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Abatrad 

M1111ical compoailioa cu be rougbly viewed u a aearcll for the bes1 aolu1ioa amoi,11 • finite -
ahhoagla laage - aaivene of pcaibiliti•. Some of tlae algoritbmic compoaitioaal tcclaaiqueo try 10 
llimala&e tlae act of compoaiag doiag tlais aearda Htomatically. HoweYer, thi• approacla lau two major 
problema. TIie int oae ia &be laud■- of depicting aeathetic coacepta tlirough mathematical rules. 
Tlae ..»ad problem ia &lie low efficieacy of tlie exliaualive aearcll among all possible aoh,Lioaa. 

The "Simalated Aaaealiag• algoridim - finl proi-ed ia [I)- pr.eats very ,11ood rauha oa fiadia,: 
the optimal 101111.ioa for many combintoriaJ problem• efficieally (ia polynomial Lime) . la 1hi• paper 
we present u adaptaLioa of thia al,11ori1hm to tl,e problem of al,11orithmic compo5ilion We Lheu 
duaa• ac,me poellibilitiea re,tardiag 1oaJ fuactioD5 to Lhi• al,11orith111 ud describe MaxA11aeaJ11111, " 
tool deaig11ed to help composers aad 111u1icolo,11isl.8 •Lady the po .. ibiity of Jcfi11i1111 ..... 1hd1c , ·u11<Ccpls 

th.rough mathematical rules. The ■y1trm js 11n1>lemt=nttd in the MAX 1uuRn,111111111K e1n1ru11111eut 

1 Introduction 

Musical comp011ition involves many interrelatt'd parameters which intt>rart with each otht>r creating a 
complex structure of musical possibilities and constraints. As Minsk has said Mth«' problrm of creating 
a good piece of music ia a problem of finding a stmrlurr that saLisfif's a lot of ditf,-rf'11I ro11strai11Ls" (:!] 
To deal with thia complexity the composer uses different stratf'gies, somt' of which are Vl'ry wt>II detin<'d 
and can euily be formalized while oth«'rs remain so flt>xiblt> and context d .. 1wnd .. n1 tha1 rt>sist lo any 
kind of formalisation. These strategies includ"' inluition. cha~r .. , adaptation , and trial and rrror ba.-wd 
choices. However wh"'n the comp011itional task is traosferrt'd to a eomputn, theR stralt'gie~ arr not 
always available lince they are hard to implement as a computer program. 

U•ually, the compo&itional tuk cOllllisui of defining a musical goal to be reached by a compositional 
project. In m<»t c-, not only the compOllitional project ia determined by th!' goal, but also the latter is 
aeuitive to the c01111train&a impmed by the former. Thus, music arises from the balanre of thr composer's 
intentiona (goal) and the compelling procesaes of organizing musical ideas (project). In other words, 
composition ia a COlllltant exercise of adaptation and interaction between projrct and goal . 

However, in the CMe of computer generated compositions, sometimes it is hard to com.- up with au 
efficient project which can be translated into a compositional algorithm . Although thl" romp°""r ran hav,• 



a clear idea of hia mmical intentions, he may be incapable of formalizing Lhete ideas in order &o build a 

program. Actually, for certain kinds or musical problema it ia hard, or even imp0118ible, to delineate an 

algorithm to solve them ming the contemporary Computer Science tools. U1ually, it can be due t.o th" 

diver■ity of elements involved in the problem, to the complexity of parameter■ that affect the problem, 

or even to tbe lack or knowledge about some upects of the 1yatem. 

In hi, piece Prolocol for solo piano, Charles Ames (3] propoees a compositional method that gOf's 

beyond the traditional proceaee atrictly baaed on random .election or rigid determinism uaed in previou~ 

computer music programs. Ames formalizes his ideas in a "protocor which is a "collection of Lese.. whf're 

each test has been ranked according to one's preferenrPS ( ... ] Then by having th" romputer naluaLP 

a substantial repertory of alternatives, one can dirf'rl it to search for tht> alternativ" best litting theSt' 

criteria. If there is a choice passing all tnts. then systernatir evaluation must find it: otherwise, th" M"arch 

will provide the best or imperfect choices" (3, p. 215). Th" caveat of this method is that the compuLrr 

must evaluate all in an enormous range of possibll' musical configurations to find th .. best Ollf'. 

Another problem involving an extensiv" search of compositiom,J solutions is prnented by SchouataedL 

in his "Automatic Counterpoint" (4). Srhottataedt implPments a program that gf'neratea fivl' speril'!I of 

counterpoint hued on the rules exposed by_J.J . Fux in the Gradua ad Punauum (1725). Although the 

rules which govern the counterpoint 11rt> Vf'ry clear and well defined, ther" are many different aolutions for 

the aame counterpoint problem and thP computational tirrlf' to thf'ck each possiblt" solution becomes a 

si~nificant con1traint. "If WI' make an exhaustive 8"11rrh or f'Vf'ry p01111iblf' branrh of a short ( 10-nolf') tint­

species problem, we have 16 raised to lh" 10th power possibk- solutions (th .. rr at<' 16 ways to mov" from 

the current note to the next note). Even if we rould rhl'rk each branch in a nan<>Sf'rond, An exhaustive 

search in this extremely simple casl" would tak" 1,000 5"r (about 20 minutf'1)" (4, p. 203). The solution 

