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Hierarchically structured systems
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Attt Olvcious reasons of methodolopical pracis lead 1 the fact that in cur atudies of waseon these
appear as entithes situated in an eaviromement withoul structure. The hierarchical cosceplion of systems
indoces & SIucure in the environment i a natural way making @ yvemic nasaee evident. s well s the
nocosity of i role ax controll of the vysem umder study. The functioes of optimization of the system's
geal are shased by e system isell and by (s enviecmmient andd, an tha comtens, B¢ ayson can inferact =
competition of in cooperaton. Pusally, e hiermrchical modellag in System Dynamics, that i, the
construction of a st of models of propressively Sovreasing abstraction. is put forwand as o meshod 10
eohaace the structure of the syabemes.

Keswaeds: Hierarchy. phikosophy of system. modelling

1 Introdaction

The sdex of systems is nowadays dotally &f.
fesed hroughout science, although cach Sscipbae
wses @ with Sdlerent coanotations. The season for
Whin s that scaence incorpaorases ax the subypect of it
study moee sad more problioms of mcrcasing com-
plovsy o which the ssstemic conceptions such s
sructure, ovganization, model. information, goad,
cvodution, che. appear as centrad concepis

To center our discusson, we will lake from the
Meratere two definstions of watem that we con-
sder in great meaure, m complementanes. The
first one s that of Bunge (19M)x

Defimition 1, A systcm X s Sefisad by the ovdered
st (CLX) E(X) SN, where:

~ € (LX) denotes the composision of X, ssd rep-
resents the st of damenty which componse X,

« K (X) dencees the envircament of X, and it in
1he sot Gffecom thengs feom the compoacats of X
which have an action upoo then or sre under their
nfluence.

~ & (X) denoses the structure of X, and il
composed by (he set of relations (special, fesc-
tiomal, .. ) s=d Enks among e clemenis feoms X,
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ot among the clements from X and clessents from
16 esvaromment.

The second beloags 1o Kl (1569

Defimition 2, A system X o 2 set of vamnations
time of & st of viriables under siuds, comidercd
at & certain level of peecoion.

Fach of them reproscnts ooe ¢od of the possible
dolimmons of syssems. The latter represants she
wiy we percerve the swvierns, the former reflocis
the sructure and Gusaldy we wperimpose upos
whal we peroave in codor 1o explain it There i,
then, on cac hand the behavioss without justifica-
tion aad oa the other hand the structure from
which we can sot obtain the debaviour. We noed &
third definition. & prodect of the previous coes.
whach acts an 8 Desdige betwoen them; one dymam-
cal deflintion which gives an explasation as 10
b structore goserates behaveour. We take again
2 defmition, after Klir {196%), which is of common
wage in comtrol and yyviem dymamics theones:

Definition 3, A systom X s & set of states and a
set of oramsitions among e states. One can adomt
# statisieal imerpectation of the oocurrence of the
transitsons from ooe staie 10 the other, bet & & nee
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1 this Selinition the components of the system
are the sate varuables of the ywitem amd t5e tramei-
tons among vates are deflined by the dvnamics
relationship amaong these variables, Is this woy we
relate the dehavionr, the change of e states, %0
the structase of e system, the refationships among
e state vanables,

The combsaation of these three definitions peo-
vides us with a3 mare comglese descripiion of the
systenro: their components, their inteerclation and
the way this inteerdlation prodeces the temporal
tebaviow we cheerve.

1.1, Hrerarchoond sirmowre

The combingd defisition of the peevious pare
rapd i very fruntful, bet that st of defisisons
Joos a0t separate sullacesaly the emviroament of
e systom. The neighbourbood of the systom re-
mains Burred and  wastrectured, the  caly
meaneghul and structured oatty beng the syatems
nsell, The systom & free 1o artstrarily act wn an
emvircament lacking wese. On the other hand, this
eoviromment uwally sppesis s & Constraint to the
wasiem »0 that e acoon should be againa hosde
vurrcandings. Let the following dofinision of Sys-
tem Drynamics due to Coyle (1977) be wsed a5 an
Wustration of what o saut

Syssem Dnynamics v “A meabod of salyving
peoblems i whach time & an iportant facior,
and whach svolves the study of Bow & syssem can
be defendod againd, of made bonefit frum, the
shocks which all son it from the catside workd™.

The hierarchacal strecture provides ea with ihe
m&-uulmumqum

o structered cnvircament. The concorpt of
Newd-ulm has o formal unrversally
sceptad defintion and we are Bot goang 0 enles
s sach dicusica, but rather wtdize thow con-
cepls which serve Gur peapone.

A survey of our surrosadings would roveal o
w immedistely that not oaly are systema DOt
wolwted, bat have stroog imeractons with other
systoms and. morpover that, they and 1heer interac-
voas can be coasiderad as being immersed in &
svatoms which encompasses them In thin way one
areives guickly 81 2 view of the world as an organic
mamm.wﬂ-mm
of & partiocker peoblem (& becomes obvices that
cur efforts of atructuration and modelling will

refer  peincipally 80 the sysiem  witha (he
boundanes that our study proupposes ssd it
would be semeiess 10 model the snivense 10 weder-
wand 2 basiness company, However, when the
mmu--nﬁmumuwuu

alfected by ose activity. I cur claervation were o
Titthe more accurnte we would sotce that we have
made 3 lot of smplifications in onder to bring out

1.2 Compeninen amd qooperatvm

When a designer is tryiag 10 design a4 dovice 1n
# hicrarchical manner with modsles at Siffevent
MMM.mdMT\c
Efferent moduls and submodubes st be din-
Moum-lwhﬂwﬁl thaur

dewgner has, or secks, about the syssem 15 ghobal
wd he may, without rouble, be igsorant of the
ey structeee of the cemental modules peovided
ihat be knows thelr fundamental characterngacs,
The problem 10 be solvad, for each subsystem
cach level o the defintion of ila appropriae
neightouthood o that the activity of the subsyy
tem be appropriate to ity pasition selative 1 the
globul syatcen The esvironment (n which the ghobal
system ment be insersed (s previously defined and

cope with, His sesponsitalay b limised to malkiag
the systom work s be has been inked w0 that cach
module at exch lovel w harmossooily inlegraed
with it esvironmest.

In coatrast, for the analyse, i partcular for the
specialist in social systoms, the peadlem i rased
in a different way. oearly W the opposiie way, He
faces a cortain peoblamatic hebaviowr lacking in-
formasion abowt the systeon and about the bigger
ayvicmns 38 whech i can be incladod. His fiewt sicp
will conms s modelkeg the problematic
phemomens asd, for him, the eaveronment means
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00 moce than the houndary of his model. Then, his
work will revobve arownd the soarch o an cpos
e behavsour of the svatem as an solated one. It
1510 thes comeent of mdividualised optimirateon,
where the idea of competition and responubility
appeany, which domands that the nes optimum
behaviour are not, for the global system, Jea de-
sitable than the previoss one. However, usually
the eovircament of the system, the global sysiem,
s discarded as » methodological princaple.

Let w comsider 2 sysiem composed of Two
mmumwa-m
cally oegamied system. I both subsyssenn ignore
the existence of (he superor sysiem that enocen-
passes them and act in an olfort o optimise their
OWE procosses. s SVHems are (0 competition
hecause therr cocxnance and interrekation cone
Mitutes for both of them & comstriction 10 their
particular optimeation. I the subsysterm ac-
Lnosledge e existance of the supenior system
and soek o optimine the sate of the global svstem,
these systoms are in cooperation and their Coetis-
tence and incerrelatica comaitutes for thoes o help
The competition. a it arises here, will tend o
produce kval optimerations which do not assare
global cptimezation. The cooperation will tend 10 &
gobal cptemum. through relative optima, whach
will not necouaniy coincide wit the absolate opitis
mum of each sebsysiem

1. Hierarchical concupt of systern

In the secton, the (deas of the previous para-
graph will be made more precae. We will buse our
dacusmon o0 3 hicrarchical delinition of systom
(Graba, 1953) which supposes aa estension of
Definntion 1.

DefiniGon 4. Granted the exivcnce of 2 wit of
wredeoito clements, atomic elements, we shall
define system, In & recsssive way, & cither

(a) & femiee yebwer of the set of asomic clements
together with the set of relations which hink them;
o

() & Nmite set of syssems with he st
of relanoas which link them, where the relaton
Betwoen two systems at & noaeelemental level will
be given by the relatons smong componcets of
cach other.

We would Bhe to point out theee charscierites
of ths definition. The Gint is that the global
system i comidered a lacking enviconment. The
reawon Ko thae i that we consader thal every
system of imierest will be placed #t an waer level
of the buerarchy, for which its neighbosrhood will
Be cearly defined. The secoad chasscsensiic (o
sotice & thal the emvircament of the system smder
sady 0o loager considered as a set of iscdated
variables, But as @ set of systems which conform 1o
and are poined 1o, & switem of wperior onder. The
exogenoes variables usually atilised in e modeis
are. in (a1, aburactions of thee esvironment
systens, asd repecsent them totslly or partially,
Finally, we have to conshder that this definivion
peneralives the comcepd of stracswe, from bamg
only & concept of the inssde of the system 10 the
relasonshp among systems.

21 Conurod in hierarchond system

A process s the transformation of (he values
asociated with » set of vanablo. The proces s
the prodect of the syverm's activity, and it 1s &
coocept that makes Definition 2 and 3 of systems
close sogether. The state vasisbles are the vanables
upon which the process takes place, through which
we obacrve the actvity of the system. This concep-
tion applies 80 several disciplines. Sywem Dy
namics being amsong them.

We can expross overy peocess by a tramforma-
ton law. System dynamics models are comtruc-
tioas of transfommation kiws according 10 & per-
spective  denved  from  control theory. In &
beerarchucal structured syvtem cach of the sysioms,
o iy composed of. han its associated peovess asd
the ansformation law that docribes v The
clemental systema, the ones composed of alomic
ehements exclusively, will have 3 relatsvely simple
assochaied process and tramdormation law, In con-
trast, svetems at 2 hgher bevel, composed of in-
terrelated systema. wall Bave & process and @

correpond
subsystems (hat comprese them ' In thie way we

L Sundy sprshing. the sncciewd proces of 4 o = &
mom-chemerial beved w01 be ablc w0 be dowribad 5y wmeliphe
ranlormanoe lews whach ol cpeatew the syen for
ATerret gt 45 3 POVt 50 1he LI iapel . Pes Mane
Wt pach sebwystom posensially W 4 st of sebayiiome oy
rovogrerable m Belooging b the e cas
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have exsended the herarchical concepe. We have »
tseranchy of processes and & dsersechy of transfor-
maton laws asociated with the sat srectere of
Defiminon 4,

Amociaiod with cvery procos exals 3 compo-
nent of control whose activisy comaists in koeping
the process unadultecated. that s 10 say. which
makes the system accomplah mis specific Lok, By
component of control we san & strecture that
can be evermal of internal 0 the system thas
carmies out the proces. [n thes batler cane o cas be
mphiit in the strocture of the systom or constites.
ing & distingt sebsystem. This compoaent of con-
trol does not sccomplind aoy optimszating activity,
Its regulatory actovity takes part in the process of
the system itsell and is inkerent 10 L

Lt us takeo from the contzol theors the follow.
ing formulaticn of 2 syssem:

k=flau 1)

which represeats the transformation law of 4 vy
tem, where = the vector of comtrol vamablon. We
can clhassdy these controd vanables i theee grougs,
i swuch & way tha

I-“.. ¥y, .‘-',

where &, are the contrad varables internally de-
wermined, ¥, we those which come from the oo
side and u, ae the oses that semain constan!
throughout the whole life of the peocess of 1he
wystem the parameters of the sysiem.

The system, includisg ity internal control com-
pooent. will now have the formulation !

A flx, w 1)

Wy = CXORENOUS,

womxlx ), )]
N = parameten.

The Merarchical concepuon of » system de-
termises an awoviated hicrarchy of costrol, In it
the global syssem lacks an external control. If we
omsider 8 system at a certain level of the huerarchy,
it exogenom vanables see delerminad by e in-
ternal controd of the systom that incledes it. The
enviromment has bevose the controd mechanism of
the global syvtem.

We com allocaie the werm proavess freedom of @
mrdemt 10 A cottan measwre of the vaniety of
possible behaviours of the system, o regon of the
sMate space accessble W the mrpeciones of the

provess, withoul modifying the siructure
mnutumh-b-
socount (1) we will oot that

Mmmumwuwn
{the ininad conditions obviousdy do ot enler o
the disceasion). It follows froms this that the pro-
coss froodom of a sywtem withowt external control
s mil, The overall system has no freadom, though
the subsystemns st different bevels Bave, necessandy,
# centun amount of process freedoes. We can
conclude also that gvery open sysiem where w, s
001 2ee0, will be inede @ system which includes ot

22 Opnirzusion ax Merarchsal sysiese

o

of the

I we take inlo
the oaly way W0

We can associste with every process or traosfon.
mataon lew a performance index that evaluates the
degree of pexfection it o sccomplishad with, In the
performance index are roprosented the resets of
the process and the criteria of optimization which
descrite the senve of the optimization asd, et
matcly, the optimum hebaviowr, Ths constitutes »
messure of the evolulios of the peocess, of the
behavour of the system.

The optimizateon & an activity acting upon the
sysiess, upon ils Mrecture or tramfoemation law,
The system, or extornal agents, can act upon the
rasaformation law, changing it in order that the
performance index should reach me optioem vadue.

In & selar way 10 the existence of & conerol
compeaent, we can think of that of = optime-
ation componcol, the epawiizer. The optamizer
can be parually intermal 10 the systcm and con-
stivetes 3 subsvsiem aither scparate from or im-
plicit i the structure. The madification of 1he
amsformation law of the systese, catried vut by
the optimuzer, suggests a conoept of freadom wider
than the process freedomn. the strmcrwnal freedom.
Thas i & meawre of the set of tranmdormation laws
1hat can be asociated with a svstoms, Talsag again
the control Theory noeation *, i the system (1) we
obscrve that the caly way 10 moddy the trans-
formation law of the system s 40 modily w. The
structural freodom incladen the process freedom,
n the sense that every modifcation of & » a

! Sech 3 mocataon  hedally weable @ pperent e elalene of
- opaarer, dcveribaivas we (el Sack on & 10 dhavorate oue
mpostion. Mewwovs's theory of Blvandicd  wvens
CMesarone, T90) prosados & formal apyecah 1o s of 1he
wdan of thas pager
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moddicanon of the strecture & = f(x, u, £). The
strectural freedom imdades alvo a freodom of de-
wgn of u, and w, = gix, w, 7). Wish respect 50 the
optimizer, the structural freodom determencs the
consnctions 10 optimizatson impliait in the strec-
ture of the system (tself and the way in which the
Optimues can ssodily ot

The taskx of the optimizer can be stmed o

« Creation of 1he optamization critena,

~ Construction of the performuance mdex.

~ Inference of the optimeal control policies.

~ Impiensessation of the policies.

These tashs can be assumed 10 2 greater or
Jever degree by the systom itsell. The gromter the
proportsn of the internal oplimization is, the
greater the froodoms of devgn must be, an it 1s the
caly imtermal Mructural freedom. Therefore 10 -
teionise the optmmesation entails a greater coom-
plevity of the syssem.

We can cuthae a tavonosy of syitesss accond-
g 10 the degree of optimuration functions which
are intemal 10 the system:

~ Systesss without any ntemal optmuzation
function. I this Liad of system », Sctermncs he
process, for imtance, tools,

~ Systoms able 0 carry out the polioes exter-
sally Sctermunad. In hexe syssems v, s the exter-
mally deduced policy. To this category helong de-
MeAliey aulimatic Axviema.

= Systoma able 10 dedoce and implement pods-
coes internally. These are moee comples, automatic
yMems

© Systoms able (O constrsct performunce in-
does from some externally fisad criteria Those are
vstems with & cortaen bogic capadity.

< Systems able (0 oreate oniena. These are
sestems that can deode their parpose. In this bind
of sywmerme w, has the character of information
sooded 1o create the craera,

In the overall system all the oplamization func-
Vo are mternal ones and the syviems at Sdlorent
fevels will belong 10 any of the mentivoed cale-
pones If more shan ono systom beloegs 1o the
Latver. the sdea of partal oplimiraton srises and it
= in thas context that the behaviour of compettion
of cooperation mest be soen. The appearance of
cae or the other will depend oo the partiosdar
characteristios of 1he optimaation cntens which
Sead 10 the formulaton of the performance indes
@ cach subsystem, If the performance index does
ot take (M0 account the existence of a wperior

Ay "

many of our mestal processes.

There are two gencral modelhag ssothods. The
first, the "iserative” or *secoessive method, propo-
ses an mival model and tranvfoms i€ unol it G
the reality we want 10 form a moded of, or it shows
the sdeal we want 10 claborute. To wemborm cach
maoded we may add or delete cloments and wo may

10 the dexired modal and modelling is an iterative
process of conceplealizaton- foemdation - ven -
cation.

On the other hand, in hierarchical modelling we
balkd & wt of models of progressively decreasing
abstraction ustil arriviag 4l the model with the
devrad abstraction level, We mean by atstraction
of & moded the degree of detml with which it s
comtructed. Hicrarchacal modelling asumes the
evuntonce of a heerarchical ssructeee being the -
sewtial structure of the syssem. The chain of mod-
eh of progresively docreasing abstracuon levels
the set of models that dewribes the aystem in its
different levels of arganizatioa. The refation among
modcls (0 the chain i of *explanaton’. Each model
previows moded s imphcit i the present model. Ia
this way. if we obacrve simultancounty the cham of
models, we obtaim the swilem descoption as &
beerarchy.
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Taking the iverative method as o gesde for
modclling, the assumad absieaction level must he
the lower, the fevel of the definitrve model The
comgplenity of ihe systoms woreases as the degree
of detad increases, o0 the coastrection of the moded
will by secessanily very complox, A atralegy 10
clude this complexity i 30 reverse the hierarchical
method. We focus the comunucton on a swubsystoss
end we apgeoach the defamsrve moded by succes-
vive boundary extonsion. En our opesion this wew
of the modelling process obscures the general
strcture of the system whilst the Nermchical
method makes it evidemt from the Boginneg,
without ehscuting 1he microstroctore.

A1, Aggregansn and afuiracton

AZENOZALON 15 A CONCOPE 1A COMMON use
Systern Dysamics as well s in other modelbag
sechnigues. Tt mcameg is related 10 the degree of
et of 1he descnption, but it is & particular case,
the simplest, of the hrowdes comoept of abstractaon,

An aggrogate vanable sappines the eantoace of
4 proup of varables that reprosent objects of the
same clans whach can be sobsumed wa the aggre
gated varable. The aggregaton conusts in a limeal
componition of vatiables that bave a high degree
of homogeneity and heloag 10 4 well-defined class
Oa the other hand, the abstraction consists s the
composition of varables, mot necosanly Bomaoge-
nous. that can produce 4 system  guaktasively
different from its compoments,

We cun conssder aggroganon 30 be a partcwlar
cawe, albcil an mmportant cee, of SMUACTION, W
which the compostion i lincal and the obgocts
homagenoss. The levels of aggregacion are alwo
bevels of abwtraction ssd 1heir use i modciling
produce an impression of hersrchical modelling
However, we wanl 10 point out that the transfor-
mation from a level of aggregation 10 4 lower ote
o relatnvely simple. because the docomposeion of
2 vatiablo . = practice, the enusciation of the
clements having the same character, On the con-
trary, the descent from ooe abstraction kevel 10 2
krwer eoe requires the construction of a moded for
each decomposed clement and the synthests of all
these models 90 & CoOmpact ennity,

A2 Mierarchiowd modeling mn xysseme dynamiics

System dysamacs Mlow disgranms suppose 3 rep-
resentation of the system in 3 static way. The beved

P 4 i

variables correspond 10 Ae sysiem Components
and the tates and ausiliaries are quastifiers of the
relations among components, and feom the pers
spective of the Mow dugram they serve to define
these relatons. So thw fow dagram s the ool
wsed in system dynamics for the concepivalaation
of modals accordiag 10 he view of the fiewt defim-
oo of system. The resulting graphs of the sowla-
tion represent the syvtem accordung 10 the second
Sefininon. The Dyxawo equations or the differen.
sl eguations npuib the systom represeatation
accoediog to the thind defination. To maroduce
focrarchical modeliag into the systom dynamsics
pracuoad we shall propose & Meraschical defumiton
of model using the clements of sysem dyeamcs,
Thes defimincn is & static defimtion, s0 ¥ presarves
the peeviosdy statad corroipondence atong levels,
rates and suniliasies of the flow diagram and
components snd relations of the aatic defmtion
of system.

Delinition & A model of a system is aither

(8) o fiemte set of leved vanables aod their relas
wons, detcrmined by the hakage of ratex sad in-
formatson, formmeg foadhack boops; or

(b) » finite wt of models and their relations,
desermined by the information nets and the Nows
among models foeming feedback loops. The e
formation and Mow relaticos amoag models will
e determnad by the relanons amoag components
of these models.

Following the Merarchical method of modell
ing. ol & certan abstractaon level we will find that
the system components are systoms in themselves.
Ta be capable of makiag models of an absiracton
level higher than the elemental cae, we mast con-
wder that the level varubles of the Now dagram
can repeesent Dot only 2omic compoaents bal
components whoch are systemm. This generalization
Aoy us 1o make, at each abstraction level mod-
els which can be formalmed, simulated and vali-
dated and o we can vendy at each sep our
hypothesis. As a final resslt. we have a st of
models, cach coe weth all e characteristios of the
wstem dynamics models, which dexcribe the sys-
semn M vanous kevels of oeganration or Setall.

The way & moded of lower abwtraction leved s
Built from the provioss, more abatzact, one i ol
evident in the mont general case. We have said tha
the bovel variables of the flow dagram can repre-
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somt system, But ababtaction i sot only inherent
10 1he leved variables. The rate varuables and the
mformatica net whach affects a level variable can
e omselvos abateactions of 2 set of rales and
aundaries belonging 1o & lower abatraction level.
Therefoee the tramalation of 3 modet to the follow-
ing abstraction leved mvolves all bisads of variables
nd we do not know the way W formalse this
of modelling will show, among other thisgs. the
way 30 do it

Randers (1980) points oot that 1he beat way
define the peoblem wador ssady i 10 foce o its
process characier, establishing a reference mode
The application of this iea t0 the Macraschical
mcthad of modciiag deings us 50 a herarchical set
of reference modes. Each one willl be & gusde in the
comeruction of 4 model al » gives abstraction
level Momover, information neaded o built up
these reference modes reflocts in itself a real
srecturation which may sot it the structuration
we want to create. Therefore, avadable informa.
o cam allow the comtruction of relerence modes
o certain organzavonal levels, probubly  the
highest onex, but not at all levels,

Finally, conssdering the models a thearios, ex-
presscns in a feemal laagsage of the knowledge
abowt a system, hierarchical modelling procures
for ws 3 st of M/Mdm
geoerality. The modele a1 the highot atwaraction
MmMﬁsdwn‘qwﬂcd
being transplanted from one system 10 another of
» &dfevent naure. bedonging o other arcan of
knowiadge.

4. Conclindoms

mdemdma
structure o their environment, enhancing their
systemic natere and the need for ity interaction
through the boundary of e sysiem. The emvircn-
ment s resposnible for the comtrol of a system

Jo—— 4

process. I wll the comtrol of & syatem were internal
10 1 e system woald sot have any provess froe-
dom, The definition of the purpose of a wyslem.
along with its cpuaszation, 1 a vhased respormbil-
iy between the systemn and its envronmeat. At-
fending 8o the number of opumization functons
which are internal 10 the systoms, we can defose &
tanonoesy of systems, Interacsons of competition
and cooperation appeat in the systeoms which are
capable of creating critenia for the definition of the
performance indev. I i \he performance wdex
1ho overall system is imphcit, the strategy will be
one of coopernation. I sot. the sirategy will be of
competinon,

System dymamcs, as a methodology of modell.
ing. ¢an tale = the Meersrchical conception of
system and wse it s a goade for the constructon of
a set of Socreasiag atstraction mod:
ale. The pravis of modelling may sot wen oot
be very differces from thas which i habtessally
wod, but coaceprually seetrs 10 clanify the struc-
ture of the systom betier than the wual coocep-
ton, which progressively spreads the boundary
2 bocircatal soope.
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