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Abstract 

The thesis deals ǁith pƌoďleŵs of iŶǀeŶtioŶ ǁheƌe solutioŶs of optiŵizatioŶ ŵethods 

do Ŷot ŵeet the oďjeĐtiǀes of pƌoďleŵs to solǀe. The pƌoďleŵs pƌeǀiouslǇ defiŶed 

eǆploit foƌ theiƌ ƌesolutioŶ, a pƌoďleŵ eǆteŶdiŶg the ŵodel of ĐlassiĐal T‘I) iŶ a 

ĐaŶoŶiĐal foƌŵ Đalled "geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs." This ƌeseaƌĐh dƌaǁs up 

a ƌesolutioŶ pƌoĐess ďased oŶ the loop siŵulatioŶ-optiŵizatioŶ-iŶǀeŶtioŶ usiŶg ďoth 

solǀiŶg ŵethods of optiŵizatioŶ aŶd iŶǀeŶtioŶ. Moƌe pƌeĐiselǇ, it ŵodels the 

eǆtƌaĐtioŶ of geŶeƌalized ĐoŶtƌaĐtioŶs fƌoŵ siŵulatioŶ data as ĐoŵďiŶatoƌial 

optiŵizatioŶ pƌoďleŵs aŶd offeƌs algoƌithŵs that pƌoǀide all the solutioŶs to these 

pƌoďleŵs. IŶ additioŶ, it pƌoǀides heuƌistiĐs to seleĐt ǀaƌiaďles aŶd its ƌeleǀaŶt ǀalues 

iŶǀolǀed iŶ geŶeƌalized ĐoŶtƌadiĐtioŶs aŶd/oƌ useful foƌ optiŵizatioŶ. The 

ĐoŶtƌiďutioŶs ĐoŶĐeƌŶ theoƌǇ aŶd pƌaĐtiĐe of the iŶǀeŶtiǀe desigŶ. The thesis also 

eǆploƌes Đƌoss-feƌtilizatioŶ ďetǁeeŶ optiŵizatioŶ aŶd T‘I). 

 

KeǇǁoƌds: T‘I), iŶǀeŶtiǀe desigŶ, optiŵizatioŶ. 
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Chapter 1  IŶtƌoduĐtioŶ 

1-1 CoŶteǆt 

The ǁoƌks pƌeseŶted iŶ this Đhapteƌ aƌe paƌt of ƌeseaƌĐh effoƌts ĐoŶduĐted oǀeƌ the 

last fifteeŶ Ǉeaƌs iŶ the LGECO laďoƌatoƌǇ ǁithiŶ the ĐoŶteǆt of applǇiŶg the theoƌǇ of 

iŶǀeŶtiǀe pƌoďleŵ solǀiŶg, also kŶoǁŶ as T‘I) ;Teoƌija ResheŶija Izoďƌetateliskih 

)adatĐhͿ, aŶd its eǆteŶsioŶs iŶ diffeƌeŶt doŵaiŶs. T‘I) is a set of ŵethods aŶd tools 

oƌgaŶized iŶto oŶe sǇsteŵ that ǁas deǀeloped ďǇ GeŶƌiĐh Altshulleƌ [ϭ] iŶ oƌdeƌ to 

faĐilitate the iŶǀeŶtioŶ of phǇsiĐal oďjeĐts. The uŶdeƌlǇiŶg pƌiŶĐiple ďehiŶd the 

ĐoŵďiŶatioŶ of ŵethods that ĐoŶstitute T‘I) is ďased oŶ a set of fuŶdaŵeŶtal 

assuŵptioŶs deƌiǀed fƌoŵ dialeĐtiĐs aŶd aŶalǇsis ĐoŶĐeƌŶiŶg the eǀolutioŶ of 

teĐhŶiĐal sǇsteŵs. As a sigŶifiĐaŶt poƌtioŶ of iŶŶoǀatiǀe ƌeseaƌĐh Đaƌƌied iŶ this field 

is of the iŶĐƌeasiŶg oƌdeƌ, the ƌeseaƌĐh aiŵs at iŵpƌoǀiŶg diffeƌeŶt ĐoŵpoŶeŶts of 

eǆistiŶg appƌoaĐhes. “oŵe fouŶdatioŶs of T‘I), suĐh as dialeĐtiĐal thiŶkiŶg, aƌe ǀeƌǇ 

geŶeƌiĐ. “eǀeƌal studies haǀe atteŵpted aŶ aŶalogous appƌoaĐh of Altshulleƌ s͛ ǁoƌk 

foƌ otheƌ appliĐatioŶ doŵaiŶs suĐh as ŵaŶageŵeŶt, adǀeƌtisiŶg, aŶd logistiĐs. If 

these ƌeseaƌĐh ǁoƌks had aĐhieǀed soŵe suĐĐess, ƌeĐuƌƌeŶt diffiĐulties ƌaised iŶ 

iŵpleŵeŶtatioŶ of the pƌoďleŵ foƌŵulatioŶ thƌough theiƌ uŶdeƌlǇiŶg ĐoŶtƌadiĐtioŶ 

ǁill ďe solǀed ďǇ the saŵe appƌoaĐh. Hoǁeǀeƌ, this ǁas also ouƌ pƌoďleŵ ǁheŶ the 

laďoƌatoƌǇ iŶitiated a ƌeseaƌĐh ǁoƌk oŶ the ideŶtifiĐatioŶ of ĐoŶtƌadiĐtioŶs that 

uŶdeƌlie siŵulatoƌ sǇsteŵ liŵits ďǇ deǀelopiŶg ŶuŵeƌiĐal ŵodels of sǇsteŵ ďehaǀioƌ. 

IŶ oƌdeƌ to aĐĐoŵplish this, the defiŶitioŶ of the ĐoŶĐept of ĐoŶtƌadiĐtioŶ, as defiŶed 

ďǇ T‘I), ǁas too ǀague to ďe used ǁith Đoŵputeƌ tools. The defiŶitioŶ of the ĐoŶĐept 

of ĐoŶtƌadiĐtioŶ Đould ďe the oƌigiŶ of diffiĐulties foƌ huŵaŶ useƌs to defiŶe aŶd 

uŶdeƌstaŶd ĐoŶtƌadiĐtioŶs. BeĐause of these pƌaĐtiĐal aŶd theoƌetiĐal ƌeasoŶs, the 

defiŶitioŶ of ĐoŶtƌadiĐtioŶ has ďeeŶ ƌeǀised, aŶd a geŶeƌalized ĐoŶtƌadiĐtioŶ ŵodel 

has ďeeŶ pƌoposed. This Ŷeǁ ĐoŶtƌadiĐtioŶ ŵodel is eǀeŶ ŵoƌe diffiĐult to ideŶtifǇ 

aŶd uŶdeƌstaŶd ďǇ huŵaŶs; hoǁeǀeƌ it is suffiĐieŶtlǇ pƌeĐise to ďe pƌoĐessed ďǇ a 

Đoŵputeƌ as sooŶ as ǁe haǀe eŶough data ƌegaƌdiŶg the sǇsteŵ ďehaǀioƌ.  



ϭ-ϭ CoŶteǆt 

ϭϴ 

The fiƌst oďjeĐtiǀe of this thesis is to pƌopose the ŵethodologǇ, tools aŶd algoƌithŵs 

to ideŶtifǇ these ĐoŶtƌadiĐtioŶs fƌoŵ eǆpeƌiŵeŶtal data oƌ sǇsteŵ siŵulatioŶ data, 

foƌ uŶdeƌstaŶdiŶg sǇsteŵ pƌoďleŵs aŶd seaƌĐhiŶg foƌ theiƌ solutioŶs. The seĐoŶd 

oďjeĐtiǀe is to use this Ŷeǁ tool to aŶalǇze aŶd eǆplaiŶ ĐeƌtaiŶ pƌaĐtiĐal diffiĐulties 

that huŵaŶs eŶĐouŶteƌed ǁheŶ ideŶtifǇiŶg ĐoŶtƌadiĐtioŶ. FiŶallǇ, a ƌeseaƌĐh oŶ 

foƌŵalizatioŶ of geŶeƌalized ĐoŶtƌadiĐtioŶs has ƌeiŶfoƌĐed ouƌ idea that theƌe is a liŶk 

ďetǁeeŶ optiŵizatioŶ theoƌǇ aŶd iŶǀeŶtiǀe pƌoďleŵ solǀiŶg thƌough the ĐoŶĐept of 

ĐoŶtƌadiĐtioŶ. Fuƌtheƌŵoƌe, the tools deǀeloped iŶ this thesis aiŵ at eǆploƌiŶg the 

liŶk ďetǁeeŶ optiŵizatioŶ theoƌǇ aŶd iŶǀeŶtiǀe pƌoďleŵ ƌesolutioŶ ďǇ usiŶg the 

ĐoŶĐept of geŶeƌalized ĐoŶtƌadiĐtioŶs aŶd the Paƌeto liŶe.  

IŶ oƌdeƌ to deŵoŶstƌate the geŶeƌalitǇ of the appƌoaĐh, illustƌatiǀe eǆaŵples fƌoŵ 

the thesis aƌe dƌaǁŶ fƌoŵ the desigŶ of phǇsiĐal oďjeĐts ;e.g., the Đase of aŶ 

eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌͿ to the pƌoĐess desigŶ of iŶteƌŶal logistiĐs ;e.g., the Đase of 

aŶ iŶǀeŶtoƌǇ KaŶďaŶ sǇsteŵͿ. The folloǁiŶg paƌagƌaphs of this iŶtƌoduĐtioŶ disĐuss 

the ďaĐkgƌouŶd of ouƌ ƌeseaƌĐh ǁoƌk, espeĐiallǇ the ĐoŶĐept of ĐoŶtƌadiĐtioŶs iŶ 

T‘I), aŶd the geŶeƌal fƌaŵeǁoƌk of the pƌoposed iŶǀeŶtiǀe desigŶ pƌoďleŵ solǀiŶg 

pƌoĐess. The speĐifiĐ ŵodel used iŶ ouƌ ƌeseaƌĐh is the geŶeƌalized sǇsteŵ of 

ĐoŶtƌadiĐtioŶs iŶǀolǀiŶg geŶeƌalized teĐhŶiĐal aŶd phǇsiĐal ĐoŶtƌadiĐtioŶs. We use 

the foƌŵalisŵ of the eǆpeƌiŵeŶtal desigŶ as the ĐoŵŵoŶ ŵodel peƌŵittiŶg suppoƌt 

of optiŵizatioŶ aŶd iŶǀeŶtiǀe ŵethods used to illustƌate, ideŶtifǇ, aŶd eǆtƌaĐt 

geŶeƌalized ĐoŶtƌadiĐtioŶs. The ĐhalleŶges of ouƌ ƌeseaƌĐh aƌe theŶ pƌeseŶted 

thƌough ƋuestioŶs oŶ thƌee diffeƌeŶt leǀels:  

- DesigŶ theoƌǇ thƌough ĐoŶtƌadiĐtioŶs as the fouŶdatioŶ ĐoŶĐept of the T‘I) 

theoƌǇ.  

- PƌaĐtiĐal ĐoŶseƋueŶĐes of a Ŷeǁ ĐoŶtƌadiĐtioŶ defiŶitioŶ foƌ the iŶǀeŶtiǀe 

pƌoďleŵ solǀiŶg. 

- EǆploƌatioŶ of the ƌelatioŶ ďetǁeeŶ optiŵizatioŶ ŵethods aŶd T‘I) iŶ oƌdeƌ 

to deǀelop Đƌoss-feƌtilizatioŶ fƌoŵ theoƌetiĐal aŶd pƌaĐtiĐal poiŶts of ǀieǁ. 

To aŶsǁeƌ these ƋuestioŶs, a ƌeseaƌĐh ŵethod is pƌoposed aŶd ƋuestioŶs aƌe 

aŶsǁeƌed ĐoŵpletelǇ oƌ paƌtiallǇ thƌough the utilizatioŶ of the pƌoposed algoƌithŵs. 
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‘eal eǆaŵples aƌe theŶ used to illustƌate the pƌoposed algoƌithŵs. The last paƌt of 

this Đhapteƌ is dediĐated to the thesis oƌgaŶizatioŶ. 

1-2 BaĐkgƌouŶd 

1-2.1 IŶǀeŶtiǀe desigŶ pƌoďleŵ solǀiŶg 

Pƌoďleŵ solǀiŶg is a ĐoŵŵoŶ aĐtiǀitǇ foƌ a Ŷuŵďeƌ of doŵaiŶs, aŶd its ĐƌuĐial ƌole iŶ 

desigŶ is paƌtiĐulaƌlǇ ƌeĐogŶized iŶ [Ϯ],[ϯ]. IŶ geŶeƌal, pƌoďleŵ solǀiŶg ĐaŶŶot ďe 

distiŶguished fƌoŵ pƌoďleŵ foƌŵulatioŶ. A ƌespeĐtaďle foƌŵulatioŶ of a pƌoďleŵ 

ŵeaŶs appƌoǆiŵatiŶg a solutioŶ. Hoǁeǀeƌ, it is diffiĐult to deteƌŵiŶe a ǁell-

foƌŵulated pƌoďleŵ. This ĐoŶĐept pƌesuŵes that soŵe pƌoďleŵs aƌe Ŷot ǁell 

foƌŵulated oƌ aƌe Ŷot ƌeal pƌoďleŵs. Thus, a ƋuestioŶ theŶ aƌises as to ǁhat 

ĐoŶstitutes a ƌeal pƌoďleŵ. The diffeƌeŶt tǇpes of aŶsǁeƌs to this ƋuestioŶ aƌise fƌoŵ 

heteƌogeŶeous ǁaǇs foƌ taĐkliŶg the ĐoŶĐept of a pƌoďleŵ, its foƌŵulatioŶ, aŶd thus, 

the ǁaǇ to ŵaŶage its ƌesolutioŶ pƌoĐess [ϰ]. The Đƌeatiǀe oƌ iŶǀeŶtiǀe desigŶ 

pƌoďleŵs ǁeƌe ideŶtified as eitheƌ ill-defiŶed oƌ ill-stƌuĐtuƌed ďǇ ‘eitŵaŶ iŶ [ϱ]. This 

defiŶitioŶ ŵeaŶs the staƌt state of pƌoďleŵ solǀiŶg aĐtiǀities aƌe Ŷot ĐoŵpletelǇ 

speĐified, the goal state Đould ďe ĐhaŶged oƌ ƌefoƌŵulated iŶ tiŵe, aŶd the 

tƌaŶsfoƌŵatioŶ fuŶĐtioŶ is also ĐoŵpletelǇ uŶspeĐified. Moƌeoǀeƌ, BoŶŶaƌdel iŶ [Ϯ] 

ĐoŶsideƌs desigŶ pƌoďleŵs as ďeiŶg opeŶ-eŶded as theǇ do Ŷot haǀe a siŶgle solutioŶ 

ďut a set of possiďle solutioŶs. 

 

Thus, solutioŶ sǇŶthesis is a ƌesult of the ĐhoiĐe of oŶe solutioŶ fƌoŵ seǀeƌal 

solutioŶs. OfteŶ ǀeƌǇ little iŶfoƌŵatioŶ ƌegaƌdiŶg a desigŶ pƌoďleŵ eǆists that 

iŶdiĐates pƌoďleŵ solǀiŶg ƌeƋuiƌes a sigŶifiĐaŶt stƌuĐtuƌiŶg of the pƌoďleŵ itself [ϲ]. 

Pƌoďleŵ stƌuĐtuƌiŶg is a pƌoĐess of dƌaǁiŶg upoŶ eǆteƌŶal iŶfoƌŵatioŶ to 

ĐoŵpeŶsate foƌ ŵissiŶg iŶfoƌŵatioŶ aŶd usiŶg that iŶfoƌŵatioŶ to ĐoŶstƌuĐt the 

pƌoďleŵ spaĐe [ϳ]. The pƌoĐess of pƌoďleŵ stƌuĐtuƌiŶg ďegiŶs ǁith aŶ iŶteƌpƌetatioŶ 

of the pƌoďleŵ situatioŶ–defiŶitioŶ of pƌoďleŵ paƌaŵeteƌs aŶd fuŶĐtioŶs. TheŶ the 

geŶeƌatioŶ of desigŶ ƌeƋuiƌeŵeŶts aŶd ĐoŶstƌaiŶts folloǁs. These ƌeƋuiƌeŵeŶts aŶd 

ĐoŶstƌaiŶts aƌe used to speĐifǇ the desigŶ assigŶŵeŶt ;i.e., defiŶiŶg the pƌoďleŵ 

spaĐeͿ as ǁell as to desĐƌiďe aŶd eǆploƌe aspeĐts of the desiƌed solutioŶ ;i.e., 
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eǆploƌiŶg the solutioŶ spaĐeͿ. As pƌoďleŵ ƌesolutioŶ aiŵs at deǀelopiŶg a ǁell-

foƌŵulated pƌoďleŵ, it is ŶeĐessaƌǇ to eŶsuƌe the eǀolutioŶ of the fiƌst uŶdeƌstaŶdiŶg 

of the pƌoďleŵ as ǁell as the fiƌst ŵodel of the pƌoďleŵ. Ouƌ goal is theŶ to pƌopose 

a ŵethod iŶ ǁhiĐh aŶ iŶitial ŵodel of the pƌoďleŵ Đould ďe ĐhaŶged iŶ oƌdeƌ to 

puƌsue its ƌesolutioŶ. 