Schottstaedt presented to thas case was to start with the best first result found for each interval, that 

is, the one to which the program assigns the smallest penalty. But as Schottstaedt recognizes, Mthe first 

such solution may not be very good. By accepting lhe smallest local penalty w" risk falling into a bad 

overall pathway~ (4, p. 203). 
Some cornpuLatiooal tools have been applied in music in order to solve this kind of problem where it is 

necessary to find the beat confi,:uration in a large 1pace of poaibilities. Examples are the back-propagation 

training algorithma used t.o weight the connections in a neural network, or the genetic algorithms which, 

inspired in the ■elective proc- that occur in a natural environment, apply 1ucceaive tranaformatione 

to a system that evolves toward its environmental fitnf'ss. ThOSf' tools "" b-d on th" ■earch of the best 

.10lution of a problem lhrough iterative process.,. , In thf'M processN, a possible solution ia generated and 

evaluated by a particular function. Then, th" pro,:ra111 ~t"nf'ralf's a nPw poesible answer which again is 

f'v11h111tf'd. The results of thl"lf' snuf'86ivf' -~u..,._~..,.·· "'" ro111p11r<'d in ordf'r to dirf'rt th" ll'arrh for the 

best rf'sult. After doin,; a numhf'r of 1.h,-~ .. itPrations 1hr ~ys1<•111 c11n rPnrh II solution whirh is sulliril'ntly 

do,.., to the optimal. 

2 The Simulated Annealing Algorithm 

Simulated annealing (SA) is II probabilistir algorithm U8"d in th .. ll"arrh for optimum solution first 

described in (I]. It hu been developed aflf'r the analogy with a Condf'nsed Mattf'r Physics thermal 

process named annealing and r.an be n8"d to find nf'1u opti11111I ronfigur11tions in vt>ry l11rge 11nd romplex 

syatems. 
Th" annealing process consists on hl"atin~ a pi"'" of melal until it rf'arh"• a tt'mprraturf' slightly abovt" 

its critical homogenisation temperatur" and then rul"fully df'creasing th,- tl"mperatnrf' until thl" molerulf'II 

are arranged in a way 110 that the metal rearhf'S its thf'rmodynamir equilibrium. Th" thf'rmodynamir 

equilibrium ia the 1tate in which the molecules form a strnrturf' 1trirtly organi~NI and th" energy of the 

system is minimal. If the beating and cooling procf'SSes arf' not corrf'rtly dont", th" metal dOf'I not rearh 

the thermodynamic equilibrium. 
As a combinatorial optimization process, th" purpOSt' or the SA is Lo find th" minimum or maxi mun, 

valuf'■ of a cost function for a specific 1ystf'm. The cost function or goal funrtion measures how good 

a spf'rific confi«uration ia. The SA ■tarts with an initial structnrl" S whirh cnn h" randomly ,;eneratf'd 

and hu a method for modifyinit lhis 1trurture ~f'neratin,; a nf'i,:hbor strurturr. For f'Mh lllf'J> in this 

process, tht> quality of the nf'w 1tructurl" is de1 ... rmi11.-d and, if th.- nl'i,:hhor solulion S' is bf'tlN than thr 



.. . 
cunent mlution, then S' beco~ the current 110lution. But if tht' new 110lution does nol represenl an 
improvement in the goal function, it still can be accepted with probability 

Qulilp(S1)- Que/;1r(S) 
e f 

Thia condition, known u Metropolis criterion, helps the SA algorithm to esrape from !oral minima 
Unlike traditional local search algorithms, SA can make occasional moves rn th.- search &part" which 
can decrease the value given by the goal function Quality(). Th .. probabili1y of arceptanct' of 1he llf'W 

1tructure ia greater if the difference between the c0&t of S and S' is •mall, even if it would r.-prefl<'nL a 

decreue in quality. Al80, the probability of acceptanu of a structure that decrease& quality g,-ts smalJ,-r 
u the temperature T decre- providing that the algorithm gets stabilized und.-r a rNLain 1e111peratur~ . 

It is poaible to demonstrate that if the goal funcLion and temperatur" lowering functions meet sorn<' 
cODStrainta, the SA end. ita running in polynomial time and finds the optimal solution with probability 
alm01t one [6]. 

3 Applying SA to Musical Composition 

Figure 1 presenta a version of the algorithm applied to the musical composition problm1. 

Procedure Sima/ate, A1111eali11g 
Begin 

S - random initial mng 
T - I r initial temperature•/ 
While (Quality ia increasing) do 

Repeat 1000 tiJma 
S' - NeighlH,r(S) 
If Qualitll(S') > Qualit11(S) Then S - .s~ 
Ebe S - S' with probability , ........ w,;9 .. •~r••• 

T - T x 0.9 j• decreases the LPmperaLure • / 
X - S, the final song given by th<' algorithm 

End. 

