical physics, where information would propagate swiftly across arbitrarily broad scales [? ].

The criticality hypothesis faces a challenge in explaining how scattered systems may manage their behavior to stay in the critical region of parameter space.

Research on self-organized criticality offers one set of mechanisms for how complex systems might tune towards critical points in a self-organized way without external control, assuming a time-scale separation between the fast (relaxation) dynamics of the system and a slow driving of the system towards the critical point. It was also proposed that (self-organized) critical dynamics could account for the excess of power-law distributions in empirical data in this situation [? ? ].Selforganized criticality garnered a significant deal of scientific interest in the 1990s, with the study that went along with it focusing primarily on idealized mathematical models [? ? ]. However, there were still a lot of questions that remained unresolved about the idea, and more importantly, it was unclear whether it applied to events that happened in the real world.

Near the end of the 20th century, when scientific interest in the criticality concept began to wane, new experimental findings in the area of neurology helped to revive it. This is as a result of Beggs & Plenz's 2003 finding of crucial neuronal avalanches [? ]. Since then, a number of theoretical and experimental research on the criticality hypothesis in many biological systems, including neurological systems, have been released [? ? ? ? ], gene-regulatory networks[? ? ], and animal group dynamics collectively [? ? ? ? ].Three things set apart this more recent research: 1) a closer resemblance to experimental observations; 2) an empirically motivated suggestion of mechanisms for self-tuning towards the critical point; and 3) a critique of the exclusive emphasis on the benefits of criticality in favor of the significance of adaptively managing competing trade-offs, perhaps by actively adjusting the distance to critical transitions depending on environmental context.

Metals phase split into different alloys as water freezes. Under pressure, crystals' molecular structures quickly change. Large animal assemblages that engage in collective action, such as swarms of insects, schools of fish, and flocks of birds, are common and fascinating instances of biological self-organization. These phase transitions are among the most unexpected scientific occurrences and reflect spontaneous changes in collective organization. Phase changes are always the result of a small-scale conflict between two types of conflicting order, or between order and disorder. They outline the boundaries of the natural fault lines along which natural organization can exist or evolve. It has drawn researchers from a variety of fields over the past few decades, extending outside biology. Many mathematicians also study this recently, see [? ], [? ], [? ], [? ] [? ], [? ], [? ], [? ],[? ], [? ] and the reference therein.Additionally, theoretical physicists in particular look into the similarities between large animal collectives and statistical physics systems like fluids or magnets, where local interactions between a lot of relatively simple components result in the emergence of novel properties at the macroscopic level that can be challenging to link to the characteristics of the individual components [? ? ? ].

Since the emergence of the well-known Ising model in the previous century,[? ? ? ].. In order to explore self-organization in complex systems and the formation of order, statistical physics has created a powerful technique based on the theory of phase transitions and critical phenomena[? ? ]. We have seen decades of research into self-organization and pattern generation in non-equilibrium systems, although most of the research was focused to understanding systems in thermal equilibrium, where an extensive body of theory supported by experiments has been firmly established [? ? ], related to biological systems in general and to the behavior of animals in general. There is no doubt that physics offers a rich and potent toolbox that can help us better grasp the complexity of the living world, even while many concerns about non-equilibrium phase transitions remain unanswered.

In addition to explaining why important physical features are frequently independent of the system's tiny details around transition points, the elegant theory of critical events demonstrates that many phase transitions fall into separate classes of behavior. Our knowledge of systems that are not in equilibrium is more fragmented, which is unfortunate given that most of nature is not in equilibrium.

