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Division of Labor in 

Natural Systems : 

Motivation and Overview 

in Social Insects 
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The Division of Laborand its Control

ÅThemostobvioussignof thedivisionof laboris theexistenceof castes.

ÅWedistinguishbetweenthreekindsof castes: physical,temporal(temporal

polyethism)andbehavioral.

ÅThe individuals belongingto different castesare usually specializedfor

theperformanceof aseriesof precisetasks.

The control of task allocation

Talking about division of labor means that there is a potential 

redundancyin the role/contribution of individuals and coordinationin 

role/task allocation helps in decreasing redundancy and increasing 

efficiency as a group
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PhysicalCastes(Wilson, E. O., 1976)

In Pheidole 

guilelmimuellerithe 

minors show ten times 

as many different 

basic behaviorsas the 

majors
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Temporal Polyethism
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Age of bee (days)

Behavioral changes in worker bees 

as a function of age

Young individuals work on 

internal tasks (brood care 

and nest maintenance). 

Older individuals forage for 

food and defend the nest.
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Behavioral Castes

From D. Gordon, ñAnts at Workò, 1999

Allocation of the daily

activities in a colony of 

desert harverster ants 

(Portal, AZ)
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ÅThe number of individuals performing different tasks and the

natureof the tasksto be doneare subjectto constantchangein

thecourseof thelife of acolony.

ÅThe proportions of workers performing the different tasks varies

in response to internal or environmental perturbations.

ÅThis is true undercertain conditionsevenwhenhard 

morphologicaldifferencesexistor irreversibleagingprocesses

takeplace.

Flexibility of social roles

The Division of Laborand its Control

Ÿ The division of labor in social insects must beflexible.

Ÿ A threshold-based behavioral responseappears to be a biologically 

plausible mechanism for achieving such flexibility 8



How is flexibility implemented

at the level of the individual?
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The Division of Labor and 

the Flexibility of Social Roles

The control of task allocation

3

1

2 ?

Task 1 Task 2 Task 3

How is dynamic task allocation achieved?
10



si1

si1

si1

si1

si1

si1

si1

si1

si1

3

1

2

The control of task allocation explained with a fixed-

threshold model

The Division of Labor and 

the Flexibility of Social Roles

The lower the threshold, the lower can be the stimulus for achieving a given 

response; respectively, the lower the threshold, the higher will be the response of 

an individual for a given stimulus. 11



An Example of Control of 
the Division of Labor 

Implying the Existence of 
Fixed Response Thresholds
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The Division of Laborand its Control

14



A Macroscopic Model based 
on Fixed Thresholds for 1 

Task and 2 Castes
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Using a Model for  Explaining 

Wilsonôs Results and more é

ÅMacroscopicmodel, continuoustime

ÅResponse to stimuli based on fixed thresholds

ÅNo detailed microscopic mechanisms for stimuli 

perception and answer incorporated in the model 

ÅAssumptions: nonspatialmodel, i.e. equiprobable

exposure of individuals to the stimuli associated with 

the taskand stimulus homogeneouslydistributedover 

space

Å1 task(e.g., behavioralacts), 2 castes(e.g., minor and 

major)
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T (s) = 
sn

sn + qi
n

qi

s : intensity of the stimulus associated with the task

qi : response threshold of caste i to the task

n : nonlinearity parameter, e.g. n = 2

qminors qmajors

The Division of Laborand its Control

n=2

Given 

Task
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Properties and Parameters of the 

Threshold-Based Response Function

Different ɗfor n = 10 Different n for ɗ= 50
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Note on the Aggregation 

of Variables in Macroscopic Models 
Concerned Variable Mainly in the lecture 

slides

Mainly in the handouts

nij, Ni caste i = set of individuals 

with the same threshold

1 individual = 1 caste

xij Average number of active 

individuals in caste i 

carrying out task j

Average time spent by 

an individual i carrying 

out task j

Note 1: depending on the significance of the variable some model parameter might 

slightly change their meaning (per unit step, per individual, etc.)

Note 2: at the macroscopic level we do not deal with details, just need statistical 

meaningful state variables; self-organization has among its ingredients multiple 

interactions; that can be achieved with a lot of individuals or a few individuals 

interacting a lot over time and repeated runs

Note 3: see also week 8 lecture slides and Lermanet al, SAB 2004 paper
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FixedThreshold Model with

1 Task and 2 Castes
Two castes of individualsin the colony(physical, behavioral, or age-based castes);
each individual can perform the task or doing nothing. Note ni and Ni swapped in 
comparison to your handout!

n1 = meannumber individualsof type 1engaged in carrying out the task

n2 = meannumberof individuals of type 2engaged in carrying out the task

x1 = n1 / N1 : fraction of individualsof type 1 engaged in carrying out the task (or fraction 
of time/numberof actionsspentin carryingout the task)

x2 = n2 / N2 : fraction of individualsof type 2 engaged in carrying out the task (or fraction 
of time/numberof actionsspentin carryingout the task)

1-x1: fraction of individualsof type 1 not performingthe task(or fraction of time/number
of actionsspentin not carryingout the task)

1-x2: fractionof individualsof type 2 not performingthe task(or fraction of time/number
of actionsspentin not carryingout the task)

N1 = number of individualsof type 1

N2 = numberof individualsof type 2

N1 + N2 = N = total number of 
individuals in the 
colony
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Dynamics of the fraction of active individuals in each caste:

s : intensity of the stimuli associated with the task
qi : response threshold of caste ito the task

ra : rate of task abandoning (i.e. probability perinfinitesimaltime interval that an 

active individual abandons the task on which it is engaged for moving to idle)

1/ra : average time spent by an individual performing a task before abandoning it 

(probabilistic delay model, see Week 8 lecture)

=                (1-x1) - ra x1

s2

s2 + q1
2

=                (1-x2) - ra x2

s2

s2 + q2
2

µt x1

µt x2

FixedThreshold Model with

1 Task and 2 Castes

dt

dx
xt =µNote:
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Dynamics of demand associated with the task

µt s = dï (n1 + n2)
a

N

d: rate of stimulus increase (demandcommon to both castes)
a: normalized effectiveness rate for the individual contribution on the task 

(in this case an active individual of type 1 contribute in the same way as 
an active individual of type 2 when performing the task)

FixedThreshold Model with

1 Task and 2 Castes
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N = 10, 100
q1= 8, q2= 1
a= 3
d= 1
ra = 0.2

FixedThreshold Model with

1 Task and 2 Castes
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Variable Threshold Model 
for Controlling the Division 

of Labor

24
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PolistWasps: an Interesting Example 
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Origins of the Division of Labor in 

the Polist Wasps

Polists : primitive eusocial species

ÅColonies usually contain only a small number of individuals (ca 20).

ÅThese species do not show morphological differences between castes in the 

adult stages, nor any control or physiological determination of the role an 

individual will play in the colony as an adult.

ÅIndividual behavior is very flexible; all individuals are able to perform the 

whole range of tasks which determine the survival of the colony.

ÅThe integration and coordination of individual activities is achieved through 

the interactionswhich occur between the members of the colony, and between 

the members of the colony and the local environment.

ÅSpecialists can be created from generalists

26



3

1

2

si1

si1

si1

si1

si1

si1

si1

si1

si1

+-

+-

+-

+-

+-

+-

+-

+-

+-

The Division of Labor and 

the Flexibility of Social Roles

The control of task allocation explained with a variable-

threshold model

The lower the threshold, the lower can be the stimulus for achieving a given 

response; respectively, the lower the threshold, the higher will be the response of 

an individual for a given stimulus. 27



i : caste index [1 ém] 
s : intensity of stimuli associated with the task
qi : response threshold of individual i to the task: qiÍ [qmin,qmax ]

x : incremental learning parameter (the threshold of an individual carrying 

out a task is reduced by x) 

j : incremental forgetting parameter(the threshold of an individual not 

carrying out a task increases by j) 

Individual behavioral algorithm

qi qi - x when i performs the task

qi qi + j when i does not perform the task

T (s) = 
s2

s2 + qi
2

qi

Parameters of individuals

Variable Threshold Model with

1 Task and m Castes
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YES

NO

Given 
Task

q
i

q
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-x

q
i

+j

Description of the algorithm

µt xi =                Tqi (s)(1-xi) - ra xi

Average duration = 1/r a

Execute task

ra: abandoning rate (as before for fixed thresholds)

Variable Threshold Model with

1 Task and m Castes

System of DE:
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µt s = dï (        ni)
a

N

Example of dynamics of the overall stimulus (demand) associated with a task

S
i= 1

m

:

d: rate of stimulus increase
a: normalized effectiveness rate for the individual contribution to the task (in 

this case all the active individual belonging to different castes contribute 
in the same way)

ni: number of active individual belonging to caste i

Variable Threshold Model with

1 Task and m Castes
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Example with 6 Castes (ɗ1é ɗ6)

Thresholdsô evolution

Model Parameters

ɗi= [1 é1000],initial 

random distribution

Ŭ= 3

ŭ= 1

ra = 0.2

ɝ= 10

ű= 1

Red and blue caste lower

the threshold -> specialists

(note started from low thresholds) 31



Evolution of the fraction of active individuals in each caste

with overlapped demand

Example with 6 castes (ɗ1é ɗ6)

High fraction of 

active red and 

blue individuals

Xi

X
i 
  

  
  

Demand 

evolution 
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Light gray specialist

removed (corresponds to 

the red specialist in the 

previous example)

Example with 6 Castes and 

one Caste Removed at t = 150 
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Examples of Threshold -Based 

Multi -Robot Coordination
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Threshold-Based Control of Aggregation 

(Agassounonand Martinoli, 2002)

Special type of aggregation: linear structure assembly; only seeds 

at the tips of a cluster can be manipulated

Initial situation Final situation

Parking lot
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Å Evolution of manipulation sites: 
number of manipulation sites decreases 
with progress of aggregation Ҧ more 
competition (interference) among 
robots for the same manipulation sites

Å End criterion: a power-efficient 
building system should stop working 
when the task is accomplished

Å Increasing the final cluster size: at the 
end all the seeds should belong to the 
single cluster (only those on the ground 
count for the aggregation metrics)

Motivations for Regulating the 

Aggregation Activity

36

[Agassounonand Martinoli, AAMAS 2002]

Without activity regulation: 10 active 

agents all the time 



Deterministic vs. Probabilistic 

Responses

Deterministic response for ɗ= 50 and 

various levels of Gaussian noise 

(1000 runs)

Deterministic with noise ( ů= 9) 

vs. probabilistic response (n = 10) 

for ɗ= 50 (1000 runs) 37