Figure J: S1111ulatrd A,11.ra/1119 Algont/1111 

3.1 Basic Data Structure 

Each configuration of the solution spacE' is call,-,! a "wngn and iLs sLr11d11re is deliurd hy LI,.- followiu,: < • 
language declara&ions. 

typedef ■tract { char pitch, welocity, •tart; } not•; 
typedef note ■ong[KuVoice■)[llaxTi••Unit]; 

Thu11. we lee a mng u an array of llaxVoice■ rows and llaxTueUnit columns wh.-re earh ,•ntry is 
a triple (pitch, velocity, start). Pitch may contain either a MIDI pilch valu,. (from ti Lu 127) or a resL 
(represented by -1). Velocity contains a MIDI velociLy valur (from O Lo 127) . Starl ruay contain ,.ith.-, 0 
or I repraenting that there ia a note or rest ■tarting al lhat timr unit (I) or 1101 (0) . 



3.2 Neighbor Function 

The job of the neighbor function in the SA algorithm is to receive a configuration in the 10lution spare 

and to return another configuration in the same spare being slightly different from the first one. 
Our implementation of this function returns a son,; identical to the one it receives except for one not .. 

which is randomly added. 

3.3 Goal Function 

The purpOlle of our work is to develop an algorithmic tool to bf' USC'<I by composers and musicologists . 

Our idea is to offer a simple way for compOSC'rs or musirolo,:ist~ with pro,;ramming: t>xperitnrt write their 

own goal functions in C, link them Lo our system, aml thf'n us.- the rf'sourre rrf'at,..J as a MAX external 

objert. Any goal function which rereivl's a song a., ,ll'srribf'd above and reLurm; au rvaluation for its 

quality can be linked to our basic system. 
For thOlle with no programming f'Xperience, we lmvf' written a goal function which can ha,ie 10me 

of its parameters defined through the cells and tablt'S of a friendly MAX patch. In thf' next 11ection we 

describe the implementation of this goal function whirh can be taken as an example by other people 
int .. rested on uaing our ■ystem with th,-ir own ,;oal functiollli. 

4 Implementation of MaxAnnealing 

We ha,ie created a program call,.d M a.xAnnealing whirh us.-s the SA algorithm in order to find th,. 
optimal solution for a compositional probl,-m. The program was implemented in the OPCODE'■ MAX 
2.li .2 environment {SJ 1ince MAX offers a series of handful tools for manipulating: all the music and graphir 
data needed by the program. An external MAX object railed annealing which performs the optimiaation 
was created using the ThinkC 5.0.3 compiler. 

The program bu three basic modules: I) the parameters interface, which allow• the user to 11et thf' 

parameters that will be used for the son,; evaluations; 2) the simulated annealing objed, which perforlll!I 
the 11earch for the optimal solution; 3) the player, which receives tM 10ng produced by the annealing 
al,;orithm and play■ it through a MIDI output. 

The current implementation of MaxAnnealing genf'rates a 10ng of sixtttn ban, each bar coruiating 
of four beats, each of which ha,iing up t.o four snh,li,iisions, whirh Wf' rail ~Lime unit■w. Thr pierr i• 

distributed by four different tracks or voirl'S which ran bt' assigned to four dilferent MI DI channels. A II 
these valu"s can br chan,:,-d through modifying Lhr anut>alin.e; ohjrrl 110urr,. rod<'. Th,- printout of Llw 
sourr<' rod,- ci,n hr found in apprnclix II . 

4.1 The Parameters Interface 

Thr program start■ with the user providin,; trl'f' ,;rnrral parameters for the pif're. The first onr is a tension 
curve which determines thr pitch tension at t>arh tinlf' unit of the piert'. Thc- pii.rh tension mrasures how 
dissonant are the simultaneous intervals that orrur at t>arh point of the musir. Thi11 paramrl.er is St't 
by drawing a rurve where earh point rt'pres<'nts thr trusion for l'ach time unit in the· pieu as shown in 
Figure 2. 

A second curve determines the density pnramet<'r . In this case, earh point in the curvr corrl'Sponds 
to the number of notes that 1hould sound at each momrnt. 

Finally. the user aai,:ns weights to every pitrh da.,a of thr rhromatir Kalr. Here, a weight O means 
that the note should ■eldom occur. This brings a ,;rnrric rharader in lhr pitch domain 1ince the u11er cai, 

determine which acales he wish to llllf' and rrPalf' a pilrh hierarchy by assignin,; high wrights to rertain 
pitches and lnw weights to others. 

4.2 The Simulated Annealing Object 

All data ut by the u..er is thtn ,;iven to thl' simulatt>cl annt'alin,; moduJ., whirh startl the optimization 
process. It begins with a piece of musir romp05"cl hy just one arbitrary four-note chord where thf' voirf'S 
are distributrd from thl" highl"st to Lhf' lowrst nulr throu,i:h thr track• Ollf' to four (any other initial song 
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Figure 2: The MaxAnnealing Patch 

would fit here). This ii the first 110ng evaluated by the algorithm. Given a aon,i, ii.JI quality i8 evaluat,-d 

by the goal function which is the weighted average of the five following rriteria. 