For instance, it wouldn't be strange if biology used phase transitions frequently to ensure that living things functioned as intended. Biologists have raised similar questions and have come up with a number of instances, ranging from the fundamental makeup of the cytoplasm inside a cell to the mass migration of cell tissues during the growth and repair of an organism. This ability to implement functional adaptive behavior typically depends on distributed information processing at many levels, which is defined by the collective dynamics of a significant number of interacting parts or agents that make up the complex biological system. Scale examples include the regulatory relationships between proteins in cells [? ] to neurons interacting in brains[? ? ] to the group behavior of animals and humans [? ]. Due to the intricacy of individual individuals as well as the substantial number of persons that might make up a functional group, the parameter space in which such collective biological systems operate is enormous. Whether specific parameter combinations, or parameter regions, are particularly suited for their biological purpose by making their aggregate behavior in some way close to optimal, is an essential subject that arises. The so-called criticality hypothesis has been put out in this situation. It proposes operating at or near a critical threshold that distinguishes fundamentally different aggregate behavior in complex living systems processing information in a dispersed manner. At such critical points, statistical physics predicts that information would spread quickly across arbitrarily wide scales and that the collective dynamics at the macroscopic level will be most susceptible, or sensitive, to slight deviations in an external input. [? ].

Explaining how dispersed systems are able to control their behavior to remain in the critical region of parameter space presents a difficulty for the criticality hypothesis.

Assuming a time-scale separation between the fast (relaxation) dynamics of the system and a slow driving of the system towards the critical point, research on selforganized criticality offers one set of mechanisms for how complex systems might tune towards critical points in a self-organized way without external control. The overabundance of power-law distributions in empirical data was also suggested to be explained by (self-organized) critical dynamics in this context [? ? ]. In the 1990s, self-organized criticality attracted a great lot of scientific attention, with the associated study concentrating mostly on idealized mathematical models [? ? ]. However, the concept continued to spark debate because so many unanswered concerns remained and, more significantly, because it was uncertain whether it applied to occurrences in the real world.

The criticality hypothesis, which had lost scientific interest near the close of the 20th century, has recently gained prominence thanks in large part to fresh experimental findings in the field of neuroscience. This is because of the discovery of critical neuronal avalanches by Beggs & Plenz in 2003 [? ]. Since then, several theoretical and experimental studies on the criticality hypothesis in various biological systems, including neural systems, have been published [? ? ? ? ], gene-regulatory networks[? ? ], and collective dynamics of animal groups[? ? ? ? ].This more recent research is distinguished by three things: 1) a closer connection to experimental observations; 2) a suggestion of mechanisms for self-tuning towards the critical point that are empirically motivated; and 3) a critique of the exclusive emphasis on the advantages of criticality in favor of the significance of adaptively managing competing trade-offs, perhaps by actively adjusting the distance to critical transitions depending on environmental context.

In the first section of this project, we will utilize the phrase "self-organization" to describe how animal groups behave. Although the phrase is frequently used in relation to complex systems, it is not immediately clear what it means or how it relates to biological systems.In physics, the term "self-organization" often refers to the emergence of spatiotemporal structures in systems made up of relatively homogeneous, simple building blocks like atoms or molecules. Animal groups, however, are made up of individuals with a diverse range of behaviors who may also display significant levels of variability and hierarchical organization. Interesting behavior can be seen in clonal fish even under nearly similar upbringing settings [? ]. One might not perceive this as self-organized collective action if we examine an extreme example of a single dominant individual-a "leader"-persistently dictating the behavior of an entire community. However, it is uncommon for nature to encounter this extreme hypothetical circumstance. Even for highly hierarchical insect communities, like bee colonies, [? ] or ants[? ? ],The queen or one caste within the colony are by no means the only factors influencing behavior at the colony level. In addition, it has been demonstrated that, despite the fact that baboon troops have robust rank hierarchies, the actual movement initiation decisions are heavily influenced by rank-independent consensus mechanisms. [? ]. In this context, we will use the term "self-organization" in a broad sense to describe the emergence of macroscopic (group-wide) collective behaviors from interactions between individuals, which result in the formation of spatio-temporal dynamics and patterns that cannot be solely attributed to the actions of isolated individuals or to environmental factors.

Of course, it goes without saying that whatever organizational system that evolution develops will be used. We then move on to discuss a few other biological phase transitions, particularly those involving the behavior of so-called active matter, like bacteria colonizing a hard surface in swarms. It seems that researchers have only just begun to recognize the various ways that biology makes use of phase transitions, despite the fact that these results appear to be more challenging to back up with actual experimental evidence. We recommend several outstanding recent review articles on the criticality hypothesis to those interested in a broader viewpoint [? ] in particular in the field of neuroscience [? ? ? ].

In this paper, we will continue in with a discussion of self-organizing phenomenon in biological collectives and that reaches criticality.

self-organization towards criticality

The actual processes that allow animal groupings to adjust toward critical points in a fully dispersed manner are a significant unresolved question with regard to the criticality hypothesis in animal collectives. Phase transitions, and thus critical points, are macroscopic features of the system at the level of the entire group in this case, whereas behavior adaptation can only be carried out by individuals. Secondly, it's not clear how single individuals, who often only observe their immediate surroundings, can understand the overall condition of the group, and how, as a result, they can adjust their behavior to steer the entire collective toward or away from a phase transition. Second, it must be assumed that only a small percentage of people will ever change their behavior. This will generally increase the group's heterogeneity and may have undetermined effects on the system's capacity to adjust the macroscopic state, as well as potentially negative effects on collective behavior by altering the spatial organization of the group and leading to a loss of cohesion.

Addressing the first issue, where people can only access local information, a strategy for self-tuning neural networks towards criticality based solely on local node dynamics has been presented in the field of neuroscience [? ]. The fundamental tenet is that local averages over time offer some insight into the network's overall status. Individual neurons that are either silent or too active over time can cause the network to evolve towards a global critical point by lowering or raising their response thresholds, respectively. This mechanism implicitly depends on two crucial characteristics of the dynamics of the network: (1) ergodicity, or the presumption that the temporal average of local dynamics corresponds to an ensemble average over the entire network; and (2) time-scale separation between the rapid firing dynamics of individual neurons and the slow adaptation dynamics of individual nodes changing their thresholds or synaptic weights. Both assumptions are likely violated in animal groups, leading to open questions about the applicability of the mechanism to self-tuning towards criticality in animal collectives.

While criticality's advantages for processing collective information have been discussed in a number of papers, little actual research has been done on how animal collectives might tune themselves toward critical points [? ? ? ? ]. Here, different adaptive mechanisms are potentially thinkable.

First, for uncovering the proximate mechanisms of self-organization towards criticality, it is important to identify how changes in individual behavior modulate macroscopic group properties, and how these may control the distance to criticality at the collective level. A fundamental variable at the macroscopic level is N , the number of individuals in the collective. In finite-sized systems the location of the maximum of the susceptibility is a function of N due to finite size scaling, and it has been argued that in midge swarms it may be the decisive parameter tuning the system in a self-organized way towards criticality [? ].

The group density is crucial for a certain group size. The average strength of social contacts in a group will change in direct proportion to changes in density, assuming that the influence of a neighbor on a focus individual is dependent on distance. In fact, recent research has demonstrated that density modulation serves as the primary mechanism for adjusting fish collective escape behaviors in response to variations in perceived predation risk [? ]. Surprisingly, adaptations of individual response thresholds appear to play a negligible role in this context [? ]. A realistic and biologically sound individual-level mechanism for tailoring the distance to criticality, however, is the adaptation of individual sensitivity to social stimuli (similar to synaptic plasticity in neurons), while leaving the normal nearest neighbor distance unaltered.

Finally, individuals can exhibit high levels of heterogeneity in their behavioral traits, and may even assume very different roles in a collective ("division of labor "). Indirect mechanisms for self-organization toward or away from a critical point may therefore be provided by changes in the makeup of the group at similar group size and density. Here, however, it should be noted that substantial heterogeneity could cause significant changes in the system's phase diagram, for instance by promoting the appearance of Griffith phases, protracted regions of (quasi)-critical behavior in the parameter space [? ].

