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INTRODUCTION

A comprehensive model of human resource use incorporating

the following features has been developed: (1} & number of
harvesters, (ii) a number of resources, {(iii) a number of sites

with a varlely ot geometr icnl configurations, (iv) allocation of
available effort between territorial defence and rescurce
harvesting, (v) Usurpation of resources, (vi) exchange of
resources, (vii) migration of the harvesters, (viii) a variety of
social interactions amongst the harvesters including kinship and
reciprocation, {ix) birth and death rates dependent on succesé in
acquisition of resources. This simulation model involving about
1000 Fortran IV statements has been made operational., Obviously,
a series of submodels have to be investigated one by one. The
first problem takén up for investigation is whether a harvester
can arrive at the optimal harvesting strateay based on
information relating to yield and effort levels alone. It has
been shown that any simple algorithm tends to result in over-
exploitation and resource exhaustion., Only = very long range
averagling procenn onn pormil the hurventor o Hrrive b Llie

optimal effort. This is unlikely to obtain in practice

/

MAIN FEATURES OF THE MODEL

The central features in the model are different habitats,

renewabls 1:uources and | he harvealer population.

There are NYS habitats or sites. These sites are

distributed in the space on x,y plane which are separated from




each other as given by the distance matrix DST.

The renewable resources characterized by growth rate GR are
distributed on different sites. Each site has a carrying capacity
CKR for the resource and a threshold value DR below which a
resource cunnot be hurvested. The initial level VR of the
resource on each site and the transport cost of the resource over

unit distance are specified at the initial time:

N

-

Harvester population may be thought of as individuals,
households and communities. They are located in different sites

and are characterized by genotype IGN. Thus there are NGEN

\

diffurent nusber of gumnolypus on wvach site I, AU u given wsite,
each genbtype has a4 different number of harvesters IGEN. Thus the

total number of harvesters on a given site is the sum of all

. . - e T {
to different gentypes exis that si

o

o

At a ¢given bLime, each harvester has a. location as its head
quarters THQ. This is essentially a site or habitat located on
the spacy. EBavh harvesler has a4 certain wealth WLTH either edrnéd
by own labour or through social exchange and a minimal need for
the resource. Each harvester is related to other harveters by
bonds of alliance given by the alliance malrix ALPH or [aij].
is

Harvester i is cooperative with the harvester j Aif @53

positive and antagonistic 1f a. -

ij s negative,




Each harvester on esach site puts efforts to exploit the
resource to its benefit. This is specified in the model as the

harvouting owffort HR , wur offlorl Wk and Lho pusource defoencu
effort DF. Harvesting effort is the proportion of the effort
devoted Ly the harvester to harvest the resource. War effort is
the proportion of the effort devoled to usurp the wealth from

other harvesters. Rest of the effort is devoted to counter the

war efforts exerted by other harvesters.

RESQURCE DYNAMICS OF THE MODEL

Resources dare utilized by the hurvesbers Lo their benefits,

The proportion of the resource 3 at site i, exploited by the

harvester k (effective harvesting effort EH in the model } is

471

determined as the function of the harvester’'s actual harvesiiag

«ffort AH and its and other harvesters' delence harvesting effort

RH.
AHi,j,k = WLTHi,k A PR]i,j,k,it- HRi’k’iL
(1)

BHi,j.x WLTH; x * PR2; 5 k,it * DFy y iy
where

PRl = Proportion of the wealth used for actual harvest

PR2Z = Proportion of the wealth used to defend the resorce

The wifeclive harvesling eflorl of the harvesler is now

given by




BlL gk 7 My gk * (- exp (0X))

where
NXH (1) _
Eoo%4,4,k,k1 ¥ BH{ 4,k
k1
R om e o e o et o i e et i o e e et . e (2}
NXH(il)
2 | @1,12,%,%k1 | * BHy 5 x

k1

AN

o = alliance of the harvester with other harvesters,

*

Total harvesting- effort of all the harvesters for each

- resource on each site is determined as the sum of the effective3 5

harvesting efforts of all the harvesters.