I. For each time unit, it calculates the tension among the interval8 gen,-rat('d arcording to a prt"viously 

established table of dissonance. To cakulatr tht" tension, MI DI notes arr transfort11l'd in pitch classes 

and then the algorithm verifies all intervals that occur among Lhl" four vote,.,. for ~l'ch timl' unit 

Theae intervals are translated into previously established values which repre11ent a dissonance lt"vel . 

The pitch tension for each Lime unit is calculatf'd by adding these vah1f'S. 

The closer is the pitch tension to the tension delermined by the Ullf'r for that time unit, the higher 

is its evaluation. The final evaluation for the whole song is the average of iu tim" unit "valuations. 

2. Scanning the aong notes, it verifies if the density in each moment of th .. piete is rompatible with 

the density curve drawn by th" user. Besides. Lower pilthf'B recPivf' highrr ,-valuation if thPy havl' 

longer durations than higher pitche;. This would ll'acl to a musir suurtur,. in whirl1 luw"r pitrh..,. 

will be associatf'd to long durations and highn pitch~ will I,,. assoria.trcl lo short durations . 

3. For each of the four voices, it evaluates th" leaps b,.tween each not" and it~ antttNlent. Lf'apa clOllf' 

to a minor third receive highf'r rvaluation than biurr and smalll"r on.-,;. Thi• will as,;11,.. that th" 

melodic contour of each voicf' will not hav .. too many larg,- le&f>s nor too many small intf'rvals. 

4. The more cNl81ings between voices a song has, 1hr low,., is its .. valuation . Hy doing HO wr try lo 

avoid too many voice crossings. 

5. IL scans every song note addin,: thl'ir pi Leh class weights - given by th,. Wf'ighL Lablr lll"t hy thf' user . 

The higher is the sum of Lhr weights, the higher is the 10ng .. valuation . 



A.1 we bave eeen in ,ection 2 and 3 the value given by the goal function is compart'd with lht' quality 

of a previou■ 10ng. Theo the program decides i( it take• the new 10ng as the nt-w temporary 10lution, or 

if it keep■ tbe lut value. 

4.3 The Player 

Thi• is a limple module which receives the beat resuh obtained by tht- simulatt'd annealing and translatt-~ 

tbi■ data 10 it can be played u a four-channel MIDI lt'(fUenct'. It presents some atandard control button~ 

including play, pau,e, ,top, metro, and 1ave and load sequence. 

5 Results 

We have run MuAnnealing for several time1, using different parameters to test its pt'rforma.nrt. Initially, 

we have set tbe program lo search through an averagr of 9,200 pieces of music for each nrw parameltr 

configuration. Thia procea took about 30 seconds in a shared SUN SPARCaervt'r l000 and onr minute in 

a Maciololh Performa 630. Further telll have abown that, in some cases, MaxAnnealing was able lo find 

very good eolutiou after a search through only 2,000 songs, which lowers considerably the necessary timt 

lo run the program. It ii worth noting that even searching through 9,200 different 10ngs, the algorithm 

run■ almo■t 2,000 time■ faster than that which searches through all thr 224 possible 10lutions for our 

particular problem. 
For each lat we have set different parameters in order to ienerate specific kinds of musieal output. 

By .-igoing certain weight■ to the notes in the pitch table we were ablt' Lo generatr pieces o( music 

baaed on different modes and t(:ales. The curves also provided an easy method of control over thr 

tenaioa and denaity of event■ which happened at each point of the song. Aftrr only a few uperiments 

with these control■ we could make ■atisfactory predictions about the gt>nt'ral charactl'ristics of thl' musk 

MaxAnnealing was going to generate u the best solution. 
Although our intention wu only to demonstratr the validity of using tht' SA trchni'lu" in thr wlutiou 

of musical problem■, ud despite the simplicity of thr compositional rulrs applit'd, MaxAnnraling has 

produced 10me ioterutiog musical results. Appendix A presents thr sror,. of a romposition produced by 

our 1y1tem. 

6 Conclusion and Further Work 

We have introduced the usr of simulatrd annealing algorithm as II pnw.-rful ~oul in th.- li..Jds of musiral 

composition and musicology. The Simulated Annralm,: has shown tn h.- v.-ry rlf.-rliv.- in th.- ,;,-arrh for 

a aatilfactory 10lution for problems involving a largr mm,bt'r of pO!ll;ihl.- ·11,usiral rouliguratiou~ in a v.-ry 

reduced time ■pan. 
With modifications in its objectivr function, tbt' syste11, woul.l bf' very us,·ful for finding thf' solutiou 

of many other compoaitional problema. Moreover, one can conct'iv,- the utilizatiuu of the SA as a practical 

tool in the field o( mu■icology, which would enable tht' vt'rification of relations b.-twef'n the formal rult'tl 

•bich govern a piece of music and the actual efff'rls - in terms of auditory t'Xperitncl' - thoSt' rult's 

generate. 
All a further atep on this work, we intend to tt'SI tht' use of oth,-r objertiv.- functions and devf'lop 

the MaxAnnealing 111er interface Lo allow the generation of more romplt'x ro111positional system~, which, 

we believe, will lead to more interesting musical l'f'sults. Thrllf' d,-vrlopITJt>nls inrludl' nrw configuration 

option■ to be set by the user and thf' introdurtion of mo,,. rlahoratl'cl rom1,ositio11al ronstrai111.1; in th.­

program functions. 
The MaxAnnealing 1011rce code and binari.-~ ar.- availab(,. hy a11011y111u11, fTI' al ftp .i111.- .usp.br, 

directory pub/macintosb/MaxAnnealing . 
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B Ma.xAnnealing Source Code 
/••••••••••••••• ..... ••• File: .._. ..... . 11. •••••••••••••••••••••••••••/ 
/• lie are ••ffJ kt ti.la 1■ a Uliaaaal co4e . •/ 

liacl ... •ut .•• 
liacl ... •1,,..llf•.•• 
liacl ... "letUpat.•• 

lde1iae Tr.a I 
ldefia• Pai.• 0 
ldllfiae Jlult 1000 
Nefiae lluf••• 4 
-la• -1Celcu1u 255 
lddiae IDT -1 
Ndiae UD_llil 32TIIT 
Nodiae ..__,_ 11 
Ndiae lluf_. N 

tr,e••f •tnct _aeta ■•ta i 
strw.ct -•••• ( lat pit&, HlocitJ, uart; ) ; ,,,..et Iota Putitua[luW., .. ] CluJeaiColcuiH] ; 
J• Jitdl ... welecitJ are tile ■lDI •al•••, at.arl la a Mol•&a Yariabl• th ■t 

tell• wllec.lt.er tile •••• ala.rt; at tki• ..... , oi- aot . •/ 

Hhft lat P1, P2, P!, P4, P5; 
e1:1■111 iat TUllO_UIUll.lO(■asl-lColcll■ia•J; 
■:it■ra lat: 419ali4ade(Part1tara •1) i 
ucera lat IIUUC:.IO_&DIQUlD&(llarWoua) [NuSe■iColcllaiu] ; 
■Sl■n. ial .......... MIU □; 
eaten bl l■ua■( Iota •al. Iota ••2, Iota ••3, Iota •114) ; 
■at■111 iat cru.aaeat ■ C l■ta •al. Iota •a:Z, leta •a3. Iota •a4J; 
odera lat a,-ta_Hcala[13]; 

• eaters fptr e,u; 

nU laidaliaa(hrtitua •>; 
••U cepia<Partitua •. ParUtua •>; 
w■U wia:1--(hrtlta'• •, Partttara •>: 

,,.,...., etnct H<pel•te ( 
Hrw.cl ellject e_el,; 
li• ·-••Cllu-iC:.laeiao) ; 
:lal e.ac; 
••t• ··-••t;. 

Eaqa•l•t•: 

/••••••••• .. •••••••• file : aaa-•alia1 .c •••••••••••••••••• .. ••••••••J 
liacl .... ■--•.ll" 

tptr •nl; 

ooU ••-le••-•--0, •••tral.1•• (); 
••W •cl-•i 

■-ia(tplr t) 
{ 

•-r&O(); 
l•tllpH(); 
ns • i, 

~ ••lllJ> ( &claa• • ....-1•••--••• OL. 
(uert> ■laeet(etrw.ct Hqaeletol, 
OL, &_IIOI.Oaa, O) i 

.._.••<-1raLi■t:,"li•t" 1 A .. tIJOII. O); 

II 



fiM•r-•4dcl••• ( .. L:leta•, "aax.aaaealing"); 

poat("lluaaaea.li•I Ia■tal.l•d"); 

l•■torej4(); 

•oid ••■qa•l•t•-•••<> 
f 

1.■cpelete •s: 
SetUpl40; 
a • (EsqHloto •lHwobjoct(cla■a); 

•->•-o•t • li•t••t(s): 
l••t•rel40 ; 
r•t•n (a); 

•oid •Ro■traLi■ t (regl■ter E■qveleto •:it, SJllbol ••, 

i■ t ac • Atoa •••> 

regi■t•r iat 1,k; 
loq a; 

S.tUpl40: 

tt(ac •• 12) 
for U-O: 1 < 12; i++) ( 

if (H[i] -•- .,,..•&..LOH) 
poooo_da■ _aotu[i] • Ciat) H[i] . a_a.a.loq; 

•l•• pe■t("-•&liac olliject? wrong li ■t •l-••t t7pe"); 

•l•• it(ac - 5) 
1f ( .. [l] .a_tJP•••A_LDIG) 

Pt • Uat) H(O] •-• -•...l•ag; 

P2 • Ciat) H(l] ·•-· ·•-lone; 
P3 • Uat) H[2] ·•-•-•.loag; 
Pf • (lat) n[3] .a_o .a_loq; 

PS • Uat) H[4) ·•-• ·•-loag; 
•l•• po■t("'aaa•aling olliject: ■rong li■t .1 ... nt type"); 

olH lf(oc - 2H) 

) 

ter (1-0i i < 2s,; i++) { 

U (H[I.] .a_t,,..•A_LD■a) 

?HSAD_USIJAUO[i] • Uat) H(i] · •-• .a_loag; 