The ĐoŶĐept aŶd ŵodel of pƌoďleŵ aƌe diƌeĐtlǇ liŶked to the Ŷatuƌe of the 

ĐoŶsideƌed kŶoǁledge. Thus, iŶ the doŵaiŶ of pƌoďleŵ solǀiŶg foƌ teĐhŶiĐal sǇsteŵ 

desigŶs, it is iŵpoƌtaŶt to ĐlaƌifǇ the tǇpe of kŶoǁledge aŶd ŵodel ƌeleǀaŶt to the 

ƌesolutioŶ pƌoĐess. The iŶǀeŶtiǀe pƌoďleŵ is a desigŶ pƌoďleŵ that has Ŷo solutioŶ 

ďased oŶ the kŶoǁŶ ĐoŶditioŶs. IŶǀeŶtiǀe desigŶ, ǁhiĐh tƌies to solǀe the iŶǀeŶtiǀe 

pƌoďleŵs, is a speĐifiĐ aĐtiǀitǇ that diffeƌs fƌoŵ the tƌaditioŶal desigŶ peƌfoƌŵed iŶ 

ƌeseaƌĐh aŶd deǀelopŵeŶt depaƌtŵeŶts [ϴ]. AŶ iŶǀeŶtioŶ supposes to iŶǀeŶt 

soŵethiŶg, i.e., to pƌopose soŵethiŶg Ŷeǁ oƌ soŵethiŶg Ŷot kŶoǁŶ uŶtil Ŷoǁ. 

IŶǀeŶtiǀe pƌoďleŵs ĐaŶ ĐoŶĐeƌŶ aŶǇ kŶoǁŶ field, teĐhŶiĐal oƌ Ŷot, aŶd speĐifiĐallǇ 

soŵe pƌiŶĐiple, pƌoduĐt oƌ faĐt ƌeleǀaŶt to that field. DesigŶiŶg a Ŷeǁ teĐhŶiĐal 

sǇsteŵ ŵeaŶs puƌsiŶg the eǀolutioŶ of a teĐhŶiĐal sǇsteŵ [ϵ].  

 

Tǁo tǇpes of situatioŶs ĐaŶ lead to this eǀolutioŶ pƌoĐess: iŶĐƌeasiŶg the sǇsteŵ 

effiĐieŶĐǇ ďǇ optiŵizatioŶ of its paƌaŵeteƌs oƌ ƌedesigŶiŶg the sǇsteŵ ǁheŶ Ŷeǁ 

paƌaŵeteƌs aƌe iŶtƌoduĐed duƌiŶg the ƌesolutioŶ pƌoĐess, e.g., ǁheŶ a ǁoƌkiŶg 

pƌiŶĐiple is ĐhaŶged. The hǇpothesis is that tǁo tǇpes of pƌoďleŵ solǀiŶg teĐhŶiƋues 

ĐaŶ ďe used to solǀe iŶǀeŶtiǀe pƌoďleŵs: optiŵizatioŶ ŵethods to optiŵize the 

sǇsteŵ paƌaŵeteƌs aŶd iŶǀeŶtiǀe ŵethods to ĐhaŶge the pƌoďleŵ ŵodel. The logiĐal 

suĐĐessioŶ is that optiŵizatioŶ teĐhŶiƋues aƌe used fiƌst ďeĐause of the Ŷatuƌe of the 

foƌŵalized pƌoĐess ƌeƋuiƌed foƌ pƌoďleŵ optiŵizatioŶ. If Ŷo solutioŶ is fouŶd, the 

desigŶeƌ ǁill ƌesoƌt to iŶǀeŶtiǀe solǀiŶg teĐhŶiƋues, ǁhiĐh aƌe ŵuĐh ŵoƌe Đƌeatiǀe 

ďut Ŷot ǁell foƌŵalized Ǉet. IŶ this thesis, these pƌoďleŵs, ǁhiĐh ĐaŶŶot ďe solǀed ďǇ 

optiŵizatioŶ ŵethods aŶd ƌeƋuiƌe ŵoƌe pƌofouŶd ĐhaŶges of the ŵodels, ǁill ďe 

ĐoŶsideƌed pƌoďleŵs of iŶǀeŶtioŶ.  

‘oseŶŵaŶ aŶd Geƌo iŶ [ϭϬ] pƌoposed a sǇsteŵ of desigŶ ĐlassifiĐatioŶ that 

deĐoŵposes iŶto thƌee diffeƌeŶt suďgƌoups ďased oŶ diffeƌeŶt pƌoďleŵ spaĐes iŶ 
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ǁhiĐh pƌoďleŵ ƌesolutioŶ is ƌeseaƌĐhed aŶd solǀiŶg ŵethods aƌe used to ƌesolǀe the 

pƌoďleŵ: 

- RoutiŶe desigŶ pƌoĐeeds ǁithiŶ a ǁell-defiŶed state spaĐe, i.e. all desigŶ 

ǀaƌiaďles aŶd theiƌ possiďle doŵaiŶs oƌ ƌaŶges ďeiŶg kŶoǁŶ aŶd the pƌoďleŵ 

ďeiŶg oŶe of possiďle iŶstaŶtiatioŶs. The tools used ĐaŶ iŶĐlude optiŵizatioŶ 

ŵethods. 

- IŶŶovative desigŶ pƌoĐeeds ǁithiŶ a spaĐe of kŶoǁŶ solutioŶs ǁhiĐh is 

eǆteŶded ďǇ deǀelopiŶg ǀaƌiatioŶs oƌ adaptatioŶs to eǆistiŶg desigŶs, i.e. the 

doŵaiŶ oƌ ƌaŶges of ǀalues of eǆistiŶg desigŶ ǀaƌiaďles is eǆteŶded. Oǀeƌ-

ĐoŶstƌaiŶed satisfaĐtioŶ ŵethods Đould ďe used to solǀe this tǇpe of pƌoďleŵ. 

- Cƌeative desigŶ iŵplies the foƌŵulatioŶ of a state spaĐe that ŵaǇ iŶĐlude aŶ 

eǆteŶded state spaĐe of possiďle solutioŶs oƌ ĐƌeatiŶg a Ŷeǁ state spaĐe. Foƌ 

iŶŶoǀatiǀe aŶd Đƌeatiǀe desigŶ, iŶǀeŶtiǀe ƌesolutioŶ tools aƌe used. 

Based oŶ the defiŶitioŶ of Đƌeatiǀe desigŶ as a pƌoĐess of seaƌĐhiŶg solutioŶs ďeǇoŶd 

the kŶoǁŶ desigŶ spaĐe, ŵaŶǇ authoƌs iŶĐlude the ƌefoƌŵulatioŶ of desigŶ pƌoďleŵs 

iŶto the pƌoĐess of Đƌeatiǀe desigŶ. DiffeƌeŶt theoƌies ƌegaƌdiŶg the eǆpaŶsioŶ of the 

pƌoďleŵ spaĐe aŶd the pƌiŶĐiples of deteƌŵiŶiŶg solutioŶs ďehiŶd this spaĐe haǀe 

ďeeŶ pƌoposed iŶ [ϭϭ],[ϭϮ],[ϭϯ],[ϭϰ]. OŶ oŶe haŶd, the theoƌies haǀe ďƌought aďout 

ĐhaŶges iŶ deteƌŵiŶiŶg the pƌoďleŵ stƌuĐtuƌe as ǁell as its ƌefoƌŵulatioŶ. 

AdditioŶallǇ, diffeƌeŶt theoƌies haǀe ďƌought aďout the eǆpaŶsioŶ aŶd eǀolutioŶ of 

the pƌoďleŵ spaĐe ďased oŶ used solǀiŶg ŵethods. BodeŶ iŶ [ϭϱ] pƌoposes to 

eǆploƌe aŶd tƌaŶsfoƌŵ a ĐoŶĐeptual spaĐe that uŶifies aŶd stƌuĐtuƌes a doŵaiŶ of 

thiŶkiŶg. EǆploƌatioŶ of this spaĐe ideŶtifies the liŵits aŶd poiŶts ǁheƌe possiďle 

tƌaŶsfoƌŵatioŶs alloǁ eǆpaŶdiŶg the seaƌĐh spaĐe suĐh as ƌeŵoǀiŶg oƌ ŶegatiŶg a 

ĐoŶstƌaiŶt. Maheƌ et al. iŶ [ϭϯ] pƌoposed a ŵodel foƌ desigŶ eǆploƌatioŶ ďased oŶ a 

ĐoŵputatioŶal ĐoeǀolutioŶ of the desigŶ aŶd solutioŶ spaĐe ďǇ usiŶg a ŵodified 

geŶetiĐ algoƌithŵ. The pƌoďleŵ spaĐe is defiŶed as a fitŶess fuŶĐtioŶ ;i.e., 

ƌepƌeseŶtatioŶ of fuŶĐtioŶal ƌeƋuiƌeŵeŶtsͿ aŶd the solutioŶ spaĐe is defiŶed as a set 

of desigŶ geŶes ;i.e., desigŶ solutioŶs ĐhaƌaĐteƌized ďǇ paƌaŵeteƌsͿ. 

Tǁo sǇsteŵs ǁill eǀolǀe iŶ ƌespoŶse to eaĐh otheƌ, the featuƌes aŶd ĐoŶstƌaiŶts iŶ the 

ĐuƌƌeŶt solutioŶ ďeĐoŵe Ŷeǁ Đƌiteƌia that ƌedefiŶe the pƌoďleŵ spaĐe. This ĐoŶĐept 
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is ďased oŶ a geŶetiĐ algoƌithŵ aŶd is paƌt of eǀolutioŶaƌǇ desigŶ ǁheƌe the ĐuƌƌeŶt 

state of the theoƌǇ is pƌeseŶted iŶ [ϭϯ]. HatĐhuel iŶ [ϭϮ] pƌoposed a theoƌǇ of 

eǆpaŶdaďle ƌatioŶalitǇ ǁheƌe leaƌŶiŶg deǀiĐes geŶeƌate Ŷeǁ pƌoďleŵs aŶd ĐoŶĐepts 

that lead to uŶeǆpeĐted eǆpaŶsioŶs of iŶitial ĐoŶĐepts. He pƌoposed a uŶified desigŶ 

theoƌǇ ǁheƌe the desigŶ pƌoĐess is ŵodeled as a Đo-eǆpaŶsioŶ of tǁo spaĐes: 

ĐoŶĐepts aŶd kŶoǁledge. AŶotheƌ iŶteƌestiŶg theoƌǇ ǁas pƌoposed ďǇ Doƌst iŶ [ϭϭ]: 

ǁheƌe the Ŷatuƌe of desigŶ pƌoďleŵs ǁas studied ǁithiŶ the fƌaŵeǁoƌk of “iŵoŶ s͛ 

theoƌǇ of ill-stƌuĐtuƌed pƌoďleŵs aŶd theiƌ solǀiŶg as ǁell-stƌuĐtuƌed pƌoďleŵs. The 

desigŶ is ďased oŶ the ŶotioŶs of paƌadoǆ aŶd disĐouƌse. A paƌadoǆ is defiŶed as a 

Đoŵpleǆ stateŵeŶt that ĐoŶsists of tǁo oƌ ŵoƌe ĐoŶfliĐtiŶg stateŵeŶts. The ŵodel of 

paƌadoǆ aŶd disĐouƌse ƌeƋuiƌes a ƌedefiŶitioŶ of a pƌoďleŵatiĐ situatioŶ iŶ oƌdeƌ to 

deteƌŵiŶe a solutioŶ. DisĐouƌses aƌe the eleŵeŶtaƌǇ stateŵeŶts that Đoŵpƌise a 

paƌadoǆ. This ŵethod desĐƌiďes the Đoŵplete stƌuĐtuƌe of the teƌŵs aŶd 

ƌelatioŶships that lie at the ďasis of the thiŶkiŶg aŶd disĐussioŶs ǁithiŶ aŶ aƌea of 

huŵaŶ aĐtiǀitǇ.  

This is Ƌuite siŵilaƌ to the ĐoŶtƌadiĐtioŶs ǁithiŶ the T‘I) dialeĐtiĐal appƌoaĐh. 

Altshulleƌ [ϭϲ] pƌoposed the theoƌǇ of iŶǀeŶtiǀe thiŶkiŶg T‘I), ǁhiĐh taĐkles Đƌeatiǀe 

teĐhŶiĐal pƌoďleŵ solǀiŶg. Foƌ hiŵ, ĐƌeatiǀitǇ ǁas to fiŶd a ǁaǇ ǁheƌe Đoŵpƌoŵise 

ǁould Ŷot ďe ƌeĐogŶized as a solutioŶ. The stateŵeŶt of the pƌoďleŵ is 

aĐĐoŵplished ďǇ goals ;i.e., ǁhat ŵust ďe aĐhieǀedͿ aŶd ŵeaŶs ;i.e., hoǁ to 

aĐhieǀed the goal aŶd ǁhat ŵust ďe doŶeͿ. The pƌoďleŵ ƌesolutioŶ pƌoĐess ǁill lead 

to the aĐƋuisitioŶ of Ŷeǁ kŶoǁledge, oƌ at least ƌepƌeseŶt the kŶoǁledge ďased oŶ a 

Ŷeǁ uŶdeƌstaŶdiŶg, iŶ oƌdeƌ to shift fƌoŵ a pƌoďleŵ peƌspeĐtiǀe toǁaƌds a solutioŶ 

foĐus. The solutioŶ is seaƌĐhed iŶ the desigŶ spaĐe ǁheƌe possiďle ǀaƌiaŶts of desigŶ 

pƌoďleŵs aŶd the solutioŶs eǆist. The ƌeasoŶ ǁhǇ ǁe ĐaŶŶot solǀe the pƌoďleŵ is 

that the ƌeƋuiƌeŵeŶts aƌe iŶ ĐoŶtƌadiĐtioŶs. Altshulleƌ pƌoposed aŶ ideal ŵaĐhiŶe 

ǁith deteƌŵiŶed paƌaŵeteƌs as a pƌototǇpe that iŶdiĐates the ŵost pƌoŵisiŶg 

diƌeĐtioŶ to seaƌĐh foƌ a solutioŶ. TeĐhŶiĐal ĐoŶtƌadiĐtioŶs theŶ iŶdiĐate the oďstaĐles 

that ŵust ďe oǀeƌĐoŵe to aĐhieǀe the solutioŶ. 
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1-2.2 OptiŵizatioŶ ǀeƌsus iŶǀeŶtioŶ  

The goal of ouƌ ƌeseaƌĐh ǁoƌk is to fiŶd a solutioŶ to desigŶ pƌoďleŵs ďǇ ďƌoǁsiŶg a 

desigŶ pƌoďleŵ spaĐe aŶd to use ďoth optiŵizatioŶ aŶd iŶǀeŶtiǀe solǀiŶg pƌiŶĐiples. 

This pƌoďleŵ spaĐe is defiŶed iŶ [ϭϳ] iŶ teƌŵs of states of pƌoďleŵ solǀiŶg, ǁheƌe 

opeƌatoƌs aŶd eǀaluatioŶ fuŶĐtioŶs ŵoǀe the pƌoďleŵ solǀiŶg fƌoŵ oŶe state to 

aŶotheƌ. We aŶalǇze the appƌoaĐhes used ďǇ diffeƌeŶt solǀiŶg ŵethods to eǆploƌe 

the pƌoďleŵ spaĐe, ǁhiĐh opeƌatoƌs aƌe used foƌ, aŶd ǁheƌe aŶ adeƋuate solutioŶ to 

the desigŶ pƌoďleŵ appeaƌs iŶ the pƌoďleŵ spaĐe. Tǁo tǇpes of desigŶ pƌoďleŵs aƌe 

suggested. OŶĐe the pƌoďleŵ has ďeeŶ ŵodeled, the optiŵizatioŶ desigŶ pƌoďleŵ is 

seaƌĐhiŶg foƌ ǀalues foƌ a fiǆed set of ǀaƌiaďles. This appƌoaĐh pƌoŵpts the oďjeĐtiǀes 

to aƌƌiǀe at aŶ optiŵal ǀalue ǁithout ĐhaŶgiŶg the ŵodel oƌ ŶoŶ-Đƌeatiǀe desigŶ. The 

optiŵizatioŶ ŵethods haǀe ďeeŶ pƌoǀeŶ to ďe effeĐtiǀe iŶ ŵaŶǇ situatioŶs, ďut Ŷot 

effeĐtiǀe foƌ iŶǀeŶtiǀe desigŶ pƌoďleŵs that ƌeƋuiƌe iŵpƌoǀiŶg a sǇsteŵ ďǇ addiŶg 

Ŷeǁ ǀaƌiaďles oƌ Ŷeǁ ƌelatioŶships ďetǁeeŶ ǀaƌiaďles. OptiŵizatioŶ algoƌithŵs 

ďƌoǁse a spaĐe of poteŶtial solutioŶs, ǁhiĐh is liŵited ďǇ the stated pƌoďleŵ spaĐe. 

