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Distributed Intelligent Systems
Division of Labor:

Threshold -Based and
Market -Based Algorithms
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A Division of labor in naturasystems
A Thresholdbased algorithms
A Marketbased algorithms

A Thresholdbasedand markebased
algorithmsapplied to multrobot
coordination

A Comparisorbetween thresholtased
and markebased algorithms for
multi-robot coordination
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Division of Labor In
Natural Systems
Motivation and Overview
INn Soclal Insects
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The Division of Labomland its Control

Talking about divieon of labor means that there ipatential
redundancyn the role/contribution of individuals amaordinationn
role/task allocation helps in decreasing redundancy and increasir
efficiency as a group

The control of task allocation

AThe mostobvioussignof thedivision of laboris the existenceof castes

AWe distinguishbetweerthreekinds of castesphysical,temporal(temporal
polyethism)andbehavioral

AThe iIndividuals belongingto different castesare usually specializedfor
the performancef a seriesof precisetasks
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PhysicalCastegWilson, E. O., 1976)

1l Major

Self-grooming
Minor worker
Dealate queen
Male -
Carry or roll egg
Carry or roll larva
Feed larva solids
Carry or roll pupa
Assist eclosion of adult

Minor worker

Dealate queen
Male -

Forage -
Lay odor trail
Feed inside nest
Agression (drag or attack)
Carry dead larva or pupa
Feed on larva or pupa
Lick wall of nest
Antennal tipping
Guard nest entrance

Z

JISd

Behavioral
repertoires of
majors and
minors

In Pheidole
guilelmimuellerithe
minors showten times
as many different
basic behavioras the
majors

Average fraction of
time spent in a giver

.~~~ activity/behavior s
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Percentage of time spent in each activity
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Temporal Polyethlsmﬁ

Cleaning cells

i

Tending brood

Tending Queen

i

Eating pollen

l

Feeding & grooming nestmates

E

Ventilating nest

Shaping comb

Storing nectar

Packing pollen
— |

EE

Foraging

Patrolling

0 [0 0 0 e e

Resting

I —I_—HI_I_II—rll_hm:.

1 4 7 10 13 16 19 22 25
Age of bee (days)

Behavioral changes in worker bee:
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

Number of ants near nest

Foraging
Patrolling

Allocation of the daily
activities in a colony of
desert harverster ants
(Portal, AZ)

Nest
maintenance

‘ ’Midden work

sunrise mid-day

From D. Gordon, AAN
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The Division of Labomland its ControT
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Flexibility of social roles

AThe number of individuals performing different tasks and the
natureof the tasksto be doneare subjectto constantchangein
the courseof thelife of acolony

AThe proportions of workers performing the different taskses
In response to internal or environmental perturbations.

AThis Istrueundercertain conditionevenwhenhard
morphologicaldifferencesexistor irreversibleagingprocesses
takeplace.

Y The division of labor in social inseatsustbeflexible.

Y A thresholdbased behavioral resporesgpears to be a biologically
plausible mechanism for achieving such flexibility 8
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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

Task 1 Task2 Task 3

\ ¢ ¢

How is dynamic task allocation achieved?
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The Division of Labor and
the Flexibility of Social Roles

The control of task allocation explained with a fixed
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 respon:s
an individual for a given stimulus. 11
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An Example of Control of
the Division of Labor
Implying the Existence of
Fixed Response Thresholds
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Pheidole dentata

© Guy Theraulaz,,




The idea of a response threshold

Pheidole pubiventris
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The Division of Labomnd its Controﬁ

Social behavior

Self-grooming
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Behavioral Acts/Major/Hour
Behavioral Acts/Major/Hour
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Fraction of majors

P. guilelmimuelleri

Social behavior

Self-grooming

o-Co

Fraction of majors
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A Macroscopic Model based
on Fixed Thresholds for 1
Task and 2 Castes
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“Using a Model for Explaining a
Wil sondos Resul t

A Macroscopianodel,continuougime
A Response to stimuli based fixed thresholds

A No detailed microscopic mechanisms for stimuli
perception and answer incorporated in the model

A Assumptionsnonspatiamodel, i.e equiprobable
exposure of individuals to the stimuli associated with
the taskand stimulusromogeneousldistributedover
space

A 1task(e.g, behaviorakctg, 2 castege.g, minor and

major) 16
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An example of a response threshold

1

2
= 075
S
o)
o
a
o Minors
c 05
(@) .
o Majors
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w
P
Sn
Tq (S) = (0]
| s"+ q" 01 1 10 100
Stimulus
s :intensity of the stimulus associated with the ta@kinors Omajors

g : response threshold oéste i to the task

n : nonlinearity parameter, e.g. n = 2 17
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Properties and Parameters of the

ThresholdBased Response Function

(

e Probability
o o o

spons
o

Response Probability
o ) ) o ]
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0 50
Stimulus

Different n for d =50

Different d for n = 10
18
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Concerned Variablg Mainly in the lecture Mainly in the handoutg
slides
ni, N caste | = set of individuals1 individual = 1 caste

with the same threshold

Xi Average number of active Average time spent by
iIndividuals in caste | an individual carrying
carrying out task | out task |

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; s@lfganization 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 weeRlecture slides andermanet al, SAB 2004 paper 19
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1 Task and 2 Castes

Two castes oindividualsin thecolony(physical, behavioral, or agmsed castes);
each individual can perform the task or doing nothing. Mpgad N swapped in
comparison to younandout!

o N, + N, = N = total number of
N, = numberof individualsof type 1 individuals in the

N, = numberof individualsof type 2 colony

n, = meannumberindividualsof type lengaged in carrying out the task
n, = meannumberof individualsof type 2engaged in carrying out the task

X, =ny / N, : fractionof individualsof type 1 engaged in carrying out the taskf(action
of timehumberof actionsspentin carryingout thetask

X, =N,/ N,: fractionof individualsof type2 engaged in carrying out the task {raction
of timehumberof actionsspentin carryingout thetask

1-x,: fractionof individualsof type 1 nofperformingthetask(or fractionof timehumber
of actionsspentin notcarryingout thetask

1-x,: fractionof individualsof type 2 nofperformingthetask(or fractionof timehumber
of actionsspentin notcarryingout thetask) 20
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Dynamics of thefraction of activeindividuals in each caste:

52
Xy = (1-X1) - T2 X
S 47 dx
s? Note: L X=—
X = ——— (1) - 1, %, dt
Sc+Q,

s :intensity of the stimuli associated with the task
q,; :response threshold oéste ito the task

r, :rate of task abandoning (i.e. probability pgmitesimaltime interval that an
active individual abandons the task on whtas engaged for moving to idle)

1/r, : average time spent by an individp&irforming atask before abandoning it
(probabilistic delay model, s&®eek8 lecture)

a
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Dynamics of demand associated with the task

a
s=di —(n,+n
o N(l 5)

o

. rate of stimulus increasdémandcomman to both castes)

. normalized effectiveness rdta the individual contribution on the task
(in this casean active individual of type 1 contribute in the same way as
an active individual of type 2 when performing the task)

Q
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Fixed Threshold Model with £

1 Task and 2 Castes

Comparison betweerthe macroscopic mode&nd experimental results

Parameters
of the simulation

N =10 100
0;=8,0,=1
a=3

d=1
r,=0.2

Number of acts per major

during the simulation

10

1 =*= Pheidole guilelmimuelleri

=—®=—— Pheidole pubiventris

) - 8
1 == simulation N=10 /
’ Q

simulation N=100

Number of acts per major
during the real experiment

Fraction of majors 23
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Variable Threshold Model
for Controlling the Division
of Labor
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PolistWasps anlnteresting Example
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the Polist Wasps

Polists : primitive eusocial species

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

A These species do not showrphological differences between castes in the
adult stagesnor any control or physiological determination of the role an
individual will play in the colony as an adult.

A Individual behavior izery flexible all individuals are able to perform the
whole range of tasks which determine the survival of the colony.

A The integration and coordination of individual activities is achieved through
theinteractionawvhich occur between the members of the colony, and between
the members of the colony and the local environment

A Specialistxan be created from generalists

26
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The Division of Labor and
the Flexibility of Social Roles

The control of task allocation explained with avariable-
threshold model
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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 respon:s
an individual for a given stimulus. 27
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VariableThreshold Model with @),
1 Task andn Castes

Al

Individual behavioral algorithm

g - g- X when i performs the task
g - g+] when i does not perform the task
2
Ty () =
| S

Parameters of individuals

.caste indexl e m]
. intensity of stimuli associated with the task

. response threshold of individual i to the tagk: [0y, O]
. incremental learning parameter (the threshold of an individual carrying

out a task is reduced by
. iIncremental forgettingaramete(the threshold of an individual not

carrying out a task increasesjby 28
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1 Task andn Castes

Description of the algorithm

System of DE:

I X = Tgi(S)(A-x) - ry X

r.. abandoning rate (as before for fixedetbholds)
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1 Task andn Castes

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

L&
s =di N (§ni)

o

. rate of stimulus increase

. normalized effectiveness rdtm the individual contribution to the tasi(
this casall the active individual belonging to different castes contribute
in the same way)

n;: number of active-individual belonging to caste |

QD

30



Example with 6 Castesl(e dy)

1000

Model Parameters
d= [ 1 éiaitkioo] , S

random distribution \ -
D: 3 600 1

i=1 3

r,=0.2

3>=10

=1 200 \

Red and blue caste lower T tems § ?

the threshold> specialists Threshol dsd evo

(note started from low thresholds) 31



~ Example with 6 castesl(é d)
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High fraction of

active red ang
blue individua

Demand
evolution

Is

0.2 H

0 5 10 15 20 25 30
Temps

Evolution of the fraction of active individuals in eachcaste
with overlapped demand 32
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Example with 6 Castes and
one Caste Removed att = 150

1000

800

600

400 ¢

200 -

1 | 1 | |
0 50 100 150 200 250 300
Temps

Z
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Examples of Threshold -Based
Multi -Robot Coordination
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ThresholdBased Control of Aggregatio
(Agassounomand Martinoli,2002)

Special type of aggregatiolmearstructureassembly; only seeds
at the tips of a cluster can be manipulated

Initial situation Final situation 35
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Motivations for Regulating the
Aggregation Activity
A Evolution of manipulation sites Wy —— Embodied Simulator

---- Microscopic Model

number of manipulation sites decreases
with progress of aggregatidimmore
competition (interferengeamong
robotsfor the same manipulatiaites

A End criterion a powerefficient
building system should stop working
when the task iaccomplished

Avq. cluster size [seed] & Avg. # of clusters

A Increasing the final cluster sizat the % o i
end all the seeds should belong to the Time [min]
single cluster (only those on the ground Without activity regulation: 10 active
count for the aggregation metrics) agents all the time

[Agassounomand Martinoli, AAMAS 2002
36
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Deterministic vs. Probabilistic
Responses

Deterministic response for d =50 and Deterministic with noise (U = 9)
various levels of Gaussian noise vs. probabilistic response (n = 10)
(1000 runs) for d =50 (1000 runs) 37