•l•• po■t("wro■1 li ■t •l•••t t7p■"); 

for (k-O,i-0; t < 94i l++) 

if (H[i) . &.tJP .. •A.LO■a) ( 

DIIUCAD_ADEQUAl>A[lladoaoo-ll [k++] • DUUCAO_ADEQUADA (lluhaoo-1) (k♦+] • 

DUUCAO.ADEQUADA [llaaYozoo-1) (t++] • DUUCAO_ADEQUADA[lluVo .. o-1) [k++] • 

(illtl a • uUJ ·•-• .a.10-.; 
•l•• pe■t( 11eroag li ■t •l-••t tJP9"); 

1a1cialiu(al); 
:fiad_llle■t.•••<s): 

nt(a,al); 

•1•• poet("li■t •~ •roag l•agtll"); 

•••toro&4(): 

•oid ewt(i■qael•t• •a. Partttara • ■core) 

( 

for( 1•0; l<llaaloa••; t++) 

for( j•O; j<lluS-IC.lcboho: j•+) 



{ 
Hll.OIO(l:r>•-aw[O], UHg) (•acore) [i] [j] .pltcll); 

sm.o■u(lz->e_H[t] ,(loag) <•■cou)[i] [j] . ulecit1l: 
IITLOIG(h->•-u[2] ,(lo .. ll•■corol[i] [j] .atutl: 
1f (lo•tlat.li■t(s->e.o■t, OL, (tat) 3, lf•>e.H)) 
poat("error allll• .. 11,ll.ag llata •• Htht"l; 

P••t( .. loag create4.,): 
} 

/••••••••••••••••••••••• File : priaclpal . c •••••••••••••••••••••••••••/ liacl•cle ............. .. 

••t•n ~tr •ns. 
lat Pl, P2, P3, Pt, P&; 
Pani1u-a I; 
fleat ■Jezp(float •>; 
ut ■JraadO; 

float Eafria(float Tnperatue) 
{ 

retU'W.(T-,•r•t•r••0.9) i 
} 

lat lc•ita(:f'loat TNp•r•t•r•, float ,ariation) 
{ 

float au,P,Q; 

lf (f-eratv• I• 0.0) 
••r • Yarlatioa/Taap•r•t•r•; 

•l•• 
au• Oi 

P • t.o/-,np(•au): 
Q • (flHU■7raadO: 
e • Q/32787. 0; 
retua (Q c P): 

l■t fta'.N■t.■•■1<sl 
E•qael.ete ••; 
{ 

:f'leat T~•r•t•r•; 
i•t Coat, It•raco••• •aae•toa, i; 

Pt • P4 • ;, ; /• Iaitial ••itlata to.- th• S crtteri ■ • / 
" • 3; 
Pl• 1; 
t2. 1; 

lalcl.allaa(&l); /• O•a•rate iaitial ■ong •I 
Ou].ldade.lt•&al • qaalidade(II); 
c.ph(U...,. ,Ul; 
Ou].idue_..,. • Qaalidade_ltul; ,._t.. • 1rt•; 
lterac••• • O; 
T-..ratv• • 100 .0; 

wla.il• (&...,ates) I• ftll• tl11• cpality i• iacr•••J.ng ... •/ 
{ 

Coat • Bult; 
·---•t•• • ,a1 •• ; 
1'or(Coat • llaslt: C.at > O; Coat--) 

{ 
lteraco••••; 



) 

datue(llaen, IJ); /• Ptcll • ••• ao■- ia tit• aoigllborllood •/ 

~U .. e_len • cinlidado(llano) ; 

lube• • 11aal1'ue_lon - Qaalidade_&lul; 

lt lful•c•• > Ol 
( 

) 

copia(U ,&la••o>; 
e-aJ.j,._.e_Ataal • Q1talidade _lo•a; 

it (q..llade_lowa > Qaalidd•..A&•l 

( 

cepla(IX-.•. &lao••>; 

Qaalidad•.•• • Qaalidado_lou ; 

) 

a-a,n • Tne; 

.1 .. 
( 
1t UceihCT...,.ratvo,hriocao)) 

( 
upia(IJ, llaoH); 

Qaalidado.&tul • Q,aalidado_lon; 

) 

)/• :ror •/ 
T .... ra1are • laf'ria(T-,erat-.re) : 

1 • ., ·-··· • 123f587; 
/• Ii.ace t•• AIII liNarJ ••M to cr••t• ••i•r•al o .. jec'la do•• aot 

llaH ••• raad 1 ••• oap taacuo .. , •• load to oriu our Ha , •I 

... IIJr ... 0 
( 

•-••• •«•-■tooUOSli2U+UJU)»J )111474113647, 

r•hra (u•> •-•teU2711T; 

I• U.H t•• tarl•r leri•• 1a ord•r te 1i•• a 1oocl apro:s:iaatioa ot 

•,rpCd 1t • t. •-••tas be••••• o ud i. Mo or• ••UII ••• 
f•ll••UII •s,r•••i•a: (1+a•:s•al2•a••••/6+11•a:•s•a/24+a•a:•a•:a:•s/t20 

+r111120 +rr 15040 +ra/40320 •r113112eeo 

+l"JD/3112UOOl ; 

•I 
..-atara (1 .O+s•(1 . 0.a:•(0 . l&+I•(O . 16666667+.z•CO .04t66CS7+z•(t .0/120•.1• 