If Ŷo solutioŶ is fouŶd, the ĐlassiĐal optiŵizatioŶ algoƌithŵs aƌe Ŷot aďle to ĐoŶtiŶue 

to eǆploƌe the solutioŶ spaĐe. Foƌ this Đase, the iŶǀeŶtiǀe solǀiŶg theoƌǇ T‘I) 

pƌoposes ŵethods to ĐhaŶge the stated pƌoďleŵ ŵodel theƌeďǇ defiŶiŶg a Ŷeǁ 

pƌoďleŵ spaĐe. 

Ouƌ appƌoaĐh of ŵodel ĐhaŶge is ďased oŶ the ďest ƌesults deǀeloped fƌoŵ the 

optiŵizatioŶ ŵethods aŶd ƌepƌeseŶted ďǇ the Paƌeto fƌoŶt [ϭϴ]. BǇ ĐoŶsideƌiŶg aŶ 

aƌďitƌaƌǇ optiŵizatioŶ pƌoďleŵ ǁith k oďjeĐtiǀes, ǁheƌe all oďjeĐtiǀes aƌe ŵiŶiŵized 

aŶd eƋuallǇ iŵpoƌtaŶt, i.e., Ŷo additioŶal kŶoǁledge aďout the pƌoďleŵ is aǀailaďle. 

We ĐaŶ theŶ assuŵe that a solutioŶ to this pƌoďleŵ ĐaŶ ďe desĐƌiďed iŶ teƌŵs of a 

deĐisioŶ ǀeĐtoƌ iŶ the deĐisioŶ spaĐe X. “uďseƋueŶtlǇ, a fuŶĐtioŶ ĐaŶ ďe deǀeloped 

that eǀaluates the ƋualitǇ of a speĐifiĐ solutioŶ ďǇ assigŶiŶg it aŶ oďjeĐtiǀe ǀeĐtoƌ iŶ 

the oďjeĐtiǀe spaĐe Y ;FiguƌeϭͿ. 
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Figuƌeϭ: IllustƌatioŶ of geŶeƌal ŵulti-oďjeĐtiǀe optiŵizatioŶ pƌoďleŵ 

FolloǁiŶg the ǁell-kŶoǁŶ ĐoŶĐept of Paƌeto doŵiŶaŶĐe, aŶ oďjeĐtiǀe ǀeĐtoƌ Y is said 

to doŵiŶate otheƌ oďjeĐtiǀe ǀeĐtoƌs if all ĐoŵpoŶeŶts of the ĐoŶsideƌiŶg ǀeĐtoƌ aƌe 

as good as the ĐoŵpoŶeŶts of otheƌ oďjeĐtiǀe ǀeĐtoƌs aŶd at least oŶe ĐoŵpoŶeŶt of 

Y is ďetteƌ. AĐĐoƌdiŶglǇ, ǁe ĐaŶ saǇ that oŶe solutioŶ is ďetteƌ thaŶ aŶotheƌ solutioŶ, 

i.e., ǆϭ doŵiŶates ǆϮ, if f;ǆϭͿ doŵiŶates f;ǆϮͿ. Heƌe, optiŵal solutioŶs, as defiŶed ďǇ 

solutioŶs Ŷot doŵiŶated ďǇ aŶǇ otheƌ solutioŶ, ŵaǇ ďe ŵapped to diffeƌeŶt oďjeĐtiǀe 

ǀeĐtoƌs. IŶ otheƌ ǁoƌds, theƌe ŵaǇ eǆist seǀeƌal optiŵal oďjeĐtiǀe ǀeĐtoƌs 

ƌepƌeseŶtiŶg diffeƌeŶt tƌade-offs ďetǁeeŶ the oďjeĐtiǀes. 

Ouƌ goal is to go ďeǇoŶd this liŵit ƌepƌeseŶted ďǇ the Paƌeto fƌoŶt aŶd oďtaiŶ ƌesults 

fƌoŵ the desiƌed oďjeĐtiǀe spaĐe. Foƌ this puƌpose, ǁe use the ďest solutioŶs 

oďtaiŶed ďǇ the optiŵizatioŶ ŵethods aŶd issued fƌoŵ the Paƌeto fƌoŶt ƌepƌeseŶtiŶg 

a ĐoŶfliĐt of peƌfoƌŵaŶĐe. As aŶ eǆaŵple ;Figuƌe ϮͿ, foƌ solutioŶ ϭ, the eǀaluatioŶ 

paƌaŵeteƌ PEϭ is ďetteƌ thaŶ that foƌ solutioŶ Ϯ; hoǁeǀeƌ, the eǀaluatioŶ paƌaŵeteƌ 

PE Ϯ is ǁoƌse aŶd ǀiĐe ǀeƌsa. This ĐoŶfliĐt iŶ the eǀaluatioŶ ;oďjeĐtiǀeͿ spaĐe is a liŵit 

eǆpƌessed ďǇ teĐhŶiĐal ĐoŶtƌadiĐtioŶ. This ĐoŶfliĐt also ƌepƌeseŶts aŶ eŶtƌǇ poiŶt to 

use the dialeĐtiĐal appƌoaĐh ǁith the ǀieǁ of ĐoŶtƌadiĐtioŶ ĐoƌƌespoŶdiŶg to this 

ĐoŶfliĐt as shoǁŶ iŶ Figuƌe Ϯ. The suďseƋueŶt ƋuestioŶ is to deteƌŵiŶe hoǁ to 

tƌaŶslate this ĐoŶfliĐt thƌough the seaƌĐh spaĐe sǇsteŵ paƌaŵeteƌs, ǁhiĐh 

ĐoƌƌespoŶd to the phǇsiĐal ĐoŶtƌadiĐtioŶ ǁithiŶ the T‘I) theoƌǇ. 
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Figuƌe Ϯ: Fƌoŵ optiŵizatioŶ to iŶǀeŶtioŶ thƌough a ĐoŶtƌadiĐtioŶ 

1-2.3 DialeĐtiĐal appƌoaĐh of T‘I) theoƌǇ 

The dialeĐtiĐ appƌoaĐh is a philosophiĐal ŵethod kŶoǁŶ siŶĐe aŶtiƋuitǇ ǁheƌe oŶe 

seaƌĐhes foƌ aƌguŵeŶts to solǀe disagƌeeŵeŶts. This appƌoaĐh pƌoǀides a deep 

uŶdeƌstaŶdiŶg of pƌoďleŵs ďǇ usiŶg a uŶiǀeƌsal ŵethod iŶǀolǀiŶg the eǀolutioŶ of 

the sǇsteŵ aŶd its ĐoŶteǆt. The eǀolutioŶ of the sǇsteŵ is ĐhaƌaĐteƌized ďǇ ĐhaŶges 

that aƌe iŶitiated ďǇ ĐoŶtƌadiĐtioŶs. The deǀelopŵeŶt of a dialeĐtiĐal sǇsteŵ, as 

disĐussed ďǇ Hegel [ϭϵ], pƌeseŶts the eŵeƌgeŶĐe of a logiĐal ĐoŶtƌadiĐtioŶ aŶd its 

suďseƋueŶt suďlatioŶ that sigŶifies the ŵoǀeŵeŶt of ŵiŶd oƌ deǀelopŵeŶt of a 

ŵateƌial ĐoŶditioŶ. 

Based oŶ dialeĐtiĐs aŶd its uŶdeƌlǇiŶg pƌiŶĐiples, a T‘I) ŵodel of ĐoŶtƌadiĐtioŶs is a 

keǇ eleŵeŶt foƌ seǀeƌal iŶǀeŶtiǀe pƌoďleŵ solǀiŶg ŵethods iŶ the aƌea of iŶǀeŶtiǀe 

eŶgiŶeeƌiŶg desigŶ. The OT“M-T‘I) [ϮϬ] is a dialeĐtiĐal ďased theoƌǇ ǁheƌe aŶǇ 

eǆistiŶg pƌoďleŵ has to ďe ƌeĐogŶized as eǆistiŶg ďeĐause of a set of ĐoŶtƌadiĐtioŶs 

ĐoŵiŶg fƌoŵ the ĐoŶfƌoŶtatioŶs of sǇsteŵ paƌaŵeteƌs.  

The ŵotiǀatioŶs to use the dialeĐtiĐal appƌoaĐh aƌe tǁofold. OŶ oŶe side, 

ĐoŶtƌadiĐtioŶs peƌŵit a ďetteƌ uŶdeƌstaŶdiŶg aŶd foƌŵulatioŶ of the pƌoďleŵs 

ƌegaƌdiŶg iŶǀeŶtiǀe desigŶ. AlteƌŶatelǇ, the pƌoďleŵ solǀiŶg pƌoĐeduƌe ĐaŶ ďe 

peƌĐeiǀed stƌiĐtlǇ as a pƌoĐeduƌe foƌ solǀiŶg ĐoŶtƌadiĐtioŶs. AŶotheƌ aƌguŵeŶt to use 

the dialeĐtiĐal appƌoaĐh is the possiďilitǇ to Đouple the optiŵizatioŶ aŶd iŶǀeŶtiǀe 

solǀiŶg pƌiŶĐiples to iŵpƌoǀe the peƌfoƌŵaŶĐe of the desigŶ pƌoďleŵ solǀiŶg pƌoĐess. 
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The ĐoŶtƌadiĐtioŶs ŵust ďe Đleaƌ aŶd uŶdeƌstaŶdaďle iŶ the eaƌlǇ stage of the 

ƌesolutioŶ pƌoĐess so as to Đhoose oŶe ĐoŶtƌadiĐtioŶ to ƌesolǀe. The pƌaĐtiĐe has 

shoǁŶ that a ďad ĐhoiĐe of a ĐoŶtƌadiĐtioŶ ĐaŶ lead to a deĐƌease iŶ the 

effeĐtiǀeŶess of the pƌoďleŵ solǀiŶg pƌoĐess. HeŶĐe, the eǆtƌaĐtioŶ aŶd the 

iŶteƌpƌetatioŶ of ĐoŶtƌadiĐtioŶs plaǇ aŶ esseŶtial ƌole iŶ the dialeĐtiĐal appƌoaĐh. 

T‘I) does Ŷot ƌesolǀe the ƋuestioŶ of the appƌopƌiate ĐhoiĐe of ĐoŶtƌadiĐtioŶ. Ouƌ 

hǇpothesis eǆplaiŶiŶg this paƌtiĐulaƌ pƌaĐtiĐal pƌoďleŵ of ĐoŶtƌadiĐtioŶ ĐhoiĐe, ǁheƌe 

the ĐoŶtƌadiĐtioŶ ĐoŶĐept ǁithiŶ T‘I), should ďe ƌeǁoƌked aŶd Đlaƌified. 

As ŵeŶtioŶed ďefoƌe, T‘I) is a theoƌǇ iŶitiated ďǇ Altshulleƌ [Ϯϭ],[ϮϮ], ǁhiĐh is 

dediĐated to the sǇŶthesis of ŵethods foƌ the ƌesolutioŶ of iŶǀeŶtiǀe pƌoďleŵs, i.e., 

foƌ pƌoďleŵs foƌ ǁhiĐh the solǀeƌ does Ŷot kŶoǁ of aŶǇ solutioŶ. Theƌe eǆist thƌee 

ŵaiŶ aǆioŵs: the ĐoŶsideƌatioŶ of geŶeƌiĐ teŶdeŶĐies to desĐƌiďe the teĐhŶiĐal 

sǇsteŵs eǀolutioŶ, the ĐoŶteǆtual aspeĐt of a pƌoďleŵ, aŶd the ĐoŶtƌadiĐtoƌǇ aspeĐt 

of a pƌoďleŵ. The fiƌst tǁo aǆioŵs pƌoǀide ĐlaƌifiĐatioŶ of the Đoƌe pƌoďleŵ aŶd iŶput 

iŶto eǀaluatioŶ of a poteŶtial solutioŶ, ǁheƌeas the thiƌd aǆioŵ is diƌeĐtlǇ liŶked to 

the ƌepƌeseŶtatioŶ of the pƌoďleŵ. The last aǆioŵ ideŶtifies the ĐoŶtƌadiĐtioŶs 

iŶheƌeŶt to a pƌoďleŵatiĐ situatioŶ iŶside a sǇsteŵ. IŶ its oƌigiŶal defiŶitioŶ, 

ĐoŶtƌadiĐtioŶs ǁithiŶ T‘I) aƌe defiŶed at thƌee diffeƌeŶt leǀels. These thƌee leǀels 

ĐoƌƌespoŶd to a pƌogƌessiǀe uŶdeƌstaŶdiŶg of the pƌoďleŵ oƌigiŶ: 

- AdŵiŶistƌative ĐoŶtƌadiĐtioŶ is a situatioŶ ǁheƌe aŶ oďjeĐtiǀe is giǀeŶ, ďut 

Ŷot satisfied. This leǀel ĐoƌƌespoŶds to the ideŶtifiĐatioŶ of pƌoďleŵ eǆisteŶĐe 

ǁheƌe soŵethiŶg has to ďe ĐhaŶged. Hoǁeǀeƌ, the solǀeƌ is Ŷot aǁaƌe of the 

ƌeƋuiƌed pƌoĐess. 

- TeĐhŶiĐal ĐoŶtƌadiĐtioŶ ;TCͿ eǆpƌesses the oppositioŶ ďetǁeeŶ tǁo 

paƌaŵeteƌs ǁheƌe oŶe faĐtoƌ iŵpƌoǀes ǁhile aŶotheƌ oŶe deteƌioƌates. The 

teĐhŶiĐal ĐoŶtƌadiĐtioŶ is diƌeĐtlǇ liŶked ǁith the iŵpossiďilitǇ to satisfǇ tǁo 

speĐifiĐatioŶ paƌaŵeteƌs siŵultaŶeouslǇ. 

- PhǇsiĐal ĐoŶtƌadiĐtioŶ ;PCͿ ƌefleĐts the pƌoďleŵ of a sǇsteŵ paƌaŵeteƌ that 

ŵust eǆist iŶ tǁo diffeƌeŶt states siŵultaŶeouslǇ. This ĐoŶtƌadiĐtioŶ ideŶtifies 

the Đoƌe pƌoďleŵ ǁheƌe oŶe sǇsteŵ paƌaŵeteƌ ŵust ďe iŶ diffeƌeŶt states to 

satisfǇ diffeƌeŶt speĐifiĐatioŶ paƌaŵeteƌs.  
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The idea of ĐoŶtƌadiĐtioŶ has ďeeŶ ƌeiŶfoƌĐed ǁithiŶ the ďouŶdaƌies of the geŶeƌal 

theoƌǇ of adǀaŶĐed thiŶkiŶg ;OT“M-T‘I)Ϳ ďased oŶ dialeĐtiĐal thiŶkiŶg, ǁhiĐh is 

tǇpiĐallǇ ǁell adapted to solǀiŶg teĐhŶiĐal desigŶ pƌoďleŵs [ϮϬ]. The pƌoďleŵ is 

stated iŶ the shape of the ĐoŶtƌadiĐtioŶs used foƌ fiŶdiŶg a ĐoŶtƌadiĐtioŶ-fƌee ŵodel 

ǁithiŶ the fƌaŵeǁoƌk of the giǀeŶ oďjeĐtiǀes [Ϯϯ]. The adŵiŶistƌatiǀe ĐoŶtƌadiĐtioŶ is 

Ŷot kept ǁithiŶ the ďoƌdeƌ of OT“M-T‘I), as this ĐoŶtƌadiĐtioŶ defiŶitioŶ oŶlǇ ƌefeƌs 

to the oďjeĐtiǀe ǁheƌe Ŷo ĐoƌƌespoŶdiŶg solǀiŶg tool eǆists. Tǁo tǇpes of 

ĐoŶtƌadiĐtioŶ aƌe pƌoposed iŶ OT“M-T‘I): the ĐoŶtƌadiĐtioŶ of a sǇsteŵ aŶd the 

ĐoŶtƌadiĐtioŶ of the paƌaŵeteƌ, ǁhiĐh ƌespeĐtiǀelǇ geŶeƌalize the T‘I) teĐhŶiĐal aŶd 

phǇsiĐal ĐoŶtƌadiĐtioŶs. Moƌeoǀeƌ, a sǇsteŵ of ĐoŶtƌadiĐtioŶ is pƌoposed ǁithiŶ the 

fƌaŵeǁoƌk of OT“M-T‘I) to ďuild ĐoheƌeŶĐe ďetǁeeŶ the leǀels of ĐoŶtƌadiĐtioŶ of 

the sǇsteŵ aŶd ĐoŶtƌadiĐtioŶ of paƌaŵeteƌ. OT“M-T‘I) stated aŶ eleŵeŶt-Ŷaŵe of 

pƌopeƌtǇ-ǀalue ;ENVͿ ŵodel to desĐƌiďe the ĐoŶtƌadiĐtioŶ. Foƌ uŶifǇiŶg the ŶotatioŶ, 

ǁe pƌopose a desigŶ ŵodel, ǁhiĐh iŶĐludes thƌee tǇpes of ĐoŵpoŶeŶts: 

- EleŵeŶts [Ϯϰ]: EleŵeŶts aƌe ĐoŶstitueŶts of a sǇsteŵ. Foƌ eǆaŵple, the 

haŵŵeƌ dƌiǀes the Ŷail, i.e., aŶ eleŵeŶt = a haŵŵeƌ. 