Over longer time scales, evolutionary adaptations[? ? ] can tune the behavioral parameters of individuals towards critical points of the collective behavior. This would first require that being critical is on average beneficial across all ecological contexts encountered by animal collectives. Secondly, the critical point -if beneficial for collective computations -represents a group level optimum, while evolutionary selection is assumed to act predominantly at the level of individuals. In terms of individual-level adaptation, there is generally no guarantee that group optimum conditions also correspond to evolutionary stable states. Contrarily, socalled social dilemmas, or circumstances in which individually stable tactics diverge from group-level optimum, are more common than not [? ]. Multi-level selection [? ] could provide a mechanism for evolutionary adaptation towards group-level optima. However, recent mathematical analysis demonstrated that as soon as individuallevel selection plays a non-negligible role -which can be safely assumed for most, if not all, animal systems -group-level optima in general differ from evolutionarily stable strategies [? ].

Interestingly, Hidalgo et al [? ] have shown that agents modelled as boolean genetic networks do evolutionarily adapt toward phase transitions if exposed to heterogeneous, variable environments. Further, they have also shown that interacting groups of such agents, with environmental input coming from other members of the group, also self-tune to criticality. However, a recent study by Klamser & Romanczuk[? ] questions the generality of this result with respect to collective behavior of animal groups.It examines whether being near the symmetry-breaking flocking transition is ideal for collective predator response as well as whether individual-level evolution offers a workable mechanism for these systems to tune towards criticality in a spatially explicit model of prey agents performing cohesive, collective motion subject to attacks by a predator agent. Despite the fact that excellent information propagation and low predation risk for group members seem to make being at criticality advantageous for the entire collective, it turns out that the critical point is not an evolutionary stable condition. Contrarily, the phase transition turns out to be the most evolutionarily unstable because it is the point where the collective dynamics is most susceptible to individual behavioral heterogeneity.Because of the greatest variations in capacity to escape predation across individuals with different behavioral characteristics, this causes the steepest fitness gradients, which speed up the evolution of individual behavior away from the critical point and into the orderly flocking stage [? ].

A last self-tuning process for animal groups could involve (reinforcement) learning, which occurs over a considerably shorter time horizon than evolutionary adaptations. But, the following query, which was also raised above, is pertinent: How, given that learning occurs primarily at the individual level and that the system has access to only local knowledge, is the system able to tune to a global collective state? Further queries regarding the convergence of the learning process in a multiagent scenario may come up in the context of multi-agent reinforcement learning [? ].

Appendix

3.1. The applicability of processing of changing phase in biology. We present parts of the discussion from our previous work for reader convenience. Animal species in particular share several fundamental characteristics with the classical statistical physics systems that gave rise to the idea of a phase transition.

However, there are also substantial discrepancies, necessitating a rigorous evaluation of the phase transition concept's applicability to herd behavior.

First, the fact that biological systems are far from equilibrium makes them fundamentally different from systems that are traditionally examined in statistical physics. Modern statistical physics has a very active research community that is focused on the theory of phase transitions in non-equilibrium situations [? ? ? ]. There is no fundamental reason to think that the corresponding theoretical concepts do not apply to living systems, including animal groups, even though many questions remain unanswered, and this is further supported by a substantial body of literature on phase transitions in biology over the past decades [? ? ? ? ].

The sheer magnitude of the systems in terms of the number of constituent units is a significant distinction as well. An animal aggregation normally consists of N ∼ 10 23 individuals, as opposed to a macroscopic volume of matter, which typically comprises N ∼ 10 -10 3 individuals. Rarely, substantially larger collectives with ∼ 10 6 individuals are seen, usually in the context of significant migratory movements in species like pelagic fish (like sardines) or desert locusts [? ], [? ]. However, in statistical physics, phase transitions are only properly specified in the thermodynamic limit of infinitely massive systems. The mathematical abstraction of N → ∞, although a fairly excellent approximation for the general behavior of "classical" physical matter, it is doubtful if it really describes the majority of biological systems, and animal species in particular. While accurate, this criticism does not discount the importance of criticality and phase transitions in the description of biological systems with finite sizes. The benefits of (quasi-)criticality for group animal behavior are hypothesized, but they are not predicated on the assumption of the thermodynamic limit. In finite-sized systems, a number of collective information processing variables, including correlation lengths, information transmission, and susceptibility to inputs, still reach maximum at quasi-critical points [? ? ? ? ].

However, through the use of renormalization techniques, the theoretical idea of universality-or universality-is inextricably related to the idea of thermodynamic limit. The creation of scaling laws and critical exponents that depend only on the basic characteristics of the system, including dimensionality and symmetry, as opposed to minute details, is predicted by universality. Only above a crucial system size may this simplified scaling behavior be seen. Unfortunately, there are significant gaps in our understanding of the nature of social interactions and fluctuations due to the complexity of animal social behavior. As a result, it seems impossible to construct even reasonable estimates of matching critical system sizes above which universal behavior in the statistical physics sense could be detected. Therefore, it is essential to use considerable caution when extrapolating universality classes from empirically observed scaling rules in small to mesoscale animal groups.

Because of these factors, we believe that classifying biological phase transitions into different universality classes is less feasible than in traditional physics-based systems, and may even be impossible. Nevertheless, the idea that a single significant set of parameters dominates group behavior close to a transition and that this can allow for a significant simplification of accurate models of specific systems is still tenable.

Boundary circumstances must be anticipated to play a non-negligible, if not a dominant, role for self-organized collective behavior due to the very tiny system sizes [? ]. This would be viewed as being somewhat troublesome for many statistical physics models. But from a biological perspective, this is probably a significant or even a defining characteristic of animal collectives [? ]. It becomes clear that boundaries are crucial when we consider that the core function of animal aggregates is distributed sensing of environmental cues and collective processing of this information, for example in the context of predator detection or food search. For example, in visual perception, individuals at the edge of the group will typically perceive the majority of the environmental information.

Flocking

The emergence of orientational order as a result of spontaneous symmetry breakdown is perhaps the phase transition that is easiest to discern in the context of animal groupings [? ]. This flocking transition distinguishes between an ordered flocking state with a non-vanishing average momentum of the entire system and an unordered flocking state with individuals migrating in random directions with vanishing center of mass speeds. Starlings and other flocks of birds are outstanding examples of the phenomena of flocking [? ].

Vicsek and co-authors' important 1995 paper on self-propelled particles moving at constant speed v0 and engaging with a ferromagnetic (or polar) alignment interaction provided the first theoretical analysis of flocking as a phase transition [? ]. The reported appearance of long-range orientational order in this non-equilibrium extension of the traditional XY-model attracted a lot of attention because it seemed to go against the Mermin-Wagner principle [? ? ].Soon after, Toner and Tu were able to demonstrate that the model's non-equilibrium property for a non-zero selfpropulsion speed is what ultimately makes a difference [? ? ? ] reasons why the Mermin-Wagner theorem is invalid. Following these initial articles, the Vicsek model transition's nature [? ? ? ? ], substantial study has been done on both polar and nematic interactions in models of self-propelled particles with spatially local alignment interactions [? ? ? ? ? ? ]. Whereas initially it was thought that the transformation was ongoing [? ? ], later systematic numerical simulations and theoretical investigations have demonstrated that the homogeneous ordered state is unstable with regard to longitudinal density modulations close to the critical point [? ? ? ? ? ].As a result, broad, high-density bands start to develop and move through a chaotic, low-density gas-like "background." The phase transitions eventually become discontinuous as a result of the development of these spatial heterogeneities. However, substantial finite size effects frequently obscure the discontinuous nature of the transition, which is only consistently visible at very large system sizes and/or high self-propulsion speeds [? ]. There is a density-order coupling, which is the underlying process causing the density instability. On average, locations with higher densities also tend to be more organized [? ].

There are several different self-propelled particle flocking models, some of which even lack explicit alignment interactions [? ? ? ? ].However, the transition to an ordered state will resemble the one seen in the Vicsek model, including the above mentioned density-order coupling, and can be assumed to fall into the same universality class, if it can be defined, as long as the interactions are short-ranged and result in effective alignment while the system exhibits fluid-like lack of positional order. Additionally, there is a sizable class of systems that take into account selfpropelled particle systems with attractive and repulsive forces that may exhibit various flocking transitions [? ? ? ].

It has been proposed that topological distance, rather than metric distance, governs interactions between pairs of individuals based on a thorough study of experimental data gathered from 3D tracking of starling flocks [? ]. As a focal individual pays attention to others if they are inside a set of nearest neighbors, regardless of their Euclidean distance, such interactions in comparable topological flocking models can likewise be long-ranged[? ? ]. The density-order coupling was thought to be disabled by the interaction's metric-free nature, eliminating the density instability and producing a continuous flocking transition [? ].Recent studies on flocking models with distance-independent k-nearest-neighbor interactions, however, have demonstrated that bands emerge as a result of a weak but persistent density-order coupling [? ? ],which the presence of spatial heterogeneities can improve even further [? ].

The majority of flocking models presuppose that individuals move at a constant speed. In addition to reducing model complexity, this simplifying assumption provides a clear comparison to the fixed spin amplitude in closely related statistical physics models like the Ising, Potts, or XY models. Animals traveling in groups, however, frequently demonstrate variable speed that might be affected by social interaction, necessitating the consideration of yet another level of freedom [? ? ? ]. Scale-free velocity Variable speed models at criticality are the only ones capable of explaining correlations seen in flocks of birds [? ]. Additionally, it has been demonstrated that variable speed may significantly expand and change self-organized collective activities and bring about new kinds of order-disorder transitions [? ? ].

Last but not least, recently proposed "inertial spin models" with non-dissipative couplings are based on empirical observations of highly polarized, collective turning behavior in flocks of birds [? ? ]. The inertial spin model has been shown to accurately replicate the dynamical correlations of velocities and non-exponential relaxation dynamics in contrast to the dissipative Vicsek [? ].

Critical Quantification in biological collectives

If we suspect that a living system exists near a collective transition, how can we test this and make the statement more precise? Typical methods from statistical physics can be useful, though applying to animal groups often requires modification due to the importance of finite size and nonequilibrium dynamics.

One generic strategy for continuous phase transitions is inspired directly by statistical physics: Define a collective order parameter and look for peaks in the sensitivity of the order parameter to external perturbations (also known as susceptibility in the language of magnetic systems). A peak in sensitivity corresponding to a collective instability becomes a convenient way to define an effective critical point in a finite system [? ? ? ]. This approach is often a natural one because the sensitivity of global behavior to changes at the individual scale is commonly connected to hypothesized functions of criticality. More generally, order parameters can be defined in terms of a Fisher information measure that acts as a generalized sensitivity [? ]. Finally, in spatial cases, the correlation length can similarly be measured and compared to the peak expected at criticality.

Phase transitions in animal groups often involve cascades of activity, where the relevant transition is the percolation-like transition between cascades that quickly die out and those that spread through the entire system. In this case, more specific measures of distance from criticality can be used. First, a measure of local amplification: the degree to which changes to individuals spread to change the state of other individuals. In epidemiology, this corresponds to the reproduction number R 0 , measuring the number of other individuals infected directly due to one individual becoming sick [? ]. In an infinite system, an amplification value of 1 identifies the critical point. In finite systems, this corresponds only to local instability, but can still be useful as a rough indicator for when collective effects will be maximized [? ? ]. Second, a global measure can be constructed from cascade size distributions, which are expected to decay like power laws at the transition. Measuring the deviation from a power law has been used as an indicator of criticality (for instance, in neural avalanches [? ]).

Detecting and characterizing discontinuous transitions has generally been less emphasized in the literature. Yet discontinuous transitions do occur in models of collective behavior. For instance, in a model of fish schooling with resource detection, evolutionary stable states occur near discontinuous transitions between cohesive and dispersed collective states [? ]. Such transitions can be detected by measuring bistability in the collective order parameter in the vicinity of the transition, or hysteresis in the presence of time-dependent driving.

Beyond merely demonstrating that a system is "near" a transition, a main goal for these measures of criticality is to help reason about how system parameters are tuned. In particular, near a continuous phase transition, changes to collective behavior are dominated by changes in the distance from the transition, with changes to other dimensions in parameter space having relatively small contributions. This can simplify the question of how individual-scale parameters must be tuned to achieve functional collective behavior. Email address: dchialvo@gmail.com
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