NXH (1)
TGTHi,g = imi BHy 5,k (3)

The total yield from a given resource on a given site is

given by

YIELDi'j = (VRg, 4 = DRy 4) * {1 ~ exp (-TOTHy 4/ (VRy 4+DRy 4 ))) 4

YIELDi’j = 0 if the resource level VR:; . goes below the threshold*fifﬁl‘i

1,J

-DRi,j below which a resource cannot be harvested. This yield is.;i?f:r

sharad amnng all the harveaters in proportlon to thelr affort,

The individual yield of each harvester is now given by

§YKi,j,k = YIELDi,j * EHi,j,k / TDTHi‘j (5}




the level of the resource at each

As a result of the harvest

\

site becomes
{6)

VRi,j = VRi,j - YIELDi'j
one site to another in some

Resources migrate from
aAfter migration the resource at each site grows

proportion.
according to the equation
. o= Uh, P . . X . K - . N . h

VRl'J Lerj + VRl’J GR.J (1 VRl 3 / CKRl’J) f?)
tim tup,

This resource is used by the harveter in the next time ot

The yield acquired by the harvaster is Lrunsported to its

The total yield received by each harvester from &

head quarters,
resource pooled from all sites is given by
(8)

NYS
z : - TRj * DST(il, IHQ(i,k}))

Wealth of each harvester depends on the minimal need for the

resource. It is given by
. NZR
WLTH; | = § BTOT; 5 ) / NEED; i3,k {9)

Harvesters who belong to the sanme alliance group usurp the

wealth from the harvesters who are the members of a less powerful
The collective power of each alliance of the harvesters

L

. alliance,
'-15 given by
1-« ’-. ,‘—' r"m ‘3 .-—1 f,a-uq f"'!
WLLJ-A A1 Sl ‘.‘..v‘},_.,a
!'“\‘T 3
\-u o qu A




NZR

Pwi’k = E WLTHi,j * WRi,j {(if “i,j > 0) (!0)
J

After usurpation, we have the final wealth position of each

harvester. If a harvester has gained wealth over previous time
|

step, it slays put, otherwise it settles randomely in any of the

available habitat.

A harvester risks death depending on its wealth relative to
the maximum wealth.The dead harvester being removed,. the"
survivors are renumbered appropriately and are characterized by
head quafters,genotype,war effort,harvesting effort and wealth.
Surviving harvesters do or do not reproduce depending on their

wealth and luck. Reproduction is simple binary fission. Both

daughter harvesters inherit half the wealth and all other

properties of the - The harvesters ,then decide on the

arent
harvesting effort and the resource defence strategies for the
next time step so that it can exploit the resource at the optimal

level, The functional flowchart of the model is included in the

appendix A.

MAIN OBJECTIVES OF THE MODEL

* The model aims to explore questions of the type : S .

{1) How an individual can learn to exploit a resource at an S

optimal level ? It can be trial & exrror , social learning or

insightful learning etc.
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(2) What is an optimal level if there are many sites and many

resources ?

{3) Can a group exploit the resource at an optimal level 7

How are co-operative and non- cooperative solutions arrived at ?

OPTIMUM HARVESTING EFFORT

To wuplore the first gquestlon, we considered a simple case
wherein only one resource at a single site 1is harvestegd by a
single harvester, Naturally;_thefe-is neither harvester migration
nor resource migration. Further, the hazveﬁtér is restricted from
reproduction and is assumed to be immortal. We are interested in
how a harvester decides on the optimum ha;yesting effort
slrategy. By opllmum harvesling elfort, we mean Lhe harvesbing
.effort corresponding to maximum yield on a sustainable basis.To
get the optimum harvesting effort, we solved the equations (1)
through (10) numerically for steady state for a given carrying
capacity of the site for the resource, the threshold below which

the resource cannot be harvested, need of the harvester for the

resource and intrinsic growth rate of the resource.

Steady state curves for yield and rescource levels are
contained in the figures 1.0 to 1.9. The figures 1.0,1.1,1.2,1.3
& 1.9 show that as the need of the harvester for the resource
increases, the optimun harvesting effort also increases
~irrespective of the intrinsic growth rate of the resource. The
figures 1.0,1.1,1.2,1.3,1.4,1.5 show the influence of the growth

rate of the resource on the maximum yield one can obtain. As the




growth rate of the resource increases, the maximum yield obtained
also increases irrespective of the need of the harvester for the
resource, As we increase the value of the threshold below which a
resource cannot be harvested, the optimum harvesting effort also
increases though there is no change in the corresponding or the
maximum yleld obLalned. Thla is shown clearly In the [lgures
1.6,1.7,1.8,1.9 . Thus the optimum harvesting effort depends on
the newd of Lthe harvestier for Lhe renource and Lhe quantity of

the resource that is available for harvesting while the maximum

vield obtained varies directly as the intrinsic growth rate of

the resource.

\

Table 1 summarizes the optimum harvesting effeort and the
eorresponding yield for different values of intrinsic growth rate
of the resource, the need of the harvester for the resource and

the thrshold below which a resource cannot be harvested.

OPTIMUM HARVESTING EFFORT STRATEGY

Harvester uses various methods to exploit the resource at
the optimal level for its benefit. One of these methods is the
trial & error method. In this method , the harvester learns to
exploit the resource based on its past experience, This
essentially requires the information on the harvesting effort and
the corresponding yield or wealth obtained at the previous twe
consecutive 1 imae mtaps, Now, the harvastaer dacidd; on the new

harvesting e«ffort strategy as follows:




(a} It increases the harvesting effort if the increase in the
harvesting effort has increased the wealth OR the decrease in the

harvesting <ffort has decreased the wealth .

{b) It decreases the harvesting effort if the incpease in the
harvesting effort hus decreased the wealth OR the decrease in the

harvesting «ffort has increased the wealth.

Let HR, & HRy._, be the harvesting efforts at time t & t-1
time steps.
Let W, & Wi.q be Lhe corresponding Wealth or yvield. Then the

new harvesting wffort at time L4+1 iy given by

HRy_p = HRy + DHy,,

. or

8 Aﬂold<o& AW <O
AHnew is -~ve if AHold >0 & AW <0
orx
1f AHg<0& 4W 350
where A Hy1g = HRy - HRy. 1

AW = W = Weg

Resource information in determining the new harvesting
effort is of no use because_ it gives the same result as the

wealth or yield information doss.

Several methods are proposed to calculate the value of

a HHUW



Method 1:-

In this method, we calculate A Hpow 25

AHnewzc*AW

where C is a coastant and the harvesting effort is altered every
timae step based on the above criteria. For different initial
conditions o©f resource level,wealth and harvesting‘ effort and
different values of C , this method did not yield the optimun

harvesting effort.

Method 2:~

HRt+'1 == HRL + O A A W / AHUlf.l

To start with, we assumed one harvesting effort held
constant at HEl for T time steps. Then we assumed another
harvesting effort held constant at HE2 for the same T time steps.
The wealth W1l & W2 corresponding to the harvesting efforts HE1L
and HE2 are noted at the end of T time steps. Then ,the new

harvesting effcort HEJ3 is derived as

HE3 = HE: + C & AW/ A Hyg
whure A Ho1g = HEy ~ HEq

AW = Wy oW

Now set HEl = Haz and HEZ = HE;

The above steps are repeated till the wealth or the Yield
stabilizes. The value of € is held constant through out the

experimaent.,

10



.3=5dnd C gives the mdgnltude by which it should be altered.

gmwm auw.wyma_ R

This method failed as the harvesting effort did not reach
the optinum value for different initial conditions of harvesting

effort, resource level and wealth and for different values of C,

Method 3:-

where, SLI' = C * AW / AH, g and = 0.1 < SLF < 0.1 _
In tuis mathod,'we fixed the lower & upper bounds bn_the_i

sloping function SLF to be -0.1 & +0.1 , in addition to allkﬁheuV

"steps of method 2. This method also failed in reaching.ﬁhe

optimuwn harvesting ef£fort.

Method 4:- o . : \

i

HRi,q = HR + C * AW/ AHyg

In this method, the value of C is altered in some

proportion whenever A W/ AH 4 changes the sign and all the -

other steps of method 2 are retained. Harvesting effort reached:f

the optimum value after a large number of Clme steps and fo;éa’}_ 

long time interval T( = 20 time steps).

Method 5

“This method 1ncludeu all the steps of method 4 uxcupt that;
“‘here we consider ‘the’ 51gn of AW/ A Hold " which essentlal‘

.'glves the dxrectlon in whlch harVubeng effort should be alterad
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‘ The resulls for Lhe time iluterval T=1% or 20 show thut the
harveating effort stabilizes at the optimal value considerably at
@ faster rate where as for time interval T=10, the harvesting
effort did not reach the optimal value though it stabilizes.This
is shown clearly in the figures 2.1 to 2.10 which contain the
time truajwctories For Aiffuerent iniliul conditious ol wealth ,
resource level , harvesling effort and varying € in different
proportions for a given carrying capacity of the site, the need of
the harvester for the resource and the threshold below which a

rgsource can not be hagrvested

REFUGIUM PROBLEM

This includes the investigation of the role played by a
portion of the resource which is not harvested, in determining
the optimal harvesting effort.Here, we assume the resource at one
site is exploited out of two sites and a Eracbtion of the resource
is allowed to migrate from one site to another site every time
step,

As wvarlier the equatious (1) (hrough (10) are solved
numurically for Lhe steady slule Lo gel Lhe optimal huarvesting
effort for dilfferent carrying capacities of the two sites for the
resource and for different proportions of migration of the
resource for a given growth rate of the resource and given need
of the harvester for the_resource. The resource at site 1 is
#llowed for waximum exploitalion by keeping the threshold below
which a# resource can not be harvested at zero. The steady state

curves for the carrying capacities 2.25&2.25 ,3.0&1.5 and 1.5&3.0

12
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of the two sitas aud Lor migrulion levels 75%,50% & 25% are

contained in the figures 3.1 to 3.9

The steady state curves [or yield in figures 3.1 to 3.3 show
that whan bhe resource migration is at lower rate(25%), the yield
obtained is maximum if the resource at the smaller site is
harvoested, Lha optimum hurvesting effor t beling comparitively
high., Theusc figures also conluin the Sloady stale curvues for
resource levels at two sites which indicate that if the resource
migration is at lower rate, then the resource at two sites ar;
not completely wiped off even if the harvester puls more and more
effort in harvesting the resource. On the other hand, the steady
state curves for resource in the figures 3.4 t& 3.9 show that if
the resource migration from two sites is comparitively at higher
rate, then the resource at two sites get completely wiped off as-

the harvester puts more and more harvesting effort.

Table 2 summarizes the optimal harvesting effort and the
Corresponding yield odelned for Lhreg different carrying
capacities of the sites for the resource and three different
Proportions of resource migration. It is clear from the table
thut il the carrying capacilies of the two silLes reXploited and
Unexploited gre equal, Lhen Lhe yield oblained gt Lhe exploited
site is maximunm when the rate of resource migration from the two

sites is 50% .

If the carrying Capdcity of the exploiled site is less than
the carrying capacity of the unexploited site then the

vield obtain.d is maximum when the resource migration is at lower

13



rate. The optimum harvesting effort in this case, is on thsa
higher side. As the migration_-rate' of the resource increases,
the yield obteined at the exploited site decreases along with
the optimum harvesting effort. This is c¢learely brought up in
‘t.hu Liguru 4.3 whure in the carrying cupncity of the vapleited
site is 1.5 which is less thau the Ccarryiung capaclty of the

unexploited site {(=3.0).

Tt is Jjust opposite if we consider the larger caryrying
capacity site is harvested while the smaller carrying capacity
site is untouched by -the harvestey .This is shown in the figure
4.2 where in the carrying capacity of the exploited site is 3.0
and that of the unexploited site is 1.5 . The yiu]d obtained at
the exploited site is maximum when the rate of migraion of the

resource is very high (i.e., at 75%) from both the sites.

14




TABLE -~ 1

S1. GIR  NEED | THRESHOLD OPTIMUN | KESeuncs wrarnTTTTTT
No. HR EFFQORT

o1 o enaTolass iiiame TTelyiee T
2. 1 0.2 0.4 0.59 1.1278 0.3750

3. 2 0.1 0.4 0.29 1.5 0.75

4. 2 0.2 - 0.4 0.58 1.5 -~ 0.75

5. 3 0.1 0.4 0.29 1.8779 1.1250

6. 4 0.1 G.4 0.295 2.2471 1.5°

7. 1 0.1 0.0 0.12 1.186 0.37

8. 1 0.1 0.5 0.395 1.1276 0.3750

9. 1 0.1 0.6 0.575 1.1256 0.3750

10. 1 0.2 0.5 0.795 1.1244 0.3750
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TABLE - 2

Yield

51. Carrying capacities Proportion  Optimum  Resource level at site 1 Resouree level at site 2
Mo, of Harvesting at
Sitel  Sikte 2 Migralion effort at After After Rfter Site 1  After Mter Mter
Fverylime  Site 1  harvest migra~ growth harvest migra- growth
gtup tion Lion
1,1 2.25 2.25 0.75 0.155  0.7833  1.3348 1.8777 1.09437 1,518 0.9672 1.5186
0.50 0.165  0.559%  1,1223 1.6849 11249 16849 1.1224  1.6849
0.25 0.17 0.4241 0.8455 1.3133 0.9492 2.1098 1.6883 2.1095‘ -
2, 3.0 1.5 0.75 0.15 0.7633 1.1263 1.8297 1.0664 1.2473  0.8843 1.2453
0.50 0.16 0.5532 0.9109 1.545) 0.9920  1.2686 0.9109 1.2687
0.25 0.13% 0.9345 1.07120 1.7009 0./2604 1,404 1.6 1.40407
3. 1.5 3.0, 0.75 0.155 0.5334 1.0780 1.3813 0.8478 1.2595 0.7149  1.259%
0.50 0.185  0.3323  0.9985 1.3373 0.9§9? 1.6646 0.9985 1.6646
0.25 0.'765 €., 0004 0.6670 1.0174 1.0 2.6668  2.0002 2.6668
No. of Sites = 2 |
No. of resources =1
Threshold below which a resource cannct be harvested = 0.0

Newd for the resource = 0.1
Harvesting is at Site 1.
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APPENDIX- A

FUNCTIONAL L'LOW CHART QF CRULE MODLEL

SUARY )

l.(a} No. of Sites
(b} Divbaucu Lutwoun thom

l

2. (a)
(b}
{c)
{d}
fe)

{£)

No. of Resources
Intrinsic growth rate of each Resource
Unit Transport Coust ’
Carrying Capacity of sach Resource *
Threshold below which a Resource
can not be harvested
Quantity of each Resource

l

fa)
(b)
()
{d}
{e}
(£)
(g}
(1)

(i)

{3}

No. of Gunotypus //
No. of Harvesteru in ¢ aeh Cunotypu
Harvesting cFlort af cach Gunotypa
War effort of ecach Guenotype
Wealth of each Harvester
Need of each Harvester for vach Resource
Huad quarturs of vach Harvester .
Alliance of uaeh Harvoster with other
harvesters
Allocation of the Harvesting effort
(i} Resourcu Harvesct
{ii) Resource Turritorial
Maximum Wealth of the harvesters

4.{a) Time interval (15 or 20 time steps)
{b} Maximum No. of tine 5teps that can
be allowed




LT A

{a) to Harvest
{b) to Dnfend

Amount of the Resource devoted by each harvester

h

[ Effective harvesting

effort of each Harvester <¢--- f{Res , Res , Alliance)
r

t H D

for each ¥ruource on sach 3itn

Total harvesting effort of all the harvesters

S,

,4'/ \

”—”6:;;tity of
each Resource » Threshold
an each Site

Yield recelved

by all harvesters
from each Resource
on each Site

(mmm O

-

-Total Hr effort

Quantity Resource + Threshold

Yield ¢==== { of - Threshold Yx{l-e

Resource
{ n//_
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Rus(t

} €=-- Rus(t) - Yield J

[_ReJlt*l)c---\ Res{t) + Raalt) * Growth rate # t1 = Realt}/Carrying capacity) ]

YK (-~

{—Yield recuived by ind

- lotal) Y¥ield *» Effective Hr effort/Total Hr effort

ividual harvester

Iranspuit Of thu reuources to the Huad quarterp

Pintunce butwuoen Unic Transport

Teansbort cuutl === thy Slte & HyQ " Cunt

l

(

Total yield received by each harvester from a Tesource pooled from all sitey C---

vitiu

{Yield received by the harvester - Transport cost)

Ay

]

Wealth of
wach
Harvaatey

{w~--

E“J Houd of thue hurvestur forp the Rusource

Ras

Total Yield of the Harvestor

R A s 4 e .t )

Comrcivu Power

el each

Rarvestey

Hualth of Hat offurt
{=~==  the L] of the ‘
Harvester Harvester

—Alliance of thg

T

gﬁgfﬁthe harvasters

~~

Ho Powex Power Hoalth War
Harvustur with Che rest ¢w 0 ol tha === of tha * of the =« gffart
o Harvester © Harvester Harvester '
. )
o all allied
harvesters
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-

af??ﬁzzf of

the
Harveater K

h“““ugﬁﬁ

—
—
bPowur of . He
{= thu “\::ym-«——p
/

Hoalth(K) (==~ Wualth(K} + Woalth (K1}

* Ygurpation
Healthikl} ¢=-= Healthi{®l} * {1-Vsurpation) .

>
|

-

Ny

’/’,f’ ““ﬂk\\ .
~ HWealth Health\\‘“\~k No Harvester settles randomly at any other avallable .
<::’4 at e at ~> . habitar i.e., vandomly chooses the Head quarters >
“— Time t Time E:;,zf’ : :
",
\_“.\ ,,/ N
T— ,///" 1
3
Harvester diva & ls removed.. Survivors are
/’,/ .~ ronumborad appropriately and characterised by
r {a) Head guurters
Relativa {b} Genotype ,
Waalth - Nao {c) War effort
of tha »u  Randcol No, \:2» o {4} Wealth
‘\\\Eii::jfex‘ T {e) Harvesting effort
- {f) Allocation of Harvesting effort
-~ {a} Alloeatlon of Turritorial effort
S (h} Alllancue

l

[ Harvueater UurvivuiAJ

-
-
‘/,f' '\\\\
- -
”’44”/ Relative ' ‘N\N\‘\
Huaultbh ~— No
‘xaga\\\\ of the 3« Random Ho, ”’:>___"¢uw,h
. Harvuster ’/’#,

h '
- ‘
",

Harvestar does not rsproduce I

Harvester veproduced.

Kuproduction is simple binary fisuslon,
Daughter harveutecu lnherit half the
wealth and all the othar propurties
of the Parent.
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L) Muan & ttuandaxd daviatlion Ufrhaquuturu al cach Gunutypé
2} Mean & Standard deviation of each Resource on each Site
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