- Paƌaŵeteƌ [Ϯϰ]: Paƌaŵeteƌ desĐƌiďes eleŵeŶts ďǇ assigŶiŶg theŵ a speĐifiĐitǇ 

that ǁhiĐh ƌefleĐts aŶ eǆpliĐit kŶoǁledge of the aƌea oďseƌǀed. Theƌe aƌe tǁo 

Đategoƌies of paƌaŵeteƌs: 

o AĐtioŶ paƌaŵeteƌ ;APͿ: aŶ AP is also Đalled a ĐoŶtƌol paƌaŵeteƌ, aŶd its 

states ĐaŶ ďe ŵodified ďǇ desigŶeƌ. 

o EǀaluatioŶ paƌaŵeteƌ ;EPͿ: aŶ EP ǁas oďseƌǀed to eǀaluate positiǀe oƌ 

Ŷegatiǀe sǇsteŵ peƌfoƌŵaŶĐe ďased oŶ the desigŶeƌ s͛ ƌeƋuiƌed 

Đƌiteƌia. 

- Value [Ϯϰ]: Values aƌe pƌiŵaƌilǇ adjeĐtiǀes used to desĐƌiďe a paƌaŵeteƌ suĐh 

as the ǁeight of the aŶǀil should ďe heaǀǇ. IŶ this Đase, Value=heaǀǇ.  

IŶ Figuƌe ϯ, tǁo ǀalues of aĐtioŶ paƌaŵeteƌ foƌŵ a phǇsiĐal ĐoŶtƌadiĐtioŶ. Foƌ 

eǆaŵple ǁheŶ AP= VALUE ϭ, EPϭ iŵpƌoǀes; hoǁeǀeƌ, the EPϮ ĐoŶditioŶ ǁill ǁoƌseŶ. 

This teĐhŶiĐal paƌaŵeteƌ is kŶoǁŶ as teĐhŶiĐal ĐoŶtƌadiĐtioŶ ϭ. Hoǁeǀeƌ, ǁheŶ AP= 
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VALUE Ϯ, the EPϮ iŵpƌoǀes ǁhile EPϭ ǁoƌseŶs, ǁhiĐh is kŶoǁŶ as teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ Ϯ. TC ϭ aŶd TC Ϯ aƌe ŵutuallǇ ĐoŵpleŵeŶtaƌǇ. 

 

Figuƌe ϯ: OT“M-T‘I) sǇsteŵ of ĐoŶtƌadiĐtioŶ 

Note that duƌiŶg the eǀolutioŶ of T‘I) ŵethodologǇ, teĐhŶiĐal ĐoŶtƌadiĐtioŶs fiƌst 

appeaƌed iŶ ĐoŶjuŶĐtioŶ ǁith suitaďle solutioŶ tools. “uďseƋueŶtlǇ afteƌ a Ŷuŵďeƌ 

of Ǉeaƌs, the ĐoŶĐeptioŶ of phǇsiĐal ĐoŶtƌadiĐtioŶ aƌose ǁith a Ŷeǁ faŵilǇ of 

solutioŶ tools. Foƌ Altshulleƌ, the phǇsiĐal ĐoŶtƌadiĐtioŶ ƌefleĐted a deepeƌ 

ĐoŶtƌadiĐtioŶ iŶ the seŶse of dialeĐtiĐs. The assuŵptioŶ is that ďehiŶd eǀeƌǇ 

teĐhŶiĐal ĐoŶtƌadiĐtioŶ ǁas hidiŶg a ŵoƌe fuŶdaŵeŶtal phǇsiĐal ĐoŶtƌadiĐtioŶ. 

 

Figuƌe ϰ: TC aŶd PC iŶ the ĐoŶteǆt of optiŵizatioŶ pƌoďleŵ spaĐe 

The Figuƌe ϰ illustƌates the teĐhŶiĐal aŶd phǇsiĐal ĐoŶtƌadiĐtioŶ iŶ the ĐoŶteǆt of 

the optiŵizatioŶ pƌoďleŵ spaĐe. The teĐhŶiĐal ĐoŶtƌadiĐtioŶ appeaƌs iŶ the 

oďjeĐtiǀe spaĐe as a ĐoŶfliĐt ďetǁeeŶ tǁo eǀaluatioŶ paƌaŵeteƌs ǁhile the 

phǇsiĐal ĐoŶtƌadiĐtioŶ appeaƌs iŶ the deĐisioŶ spaĐe aŶd eǆpƌesses the faĐt that 

the aĐtioŶ paƌaŵeteƌ X should haǀe tǁo diffeƌeŶt ǀalues ;ǆϭ aŶd ǆϮͿ at the saŵe 

tiŵe to satisfǇ Yϭ aŶd YϮ ;fϭ;ǆϭͿ,fϮ;ǆϮͿͿ. 
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A sigŶifiĐaŶt Ŷuŵďeƌ of aĐtioŶ aŶd eǀaluatioŶ paƌaŵeteƌs ƌelated ďǇ Ŷuŵeƌous liŶks 

aƌose ǁith the eǀolutioŶ of ŵoƌe Đoŵpleǆ desigŶ pƌoďleŵs. As a ƌesult, it is diffiĐult 

to ďƌoǁse the desigŶ spaĐe ďeĐause of desigŶ ĐoŶstƌaiŶts, ǁhiĐh Ŷaƌƌoǁ the 

oppoƌtuŶities foƌ oďtaiŶiŶg the desiƌed solutioŶ [Ϯϱ]. IŶ oƌdeƌ to fill the gap ďetǁeeŶ 

ĐoŶtƌadiĐtioŶ gatheƌiŶg aŶd ƌepƌeseŶtatioŶ, the ĐoŶĐept of ƌepƌeseŶtiŶg a desigŶ 

pƌoďleŵ as a Ŷetǁoƌk of ĐoŶtƌadiĐtioŶs ǁhile usiŶg seŵaŶtiĐ ƌules to dƌiǀe a desigŶ 

usiŶg a Ŷetǁoƌk ǁas iŶtƌoduĐed iŶ [Ϯϲ]. AdditioŶallǇ, the Ŷetǁoƌk pƌoďleŵ ǁas 

pƌoposed iŶ [Ϯϳ],[Ϯϴ], ǁhiĐh ĐaŶ ďe tƌaŶsfeƌƌed iŶto a Ŷetǁoƌk of ĐoŶtƌadiĐtioŶs. A 

foƌŵal defiŶitioŶ of a ĐoŶtƌadiĐtioŶ aŶd its poteŶtial ǀaƌiatioŶs ǁas pƌoposed iŶ [Ϯϵ]. 

The ĐoŶĐept of a ĐoŶtƌadiĐtioŶ Đloud as a thƌee-ǀalue gƌaphiĐal ƌepƌeseŶtatioŶ of a 

set of eleŵeŶtaƌǇ ĐoŶtƌadiĐtioŶs ǁas pƌeseŶted iŶ [Ϯϰ]. A sigŶifiĐaŶt Ŷuŵďeƌ of these 

pƌoposals aƌe ďased oŶ teĐhŶiĐal ĐoŶtƌadiĐtioŶs aŶd ĐoŶtƌiďute to tƌaŶsfeƌƌiŶg a 

Đoŵpleǆ pƌoďleŵ iŶto a ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶ, ǁhiĐh ĐaŶ ďe solǀed ďǇ T‘I) 

iŶǀeŶtiǀe pƌiŶĐiples. 

As faƌ as ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶs aƌe ĐoŶĐeƌŶed, theƌe aƌe seǀeƌal liŵitatioŶs aŶd 

gaps iŶ theiƌ defiŶitioŶ aŶd utilizatioŶ. We Ŷote iŶ ĐeƌtaiŶ situatioŶs the pƌoǀeŶ 

aďseŶĐe of ĐoŶtƌadiĐtioŶs, appeaƌiŶg fƌoŵ the aǀailaďle ƌelatioŶs ďetǁeeŶ the 

ǀaƌiaďles of the sǇsteŵ, ǁhiĐh ĐoƌƌespoŶds to the ĐoŶtƌadiĐtioŶ defiŶitioŶ pƌoǀided 

ďǇ the ĐlassiĐal T‘I) appƌoaĐh [ϯϬ]. The oďseƌǀed geŶeƌal tƌeŶd ĐaŶ ďe suŵŵaƌized 

as folloǁs: the ŵoƌe eǆpeƌiŵeŶts aŶd kŶoǁledge ƌegaƌdiŶg a sǇsteŵ that eǆists, the 

loǁeƌ the ĐhaŶĐe of fiŶdiŶg a teĐhŶiĐal ĐoŶtƌadiĐtioŶ ;i.e., aŶ iŶput foƌ iŶǀeŶtiǀe 

pƌoďleŵ-solǀiŶg ŵethodsͿ. AŶotheƌ iŶĐoŶǀeŶieŶĐe is that the ĐlassiĐal teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ ĐoŶsideƌs oŶlǇ tǁo eǀaluatioŶ paƌaŵeteƌs. “upposiŶg that theƌe eǆists 

a teĐhŶiĐal ĐoŶtƌadiĐtioŶ that ĐaŶ ďe solǀed, ŶothiŶg ĐaŶ ďe said aďout the 

satisfaĐtioŶ of the otheƌ eǀaluatioŶ paƌaŵeteƌs. Moƌeoǀeƌ, theƌe is a laĐk of the 

eǆpliĐit defiŶitioŶ of the ĐoŶteǆt ƌeƋuiƌed to ǀalidate the ĐoŶtƌadiĐtioŶs foƌ the 

solǀiŶg ŵethod. 

IŶ oƌdeƌ to addƌess these liŵitatioŶs, the ĐoŶĐept of a geŶeƌalized sǇsteŵ of 

ĐoŶtƌadiĐtioŶs ;G“CͿ iŶǀolǀiŶg geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs ;GTCͿ aŶd 

geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶs ;GPCͿ ǁas pƌoposed iŶ the pƌeǀious ǁoƌk [ϯϭ] as 

aŶ eŶhaŶĐed eƋuiǀaleŶt to the ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶs. These geŶeƌalized 

ĐoŶĐepts aǀoid situatioŶs ǁheƌe Ŷo ĐlassiĐal T‘I) teĐhŶiĐal aŶd phǇsiĐal 
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ĐoŶtƌadiĐtioŶs eǆist as it ǁas ŵeŶtioŶed ďefoƌe. The GTC ŵodel iŶ Figuƌe ϱ ƌeplaĐes 

tǁo eǀaluatioŶ paƌaŵeteƌs defiŶed iŶ a ĐlassiĐal teĐhŶiĐal ĐoŶtƌadiĐtioŶ ǁith tǁo 

ĐoŶĐepts of eǀaluatioŶ paƌaŵeteƌs. A ĐoŶĐept ĐoŶsists of aŶ eǀaluatioŶ paƌaŵeteƌ oƌ 

a logiĐal disjuŶĐtioŶ of seǀeƌal eǀaluatioŶ paƌaŵeteƌs. OŶe paƌaŵeteƌ ĐaŶ oŶlǇ 

paƌtiĐipate iŶ oŶe of the tǁo ĐoŶĐepts iŶǀolǀed iŶ a GTC. The desiƌed ƌesult is the 

siŵultaŶeous satisfaĐtioŶ of the tǁo ĐoŶĐepts. IŶ eaĐh ĐoŶĐept, theƌe is at least oŶe 

oƌ ŵoƌe eǀaluatioŶ paƌaŵeteƌs ǁheƌe the solutioŶ of eaĐh geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ should satisfǇ all the eǀaluatioŶ paƌaŵeteƌs assoĐiated ǁith the tǁo 

ĐoŶĐepts. Thus, the ƌesult ǁill ďe iŵpƌoǀed oǀeƌ the Đase of ĐlassiĐal teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs. Note that the ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶ is a speĐial Đase of 

geŶeƌalized ĐoŶtƌadiĐtioŶ. 

 

Figuƌe ϱ: GeŶeƌalized “Ǉsteŵ of CoŶtƌadiĐtioŶ 

AŶotheƌ adǀaŶtage of the geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ is that it ďƌidges the 

ŵulti-optiŵizatioŶ aŶd ĐoŶtƌadiĐtioŶ as shoǁŶ iŶ Figuƌe ϲ. CoŶtƌaƌǇ to the ĐlassiĐal 

T‘I) ĐoŶtƌadiĐtioŶs ǁhiĐh aĐĐouŶt foƌ just tǁo EPs, the geŶeƌalized sǇsteŵ of 

ĐoŶtƌadiĐtioŶs ĐoŶsideƌs additioŶal eǀaluatioŶ paƌaŵeteƌs aŶd defiŶes the ǀaliditǇ of 

the ĐoŶteǆt of ĐoŶtƌadiĐtioŶs thƌough the ǀalues of the otheƌ aĐtioŶ paƌaŵeteƌs. 
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Figuƌe ϲ: GTC aŶd GPC iŶ the ĐoŶteǆt of optiŵizatioŶ pƌoďleŵ spaĐe 

1-2.4 TheoƌetiĐal fƌaŵeǁoƌk foƌ desigŶ pƌoďleŵ solǀiŶg 

As said pƌeǀiouslǇ, the solǀiŶg pƌoĐess of iŶǀeŶtiǀe desigŶ pƌoďleŵs iŵplies the 

eǀolutioŶ of the sǇsteŵ aŶd tǁo Đategoƌies of eǀolutioŶ aƌe possiďle: the sǇsteŵ 

effiĐieŶĐǇ is iŵpƌoǀed thƌough optiŵizatioŶ of sǇsteŵ paƌaŵeteƌs oƌ ƌedesigŶ of the 

teĐhŶiĐal sǇsteŵ as aŶ aŶsǁeƌ to sǇsteŵ ĐhaŶges. The fiƌst ĐategoƌǇ of teĐhŶiĐal 

eǀolutioŶ uses optiŵizatioŶ solǀiŶg pƌiŶĐiples ǁheƌeas the ƌedesigŶ effoƌt uses 

iŶǀeŶtiǀe solǀiŶg pƌiŶĐiples. “eǀeƌal pƌaĐtiĐal iŶdiĐatioŶs haǀe shoǁŶ that it ŵaǇ ďe 

less eǆpeŶsiǀe to use aŶ iŶǀeŶtiǀe pƌoďleŵ solǀiŶg ŵethod eǀeŶ if the pƌoďleŵ ĐaŶ 

ďe solǀed ďǇ optiŵizatioŶ. Hoǁeǀeƌ, iŶ ŵaŶǇ situatioŶs ďoth appƌoaĐhes aƌe ƌeƋuiƌed 

to pƌoǀide satisfaĐtoƌǇ solutioŶs aŶd should ďe used iŶ seƋueŶĐe. At the ďegiŶŶiŶg of 

the desigŶ pƌoĐess, oŶe ĐaŶŶot pƌediĐt the tǇpe of solǀiŶg pƌiŶĐiple ƌeƋuiƌed. 

A geŶeƌal fƌaŵeǁoƌk foƌ desigŶ pƌoďleŵ solǀiŶg pƌoĐess ďased oŶ the siŵulatioŶ—

optiŵizatioŶ—iŶǀeŶtioŶ loop used iŶ ouƌ ƌeseaƌĐh ǁoƌks is pƌoposed aŶd shoǁŶ iŶ 

Figuƌe ϳ.  
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Figuƌe ϳ: GeŶeƌal fƌaŵeǁoƌk foƌ iŶǀeŶtiǀe desigŶ pƌoďleŵ solǀiŶg 
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This solǀiŶg appƌoaĐh is possiďle ǁheŶ siŵulatioŶ oƌ eǆpeƌiŵeŶtal ŵeaŶs aƌe 

aǀailaďle aŶd iŶǀolǀes fiǀe fuŶĐtioŶs ;ƌepƌeseŶted ďǇ ďoǆes iŶ Figuƌe ϳͿ ǁhiĐh ĐaŶ ďe 

iŶdepeŶdeŶtlǇ peƌfoƌŵed usiŶg diffeƌeŶt ŵethods aŶd tools suĐh as desigŶ of 

pƌoďleŵ ŵodels ;e.g., ƋualitǇ fuŶĐtioŶ deploǇŵeŶt, desigŶ of eǆpeƌieŶĐe, …Ϳ; 

siŵulatoƌ ŵodels ;e.g., CAD, WitŶessͿ, siŵulatioŶ algoƌithŵs ;e.g., stoĐhastiĐ 

optiŵizatioŶ, geŶetiĐ algoƌithŵsͿ, ŵulti-Đƌiteƌia deĐisioŶ aŶalǇsis, oƌ iŶǀeŶtiǀe 

ĐhaŶgiŶg ŵodel ŵethods suĐh as T‘I). 

The fiƌst fuŶĐtioŶ ƌepƌeseŶts the pƌoďleŵ foƌŵulatioŶ aŶd defiŶitioŶ thƌough the 

ƌeƋuiƌeŵeŶts aŶd the dissatisfaĐtioŶ of the Đustoŵeƌ. The eǀaluatioŶ paƌaŵeteƌs 

;EPiͿ aƌe used to desĐƌiďe the oďjeĐtiǀes aŶd aƌe ŵeasuƌed to ĐheĐk ǁhetheƌ the 

Đustoŵeƌ s͛ ƌeƋuiƌeŵeŶts aƌe satisfied. The aĐtioŶ paƌaŵeteƌs ;APiͿ ǁith theiƌ 

possiďle ǀalues ƌepƌeseŶt sǇsteŵ ;deĐisioŶͿ ǀaƌiaďles oŶ ǁhiĐh oŶe ĐaŶ aĐt. “oŵe 

ƌelatioŶs ;‘iͿ ďetǁeeŶ sǇsteŵ ǀaƌiaďles aŶd paƌaŵeteƌs aƌe desĐƌiďed thƌough the 

sǇsteŵ ĐoŶstƌaiŶts. The seĐoŶd ďoǆ geŶeƌates the eǆpeƌiŵeŶts ďased oŶ a ǀaluatioŶ 

of possiďle solutioŶs, ǁhiĐh aƌe oďtaiŶed ďǇ the aid of a siŵulatoƌ oƌ ďǇ phǇsiĐal 

eǆpeƌiŵeŶtatioŶ. OĐĐasioŶallǇ, a sigŶifiĐaŶt Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs aŶd theiƌ 

ǀalues aƌe aĐĐessiďle, ďut it ďeĐoŵes iŵpossiďle to pƌoĐess all data. Thus, the thiƌd 

fuŶĐtioŶ should Đhoose ƌeleǀaŶt aĐtioŶ paƌaŵeteƌs foƌ the ǀaluated eǆpeƌiŵeŶts 

ǁith possiďle solutioŶs suĐh as desigŶ of eǆpeƌiŵeŶts oƌ optiŵizatioŶ algoƌithŵs. 

WheŶ satisfaĐtoƌǇ Đouples ;APi, EPi;APiͿͿ aƌe oďtaiŶed ;i.e., theiƌ eǀaluatioŶ 

paƌaŵeteƌs aĐhieǀe the eǆpeĐted ǀaluesͿ oƌ ǁheŶ the tiŵe alloǁed foƌ eǆpeƌiŵeŶt 

has eǆpiƌed; the ƌesults aƌe filteƌed ďǇ a ŵulti-Đƌiteƌia aŶalǇsis as ƌepƌeseŶted ďǇ the 

fouƌth ďoǆ. WheŶ the eǀaluatioŶ paƌaŵeteƌs do Ŷot aĐhieǀe the eǆpeĐted ǀalues 

afteƌ the tiŵe alloǁed foƌ eǆpeƌiŵeŶt oƌ ďeĐause of pƌoǀeŶ liŵitatioŶs of the sǇsteŵ 

as deteƌŵiŶed ďǇ the eǆpeƌiŵeŶts, it is ŶeĐessaƌǇ to ĐhaŶge the ĐoŶĐeptual ŵodel as 

ƌepƌeseŶted ďǇ the fifth ďoǆ to aĐhieǀe the ƌeƋuiƌeŵeŶts. The use of a dialeĐtiĐal 

iŶǀeŶtiǀe solǀiŶg appƌoaĐh is pƌoposed. TheŶ the loop staƌts agaiŶ ǁith a Ŷeǁ ŵodel 

ďǇ peƌfoƌŵiŶg FuŶĐtioŶ Ϯ to ŵodifǇ the ĐoŶĐeptual ŵodel. 

The ĐoŶtƌiďutioŶ of this thesis ĐoŶĐeƌŶs the eŶhaŶĐeŵeŶt of the ŵethodologǇ 

pƌoposed iŶ [ϯϮ] foƌ peƌfoƌŵiŶg the fifth ďoǆ iŶǀolǀiŶg the ĐhaŶge of the ĐoŶĐeptual 

ŵodel. Foƌ iŶǀeŶtiǀe desigŶ pƌoďleŵs, it is ŶeĐessaƌǇ to deǀelop the fiƌst 

uŶdeƌstaŶdiŶg of the pƌoďleŵ aŶd the fiƌst ŵodel of the pƌoďleŵ. The goal is to 
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Đoŵpute the ƌeseaƌĐh eǆtƌaĐtioŶ aŶd ideŶtifiĐatioŶ of the ŵeaŶiŶgful ĐoŶtƌadiĐtioŶs, 

ǁhiĐh ǁill lead to ŵodel ĐhaŶges aŶd fuƌtheƌ the pƌoďleŵ ƌesolutioŶ. Figuƌe ϴ 

suŵŵaƌizes the pƌoposed ŵethodologǇ foƌ ŵodel ĐhaŶge. 
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Figuƌe ϴ: AppƌoaĐh foƌ ŵodel ĐhaŶge 

OŶĐe eǆpeƌiŵeŶts haǀe ďeeŶ peƌfoƌŵed aŶd Ŷo satisfǇiŶg solutioŶ ǁas deteƌŵiŶed 

ďǇ optiŵizatioŶ ŵethods, the eǆpeƌiŵeŶtal data seƌǀes as aŶ iŶput iŶto the seaƌĐh of 

ĐoŶtƌadiĐtioŶs. The ĐoŶtƌadiĐtioŶs should ďe solǀed to ĐoŶtiŶue the pƌoďleŵ 

eǀolutioŶ ƌesultiŶg iŶ ĐhaŶges to the sǇsteŵ ŵodel iŶ oƌdeƌ to satisfǇ the Đustoŵeƌ s͛ 

ƌeƋuiƌeŵeŶts. Fiƌst, the GTCs aƌe eǆtƌaĐted usiŶg the pƌoposed eǆhaustiǀe seaƌĐh 

algoƌithŵ. As the Ŷuŵďeƌ of GTC ĐaŶ ďe ǀeƌǇ laƌge, the ƋuestioŶ of seleĐtiŶg the 

GTCs foƌ ĐoŶsideƌatioŶ is ĐƌuĐial. We pƌopose to Đhoose the GTCs that aƌe ďuilt fƌoŵ 

poiŶts situated oŶ the data Paƌeto fƌoŶtieƌ, i.e., the GTCs that aƌe Ŷot doŵiŶated ďǇ 

aŶǇ otheƌ poiŶt. OŶĐe a GTC is seleĐted, the ƌelated geŶeƌal phǇsiĐal ĐoŶtƌadiĐtioŶs 

aƌe seaƌĐhed. A seĐoŶd algoƌithŵ foƌ GPC eǆtƌaĐtioŶ should ďe used iŶ oƌdeƌ to 

Đoŵplete the sǇsteŵ of ĐoŶtƌadiĐtioŶs. TheŶ the G“C is solǀed ďǇ T‘I) iŶǀeŶtiǀe 

solǀiŶg ŵethods. 

1-2.5 CoŶtƌadiĐtioŶ ŵodel foƌ optiŵizatioŶ aŶd iŶǀeŶtiǀe appƌoaĐh 

The ĐoŵŵoŶ ƌepƌeseŶtatioŶ ŵodel of a desigŶ pƌoďleŵ is ŶeĐessaƌǇ to eŶaďle 

shiftiŶg fƌoŵ optiŵizatioŶ ƌepƌeseŶtatioŶ ŵodels to iŶǀeŶtiǀe ŵodels. The 

ƌepƌeseŶtatioŶ ŵodel should suppoƌt the siŵulatioŶ-optiŵizatioŶ-iŶǀeŶtioŶ loop aŶd 
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should eŶaďle the siŵultaŶeous use of ďoth optiŵizatioŶ aŶd iŶǀeŶtiǀe solǀiŶg 

stƌategies. IŶ oƌdeƌ to eǆtƌaĐt the geŶeƌalized ĐoŶtƌadiĐtioŶs, iŶfoƌŵatioŶ ƌegaƌdiŶg 

the teĐhŶiĐal sǇsteŵ is ƌeƋuiƌed. The use of the eǆpeƌiŵeŶtal desigŶ is a good 

staƌtiŶg poiŶt as it iŶǀolǀes a stƌategǇ foƌ gatheƌiŶg eŵpiƌiĐal kŶoǁledge oŶ the 

studied teĐhŶiĐal sǇsteŵ. IŶ otheƌ ǁoƌds, the gatheƌiŶg of kŶoǁledge ďased 

iŶfoƌŵatioŶ oŶ the aŶalǇsis of the eǆpeƌiŵeŶtal data aŶd eǆpƌessed iŶ the 

ƌeĐtaŶgulaƌ eǆpeƌiŵeŶts taďle ;Taďle ϭͿ, Ŷot iŶ theoƌetiĐal ŵodels. IŶ geŶeƌal, ǁe 

geŶeƌate the eǆpeƌiŵeŶts iŶ the taďle ǁith ƌaǁ data. If it is possiďle ǁe deǀelop a 

Đoŵplete desigŶ of eǆpeƌieŶĐe, oƌ if this is Ŷot possiďle ďeĐause of too ŵaŶǇ 

ǀaƌiaďles, ǁe ǁill theŶ ƌaŶdoŵize aĐĐoƌdiŶg to uŶifoƌŵ laǁ aŵoŶg all possiďle 

eǆpeƌiŵeŶts fƌoŵ the ƌeseaƌĐh spaĐe. 

Taďle ϭ: A taďle of eǆpeƌiŵeŶts 

 ǆϭ … ǆl Ǉϭ ... Ǉi ... Ǉƌ 

eϭ ǀϭϭ  ǀϭl zϭϭ  zϭi  zϭƌ 

eϮ ǀϮϭ  ǀϮϭ zϮϭ  zϮi  zϮƌ 

…         

ek-

ϭ 

ǀk-ϭϭ  ǀk-ϭl zk-ϭϭ  zk-

ϭi 

 zk-ϭƌ 

ek ǀkϭ  ǀkl zkϭ  zki  zkƌ 

As shoǁŶ iŶ Taďle ϭ, the ƌoǁs of the taďle ƌepƌeseŶt the eǆpeƌiŵeŶts aŶd eaĐh 

ĐoluŵŶ ĐoƌƌespoŶds to diffeƌeŶt pƌoĐess ǀaƌiaďles eǆpƌessiŶg oŶe sǇsteŵ paƌaŵeteƌ. 

IŶ eaĐh eǆpeƌiŵeŶt as Ŷoted ďǇ E, oŶe oƌ ŵoƌe pƌoĐess ǀaƌiaďles oƌ faĐtoƌs aƌe 

ĐhaŶged iŶ oƌdeƌ to oďseƌǀe the effeĐts these ĐhaŶges haǀe oŶ oŶe oƌ ŵoƌe ƌespoŶse 

ǀaƌiaďles oƌ outputs. The faĐtoƌs aƌe the ĐoŶtƌolled paƌaŵeteƌs usuallǇ Ŷoted as X 

aŶd ĐoƌƌespoŶd to the aĐtioŶ paƌaŵeteƌs iŶ the G“C ŵodel. The outputs aƌe the 

ŵeasuƌed paƌaŵeteƌs usuallǇ Ŷoted ďǇ Y aŶd ĐoƌƌespoŶd to the eǀaluatioŶ 

paƌaŵeteƌs iŶ the G“C ŵodel. 

OŶĐe the eǆpeƌiŵeŶts aƌe Đoŵplete, ǁe ĐaŶ ďegiŶ to oƌgaŶize aŶd iŶteƌpƌet the data. 

Fiƌst, the ƌespoŶse ǀaƌiaďles aƌe tƌaŶsfoƌŵed iŶto a ďiŶaƌǇ sǇsteŵ iŶ oƌdeƌ to siŵplifǇ 

the eǆtƌaĐtioŶ pƌoďleŵ. The puƌpose is to oďtaiŶ tǁo sets of eǀaluatioŶ paƌaŵeteƌs 

that aƌe iŶ ĐoŶtƌadiĐtioŶ. This ĐoŶtƌadiĐtioŶ is tƌaŶslated as tǁo oƌthogoŶal ďloĐks of 
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oŶes oďtaiŶed ďǇ peƌŵutatioŶs of the ƌoǁs aŶd ĐoluŵŶs of the ƌeĐtaŶgulaƌ ŵatƌiǆ. 

DiffeƌeŶt ŵethods of data aŶalǇsis ĐaŶ ďe used to ideŶtifǇ the ďloĐks iŶ the ŵatƌiǆ.  

The pƌopeƌties of the GeŶeƌalized “Ǉsteŵ of CoŶtƌadiĐtioŶs ĐaŶ ďe ĐhaƌaĐteƌized ďǇ 

the set of defiŶitioŶs that eŶaďles the eǆtƌaĐtioŶ of the G“C fƌoŵ the 

eǆpeƌiŵeŶtatioŶ taďle. AŶ eǆpeƌiŵeŶtatioŶ taďle ĐaŶ ďe ĐhaƌaĐteƌized ďǇ: 

 A set of aĐtioŶ paƌaŵeteƌs X=;ǆϬ, ǆϭ, …, ǆŶͿ, 

 A set of doŵaiŶs D=;DϬ, Dϭ, …, DŶͿ ǁheƌe Di defiŶes the possiďle ƌaŶge of 

ǀalues foƌ ǆi,  

 A set of eǀaluatioŶ paƌaŵeteƌs Y=;ǇϬ, Ǉϭ, …, ǇpͿ ĐhaƌaĐteƌized ďǇ ďiŶaƌǇ 

ǀalues, eitheƌ ϭ if Ǉi is satisfied, oƌ Ϭ if Ǉi is Ŷot satisfied, aŶd 

 A set of eǆpeƌiŵeŶts E=;eϬ, eϭ, …, eŵͿ. AŶ eǆpeƌiŵeŶt ei is a paƌtiĐulaƌ 

iŶstaŶtiatioŶ of the aĐtioŶ paƌaŵeteƌs: ;aiϭ, aiϮ, …, aiŶͿ, suĐh that aij  Dj 

ĐoŵďiŶed ǁith the iŶduĐed ǀalues of eǀaluatioŶ paƌaŵeteƌs ;ziϭ, ziϮ, …, zipͿ 

ƌesultiŶg iŶ the ďiŶaƌǇ ǀalues of zij = ϭ if Ǉj is satisfied ďǇ eǆpeƌiŵeŶt ei, oƌ zij 

= Ϭ if Ǉj is Ŷot satisfied ďǇ eǆpeƌiŵeŶt ei.  

The goal is to satisfǇ all the eǀaluatioŶ paƌaŵeteƌs. Hoǁeǀeƌ, the situatioŶ should ďe 

ĐoŶsideƌed ǁheƌe suĐh a solutioŶ does Ŷot eǆist iŶ the ĐoŶsideƌed taďle aďoǀe, i.e., 

that Ŷo eǆpeƌiŵeŶt eŶaďles the satisfaĐtioŶ of all the eǀaluatioŶ paƌaŵeteƌs.  

A GeŶeƌalized “Ǉsteŵ of CoŶtƌadiĐtioŶs seeks to ideŶtifǇ the folloǁiŶg taďle of 

eǆpeƌiŵeŶts: 

 Thƌee sets of eǀaluatioŶ paƌaŵeteƌs YϬ, Yϭ aŶd YϮ, suĐh that YϬ∩Yϭ=, 

Yϭ∩YϮ=, YϬ∩YϮ=, YϬYϭYϮ=Y, Yϭ≠Ø aŶd YϮ≠Ø. 

 Thƌee sets of eǆpeƌiŵeŶts EϬ, Eϭ aŶd EϮ suĐh that EϬ∩Eϭ=, Eϭ∩EϮ=, 

EϬ∩EϮ=, EϬEϭEϮ=E, Eϭ≠Ø aŶd EϮ≠Ø. 

Moƌeoǀeƌ ; 

 Eϭ is a set of eǆpeƌiŵeŶts foƌ ǁhiĐh all the eǀaluatioŶ paƌaŵeteƌs of Yϭ aƌe 

satisfied. 

 EϮ is a set of eǆpeƌiŵeŶts foƌ ǁhiĐh all the eǀaluatioŶ paƌaŵeteƌs of YϮ aƌe 

satisfied. 
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“uĐh a defiŶitioŶ pƌoǀides a path foƌ ƌeoƌgaŶiziŶg the eǆpeƌiŵeŶtatioŶ taďle ďǇ 

peƌŵutatioŶs of the ƌoǁs aŶd of the ĐoluŵŶs iŶ oƌdeƌ to gƌoup the pƌeǀiouslǇ 

defiŶed Ei aŶd Yi [ϯϯ];Taďle ϮͿ. 

Taďle Ϯ: G“C ƌepƌeseŶtatioŶ iŶ eǆpeƌiŵeŶtatioŶ output 

X Yϭ YϮ YϬ 

Eϭ 

 

Eϭ×Yϭ: 

zij=ϭ 

 ei 

฀

 Eϭ 

ei×YϮ: 

฀

  j / zij=Ϭ 

 

Eϭ×YϬ 

EϮ 

 ei

฀

 EϮ 

ei×Yϭ: 

฀

  j / zij=Ϭ 

 

EϮ×YϮ: 

zij=ϭ 

 

EϮ×YϬ 

EϬ 
 

EϬ×Yϭ 

 

EϬ×YϮ 

 

EϬ×YϬ 

Based oŶ this defiŶitioŶ, it is possiďle to shoǁ that eǆistiŶg T‘I)-ďased ŵodels aƌe 

paƌtiĐulaƌ ŵodels deƌiǀed fƌoŵ the G“C. The ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶs aƌe a 

paƌtiĐulaƌ Đase of G“C ;see Taďle ϯͿ, ǁheƌe: 

Đaƌd Yi, i={ϭ,Ϯ}=ϭ, aŶd 

 ;ǆi, ǀϭ, ǀϮͿ  ;X, Di, DiͿ / ;ǆi=ǀϭ  ;Yϭ, YϮͿ=;ϭ,ϬͿͿ  ;ǆi=ǀϮ  ;Yϭ, YϮͿ=;Ϭ,ϭͿͿ 

Taďle ϯ: ClassiĐal T‘I) ĐoŶtƌadiĐtioŶ 

 

These details iŶdiĐate the geŶeƌiĐ aspeĐt of the G“C, ǁhiĐh eŶaďles defiŶitioŶ uŶdeƌ 

ĐeƌtaiŶ ĐoŶditioŶs of eǆistiŶg T‘I)-ďased ĐoŶtƌadiĐtioŶs. The ĐlassiĐal T‘I) ŵodel of 

ĐoŶtƌadiĐtioŶ is stƌaightfoƌǁaƌd to solǀe as it is easieƌ foƌ a huŵaŶ eǆpeƌt to 

Y1 Y2

x1 … xg … xn ys yu yw … yh

ei ai1 ain

…
ej aj1 ajn

ek ak1 akn

…
el al1 aln

eq aq1 aq2 aqn

…
er ar1 ar2 arn

E2 0 1

E0

v2

Y0

E1 1 0v1
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iŶteƌpƌet. Hoǁeǀeƌ, the G“C is ŵoƌe diffiĐult to iŶteƌpƌet aŶd solǀe, theƌeďǇ 

pƌeseŶtiŶg a pƌoďleŵatiĐ situatioŶ foƌ ǁhiĐh Ŷo solutioŶ is kŶoǁŶ. 

The eǆtƌaĐtioŶ of the G“C iŶ the eǆpeƌiŵeŶtatioŶ taďle is desĐƌiďed as a set of 

eƋuatioŶs ĐhaƌaĐteƌiziŶg the ďloĐks of the ŵatƌiǆ [ϯϰ]: 

1:),(

1:),(

1;),(

1

0or  1

/

00

/

00

00

/;/



























ki

kj

kjki

Eei

ijkji

Yyj

ijkji

ijkkji

ij

YyjEei

ij

zYEye

zYEye

zYEye

z

z

 

The ŵatƌiǆ is diǀided iŶto ŶiŶe ďloĐks, aŶd iŶ Taďle Ϯ, ǁe haǀe foƌŵulated the 

featuƌes iŶto ďloĐks. IŶ the ďloĐks ǁheƌe Eϭ × Yϭ aŶd EϮ × YϮ; all of the eleŵeŶts aƌe 

eƋual to ϭ. IŶ the ƌeŵaiŶiŶg ϰ ďloĐks assoĐiated ǁith Yϭ aŶd YϮ, theƌe ŵust ďe at 

least oŶe eleŵeŶt eƋual to zeƌo iŶ eaĐh ƌoǁ.  

To eǆtƌaĐt ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶs, the folloǁiŶg set of eƋuatioŶs is ƌesolǀed: 

21

22

11

/,/,0

00

/;/

:

:

1:

1;),(

0

0or  1

21

vv

vaEe

vaEe

zzEe

zYEye

z

z

iji

iji

YykikYyjiji

ijkkji

ij

YyjEei

ij

kj

kjki






















 

The diffeƌeŶĐes ďetǁeeŶ these sets of eƋuatioŶs ƌeƋuiƌed to eǆtƌaĐt the diffeƌeŶt 

tǇpes of T‘I)-ďased ĐoŶtƌadiĐtioŶs shoǁ that the ĐlassiĐal T‘I) sǇsteŵ of 

ĐoŶtƌadiĐtioŶ is the ŵost ĐoŶstƌaiŶed sǇsteŵ. “uĐh a ĐoŶtƌadiĐtioŶ has the liŵitatioŶ 

of Ŷot fittiŶg the eƋuiǀaleŶĐe ;i.e., Ŷo solutioŶͿ  ;a ĐoŶtƌadiĐtioŶ eǆistsͿ. These 

desĐƌiptioŶs of the eǆistiŶg T‘I)-ďased ĐoŶtƌadiĐtioŶs shoǁ that it is possiďle to 
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defiŶe geŶeƌiĐ ĐoŶtƌadiĐtioŶs. AdditioŶallǇ, ouƌ iŶteƌest foƌ the G“C is ďased oŶ the 

satisfaĐtioŶ of the pƌeǀiouslǇ defiŶed eƋuiǀaleŶĐe.  

1-3 PƌoďleŵatiĐ ĐoŶĐeƌŶs 

IŶ the ĐuƌƌeŶt pƌaĐtiĐe, the sǇsteŵ of ĐoŶtƌadiĐtioŶs is ideŶtified ďǇ iŶteƌǀieǁiŶg 

huŵaŶ eǆpeƌts. IŶ ouƌ pƌeǀious ƌeseaƌĐh, ǁe haǀe shoǁŶ that theƌe aƌe soŵe Đases 

iŶ ǁhiĐh Ŷo ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶ eǆists aŶd the pƌoďleŵs still ĐaŶŶot ďe solǀed 

ďǇ optiŵizatioŶ. Theƌefoƌe, the ĐoŶĐept of a geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs 

ǁas pƌoposed. These geŶeƌalized ĐoŶtƌadiĐtioŶs aƌe tǇpiĐallǇ Ŷot seaƌĐhed ďǇ huŵaŶ 

eǆpeƌts as theiƌ eǆpƌessioŶ is too diffiĐult to iŶteƌpƌet ďǇ the huŵaŶ ŵiŶd. Foƌ a 

huŵaŶ eǆpeƌt it is siŵple to ǀalidate a geŶeƌalized ĐoŶtƌadiĐtioŶ; hoǁeǀeƌ, it is ŵuĐh 

ŵoƌe diffiĐult foƌ a huŵaŶ eǆpeƌt to defiŶe a geŶeƌalized ĐoŶtƌadiĐtioŶ. Moƌeoǀeƌ, 

lookiŶg foƌ siŵple teĐhŶiĐal oƌ phǇsiĐal ĐoŶtƌadiĐtioŶs as ƌepƌeseŶted ďǇ the ĐlassiĐal 

T‘I) ŵodel of ĐoŶtƌadiĐtioŶs, the huŵaŶ pƌaĐtitioŶeƌ Đould ďe faĐed ǁith ƌeaĐhiŶg 

theiƌ oǁŶ eǆpeƌtise liŵits ǁheŶ the sǇsteŵ is too Đoŵpleǆ oƌ ǁheŶ theǇ haǀe Ŷo 

ƌeleǀaŶt kŶoǁledge aďout the sǇsteŵ. 

This thesis ĐoŶtƌiďutes to aŶsǁeƌ the pƌoďleŵatiĐ ĐoŶĐeƌŶs as situated iŶto thƌee 

diffeƌeŶt leǀels. The folloǁiŶg disĐussioŶ speĐifies the thƌee leǀels aŶd ƌelated 

ƋuestioŶs. 

The fiƌst leǀel of ƋuestioŶs ƌegaƌdiŶg the desigŶ theoƌǇ is ĐoŶĐeƌŶed ǁith the ĐoŶĐept 

of ĐoŶtƌadiĐtioŶ, ǁhiĐh is oŶe of the fouŶdatioŶs of T‘I): 

QuestioŶ ϭ: WheŶ Ŷo ĐlassiĐal teĐhŶiĐal oƌ phǇsiĐal ĐoŶtƌadiĐtioŶ eǆists, do the 

geŶeƌalized teĐhŶiĐal aŶd/oƌ phǇsiĐal ĐoŶtƌadiĐtioŶs eǆist aŶd aƌe 

theƌe a sigŶifiĐaŶt Ŷuŵďeƌ of those ĐoŶtƌadiĐtioŶs? CaŶ ǁe alǁaǇs 

eǆtƌaĐt the geŶeƌalized ĐoŶtƌadiĐtioŶs iŶtƌiŶsiĐallǇ the saŵe ǁaǇ as 

Paƌeto, foƌ eǆaŵple, fƌoŵ the ďehaǀioƌal ƌepƌeseŶtatioŶ aŶd the 

oďjeĐtiǀes of the sǇsteŵ? If so, theŶ ǁhat aƌe the ĐoŶseƋueŶĐes? 

QuestioŶ Ϯ: Hoǁ ĐaŶ the geŶeƌalized ĐoŶtƌadiĐtioŶs ďe eǆhaustiǀelǇ ideŶtified aŶd 

eǆtƌaĐted? 

QuestioŶ ϯ: OŶĐe all geŶeƌalized ĐoŶtƌadiĐtioŶs aƌe kŶoǁŶ, hoǁ ĐaŶ the ƌeleǀaŶt 

ĐoŶtƌadiĐtioŶs ďe ĐhoseŶ oƌ defiŶed? AlteƌŶatelǇ, hoǁ ĐaŶ a ƌeleǀaŶt 

ĐoŶtƌadiĐtioŶ ďe defiŶed iŶ a stƌaightfoƌǁaƌd ŵaŶŶeƌ? 
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The seĐoŶd leǀel of ƋuestioŶs ƌegaƌdiŶg the ŵethodologǇ ĐoŶĐeƌŶs the pƌaĐtiĐal 

ĐoŶseƋueŶĐes of the Ŷeǁ defiŶitioŶ of ĐoŶtƌadiĐtioŶs foƌ the iŶǀeŶtiǀe pƌoďleŵ 

solǀiŶg: 

QuestioŶ ϰ: OŶĐe the ĐoŶtƌadiĐtioŶs haǀe ďeeŶ ideŶtified aŶd eǆtƌaĐted, hoǁ ĐaŶ 

ǁe use theŵ iŶ the iŶǀeŶtiǀe pƌoďleŵ solǀiŶg pƌoĐess? 

QuestioŶ ϱ: Hoǁ ĐaŶ ǁe eǆtƌaĐt the ƌeleǀaŶt ĐoŶtƌadiĐtioŶs ǁithout eǆhaustiǀe 

ƌeseaƌĐh, ǁhiĐh is ofteŶ too eǆpeŶsiǀe aŶd tiŵe ĐoŶsuŵiŶg despite a 

posteƌioƌi filteƌiŶg? 

QuestioŶ ϲ: CaŶ ǁe use the ĐoŶĐept of a geŶeƌalized ĐoŶtƌadiĐtioŶ to eǆpƌess the 

iŵpliĐit kŶoǁledge fƌoŵ a sǇsteŵ eǆpeƌt? 

 

FiŶallǇ, the thiƌd leǀel of ƋuestioŶs disĐusses the eǆploƌatioŶ of the ƌelatioŶship 

ďetǁeeŶ optiŵizatioŶ ŵethods aŶd T‘I) iŶ oƌdeƌ to deǀelop Đƌoss-feƌtilizatioŶ fƌoŵ a 

theoƌetiĐal aŶd/oƌ a pƌaĐtiĐal poiŶt of ǀieǁ. 

QuestioŶ ϳ: CaŶ ǁe use ŵethods aŶd ĐoŶĐepts fƌoŵ the optiŵizatioŶ iŶ oƌdeƌ to 

faĐilitate the ideŶtifiĐatioŶ of geŶeƌalized ĐoŶtƌadiĐtioŶs? 

QuestioŶ ϴ: Is theƌe a ƌelatioŶship ďetǁeeŶ the Paƌeto ĐoŶĐepts aŶd the 

geŶeƌalized ĐoŶtƌadiĐtioŶs? 

QuestioŶ ϵ: If this liŶk eǆists, Đould it ďe used to ideŶtifǇ geŶeƌalized 

ĐoŶtƌadiĐtioŶs?  

QuestioŶ ϭϬ: AlteƌŶatelǇ, if this liŶk eǆists, Đould it ďe eǆploited to faĐilitate the 

optiŵizatioŶ pƌoĐess? 

 

OŶe of the oďjeĐtiǀes of this thesis is to aŶsǁeƌ the pƌeǀious ƋuestioŶs. The ƌeseaƌĐh 

stƌategǇ adopted to addƌess these ƋuestioŶs is desĐƌiďed iŶ the Ŷeǆt seĐtioŶ. 

1-4 ‘eseaƌĐh ŵethod 

IŶ oƌdeƌ to aŶsǁeƌ the ƋuestioŶs pƌoposed iŶ the pƌeǀious seĐtioŶ, it is ŶeĐessaƌǇ to 

ďuild aŶ eǆhaustiǀe eǆtƌaĐtioŶ tool to ideŶtifǇ aŶd eǆtƌaĐt the geŶeƌalized teĐhŶiĐal 

aŶd phǇsiĐal ĐoŶtƌadiĐtioŶs fƌoŵ sǇsteŵ data. To do this, the pƌoďleŵs of ideŶtifǇiŶg 

geŶeƌalized teĐhŶiĐal aŶd phǇsiĐal ĐoŶtƌadiĐtioŶs aƌe ŵodeled iŶ the foƌŵ of 

ĐoŵďiŶatoƌial optiŵizatioŶ pƌoďleŵs aloŶg ǁith solǀiŶg the algoƌithŵs, ǁhiĐh aƌe 



Chapteƌ ϭ IŶtƌoduĐtioŶ 

ϰϭ 

pƌoposed foƌ eaĐh Đase. OŶĐe these algoƌithŵs haǀe ďeeŶ ƌealized, theǇ ĐaŶ ďe used 

foƌ eŵpiƌiĐal studies that aƌe ŶeĐessaƌǇ to aŶsǁeƌ the ƋuestioŶs Qϭ aŶd QϮ. 

Fuƌtheƌŵoƌe, theǇ also help us to deǀelop hǇpotheses ƌeƋuiƌed to aŶsǁeƌ ƋuestioŶs 

Qϰ aŶd Qϲ. We pƌeǀiouslǇ aŶsǁeƌed the ƋuestioŶ Qϳ iŶ a pƌeĐediŶg seĐtioŶ. 

The eǆhaustiǀe ŵethods haǀe theiƌ liŵitatioŶs. The ŵethods ĐaŶ ďe iŵpleŵeŶted foƌ 

a sǇsteŵ ǁith a liŵited Ŷuŵďeƌ of ǀaƌiaďles ďeĐause of the ĐoŵpleǆitǇ of tiŵe 

ĐalĐulatioŶ. AlteƌŶatelǇ, the Ŷuŵďeƌ of geŶeƌalized ĐoŶtƌadiĐtioŶs is sigŶifiĐaŶt as 

iŶdiĐated ďǇ the aŶsǁeƌs to Qϭ aŶd QϮ. This liŵit is ƌefleĐted iŶ the Ŷuŵďeƌ of aĐtioŶ 

paƌaŵeteƌs. IŶ oƌdeƌ to ƌeduĐe the liŵitatioŶs ƌelated to the Ŷuŵďeƌ of ǀaƌiaďles, ouƌ 

stƌategǇ is to aŶalǇze the data to ideŶtifǇ the aĐtioŶ paƌaŵeteƌs aŶd theiƌ ǀalues 

iŶǀolǀed iŶ the ĐoŶĐepts of geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶs ďefoƌe deteƌŵiŶiŶg 

these ĐoŶĐepts. This ĐaŶ siŵplifǇ the sǇsteŵ ďǇ ƌeduĐiŶg the Ŷuŵďeƌ of aĐtioŶ 

paƌaŵeteƌs ďǇ oŶlǇ ĐoŶsideƌiŶg the iŶflueŶĐiŶg paƌaŵeteƌs. The eǆhaustiǀe algoƌithŵ 

ĐaŶ theŶ ďe used foƌ the siŵplified sǇsteŵ ǁith a ƌeduĐed Ŷuŵďeƌ of ǀaƌiaďles.  

This appƌoaĐh of data pƌepƌoĐessiŶg peƌŵits the ƌeduĐtioŶ of the Ŷuŵďeƌ of aĐtioŶ 

paƌaŵeteƌs aŶd theiƌ ǀalues. TheŶ ideŶtifǇiŶg the ĐoŶtƌadiĐtioŶs is ƌealized ďǇ 

pƌoǀidiŶg the aŶsǁeƌs to ƋuestioŶs Qϴ aŶd Qϵ. AŶ alteƌŶatiǀe solutioŶ to this 

seƋueŶĐe, ǁhiĐh is Ŷot deǀeloped iŶ this thesis, is to desigŶ a heuƌistiĐ ďased 

ƌeseaƌĐh algoƌithŵ of ƌeleǀaŶt ĐoŶtƌadiĐtioŶs ďǇ usiŶg the data ǁithout iŶĐludiŶg the 

eǆhaustiǀe ƌeseaƌĐh of ĐoŶtƌadiĐtioŶs. The deǀelopŵeŶt of these algoƌithŵs ƌeƋuiƌes 

the ideŶtifiĐatioŶ of speĐifiĐ pƌopeƌties to the ƌeleǀaŶt ĐoŶtƌadiĐtioŶs. The seaƌĐh foƌ 

these pƌopeƌties ĐaŶ ďe peƌfoƌŵed ďǇ eǆpeƌiŵeŶtatioŶ, usiŶg ƌeal Đases iŶǀolǀiŶg 

huŵaŶ iŶǀeŶtiǀe desigŶ eǆpeƌts Đoupled ǁith the aŶalǇsis of the eǆhaustiǀe seaƌĐh 

ƌesults. IŶ this thesis, ǁe used aŶ aĐadeŵiĐ sĐhool eǆaŵple fƌoŵ the logistiĐs doŵaiŶ 

as the test Đase to aŶsǁeƌ ƋuestioŶ Qϱ. IŶ the ĐoŶteǆt of this thesis, ǁe do Ŷot eǆpeĐt 

to pƌoǀide a Đoŵplete aŶsǁeƌ to ƋuestioŶ Qϰ; hoǁeǀeƌ, ǁe ďelieǀe a ĐoŶtƌiďutioŶ to 

the aŶsǁeƌ of Qϰ ĐaŶ ďe aĐĐoŵplished ďǇ testiŶg the pƌeǀious heuƌistiĐs oŶ the ƌeal 

oƌ aĐadeŵiĐ eǆaŵples ǁith the appƌopƌiate Ŷuŵďeƌ of ǀaƌiaďles. QuestioŶ QϭϬ is 

disĐussed aĐĐoƌdiŶg to the sǇŶthesized ƌesults deǀeloped foƌ ƋuestioŶs Qϴ aŶd Qϵ. 
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1-5 OƌgaŶizatioŶ of the thesis 

IŶ oƌdeƌ to ƌeŵiŶd the pƌeǀious ƌeseaƌĐh ŵethod aŶd the aŶsǁeƌs to the aďoǀe 

ƋuestioŶs, the thesis Đhapteƌs aƌe oƌgaŶized as folloǁs. Chapteƌ Ϯ aŶd ϯ deal 

ƌespeĐtiǀelǇ ǁith the ideŶtifiĐatioŶ aŶd eǆtƌaĐtioŶ of geŶeƌalized teĐhŶiĐal aŶd 

phǇsiĐal ĐoŶtƌadiĐtioŶs. The ideŶtifiĐatioŶ pƌoďleŵ is foƌŵulated as aŶ optiŵizatioŶ 

pƌoďleŵ, speĐifiĐallǇ a ďiŶaƌǇ pƌogƌaŵŵiŶg pƌoďleŵ that ĐaŶ ďe oƌgaŶized iŶto suď-

pƌoďleŵs ďased oŶ the oƌigiŶal pƌoďleŵ pƌopeƌties. This suď-pƌoďleŵ is pƌoǀeŶ NP-

haƌd ;ŶoŶ-deteƌŵiŶistiĐ polǇŶoŵial-tiŵe haƌdͿ. The ĐoŵďiŶatioŶs of suď-pƌoďleŵ 

solutioŶs pƌoǀide the geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs. The eǆhaustiǀe seaƌĐh 

algoƌithŵ is pƌoposed ďased oŶ the iŶput data issued fƌoŵ the eǆpeƌiŵeŶtal taďle of 

the phǇsiĐal sǇsteŵ fƌoŵ the siŵulatoƌs. The tiŵe aŶd spaĐe ĐoŵpleǆitǇ as ǁell as 

the liŵitatioŶs of the algoƌithŵ aƌe pƌeseŶted aŶd eǀaluated ďased oŶ the eǆaŵple 

of aŶ eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ. 

We ĐaŶ ƌelate seǀeƌal geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶs to oŶe ĐhoseŶ geŶeƌalized 

teĐhŶiĐal ĐoŶtƌadiĐtioŶ to foƌŵ a geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs. Thus, Chapteƌ 

ϯ pƌoposes aŶ algoƌithŵ to seaƌĐh all the geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶs ƌelated 

to oŶe ĐhoseŶ geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ. The liŵitatioŶs iŶ teƌŵs of 

Ŷuŵďeƌ of ǀaƌiaďles aŶd theiƌ possiďle ǀalues to ďe pƌoĐessed aƌe disĐussed as ǁell 

as the ĐoŶtƌiďutioŶs to ouƌ pƌoďleŵatiĐ ĐoŶĐeƌŶs aŶd poteŶtial appliĐatioŶs. The 

algoƌithŵ is illustƌated foƌ the eǆaŵples of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ aŶd the 

siŶgle iŶǀeŶtoƌǇ KaŶďaŶ sǇsteŵ. 

The use of eǆhaustiǀe seaƌĐh algoƌithŵs pƌoposed iŶ Chapteƌs Ϯ aŶd ϯ has its 

liŵitatioŶs ƌelated to the Ŷuŵďeƌ of possiďle ǀaƌiaďles that ĐaŶ ďe pƌoĐessed 

ďeĐause of the ĐoŵputiŶg tiŵe, ǁhiĐh iŶĐƌeases eǆpoŶeŶtiallǇ ǁith the Ŷuŵďeƌ of 

paƌaŵeteƌs. Foƌ the GTC ƌeseaƌĐh, the algoƌithŵ ĐaŶ oŶlǇ eǀaluate ϭϱ eǀaluatioŶ 

paƌaŵeteƌs ǁhile foƌ the GPC ƌeseaƌĐh the algoƌithŵ ĐaŶ oŶlǇ eǀaluate ϭϮ aĐtioŶ 

paƌaŵeteƌs ǁith ďiŶaƌǇ ǀalues. Neǀeƌtheless, the use of the eǆistiŶg algoƌithŵs 

pƌoǀides pƌaĐtiĐal eǀideŶĐe that oŶlǇ a feǁ aĐtioŶ paƌaŵeteƌs ǁithiŶ the ŵodel aƌe 

iŶǀolǀed iŶ the desĐƌiptioŶ of the phǇsiĐal ĐoŶtƌadiĐtioŶs. The puƌpose of Đhapteƌ ϰ is 

to defiŶe ƌeduĐed sets of aĐtioŶ paƌaŵeteƌs that aƌe ƌeleǀaŶt ĐaŶdidates foƌ 

geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶs oƌ eliŵiŶate those that aƌe Ŷot defiŶed 

https://en.wikipedia.org/wiki/NP_%28complexity%29
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ďefoƌehaŶd. This ŵaǇ alloǁ the use of eǆhaustiǀe phǇsiĐal ĐoŶtƌadiĐtioŶ seaƌĐh 

algoƌithŵs foƌ sǇsteŵs desĐƌiďed ďǇ ŵoƌe thaŶ ϭϮ aĐtioŶ paƌaŵeteƌs iŶĐludiŶg tǁo 

ǀalues, oƌ faĐilitate a huŵaŶ seaƌĐh of the phǇsiĐal ĐoŶtƌadiĐtioŶs. To aĐĐoŵplish this 

task, a seaƌĐh of the paƌaŵeteƌs is stated as a set of ĐlassifiĐatioŶ pƌoďleŵs ǁheƌe aŶ 

adaptatioŶ of a suppoƌt ǀeĐtoƌ ŵaĐhiŶe ;“VMͿ featuƌe seleĐtioŶ algoƌithŵ is 

pƌoposed to addƌess the pƌoďleŵs. The liŵitatioŶs of this algoƌithŵ aƌe also 

disĐussed. FiŶallǇ, stƌategies foƌ usiŶg the pƌoposed “VM algoƌithŵ ǁithiŶ the GPC 

eǆtƌaĐtioŶ ĐoŶteǆt aƌe suggested. 

Chapteƌ ϱ pƌoǀides a sǇŶthesis oŶ hoǁ to ĐoŵďiŶe the algoƌithŵs ǁithiŶ the 

iŶǀeŶtiǀe solǀiŶg pƌoĐess that is illustƌated usiŶg the eǆaŵple of a douďle KaŶďaŶ 

sǇsteŵ.  

FiŶallǇ, Đhapteƌ ϲ suŵŵaƌizes the ĐoŶtƌiďutioŶs aŶd liŵitatioŶs of ouƌ ǁoƌk, 

disĐusses the aŶsǁeƌs to the ϭϬ ƋuestioŶs posed pƌeǀiouslǇ iŶ this iŶtƌoduĐtoƌǇ 

Đhapteƌ aŶd pƌoposes a pƌospeĐtiǀe foƌ futuƌe ƌeseaƌĐh. 
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Chapter 2  EǆtƌaĐtioŶ of geŶeƌalized teĐhŶiĐal 
ĐoŶtƌadiĐtioŶ 

IŶ this Đhapteƌ, the pƌoďleŵ of hoǁ to ideŶtifǇ aŶd eǆtƌaĐt the geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs iŶ the eǆhaustiǀe ŵaŶŶeƌ is disĐussed. Fiƌst, the ďƌief state of the aƌt 

of diffeƌeŶt appƌoaĐhes aŶd ŵethods of teĐhŶiĐal ĐoŶtƌadiĐtioŶ eǆtƌaĐtioŶ is 

iŶtƌoduĐed aŶd the liŵitatioŶs aŶd gaps aƌe ideŶtified. Ouƌ ŵethodologǇ has a goal 

to fill this gap staƌtiŶg ǁith the ideŶtifiĐatioŶ pƌoďleŵ, ǁhiĐh is desĐƌiďed aŶd 

foƌŵulated as a ďiŶaƌǇ pƌogƌaŵŵiŶg pƌoďleŵ ǁhose ƌesolutioŶ is oƌgaŶized iŶto a 

set of suď-pƌoďleŵs. This ĐoŵďiŶatoƌǇ pƌoďleŵ is NP-haƌd aŶd the solutioŶs to this 

pƌoďleŵ aƌe the geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs. The ƌeseaƌĐh spaĐe of these 

ĐoŶtƌadiĐtioŶs is defiŶed ďǇ the Ŷuŵďeƌ of sǇsteŵ paƌaŵeteƌs aŶd the Ŷuŵďeƌ of 

eǆpeƌiŵeŶts iŶǀolǀed. The theoƌetiĐal assuŵptioŶs aŶd the ďiŶaƌǇ pƌogƌaŵŵiŶg 

ŵodel ǁeƌe used to foƌŵalize the eǆtƌaĐtioŶ of the geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs. The eǆhaustiǀe seaƌĐh algoƌithŵ is pƌoposed iŶ oƌdeƌ to ideŶtifǇ all 

geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs. 

Data deƌiǀed fƌoŵ the eǆpeƌiŵeŶt of desigŶiŶg the phǇsiĐal sǇsteŵ oƌ data fƌoŵ the 

siŵulatoƌ ǁeƌe utilized. The tiŵe aŶd spaĐe ĐoŵpleǆitǇ of the algoƌithŵ as ǁell as 

the liŵitatioŶs ǁeƌe aŶalǇzed. The illustƌatioŶ of the algoƌithŵ ǁas peƌfoƌŵed usiŶg 

the eǆaŵple of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ. To ďe ŵoƌe geŶeƌal iŶ ouƌ 

eǆpeƌiŵeŶtatioŶ, ǁe ƌaŶdoŵlǇ geŶeƌated a populatioŶ of ďiŶaƌǇ ŵatƌiĐes foƌ 

ĐoŵpaƌisoŶ to the ƌesults fƌoŵ the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ. A statistiĐal aŶalǇsis ǁas 

theŶ peƌfoƌŵed to iŶteƌpƌet the geŶeƌal ƌesults aŶd ideŶtifǇ the pƌiŶĐipal iŶflueŶĐiŶg 

faĐtoƌs affeĐtiŶg the Ŷuŵďeƌ of ideŶtified teĐhŶiĐal aŶd geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs. This eǆploitatioŶ of the algoƌithŵ ǁill peƌŵit aŶsǁeƌiŶg seǀeƌal 

ƋuestioŶs posed ǁithiŶ ouƌ pƌoďleŵatiĐ ĐoŶĐeƌŶs. 
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2-1 “tate of the aƌt iŶ the teĐhŶiĐal ĐoŶtƌadiĐtioŶ eǆtƌaĐtioŶs 

As pƌeseŶted iŶ the ďaĐkgƌouŶd of Chapteƌ ϭ seǀeƌal ŵodels of ĐoŶtƌadiĐtioŶs ǁeƌe 

iŶtƌoduĐed as pƌoǀided ďǇ [ϭϲ],[Ϯϭ],[ϮϬ]. MaŶǇ of these pƌoposals aƌe ďased oŶ the 

ĐoŶĐept of T‘I) teĐhŶiĐal ĐoŶtƌadiĐtioŶs. A teĐhŶiĐal ĐoŶtƌadiĐtioŶ oĐĐuƌs ďetǁeeŶ 

tǁo sǇsteŵ eǀaluatioŶ paƌaŵeteƌs aŶd eǆists if the iŵpƌoǀeŵeŶt of oŶe paƌaŵeteƌ 

leads to degƌadatioŶ of the otheƌ.  

DiffeƌeŶt authoƌs [ϯϱ],[ϯϲ],[ϯϳ] pƌoposed foƌŵal pƌoĐeduƌes oŶ hoǁ to ideŶtifǇ aŶd 

eǆtƌaĐt the ĐoŶtƌadiĐtioŶs ďased oŶ teǆt oƌ pateŶt aŶalǇsis. CasĐiŶi et al. iŶ [ϯϱ] 

pƌoposed a speĐifiĐ algoƌithŵ ďǇ usiŶg Đoŵputeƌ aided aŶalǇsis of pateŶts ďased oŶ 

teǆtual desĐƌiptioŶ, ǁhiĐh alloǁed highlightiŶg ƌeleǀaŶt details of a pateŶt. 

“peĐifiĐallǇ, the algoƌithŵ highlighted ƌeleǀaŶt desigŶ paƌaŵeteƌs, iŵpƌoǀed 

featuƌes, oƌ the ŵotiǀatioŶ foƌ the pateŶt. The goal ǁas to speed up the 

ideŶtifiĐatioŶ of ĐoŶtƌadiĐtioŶs solǀed ďǇ the iŶǀeŶtioŶ to assess its iŶǀeŶtioŶ leǀel 

foƌ ĐoƌƌelatioŶ ǁith otheƌ eǀolutioŶaƌǇ paƌaŵeteƌs. The algoƌithŵ used teǆt-ŵiŶiŶg 

tools that haǀe aĐhieǀed ƌeleǀaŶt Đapaďilities foƌ eǆtƌaĐtiŶg useful iŶfoƌŵatioŶ fƌoŵ a 

laƌge set of doĐuŵeŶts. Hoǁeǀeƌ, Ŷo speĐifiĐ ŵeaŶs aƌe aǀailaďle to suppoƌt the 

aŶalǇsis of pateŶts ďased oŶ the aiŵ of ideŶtifǇiŶg the ĐoŶtƌadiĐtioŶs uŶdeƌlǇiŶg a 

giǀeŶ teĐhŶiĐal sǇsteŵ. 

The autoŵatiĐ disĐoǀeƌǇ aŶd the ĐlassifiĐatioŶ of T‘I) ĐoŶtƌadiĐtioŶs fƌoŵ pateŶt 

teǆts is oŶe of the pƌiŵaƌǇ Ŷatuƌal laŶguage pƌoĐessiŶg ĐhalleŶges foƌ T‘I) [ϯϳ]. This 

ǁould eŶaďle the eŵeƌgeŶĐe of sǇsteŵs Đapaďle of pƌoǀidiŶg ƌeal-life eǆaŵples oŶ 

the ĐoŶfliĐt ĐuƌƌeŶtlǇ ďeiŶg ƌesolǀed ďǇ the iŶŶoǀatoƌ. Though soŵe appƌoaĐhes 

addƌessiŶg the pƌoďleŵ of ĐoŶtƌadiĐtioŶ ŵiŶiŶg eǆist, theiƌ aĐĐuƌaĐǇ is loǁ aŶd the 

ŵethods ĐaŶ ďe ĐoŶsideƌed ƌelatiǀelǇ Ŷaiǀe. The ĐoŵpleǆitǇ of the task ƌeƋuiƌes 

ŵodeƌŶ appƌoaĐhes that ĐaŶ ĐoŵďiŶe statistiĐal kŶoǁledge ǁith doŵaiŶ thesauƌi oƌ 

oŶtologies aŶalǇsis. 

The KŶoǁledge Media IŶstitute teaŵ iŶ the ĐoŶteǆt of TeĐh It EasǇ pƌojeĐt [ϯϳ] has 

ďuilt aŶ eǆpeƌiŵeŶtal sǇsteŵ that uses iŶfoƌŵatioŶ eǆtƌaĐtioŶ teĐhŶiƋues to deteĐt 

keǇ seŶteŶĐes iŶ a pateŶt teǆt that aƌe likelǇ to ƌepƌeseŶt a ĐoŶtƌadiĐtioŶ. Hoǁeǀeƌ, 

ƌeliaďle disĐoǀeƌǇ aŶd ĐlassifǇiŶg of T‘I) ĐoŶtƌadiĐtioŶs ǁas Ŷot plaŶŶed aŶd so ǁas 

Ŷot aĐhieǀed ďǇ that speĐifiĐ sǇsteŵ. 
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DiffeƌeŶt authoƌs use optiŵizatioŶ aŶd siŵulatioŶ ŵethods to eǆtƌaĐt the 

ĐoŶtƌadiĐtioŶs fƌoŵ the teĐhŶiĐal sǇsteŵ aŶalǇsis suĐh as CugiŶi et al. iŶ P‘O“IT 

appƌoaĐh [ϯϴ] ǁheƌe the optiŵuŵs aƌe seaƌĐhed foƌ eaĐh paƌaŵeteƌ ;situatioŶͿ aŶd 

the huŵaŶ eǆpeƌts ŵaŶuallǇ seleĐt the ĐoŶtƌadiĐtioŶs. EǀeŶ if the siŵulatioŶ is used 

to ƌetƌieǀiŶg the data, the ĐoŶtƌadiĐtioŶs aƌe ŵaŶuallǇ ideŶtified aŶd eǆtƌaĐted ďǇ 

huŵaŶ eǆpeƌts. The ŵatheŵatiĐallǇ foƌŵalized kŶoǁledge is used to disĐlose 

geoŵetƌiĐal ĐoŶtƌadiĐtioŶs, ǁhiĐh is a speĐifiĐ tǇpe of phǇsiĐal ĐoŶtƌadiĐtioŶ, ďǇ usiŶg 

a topologiĐal optiŵizatioŶ algoƌithŵ. 

“oŵe authoƌs eǆploƌe pƌoďleŵ foƌŵulatioŶ aŶd ĐoŶtƌadiĐtioŶ stateŵeŶts ďased oŶ 

Ŷetǁoƌks of ŶoŶ-foƌŵalized data [ϯϵ],[ϮϬ],[Ϯϰ],[Ϯϱ],[Ϯϳ],[Ϯϲ],[Ϯϴ],[ϯϬ],[ϰϬ]. The 

ĐoŶĐept of ƌepƌeseŶtiŶg a desigŶ pƌoďleŵ as a Ŷetǁoƌk of ĐoŶtƌadiĐtioŶs aŶd usiŶg 

seŵaŶtiĐ ƌules to dƌiǀe a desigŶ usiŶg this Ŷetǁoƌk ǁas iŶtƌoduĐed ďǇ CaǀalluĐĐi et al. 

[Ϯϲ]. A foƌŵal defiŶitioŶ of ĐoŶtƌadiĐtioŶ ďased oŶ the oŶtologǇ aŶd its poteŶtial 

ǀaƌiatioŶs ǁas pƌoposed ďǇ ‘ousselot et al. [Ϯϵ]. The ĐoŶĐept of a ĐoŶtƌadiĐtioŶ 

Đloud as a thƌee-ǀalue gƌaphiĐal ƌepƌeseŶtatioŶ of a set of eleŵeŶtaƌǇ ĐoŶtƌadiĐtioŶs 

ǁas pƌeseŶted ďǇ CaǀalluĐĐi et al. [Ϯϰ]. AŶ algoƌithŵ foƌ eǆtƌaĐtiŶg the ŵost 

iŵpoƌtaŶt ĐoŶtƌadiĐtioŶ iŶ a Ŷetǁoƌk of pƌoďleŵs ǁas pƌoposed ďǇ Baldussu et al. 

[Ϯϱ]. 

Despite the faĐt that diffeƌeŶt ŵodels of ĐoŶtƌadiĐtioŶs eǆist, theƌe aƌe gaps iŶ the 

foƌŵalized pƌoĐeduƌes utilized foƌ ĐoŶtƌadiĐtioŶ gatheƌiŶg aŶd eǆtƌaĐtioŶ. The 

ŵethods pƌeseŶted aƌe liŶked to Ƌualitatiǀe data aŶalǇsis; hoǁeǀeƌ, ǁe aƌe pƌoposiŶg 

a ƋuaŶtitatiǀe aŶalǇsis tool ďased oŶ the eǆhaustiǀe seaƌĐh pƌiŶĐiple. To ouƌ 

kŶoǁledge theƌe is Ŷo autoŵatiĐ oƌ foƌŵalized tool that alloǁs foƌ eǆhaustiǀe 

ideŶtifiĐatioŶ aŶd eǆtƌaĐtioŶ of ĐoŶtƌadiĐtioŶs. 

2-1.1 GeŶeƌalized ĐoŶtƌadiĐtioŶs͛ eǆtƌaĐtioŶ ǁithiŶ eǆpeƌiŵeŶtal taďle 

Ouƌ ŵethodologǇ foƌ desigŶ pƌoďleŵ solǀiŶg is ďased oŶ the geŶeƌal fƌaŵeǁoƌk 

iŶǀolǀiŶg optiŵizatioŶ aŶd iŶǀeŶtiǀe ŵethods. The geŶeƌalized sǇsteŵ of 

ĐoŶtƌadiĐtioŶ ;G“CͿ is pƌoposed as aŶ iŶǀeŶtiǀe ŵodel foƌ a pƌoďleŵ ĐoŶĐeƌŶiŶg a 

teĐhŶiĐal sǇsteŵ. The G“C ĐoŶsists of geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs ;GTCͿ 

iŶǀolǀiŶg sǇsteŵ eǀaluatioŶ paƌaŵeteƌs oŶ oŶe side aŶd geŶeƌalized phǇsiĐal 

ĐoŶtƌadiĐtioŶs ;GPCͿ addiŶg the sǇsteŵ aĐtioŶ paƌaŵeteƌs oŶ the otheƌ side. To 
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eǆtƌaĐt the ĐoŶtƌadiĐtioŶs, iŶfoƌŵatioŶ aďout the teĐhŶiĐal sǇsteŵ is ƌeƋuiƌed. The 

outputs of the eǆpeƌiŵeŶtal desigŶ deǀeloped foƌ studǇ of the teĐhŶiĐal sǇsteŵ aƌe 

used to gaiŶ the ŶeĐessaƌǇ iŶfoƌŵatioŶ. Foƌ the puƌpose of ouƌ studǇ, these ƌesults 

ǁeƌe tƌaŶsfoƌŵed aŶd suŵŵaƌized iŶto a ďiŶaƌǇ ƌeĐtaŶgulaƌ ŵatƌiǆ. The fiƌst step of 

ouƌ appƌoaĐh is to ideŶtifǇ aŶd eǆtƌaĐt the GTCs. AssuŵiŶg the GTCs aƌe Ŷot ƌelated 

to aĐtioŶ paƌaŵeteƌs, the ďiŶaƌǇ ŵatƌiǆ ĐaŶ theŶ ďe ƌeduĐed to its eǀaluated foƌŵ 

deŶoted as ), as shoǁŶ iŶ Figuƌe ϵ aͿ.  

 

;aͿ                                           ;ďͿ 

Figuƌe ϵ: GeŶeƌiĐ ŵatƌiǆ ) ;aͿ aŶd aŶ eǆaŵple ;ďͿ 

The ƌoǁs of the ŵatƌiǆ ƌepƌeseŶt the eǆpeƌiŵeŶts ǁhile the ĐoluŵŶs ĐoƌƌespoŶd to 

the eǀaluatioŶ paƌaŵeteƌs. The geŶeƌiĐ teƌŵ zij of ŵatƌiǆ ) eƋuals ϭ ǁheŶ the 

eǆpeƌiŵeŶt ei ŵeets the desigŶ ƌeƋuiƌeŵeŶts foƌ the eǀaluatioŶ paƌaŵeteƌ Ǉj 

otheƌǁise zij eƋuals zeƌo. The desigŶ goal is to satisfǇ all of the eǀaluatioŶ 

paƌaŵeteƌs, i.e., to fiŶd aŶǇ ƌoǁ of oŶes. WheŶ it is Ŷot possiďle to oďtaiŶ suĐh aŶ 

output ďǇ usiŶg oŶlǇ the aĐtioŶ paƌaŵeteƌs, iŶǀeŶtiǀe ŵethods ŵust theŶ ďe 

iŵpleŵeŶted. IdeŶtifǇiŶg GTCs iŶ the Đustoŵized eǆpeƌiŵeŶtal taďle ƌepƌeseŶtatioŶ 

ƌeƋuiƌes defiŶiŶg the pƌopeƌties of the GTCs. GTCs aƌe theŶ ĐhaƌaĐteƌized ďǇ a set of 

defiŶitioŶs, ǁhiĐh alloǁ the eǆtƌaĐtioŶ of GTCs fƌoŵ this eǆpeƌiŵeŶtal taďle. 

AssuŵiŶg Ŷo eǆpeƌiŵeŶt satisfies all of the eǀaluatioŶ paƌaŵeteƌs at the saŵe tiŵe, 

ideŶtifǇiŶg a GTC iŶ suĐh a taďle iŶǀolǀes seaƌĐhiŶg foƌ the folloǁiŶg: 

 Thƌee sets of eǀaluatioŶ paƌaŵeteƌs ;Yϭ, YϮ, YϬͿ ǁhose uŶioŶ is the eŶtiƌe set 

of eǀaluatioŶ paƌaŵeteƌs aŶd ǁhose iŶteƌseĐtioŶ is aŶ eŵptǇ set.  

 Thƌee sets of eǆpeƌiŵeŶts ;Eϭ, EϮ, EϬͿ ǁhose uŶioŶ is the eŶtiƌe set of 

eǆpeƌiŵeŶts aŶd ǁhose iŶteƌseĐtioŶ is aŶ eŵptǇ set. 
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 The satisfaĐtioŶ of the fiƌst set of eǀaluatioŶ paƌaŵeteƌs Yϭ foƌ the fiƌst set of 

eǆpeƌiŵeŶts Eϭ aŶd the satisfaĐtioŶ of the seĐoŶd set of eǀaluatioŶ 

paƌaŵeteƌs YϮ foƌ the seĐoŶd set of eǆpeƌiŵeŶts EϮ. 

 At least oŶe eǀaluatioŶ paƌaŵeteƌ fƌoŵ the seĐoŶd set of paƌaŵeteƌs YϮ that 

is Ŷot satisfied iŶ eaĐh eǆpeƌiŵeŶt of the fiƌst aŶd thiƌd sets of eǆpeƌiŵeŶts 

Eϭ aŶd EϬ.  

 At least oŶe eǀaluatioŶ paƌaŵeteƌ fƌoŵ the fiƌst set of paƌaŵeteƌs Yϭ that is 

Ŷot satisfied iŶ eaĐh eǆpeƌiŵeŶt of the seĐoŶd aŶd thiƌd set of eǆpeƌiŵeŶts 

EϮ aŶd EϬ. 

Taďle ϰ: GeŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ eǆpƌessed iŶ eǆpeƌiŵeŶtal taďle 

 

Taďle ϰ shoǁs the ŵatƌiǆ of the eǆpeƌiŵeŶtal taďle deƌiǀed ďǇ gƌoupiŶg the ĐoluŵŶs 

aŶd the ƌoǁs. The ŵatƌiǆ has ďeeŶ diǀided iŶto ϵ ďloĐks, aŶd iŶ the taďle, ǁe haǀe 

foƌŵulated the featuƌes iŶto ďloĐks. IŶ the ďloĐks Eϭ×Yϭ aŶd EϮ×YϮ, all of the 

eleŵeŶts aƌe eƋual to ϭ. IŶ the ƌeŵaiŶiŶg ϰ ďloĐks assoĐiated ǁith Yϭ aŶd YϮ, theƌe 

ŵust ďe at least oŶe eleŵeŶt eƋual to Ϭ iŶ eaĐh ƌoǁ.  

2-1.2 DiffiĐultǇ of the pƌoďleŵ eǆtƌaĐtioŶ: the NP-haƌd pƌoďleŵ  

To ideŶtifǇ the geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs, ǁe aƌe fiƌst iŶteƌested iŶ the size 

of ouƌ seaƌĐh spaĐe. IŶ otheƌ ǁoƌds, ǁe aƌe iŶteƌested iŶ aŶsǁeƌiŶg the folloǁiŶg 

ƋuestioŶ: hoǁ ŵaŶǇ ĐaŶdidate solutioŶs ĐaŶ ǁe fiŶd ǁheŶ seaƌĐhiŶg foƌ geŶeƌalized 

teĐhŶiĐal ĐoŶtƌadiĐtioŶs? If this pƌoďleŵ is ǀieǁed as a seaƌĐhiŶg pƌoďleŵ, ǁe ĐaŶ 

use a ďƌute foƌĐe algoƌithŵ to ďƌoǁse the solutioŶ spaĐe ďǇ aŶ eŶuŵeƌatioŶ ŵethod. 

Although eŶuŵeƌatioŶ is feasiďle foƌ soŵe sŵall ŵatƌiĐes, it ĐaŶ ďe diffiĐult oƌ eǀeŶ 

iŵpossiďle foƌ laƌge ŵatƌiĐes. IŶ faĐt, the seaƌĐh spaĐe gƌoǁs eǆpoŶeŶtiallǇ ǁith the 
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Ŷuŵďeƌ of ƌoǁs M aŶd Ŷuŵďeƌ of ĐoluŵŶs N of the ŵatƌiǆ ). The folloǁiŶg seĐtioŶ 

disĐusses the aŶalǇsis of the ĐoŵpleǆitǇ of the seaƌĐh spaĐe. 

QuaŶtifǇiŶg a seaƌĐh spaĐe is ŵaiŶlǇ a ĐoŵďiŶatoƌial pƌoďleŵ as ďeĐause all possiďle 

ŵatƌiǆ ďloĐks ĐaŶ ďe eǆpƌessed usiŶg “tiƌliŶg Ŷuŵďeƌs of the seĐoŶd kiŶd [ϰϱ]. IŶ 

aĐtualitǇ, the sets YϬ aŶd EϬ ŵaǇ ďe eŵptǇ. Theƌefoƌe, ƌoǁ ĐoŵďiŶatioŶs aŶd ĐoluŵŶ 

ĐoŵďiŶatioŶs ĐaŶ ďe addƌessed usiŶg tǁo tǇpes of ĐoŵďiŶatoƌial ŵodels. IŶ the fiƌst 

Đase, ǁheŶ 0Y , the pƌoďleŵ ĐaŶ ďe desĐƌiďed as a tǇpe of Ball-Boǆ Matƌiǆ [ϰϱ], 

ǁhiĐh desĐƌiďes the situatioŶ iŶ ǁhiĐh N diffeƌeŶt ďalls ;ǁheƌe N>ϮͿ aƌe plaĐed iŶ 

tǁo ideŶtiĐal ďoǆes aŶd Ŷeitheƌ ďoǆ is eŵptǇ. IŶ this Đase, the Ŷuŵďeƌ of 

ĐoŵďiŶatioŶs, eǆpƌessed as a “tiƌliŶg Ŷuŵďeƌ of the seĐoŶd kiŶd, is s;N, ϮͿ. IŶ the 

seĐoŶd Đase, ǁheŶ 0Y , the pƌoďleŵ ĐaŶ ďe desĐƌiďed ďǇ a Ball-Boǆ Matƌiǆ that 

desĐƌiďes the situatioŶ iŶ ǁhiĐh N diffeƌeŶt ďalls aƌe plaĐed iŶ thƌee ideŶtiĐal ďoǆes 

aŶd Ŷo ďoǆ is eŵptǇ. Hoǁeǀeƌ, iŶ this Đase ǁe ŵust seleĐt Ϯ of ϯ ďoǆes Yϭ aŶd YϮ. 

Thus, the ƌesult is   3

23, CNs  . The saŵe pƌoĐess applies to the ĐoluŵŶ Ŷuŵďeƌ. 

Thus, the Ŷuŵďeƌ of ĐoŵďiŶatioŶs of the ĐoluŵŶ Ŷuŵďeƌs is    2,3, 3

2 NsCNs  . IŶ 

additioŶ, ǁheŶ ǁe peƌŵute the tǁo ĐoluŵŶ sets aŶd tǁo ƌoǁ sets foƌ 
11 YE   aŶd

22 YE  , oŶlǇ tǁo distiŶĐt Đases aƌise. To suŵŵaƌize, ǁe ĐoŶĐlude that the seaƌĐh 

spaĐe size is  

    2,3, 3

2 MsCMs       22,3, 3

2  NsCNs . 

AĐĐoƌdiŶg to the eƋuatioŶ foƌ “tiƌliŶg Ŷuŵďeƌs of the seĐoŶd kiŶd [ϰϱ], 
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UsiŶg EƋuatioŶs ;ϭͿ aŶd ;ϮͿ aŶd supposiŶg 3,3  MN , ǁe oďtaiŶ the size of ouƌ 

seaƌĐh spaĐe: 
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CleaƌlǇ, the ďƌoǁsiŶg of the seaƌĐh spaĐe is aŶ NP-haƌd pƌoďleŵ. 
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2-1.3 DiffeƌeŶt possiďle ŵethods to use iŶ ouƌ appƌoaĐh 

The ĐeŶtƌal pƌoďleŵ iŶ GTC ideŶtifiĐatioŶ is the ĐoŶtƌadiĐtoƌǇ ