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Abstract
Natural and human-made common goods present key challenges due to their susceptibility to degradation, overuse, and congestion. We 
explore the self-organization of their usage when individuals have access to several available commons but limited information on them. 
We propose an extension of the Win-Stay, Lose-Shift (WSLS) strategy for such systems, in which individuals use a resource repeatedly 
until they are unsuccessful and then shift randomly. This simple and completely decentralized strategy promotes balanced resource 
use based solely on individual experience, as it does not require communication between individuals nor a governing institution to 
coordinate usage. Selective individuals who retain information on their usage and accordingly adapt their tolerance to failure in each 
common good improve the experienced quality for all individuals in the population. Even in hybrid populations of adaptive and 
nonadaptive individuals, the WSLS strategy allows self-organization into an ideal distribution with equal experienced quality across 
common goods. We apply this strategy to the server selection problem faced by mobile users when accessing Internet services. 
Realistic simulations demonstrate its success, scalability, and robustness to dynamic system conditions. Furthermore, the WSLS 
strategy can be used to understand animal dispersal on grazing and foraging land, to propose solutions to operators of systems of 
public transport and other technological commons, and to address problems of common good usage in social systems through 
decentralized governance rather than control-oriented policies.
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commons available to them, inspired by observed behavior: use the same resource while satisfied, shift to a different one when dis
satisfied. This remarkably simple and fully distributed strategy leads to a successful distribution of the users over the available re
sources, avoiding disproportionate usage. Our findings provide theoretical insights into the distribution of usage of land and other 
natural resources as well as applicable solutions for managing socio-technical commons that address the question resorting to de
centralized governance rather than control-oriented policies.
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Introduction
Common goods are resources that are accessible to multiple indi
viduals where one individual’s use reduces the amount available 
to others (1). These typically include natural resources such as 
groundwater basins, grazing land, forests, air quality, and fisher
ies. However, their challenges are sometimes parallel to those of 
human-built resources available for collective use, such as roads, 
public transport systems, and Internet services. Shared usage of 
such resources is pervasive in social systems making their study 
central to economics, social and life sciences. Given the finite na
ture of commons, several challenges arise from their usage, which 
under uncoordinated action may lead to the “tragedy of the 

commons” as described by Hardin in Ref. (2). As a result, the gov

ernance of these shared resources has become a crucial issue, ex

tensively studied by Elinor Ostrom, in for example Ref. (1), whose 

work in this area earned her the Nobel Memorial Prize in Economic 

Sciences.
Individuals often have several commons available to them that 

may fulfill the same need. This raises questions on how such sys
tems can attain a sustainable distributed consumption and avoid 
scenarios of disproportionate usage, over-consumption and deple
tion of one of the commons while others remain available. In the 
context of grazing, foraging, and hunting, both animals and hu
mans must decide whether to remain in a partially exploited 
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land or move in search of new resources. These dynamics have 
contributed to the evolution of nomadic patterns, both in hunt
er–gatherer and pastoralist societies. Moreover, parallel problems 
emerge in industrialized societies. For instance, individuals have 
to choose daily which form of public transport to take or which 
road to drive on; institutions managing water distribution may 
need to choose which water resources to use; fishing companies 
have to decide the areas at which they will fish; and devices con
nected to mobile networks, such as mobile phones, have to choose 
to which computing facilities they will send their requests. The 
quality or availability of each of these resources decreases with in
creasing number of individuals simultaneously using them, there
fore conferring them similar properties.

The ideal free distribution (IFD) theory was originally developed 
in Ref. (3) in the context of animal territorial behavior. It explores 
individuals distributing themselves across different resource 
patches to maximize their own benefits, assuming perfect knowl
edge and no movement costs. Under the IFD, individuals spread 
in a way that equalizes the experienced quality across all used 
resources. The fact that the IFD strategy constitutes an evolution
arily stable strategy was proven in Ref. (4). However, when individ
uals have reduced information on the current experienced quality 
in all the available commons, achieving distributed usage across 
them may be challenging. Individuals may perform back and forth 
movements between resources to directly assess their quality, as 
explored in Ref. (4). However, the system becomes more complex 
when the quality of a resource is not instantaneously measurable. 
In the aforementioned systems, coordination would require con
stant communication between individuals, or a governing institu
tion to direct individuals on which commons to use. These options 
are often unfeasible or, at the very least, costly.

In this work, we explore a simple and fully decentralized strat
egy that enables self-organization towards the ideal distribution 
of common good usage. The Win-Stay, Lose-Shift (WSLS) strategy 
was originally introduced in the context of the iterated prisoner’s 
dilemma (5) and proved highly effective in Axelrod’s competitive 
tournaments (6), outperforming established strategies such as 
Tit-for-Tat (7, 8). In WSLS, individuals repeat an action following 
a successful outcome, otherwise shift to an alternative action. 
Its underlying principle can be traced back to Robbins’ ideas (9), 
which laid the foundations for multiarmed bandit methods. The 
WSLS strategy rapidly corrects occasional errors, exploits uncon
ditional strategies, and requires only knowledge of the previous 
outcome. Owing to these properties, WSLS has been extended to 
the study of conditional movement in this dilemma (10), and later 
to public goods dilemmas (11). The coevolution of WSLS move
ment rules with cooperation has been proved in Refs. (12, 13), 
and applied to the study of social agglomeration and cohesion 
(14, 15), social mobility (16), and spatial pollution (17). However, 
public goods dilemmas involve individuals incurring personal 
costs to produce a shared benefit, differing in nature from com
mon goods dilemmas, which concern the consumption of finite, 
preexisting resources subject to depletion (1, 18).

We propose an extension of the WSLS strategy to systems of usage 
and consumption of common goods: individuals consume a particular 
common good until they are unsuccessful or their experienced quality 
falls below a threshold, at which point they shift to a different 
good at random. We show that the resulting dynamics lead to a 
more balanced distribution of common good usage without the 
need for individuals or central institutions to store, transmit, or pro
cess any information. This decentralized, noncontrol-based mechan
ism enables populations to coordinate usage patterns efficiently. 
When individuals have selective tolerance to failure across different 

common goods, the system self-organizes onto an ideal usage distri
bution, where experienced quality is equalized across all actively 
used goods. Remarkably, individual efforts to reduce experienced fail
ure rates lead to improved outcomes for the entire population. This 
striking result also emerges in hybrid populations consisting of both 
selective and nonselective individuals. Throughout the article, we 
show practical applications of these results, particularly focusing on 
individuals accessing Internet services through mobile networks. 
We first formalize this as a common good usage system, showing 
that WSLS quickly and efficiently distributes usage over the available 
servers in a mobile network. We then propose a method for adaptive 
tolerance to failure based on individually collected information on the 
different common goods, and demonstrate its effectiveness in realistic 
conditions, including quickly changing environments. The usage of 
the WSLS strategy can be extended to understand other systems, 
such as population distribution over grazing or foraging land, or the 
management of complex socio-technical infrastructures like public 
transport networks and shared digital services. In all cases, a simple 
decentralized strategy grounded in individual experience can replace 
control-oriented governance mechanisms, offering scalable and 
adaptive alternatives for managing common goods.

Win-Stay, Lose-Shift good
We consider a population of Nu users with an available set of Ng 

common goods which are denoted Gi, with i = 1, 2, . . . , Ng. This 
system is represented in Fig. 1. We denote as Qi the quality of com
mon good Gi. The quality may relate to a quantifiable probability of 
having a failed or unsatisfactory attempt to use the good 
Qi = 1 − P(F)

i , where P(F)
i is the failure probability of good Gi, holding 

a value between 0 and 1. We consider the cases where probability 
of failure increases, and therefore quality decreases, with the num
ber of current simultaneous users ni of Gi. Note that 

􏽐Ng

i=1 ni = Nu. A 
failed attempt might happen due to reduced availability, over
crowding, general lower quality of experience, or active competi
tion with other users. As mentioned in the introduction, some 
examples of these goods can be land for grazing or foraging, fish
ing, or hunting areas, water supply systems, means of transporta
tion, technological goods, or Internet services such as those offered 
by mobile network operators.

Let us consider that the population is fully distributed and indi
viduals have minimal information. They get no information about 
the characteristics of the common goods from neither one an
other nor central institutions, e.g. operators. They are only in
formed by the direct perception of the quality of the used good, 
also lacking information about the current number of users of 
the good.

Fig. 1. Representation of a system of common good usage. On the left, 
individuals can choose which of the Ng goods they will use without any 
information besides their individual experience. On the right, the 
distribution of the population of individuals over the available goods.
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In this context, we introduce an extension of Win-Stay, 
Lose-Shift strategy to common good usage. Individuals do not 
interact directly with each other, but only with the good they 
have chosen to use. Under WSLS strategy, individuals initially 
choose one of the available goods at random and stay there until 
they have a failed or unsatisfactory attempt of use. When the failed 
event occurs, they shift to one of the other goods at random. If in 
the particular system considered, individuals cannot fail to use 
the commons, and instead they just have a lower experienced qual
ity, then consider that they may set their own probability of shifting 
proportional to the negative of the experienced quality of the good.

Consider a large enough population of individuals using the de
scribed WSLS strategy. Each individual attempts to use the good of 
their choice at an average frequency of λu attempts per unit time. 
Let us assume that the quality of the good they are using changes 
slowly, and that their usage may have only an infinitesimal relative 
effect on the current number of users ni of each good, given the 
large size of the population. As it is typically done in population dy
namics, this system can be modeled through a set of differential 
equations describing the rate of change in the distribution of indi
viduals of the population, in this case, using each common good:

ṅi = −λu · ni · P
(F)
i (ni) +

1
Ng − 1

􏽘

j≠i

λu · n j · P
(F)
j (nj), (1) 

where ni is approximated to a continuous variable.
The first term on the right hand-side corresponds to the rate at 

which individuals have failed usage attempts and leave the com
mon good Gi. The second term corresponds to the rate at which in
dividuals have failed attempts at using other common goods and 
shift to Gi. This leads to the following equilibrium equations:

n1 · P
(F)
1 (n1) = n2 · P

(F)
2 (n2) = . . . = nNg · P

(F)
Ng

(nNg ). (2) 

In the next section, we will illustrate an application of the WSLS 
strategy through a realistic system of common good usage: indi
viduals accessing Internet services through mobile networks. 
We will show the alignment with the equilibrium derived above. 
Despite concluding it presents a better distribution of usage over 
the available resources than if individuals used them at equal 
rates, the outcome remains less-than-ideal as resources with low
er usage capacity are overused and those with higher capacity re
main underused. We later introduce a definition of the ideal usage 
distribution, alongside an adaptive WSLS strategy that achieves it.

Application to Internet services
Mobile networks are wireless communication systems that enable 
users to connect and exchange data, such as voice, text, and 
Internet services through interconnected base stations. 
Connecting to such systems allows users to perform computa
tions on in-network computing facilities, i.e. servers, which in 
turn are essential for supporting the above mobile services. In 
these cases, active mobile users submit frequent requests to the 
network, which are processed in the base stations and the associ
ated network backhaul, and are then routed to a server for com
puting. The servers have different characteristics and their 
performance decreases as the number of concurrent users in
creases. The users can often select the server which will process 
their requests, although with very limited information on them. 
This leads to the server selection problem, where the extension of 
the WSLS strategy to common good usage could provide valuable 
insights. Figure 2 shows a schematic representation of this 
system.

The server selection problem (also called computation offloading 
or request routing) has been gaining increasing relevance with the 
deployment of the new generations of mobile networks, which ex
ploit servers in different network locations for both the manage
ment of network resources and the satisfaction of user service 
requests. The server selection problem was previously studied us
ing approaches different from the one we consider in this work 
(see for example Ref. (19) for a recent survey and Ref. (20) for an 
early seminal result). The new approach we introduce is both fully 
distributed and more generally applicable than the ones in the ex
isting literature.

Servers exhibit diverse characteristics, including service la
tency and computing power. Latency is defined as the delay be
tween sending a service request and getting the corresponding 
response. Its main components are the time di for a request to 
travel from the user to the server and the processing delay at 
the server. Computing power refers to the ability of a server to pro
cess tasks quickly and handle large amounts of data, which can be 
quantified by the number of requests per unit time they have the 
capacity to serve, denoted as μi. We further denote the total sys
tem capacity as μ =

􏽐
i μi, representing the total number of re

quests it can serve per unit time. The system workload is 
denoted as ρ = Nu · λu/μ and represents the ratio between the 
population request rate and the system capacity.

These two server characteristics determine the server-specific 
failure probability of submitted service requests and its depend
ence on the number of concurrent users. Each server immediately 
processes requests that arrive to find it idle, and queues requests 
that arrive when the server is busy. Due to a finite buffer size, 
some requests can be lost because they arrive when the server’s 
buffer is full—this is called a loss event and has probability 
P(L)

i (ni) at server i when ni users are accessing it. Others are dis
carded by the users when the results of the computation are re
turned to the requesting user too late to be useful—this is called 
an excessive delay event and has probability P(D)

i (ni). Both cases 
lead to failed attempts at using the server. Therefore, the failure 
probability can be calculated as P(F)

i (ni) = P(L)
i (ni) + (1 − P(L)

i (ni)) ·
P(D)

i (ni). Based on the characteristics of each server, both the loss 
probability and the time delay distribution can be calculated ana
lytically using standard queuing theory results as in Ref. (21), 
which are briefly described in the “Materials and methods”. We as
sume the outcomes of any two submitted requests to be inde
pendent and have failure probability that change slowly. This 
allows us to describe a population using the WSLS strategy in 
such a system through Eqs. 1 with equilibrium condition 2.

Fig. 2. Server selection for Internet access as a system of common good 
usage. A population is constituted of active mobile users who connect to 
the network through a base station. They have their connection 
attributed through the backhaul to their chosen server Gi out of Ng 

available options.
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To validate the theory development, we compare the evolution 
of the ODEs with the results obtained with realistic simulator par
allel to the one used in Refs. (21, 22), which is further explained in 
the “Materials and methods”. The resulting evolution of the popu
lation distribution and server-specific failure probability are pre
sented together with the differential equation results in Fig. 3. 
Furthermore, the values from the ODE equilibria are compared 
to those of the simulation steady states. These are obtained for 
a system with three servers sorted from lowest to highest capacity 
and delays, and for a wide range of system workload values (ρ). 
The used parameters are defined in the “Materials and methods”. 
The results obtained through the simulator align with what was 
predicted by the analysis of the dynamical system originally 
proposed.

In particular, we observe that under all considered system work
load values, the result of the evaluation shows the population dis
tribution evolving to the theoretical value given by Eq. 2. In this 
equilibrium, a server with higher capacity holds more users and ex
hibits lower server-specific failure probability than other servers. 
This suggests that the equilibrium slightly overflows servers with 
lower capacity, but because their usage rate is overall lower, this 
has a low impact on the overall system probability of failure. In 
line with what is mentioned in the previous section, the obtained 
equilibrium represents an improvement when compared to equal 
usage rates across commons, but it is still less-than-ideal from 
the point of view of resource management, as some servers are dis
proportionately used leading to higher failure rates.

Furthermore, convergence to the equilibrium and alignment 
with the ODE result is almost immediate under higher workload. 
There seems to be a slight delay between simulation and ODE re
sults under lower workload, possibly due to the lower overall fail
ure probability and the longer time required to saturate the 
servers. Stochastic oscillations around the population distribution 
equilibrium are more pronounced under higher workloads, 
whereas oscillations in the server-specific failure probabilities 
are greater under lower workloads.

Introducing selective tolerance to common 
good failure
We further consider a heterogeneous population with Nt types of 
individuals with subpopulations of size N(1)

u , N(2)
u , . . . , N(Nt)

u , with 
􏽐

k N(k)
u = Nu. Each type k of individual has a set of tolerance (or 

threshold) values T(k)
i , which dictate the amount of failures they 

will accept with common good Gi before shifting to a different 
one. We make the simplifying assumptions that the outcomes of 
any two usage attempts are independent and have failure prob
ability P(F)

i (ni), and that this value changes slowly with time. In 
this case, the number of attempts an individual makes until the 
number of failures achieves their tolerance value should follow 
a negative binomial distribution with average value T(k)

i /P
(F)
i (ni). 

Therefore, the probability that a randomly chosen attempt of us
age by an individual of type k leads to shifting is equal to 
P(F)

i (ni)/T
(k)
i . Considering large subpopulations of types, we again 

describe the approximately continuous changes in the subpopula
tion distribution nik, i.e. the number of users of type k using each 
common good i, in differential terms:

ṅik = −λu · nik ·
P(F)

i (ni)

T(k)
i

+
1

Ng − 1

􏽘

j≠i

λu · n jk ·
P(F)

j (nj)

T(k)
j

. (3) 

The population will be at equilibrium when the following condi
tions are met for all types k: 

n1k · P
(F)
1 n1( )

T(k)
1

=
n2k · P

(F)
2 n2( )

T(k)
2

= . . . =
nNgk · P

(F)
Ng

nNg

( 􏼁

T(k)
Ng

. (4) 

Under a state of equilibrium, the different types of individuals will 
be distributed between the set of available commons depending 
not only on the probability of failure functions and the population 
size, but also on the values of tolerance to failure of the individu
als in the population. The original equilibrium from Eq. 2 is recov
ered when each individual holds the same tolerance value under 
all common goods. We show in the Supporting Information and 
Figs. S1 and S2 that compared to the previous population, this 
only extends the timescale at which the system evolves.

The equilibrium given by Eq. 4 still represents a less-than-ideal 
scenario if the usage distribution leads to higher failure rates in 
some goods due to overuse or overconsumption, similarly to 
what can happen in the original dynamical equilibrium given by 
Eq. 2 and observed in the previous sections. We introduce 
Definition 1 of the ideal distribution with equalized quality, in
spired by the ideal free distribution (3, 4), as an ideal organized dis
tribution of common good usage.

DEFINITION 1 For a given population size Nu, we denote n∗ = [n∗i ] re
specting 

􏽐
i n∗i = Nu as the ideal distribution with equalized quality 

between used common goods. We use index a for the subset of 
common goods which are used by the population under such dis
tribution, i.e. those Ga such that n∗a > 0. We use index b for the com
plementary subset of unused common goods, i.e. those Gb such 
that n∗b = 0.

In this distribution, the subset of used common goods holds the 
same failure probability, therefore being equal to the experienced 
population average failure probability, denoted P(F)(n∗):

P(F)
a n∗a
( 􏼁

= P(F) n∗( ). (5) 

In the ideal distribution with equalized quality, the complemen
tary subset of unused common goods will respect the following 
condition:

lim
n∗

b
→0

P(F)
b n∗b
( 􏼁

> P(F) n∗( ). (6) 

A self-interested individual looking to maximize the success of its 
usage of commons would avoid those with higher failure probabil
ities. In strategic terms, under a WSLS strategy with selective toler
ance, they would increase their tolerance to failure for commons 
with lower failure probabilities and decrease their tolerance for high
er probability ones. Due to the competing nature of the use of com
mons, lower usage of one of them decreases the failure probability at 
it. Therefore, self-interested individuals would have a positive im
pact on the overall system and push in the direction of equalized 
quality and failure probabilities between different commons, even 
if the impact of a single individual is negligible. This will be further 
elaborated in later sections by considering adaptive tolerance to fail
ure. For now, let us start by noting that a population with one or 
more types of individuals can achieve the ideal distribution with 
equalized quality between common goods if individuals tune in their 
tolerance values accordingly. Theorem 1, proven in the “Materials 
and methods”, describes this result.

THEOREM 1 The population distribution n∗i corresponding to equal
ized quality between used common goods is attainable by any 
population using a WSLS strategy if and only if they hold a set of 
tolerance vectors T(k)

i that respects 
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􏽘Nt

k=1

N(k)
u ·

T(k)
i

􏽐
j T(k)

j

⎛

⎝

⎞

⎠ = n∗i . (7) 

A population using a WSLS strategy can always achieve the 
ideal distribution with equalized quality between common goods 
if they accordingly choose their selective tolerance to failure. Even 
though central coordination between individuals could lead to 
equalized quality, fully distributed populations composed of self- 
interested individuals might achieve the same by trying to minim
ize the failure probabilities of individual requests. We will explore 
this hypothesis by resorting to adaptive tolerance to failure later 
in this article.

Note that for any set of common goods, there might exist popu
lation sizes Nu for which the equal performance between used 
common goods will exclude completely a subset of the commons. 
In this case, for the ideal distribution with equalized quality to be 
achieved, all types of individuals will necessarily have no tolerance 
to failure in that good T(k)

i = 0, meaning that they will move from it 
without submitting requests. However, if there are no such com
mon goods, hybrid populations with both selective and nonselect
ive individuals might be enough to achieve equalized quality.

Hybrid systems of selective common 
good usage
Let us consider a system with only two types of individuals k = 1, 2. 
Individuals of type k = 1 do not distinguish between common 
goods, thus being nonselective individuals with constant 
T(1)

i = T, ∀i. Individuals of type k = 2 have selective tolerance values 
towards common goods T(2)

i . We denote the fraction of selective 
individuals as γ = N(2)

u /Nu.

Applying Theorem 1 to the population defined by these param
eters, we conclude that the ideal distribution with equalized qual
ity is attained if selective individuals choose their tolerance to 
failure as to respect the following equations:

(1 − γ) Nu ·
1

Ng
+ γNu ·

T(2)
i

􏽐
j T(2)

j

= n∗i . (8) 

Under conditions of equalized quality, certain common goods ex
hibit lower usage (n∗i ) compared to others. However, the original 

nonselective equilibrium, as expressed in Eq. 2 and recovered 
under γ = 0, results in a less-than-ideal intermediate state: even 
though those commons have lower usage rates than others, the 
difference is insufficient to reach the ideal distribution, leading 
to higher failure probabilities on those commons. Consequently, 
selective individuals respecting Eq. 8 will correct this by avoiding 
commons which ideally would have lower usage and flock to the 
remaining ones.

However, the condition of equilibrium with equalized quality of 
Eq. 8 may only be fulfilled if γ is large enough. We denote the low
est usage of any of the common goods at equalized quality as 
n∗min = mini (n∗i ), which may be zero. The critical value γc above 
which equalized quality can be attained is the one where selective 
individuals do not spend any time on the common good(s) corre
sponding to that minimum, i.e. T(2)

arg min (n∗
i
) = 0. Applying this to 

Eq. 8 replacing i by arg mini (n∗i ), we obtain the following expres
sion for γc:

γc =
Nu − Ng · n∗min

Nu
. (9) 

An illustration of what happens under γ = γc is given in Fig. 4. If 
γ < γc, the good(s) associated with n∗min will necessarily have a us

age larger than that value, thus never achieving equalized quality. 

Fig. 3. Simulation of a population of 1,000 users using a WSLS strategy accessing three servers with different capacity and delay values. A, B) show the 
evolution of the population distribution, while D, E) depict the server-specific failure probabilities, for two system workload values. C, F) compare the 
values obtained from the ODE equilibria with those from the simulation steady states over a wider range of system workload values. See “Materials and 
methods” for details on the simulator and the used parameters.
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To obtain equalized quality under γ = γc, selective individuals will 
have to distribute themselves among the remaining common 
goods by choosing the following values of tolerance to failure:

T(2)
i

􏽐
j T(2)

j

=
n∗i − n∗min

Nu − Ng · n∗min

, (10) 

thus forcing the remaining (1 − γc)Nu nonselective individuals to 
distribute equally between common goods.

Adaptive tolerance to common good failure
Let us consider self-interested individuals with selective tolerance 
values who are averse to the usage of common goods with lower 
quality and higher probability of failure. These individuals may 
adapt their tolerance to common good failure to minimize reli
ance on such goods. A population of such individuals is hypothe
sized to attain the equalized quality distribution n∗i given that the 
interests of individuals are aligned, as explained in the previous 
sections. We introduce a learning method, formally defined in 
the “Materials and methods”. In this method, individuals collect 
information on their previous usage, estimate common good- 
specific failure probabilities and adapt their tolerance to failure 
under each common good accordingly. This method is evaluated 
within Internet service access in the following subsections using 
the parameters defined in the “Materials and methods”. We fur
ther analyze a population of individuals of one single type with 
adaptive tolerance values, concluding in the “Materials and meth
ods” that the equilibrium point defined by values n∗i corresponding 
to Definition 1 and Ti = T∗i given by Theorem 1 are asymptotically 
stable.

Evaluation of adaptive tolerance in 
Internet services
We evaluate the performance of populations composed of individ
uals with adaptive tolerance to common good failure, whose re
sults we present in Fig. 5. In the first panel, we observe that the 
population quickly reaches a distribution which has clear 

stochastic fluctuations and subtle long-term oscillations, but 
which is close to an equilibrium state. The oscillations are smooth 
and dampen over time while the distribution reaches the ideal dis
tribution with equalized quality, as is shown by our analysis in 
Fig. 5. Furthermore, this is in line with the asymptotical stability 
of the population distribution equilibrium which was shown in 
the “Materials and methods”.

The second panel in Fig. 5 shows that the overall average system 
failure probability stabilizes quickly at 0.0265, within a 4% error 
margin of the theoretical ideal distribution for those conditions. 
Nonetheless, server-specific failure probabilities show some oscil
lations which are analyzed later. Servers 1 and 2 have lower cap
acity and tend to be overused in the early stages of the evolution. 
This is later corrected by the individual’s independent learning pro
cess, which eventually overshoots the tolerance at server 3, thus 
leading to small self-correcting oscillations—this can be seen in 
the third panel in Fig. 5. In the Supporting Information and figure 
S4, we consider the evolution of the population with larger values 
of the initialized tolerance to failure, showing that this extends 
the time required to reach equilibrium without affecting the final 
values of the equilibrium distribution state.

To understand the observed oscillations, Fig. 6 presents a set of 
simulations for the same population, each initialized with a ran
dom distribution over the servers. The first row shows that differ
ences between the overlapping curves within each plot are 
minimal, despite the random initialization, indicating that the 
population distributions follow stable trajectories. This is further 
supported by the consistently low coefficients of variation across 
all trajectories, as shown in the second row. Nonetheless, higher 
system workload values produce smaller oscillations across all 
servers when compared to the results from lower workload val
ues, such as those observed in the first row.

Evaluation for changing workload
We studied the evolution of the population distribution and 
server-specific failure probabilities when the workload of the sys
tem changes in time. For this, we have simulated the workload 
changing every hour to a value between ρ = 0.25 and ρ = 1.25, as 

Fig. 4. Distribution of a population over three common goods. The dashed horizontal lines within each good represent the number of users at each server 
at the equalized quality equilibrium, with n∗1 < n∗2 < n∗3, for a given total population size Nu. On the left, the nonselective equilibrium given by Eq. 2 makes 
G1 and G2 overused and G3 underused. On the right, selective individuals in a hybrid population are shown with solid filling. The system is chosen at γ = γc, 
i.e. the minimum proportion of selective individuals that allows the population to achieve equalized quality. Because of that, only nonselective 
individuals use G1 in the hybrid system. At the equalized quality equilibrium, nonselective individuals use the three goods at the same rate. This is 
achieved through selective individuals avoiding G1 and distributing over G2 and G3 respecting Eq. 10.
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reported in Fig. 7. The population distribution and the failure 
probabilities quickly change after workload values are switched. 
In the nonadaptive populations, server-specific failure probabil
ities stabilize at different values. These values can be well differ
entiated, even when overloading at ρ = 1.25, where average failure 
probability is at least 20%.

In comparison, the adaptive population reaches remarkably 
identical failure probabilities between servers, with only small dif
ferences emerging from them. The small differences are likely to 

come from the fact that we have initialized tolerance values at 5, 
thus meaning that their learned values are limited between 1 and 
13, with the sum of them being fixed at 15. This is a limit to the 
maximum difference between the learned tolerance values at 
each of the three servers, which are slightly visible for large work
load values. Nonetheless, as noted before, the results obtained are 
remarkably close to equalized probability of failure between serv
ers, and valid under a wide range of system workload values and 
quick dynamic changes.

Fig. 5. Simulation of a population of 1,000 users using a WSLS strategy with adaptive tolerance to common good failure accessing three servers with 
different capacity and delay values. We show the evolution of the population distribution, server-specific failure probability, and average tolerance under 
a system workload of ρ = 0.75. Tolerance values are learned by each user independently. The value associated with “smoothed” curve reports the average 
of the low-pass-filtered system-level failure probability, taken over the last 10% of samples. See “Materials and methods” for details on the simulator, the 
adaptive tolerance method, and the used parameters.

Fig. 6. Evolution of the population distribution across 15 simulation runs of a population using the WSLS strategy with nonadaptive (left) and adaptive 
(right) tolerance to common good failure. A, B) show the evolution of the population distribution for ρ = 0.5, while C, D) present the coefficient of variation 
over the final 2000 s of each trajectory. Users are initially distributed at random over the three servers G1, G2, and G3. Nonadaptive individuals have a set 
tolerance to 5 failures, whereas adaptive individuals start from that and learn the tolerance values. See “Materials and methods” for details on the 
simulator, the adaptive tolerance method, and the used parameters.
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The theoretical ODE results typically match the average behav
ior of the simulation results, apart from the intervals of extremely 
low system workload ρ = 0.25. In such cases, the simulated popu
lation distribution changes much more slowly than the ODE pre
dictions. This is likely associated with the fact that the ODEs 
assume immediate adaptation of failure rates to changes in the 
population distribution or in system workload values, whereas 
simulations take time to achieve those values. This is in line 
with what is observed in Fig. 3, where the population distribution 
in the simulation takes time to catch up with the ODE values for 
lower system workload values.

Discussion
In this work, we propose an extension of the Win-Stay, Lose-Shift 
strategy for individuals using common goods with different op
tions available to them. We show that its adoption leads to the 
self-organization of ideal distribution of usage with equalized 
quality, inspired by the ideal free distribution (IFD), effectively 
preventing the overuse or overconsumption of individual resour
ces and a “tragedy of the commons.” Remarkably, this emerges 
without any need for information exchange between users, cen
tral coordination, or externally imposed control policies—fea
tures commonly relied upon in previous solutions. The WSLS 
strategy therefore offers a strikingly simple, low-information, ro
bust, and fully decentralized approach. Its broad applicability to 
the governance of both natural and human-made common goods 
suggests important political and institutional implications, which 
we explore in this study.

In its simplest form, the WSLS strategy requires no memory of 
past usage—individuals act solely based on their most recent out
come. Even this minimal version leads to a more distributed usage 
of common goods when compared to scenarios where individuals 
spend equal time in each common good. However, it is the intro
duction of selective tolerance to common good failure that ena
bles populations of self-interested individuals to self-organize 
into an ideal usage distribution, as demonstrated by realistic sim
ulations of adaptive behavior. The introduction of such adaptive 
individuals into hybrid populations—alongside nonadaptive indi
viduals—increases the overall experienced quality. Remarkably, if 
adaptive individuals surpass a critical prevalence, the system can 
reach the ideal distribution with equalized quality. This is remin
iscent of what is observed in behavioral experiments and model
ing approaches of prosocial behavior, where introducing 
hardwired agents into a hybrid population can promote coopera
tive behavior (23), and virtual agents may trigger large-scale pro
social behavior in populations of humans-agent populations (24). 
We will explore this further in a follow-up paper.

We considered these developments in light of the server selec
tion problem faced by mobile users accessing Internet services. 
A set of server selection strategies are explored in Ref. (21), under 
which usage probabilities at each server either depend on the cur
rent state of the network or, more simply, on its fixed parameters. 
However, contrary to the WSLS strategy, both require individuals 
to acquire and process global network information. A more decen
tralized approach is proposed in Ref. (22), where individuals aim to 
minimize their own average failure probability. However, this 
strategy involves frequent server shifting which is often costly, 

Fig. 7. Simulation of a population using a WSLS strategy with nonadaptive (left) and adaptive (right) tolerance to common good failure under a system 
workload changing in time. A, B) show the evolution of the population distribution, while C, D) present the server-specific failure probability. The system 
workload (ρ) is set to switch every hour according to the following sequence: 0.75, 1.25, 0.75, 1.25, 0.75, 0.5, 0.25, 0.5, 0.75, and 1. Nonadaptive individuals 
have a fixed tolerance to 5 failures, whereas adaptive individuals learn their values starting from that. The ODE results are obtained applying Eq. 3. The 
ODEs of adaptive populations are obtained by setting tolerance values guaranteeing the idealized convergence towards equalized probability of failure. 
See “Materials and Methods” for details on the simulator, the adaptive tolerance method, and the used parameters.
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and it may not scale well with larger number of servers and the 
population size. These and other previously proposed strategies, 
surveyed in Ref. (19), may achieve equalized failure probabilities, 
or optimize individual or system failure probabilities. However, 
the WSLS strategy with adaptive tolerance to failure offers a dis
tinct advantage in being fully decentralized, scalable, robust to 
dynamic load changes, and minimizing costly shifting. This 
makes it a strong candidate for mobile network selection strategy, 
with potential to improve overall network accessibility, even in 
hybrid populations using diverse strategies. Future work will ex
tend evaluations to realistic experimental testbeds (21, 22, 25) 
and potentially develop platform implementations.

In biological foraging and grazing systems, populations often 
self-organize to equalize the quality of available common 
goods. This occurs, for example, when bumblebees selectively 
frequent different land patches based on flower density and 
nectar availability (26, 27), or when cooperative spider colonies 
grow and disperse in sizes that reflect the local availability of in
sect prey (28). As proposed in Ref. (4), such distributions can 
arise through repeated movement between resource options, 
allowing individuals to assess and compare their quality. Our 
results point to an alternative strategy that may evolve, one 
that remains effective even when resource quality can only be 
inferred through prolonged use rather than instantaneous 
inspection.

In the context of public transport usage, studies of behavioral 
patterns show that users tend to follow the same commuting 
route on a regular basis (29), even when facing small disruptions 
(30). Disruptions coming from overcrowding can be locally regu
lated through collective rerouting strategies (31), but individuals 
experiencing successive disruptions with their typical route may 
also decide to shift to a different option on a daily basis. This 
makes public transport usage a particularly relevant domain for 
exploring how WSLS-inspired strategies may be shaping individ
ual behavior, offering insights for the design of scalable, decen
tralized mechanisms to regulate usage patterns.

A similar perspective applies to water supply management in 
urban areas. These are complex interconnected systems, where 
controlling mechanisms guarantee the continuous access to 
water resources, available in different water storage units (32). 
Population dynamics approaches have been used to design solu
tions that ensure reliable water access in dense urban areas, in
cluding some based on the principle behind the ideal free 
distribution (33). Upon system failures resulting in intermittent 
water supply, households develop adaptive strategies (34), a pat
tern more generally observed in climate-related disasters (35). 
WSLS strategies provide a general decentralized and adaptive 
mechanism for distributing resource usage in such cases, high
lighting their broader relevance for governing both natural and 
human-made resource systems.

Materials and methods
Proof of Theorem 1

Proof. The system of equations defined by Eq. 4 characterizes the 
equilibrium conditions of a heterogeneous population. This 
means that the presence of a type k at any good can be written 
as a function of n1k:

n jk = n1k ·
P(F)

1 n1( )

T(k)
1

·
T(k)

j

P(F)
j n j

􏼐 􏼑 . (11) 

Therefore, the total number of individuals N(k)
u of type k is equal to 

the following at equilibrium:

N(k)
u =

􏽘

j

n jk = n1k
P(F)

1 n1( )

T(k)
1

􏽘

j

T(k)
j

P(F)
j n j

􏼐 􏼑 , (12) 

which can be rearranged as:

n1k = N(k)
u ·

T(k)
1 /P

(F)
1 n1( )

􏽐
j T(k)

j /P
(F)
j n j

􏼐 􏼑 . (13) 

This relation is not valid just for i = 1 but for any i. Therefore, we 
can represent nik at equilibrium the following way:

nik = N(k)
u ·

T(k)
i /P

(F)
i ni
( 􏼁

􏽐
j T(k)

j /P
(F)
j n j

􏼐 􏼑 . (14) 

We now hypothesize that there is a set of tolerance vectors for 
which the population achieves the distribution with equalized 
quality n∗i (see Definition 1). In that case, the tolerance vector of 

each type will relate to their distribution in the following way:

nik = N(k)
u ·

T(k)
i

􏽐
j T(k)

j

. (15) 

However, n∗i can be attained by different distributions of types over 

the goods. We thus sum over all types k to relate the population dis
tribution and the tolerance vectors in the equalized quality state:

n∗i =
􏽘Nt

k=1

N(k)
u ·

T(k)
i

􏽐
j T(k)

j

. (16) 

Therefore, any combination of types with tolerance vectors T(k)
i and 

size N(k)
u that respects the equation above will lead to an equalized 

quality equilibrium n∗i .

Simulator
The model presented above was applied to the server selection 
problem in Internet services, and validated by comparing its re
sults with a discrete-event simulator developed in Matlab. The 
simulator reproduces the arrival of requests from independent in
dividuals to chosen servers, and tracks how individuals change 
server over time as a response to the observed performance of 
the server they use. In Table 1, we present the parameters consid
ered in the model and the values we used in the simulator.

We consider a population of Nu mobile users, often described as 
“user equipment” (UE) in the literature. Each user connects to the 
same base station (BS), which is attached to the backhaul (BH) 
through which a set of Ng servers can be reached. As previously 
described, each individual issues on average λu requests per se
cond (reqs/s) to their server of choice and at each time there are 
ni individuals submitting requests on server Gi. The time delay be
tween a request being sent and its arrival at the chosen server Gi is 
denoted as di. These are considered to be the same for all individ
uals as they connect to the same base station. In the results pre
sented here, the delays di were considered to be deterministic. 
We explored the case where the delays are random variables fol
lowing different distributions, and observed that these led to prac
tically identical results for the dynamics and equilibria.

Each server Gi is modeled as a Markovian queuing system of the 
general form M/M/ci/ki. In such systems, requests from each user 
arrive independently following a Poisson process with average 
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rate given by λu, so that the aggregate process of arrivals at server 
Gi is a Poisson process as well with an average server arrival rate of 
niλu. Requests are queued and processed in first come, first served 
order (FCFS), according to the availability of processors. The ser
vice time of arriving requests at server Gi follows an exponential 
distribution with average value μ−1

i , where μi denotes the capacity 
of the server, i.e. the average number of requests they serve per se
cond (servs/s). The number of available processors in the server is 
given by ci, each of which can take one request at a time. We de
note ki as the buffer size, with ki − ci being the maximum number 
of requests waiting to be served.

The system workload is denoted as ρ and defines the ratio be
tween the total population request rate Nuλu and the total service 
capacity of the system μ =

􏽐
i μi. Since the capacity of servers and 

the population size is constant in the simulations, the system 
workload is varied by choosing the user service request rate as 
λu = ρ · μ/Nu. For example, to set the system workload as ρ = 1, we 
set λu = 1 · 700/1, 000 = 0.7 reqs/s.

At the beginning of the simulation, individuals select one ser
ver each, uniformly at random. Each individual starts to send a 
Markovian process of requests to the chosen server as described 
above. The simulator tracks individual failures, i.e. requests 
which are lost because they arrive when the buffer size is full or 
those whose return delay (counted as the sum of the delay be
tween individual and server and back and the service time at 
the server) exceeds the set timeout τ. The results shown in 
“Application to Internet services” were obtained by considering 
that, after experiencing a single failed request, an individual shifts 
to another server at random. However, in the evaluations shown 
in “Adaptive tolerance to common good failure,” each individual 
h has their own set of tolerance values, T(h)

i , i = 1, . . . , Ng, one for 
each of the available servers. In those cases, the simulator counts 
individual failures. When the failure count of an individual h 
sending requests to server Gi hits the tolerance value T(h)

i , the indi
vidual shifts to another server, and the failure counter is reset. 
The next server to be used is selected uniformly at random. In 
the Supporting Information and Fig. S3, we show that choosing 
servers proportionally to the tolerance values leads to similar re
sulting equilibria. In the next section, we describe the adaptive tol
erance method.

In this simulator, we track the evolution in time of both the 
number of individuals using each server, and the server-specific 
and average failure probabilities. In the case of adaptive tolerance 
to common good failure, the simulator additionally tracks the 
evolution in time of the average tolerance in the population.

Adaptive tolerance method
We propose an adaptive tolerance method relying only on one’s 
previous experiences with usage of the common goods, thus 
avoiding considering communication or direct coordination be
tween different individuals. Individuals perform an assessment 
of their own success rates and adapt their tolerance values 
accordingly.

For each focal individual h with adaptive tolerance: 

• Define a vector for the estimated usage failure probability 

under each common good x(h) = (x(h)
1 , . . . , x(h)

Ng
). Initialize it 

with values x0 for all common goods.
• Define a vector for the strategic tolerance to failure under 

each common good T(h) = (T(h)
1 , . . . , T(h)

Ng
). Initialize it with val

ues T0 for all common goods.
• The individual will choose a common good Gi at random and 

attempt to use it repeatedly until T(h)
i failures are achieved. 

We denote R as the number of usage attempts until the T(h)
i 

failures are achieved.
• The individual will update the estimated usage failure prob

ability under that common good x(h)
i considering both the pre

vious estimation and the experienced rate T(h)
i /R:

x(h)
i ⟵(1 − β) · x(h)

i + β · T(h)
i /R, 

where β is the learning rate.

• The individual will update the vector of strategic tolerance T(h) 

based on the information on vector x(h). Considering 

l = arg minj x(h)
j , they update if x(h)

l < x(h)
i and T(h)

i > 1:

T(h)
i ⟵T(h)

i − 1

T(h)
l ⟵T(h)

l + 1.

• The individual will shift to one of the other common goods 
randomly and restart the usage phase.

Equilibrium and stability
The state of a system with a single type of individual is described 
by the population vector 􏿻n and the tolerance vector 􏿻T:

􏿻s = [􏿻n, 􏿻T].

Table 1. Parameters used in the simulator of Internet access.

Notation Parameter Values

Nu Number of users 1,000
Ng Number of servers available 3
Gi Servers {G1, G2, G3}
μi Service capacity of server Gi {100, 200, 400} (servs/s)
μ System service capacity

􏽐
i μi = 700 (servs/s)

ρ System workload 0.25; 0.5; 0.75; 1; 1.25
λu User service request rate ρ · μ/Nu (reqs/s)
ci Number of processors of sever Gi 1
ki Buffer size of server Gi 10 reqs
di Time between individuals and server Gi {10, 20, 30} ms
τ Service timeout 100 ms
T(k)

i Tolerance of type k on server Gi 1; 5; adaptive
T0 Initialized adaptive tolerance 5; 10
x0 Initialized estimated failure probability 0
β Learning rate 0.10

For free parameters, we display the values used in the evaluations, whereas for dependent parameters we denote their dependence.
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The ODEs defining the dynamics of the system are of the form

dsi

dt
= gi(t), 

with gi(t) being a nonlinear function of the whole state vector at 
time t, i.e. the tolerance values and population distribution over 
the common goods. We define gi = νi for the ODEs corresponding 

to 􏿻n, and gNg+i = ξi for the ODEs corresponding to 􏿻T. In particular, 

the ODEs for 􏿻n can be simply obtained from Eq. 3 with one single 

type of individual, and the ODEs for 􏿻T depend on the specific adap
tive tolerance method considered.

Notice that, for 􏿻n, each ODE has an attractor at the equilibrium 
point because the ODE can be expressed as

νi =
dni

dt
= −λuni

P(F)
i (ni)
Ti

+
1

Ng − 1

􏽘

j≠i

λunj

P(F)
j (nj)

Tj
.

Given all variables are positive, the first term is negative while the 
second is positive (they represent outgoing and incoming popula
tion flows, respectively). When deviating a little from the equilib
rium n∗i , both terms must decrease with ni, due to the fact that an 

increase in ni is balanced by decreases in the other populations. 
Hence, there must exist an interval around the equilibrium point 
in which νi is negative if ni is higher than the equilibrium and posi
tive if ni is lower than it (remember that, at the equilibrium, νi = 0).

ODEs for Ti are of the following kind:

ξi =
dTi

dt
= h(􏿻n), 

where we considered the simplifying assumption that changes in 
Ti are provoked only by imbalances on the failure probabilities at 
different common goods, which in turn are functions of the popu
lation distribution and not of the tolerance values. Small varia
tions of Ti in an interval around the equilibrium point will 
perturb ni positively since higher Ti leads to higher ni. This, in 
turn, will cause a negative feedback on Ti, since the higher ni 

goes, the higher the failure probability at that common good, 
and the more Ti will decrease. Therefore, ξi < 0 if Ti > T∗i and, ξi > 
0 if Ti < T∗i .

Let us assume that an equilibrium point exists for 􏿻s, and denote 
it by 􏿻s∗. Next we prove the asymptotic stability of state trajectories 
by using the transformed state 􏿻z = 􏿻s − 􏿻s∗, whose stability point is 􏿻0. 
To do so, we need to identify a Lyapunov scalar function V of the 
state components, with the properties of being positive definite in 
an interval around the equilibrium point and with a negative def
inite derivative with respect to time.

Let us consider the following (globally) positive definite function:

V 􏿻z
( 􏼁

=
􏽘2Ng

i=1

z2
i =

􏽘Ng

i=1

ni − n∗i
( 􏼁2 +

􏽘Ng

i=1

Ti − T∗i
( 􏼁2

. (17) 

The derivative of V is expressed as follows:

dV 􏿻z
( 􏼁

dt
=
􏽘2Ng

i=1

∂V
∂zi

dzi

dt
= 2

􏽘Ng

i=1

ziνi +
􏽘Ng

i=1

zNg+iξi

􏼠 􏼡

. (18) 

From what derived above, there is an interval around 􏿻0 for which 
when zi, i ∈ {1, . . . , 2Ng} is positive, νi will be negative, and vice ver

sa. Hence, product ziνi is zero at the equilibrium and negative in the 
region around the equilibrium. Moreover, there is an interval around 
the equilibrium point in which ξi is either 0 or has the opposite sign 
of the deviation of Ti. Therefore, there must exist a 2Ng−dimensional 

region around the equilibrium [ 􏿻n∗, 􏿻T∗] in which all terms in the first 

sum of the expression for dV
dt are negative, and the terms in the se

cond part are nonpositive. Of course, the derivative is exactly zero 
at the equilibrium point, because so are all ODEs νi and ξi. Hence 
dV
dt is negative definite and the equilibrium point is asymptotically 

stable.
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