(l .0/720+•• (1 .0/5040+••<1 .0/40320o•• (I . 0/3112880+••<•/31128800))))))) l) l) ; 

/••••••••••••••••••••••• Fil• : quali . c •••••••••••••••••••••••••••/ 

tl.aclad• <■•dlil•-•> 
liaclade .,aaaaaaea.11" 
las TIIIUD.UIUllJO [lluSoaiC•lc•eiH] i 

iai. , ... ae( Iota •at. Iola ••2, Iota •n3, lot.a •n4) 

( 
at:atic lat: teuao_t..., ■nalar[t2] • (O . 10, 7 1 e, , , 2 1 9, 1, 4, 3, e, 11} ; 

bl t-0; 

tt<al->pltcll I• UST ) 
( 

lf(a2•>pl•cll I• UST> .......... 1■ .. rular(ab■ U•ol) .pitcll - (•112) . pitc11)112], 

it(d•>pt•cll I• UST> ......... _ia .. nalu(ab•«••O .pitc._ • (•a3) .pitd,>l12] ; 

lt<at->pi•cll I• UST) .......... ia••r•olar(•b•U•aJ) .pltcb - <•a4l .pttc•>ll2]; 

U(aJ->pl•cll I• UST ) 
( 
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U'<a3-)pitclo I• IIIT) t•"'-•-lat.rnlu-[akU•a2l .pitcl, • (•all .pitcla)ll2]; 
U'(M•>pitclo I• Wt) •--•.iaternlu-(uaU•a2l .pltcla - l•a4l pitciall12]; 

} 
U'<a3•>picclo I• WT U a4•>pitcla I• Wt) 

, ___ tacenalar(alaa((.._,) .pilcll • l•a4) . phcllllU2]; 
renn (c); 

} 

lat -Ce( ■••• .. 1, ■••• -.2, Iota •&3, Iota •a4J 
{ 
tac j-0; 

U'(al•>pitcll I• IISI ) 
{ 

} 

U'((-.S).pitclo > (-.2).pUcll U a2•>pUcla I• UST) j+■al•>pitcla • a2•>pltcla; 
if((-.S).pilcll > (..S).pUcll U 113->pilcla I• IEST) j+■al·>piccla • al•>phcla ; 
if((eal),phcll > (-) .pilcll U a4·>pilcla I ■ UST) j+■al•>pitcla • a4•>pitc:l ; 

U'Ca2->pilclo I• IDT ) 
{ 

} 

lf((-.2).pllcll > (..S).phcll U &3->pitcla I• UST) j+■a2•)pitcla - al•>phcla ; 
lf((eaJ) .pilcll > (-) .phcla U a4·>phcla I• UST) j+■a2•>phcla - a4•>phcla ; 

11<a3->piccla I• 111T U •4·>p1tcla I• UST ta a3•>p1tcll > a4·>pitcla) 
j♦--3->pilcla • a4•>pitcla 

r•nn <J>; 
) 

lat ■alc■ (ial al. iaC a2l 
( 

} 

U'C.1 - 111T 11 a2 - UST> retua(Ol; 
--(alaa(al-.2)); 

1 ... ,_.._ ....... lea• o, aracu • 0, 
tarac .. _... • 0. C~IN ■ 0, ..i,.. • o, ___ , __ ..... • 0; 

lac aac■_anal • o, a■ta.■epiat• • o • 
.-l, ar. .... .._n_ •• _.., .. • o; 

I• ~ &a■lyai■ h-ertical) •/ 
fer (■ai■o1 ■-at. < Jladaieelc:l•ia■: ■oai++l 

( 

) 

•-.u--lca ♦- alaahnaao(a(ol) [OJ 1--il .•<•U It) l•-il. 
•<•1)(2) c-o ,a(•ll [3) (o■-il>-

ruua_lllll&UO[■-lJ) , 
I• D.b ..i, nrka U ell• •..- llU 4 ir•ic•• . Ve -•' a•••r-alia• tJau 1a ,a.. i-tv• •I 
-•- ♦- ...-..-to(a(•l)(OJ[o-i) ,a(•l)(t)[o-i), 
a<olJ Ca.J [Nat) ,a(ol) (3) [Nail>; 

I• loriaeacal &a■lJ•i■ •I 
fer (wa-Oi ••• C llaafeaN; •••••l 

( 

•ea!• O; 
llu'acu_na • O; 

•lailo(Nai-Colcloeiu) 
{ 
Mia.anal • (ol)(na)[Nai) .pitcla; ___ .. ....-, .... " 
-♦♦, 
oil• ((•J>C••■JCNa1J.■1ar1 - o la ■■-i<llull-1Colclaeiu) 

( 
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) 

•-: 
.-1 .. , 

nrac••-••• - al>a(4ar-DUUCAD_&DEQUADA (YOa] Ce•t-t]) ; 

•--4e•-pe•• •• ._.,. ... _ ... _.etu[(Mta..ataa.J.ll2l•t]; 

U <•-i <llus-1co1c••i••l 
( 
a•ta_Hpiat• • (ol) (Ha] (Hai] .pttc•: 

•alt•• +• ealto(aota_at•al• aot•-••piate) i 

} 

) 

) 

dar•c•• •• duacao ... ,os• ( ••z+t) ; 

aOlll_de•_peNa ••10; 

aoaa_d••-P•••• /• 1024; I• b•t•••• O ud 100 •/ 

touao_tl._...ica ••JOOi 

t• .. ••••----ica /•(Na•S-iColcll•i•••llla:aTauao): /• b•t•••• 0 ud 100 •I 

,ru ... at•■ ••too; 
cru ... ato■ /•(■-•••tCeldkota■); I• Mt•••a O ud 100 •I 

■alt•• ••tO; 
■alto• /• (a-.ro.clo_aota■); /• bet•••• 0 ud 100 •I 

daracao ••100: 

duaca• /• (2•11uY••••••us-tColdloiaa); /• l»et•••• 0 aad 100 •I 

r■tua ( (fat) 

(Pt• (100-t-••-••--1.ca)• 

P2•(100-nu-tee)+ 
P3•(30-laba(aaltH-30))•:53/to+ I• lacoah•-• aaltoa pr .. i.Ma 

•• tarca .... ., •/ 

, •• uoo-•vacu)+ 

P5•■--d••-P••••>) ;; 

/••••••••••••••••••••••• Filo: kro.c •••••••••••••••••••••••••••/ 

liacla4e <at411'.•> 

liacla4a <atrta,. •> 
1:lac-lade ""aas .... a.JI.• 

tat DUUCAO_ADSqllADI (._Y■zea] [Jlu;l-iCelclleiaa] ; 

iat pe•---•••--•tu(U]: 
lat .. uor -••t•-Oi 

•aid taiclaliaa (Partit•r• •I) 

{ 

int i,•oa.•eaii 

for U-O;i<U:t-> 
if (p-■H-•u..aetu(i] > ,. ... _ ... _ .. tu(-llor.■oh]) -aer.a•ta • I.· 

for C•a1-0; •••<lu:Waaaa; ••a:•+) 

tor <••1-0; ■tei<Jlu:l•iColcllaiu; ■-l♦♦) ( 

l.t <•-ill-> ( 
(•I) (us] C•-iJ .pit ell • -aar_aeta+(ns+ll•U; 

(•l)[wHJC•-iJ.welocUJ • tOO; 

(•l)(Hs](a-1] .•tart • 1: 

elN ( 
C•l)(wes] C•-11 .pltcll • -aer.aau•(wH+3l•12: 

(•llCns]Ca-1] .HledtJ • 100; 

(•U[wes](a-1].atart • O; 

f•r <•-1-0; a-1<■ul-1ColclleiH; ••i++) ( 

DIIUCID_IDll!II.ID1(2]Ca-1] • DUUCAD_IDIIIUID1(3](a-iJ«I; 

DUUCAD_IDIQUIDA(l] C•-1.1 • DUI.ICH.ADEQUIDA(2] C•-il«t; 

DIIUCJO_JDEQV&Da[o](._i) • DIIUCAD_ADEQUIDA[l](a•IJ«l; 

l(j 



} 

HU copla(Partltua •l, Partltva •Yl 
( 

-pJ(l, J, aiSHf<Partitva)), 
} 

••i• wisiall• (Partltua •Y, Panitu■ •I) 
I• a.,uaa lat, a ••ipNr of I•/ 
( 

na • (lat) -,r-013; 
■..t • Uat> -,r..,..012'5; 
p1tc• • (lat) -,r..,..0112; 
1-, • (MNAClO_IDIIIIU&Dl[HaJ [■-ll«U•1; 
nracao • (lat) -,r..,..O'lt-,; 

copla(T, l); 
if (pitQ I• IDT) { 
if (■-1 - o) i • <•J> [,0:1] C••il .pita; 
elH i • (oJ)(,oa][■ai-t) .pitcla; /• i ia tk• pn•iou aote •/ 

if U - UST) i • -u.or_aota+(•oa+3)•12; 
oitua • ( lat) l/12 -1; I• •• cl,.., .. a pitc• aoar tile pitcla of l •/ 
pltcll ♦- ■1tan•t2; I• proHnlar tllo ■•locto,1 pltcla dua. o/ 
••il• (aNU-pitd) > 11) 

if ( i > pltc•> pttc• •• 12; 
•l- pi'ldl- 12; 

■Ulo(plla < 311) pile• +•t2; 
••il•Cpt.tc• > N) pttc• -•12; 

(oY) [,os] [■oat) .pltcla • pltcla; 
C•Yl[Ha][■oai] .nlAcitJ • 100; 
(oJ)[HaJC■-1) .Hart • 1; 
tar(lr"t; .lt<aracu II ■-1+11<11US-1Colclaeiu; II++) 

(oY)[ .. aHo..t+.tJ .pitcla • pltcla; 
(oY)[,,H)(■..t .. ) ,HhcltJ • 100; 
(•Y) [ .. a)[a-1•.tl . ■tart-0; 

} 
if (o-1....,ac..--c.lcladu U !(•J)C.oa)(.-i+tluacao) . atart) 

<•YH•oaH••i+tlvacao}. ■tan • I; 
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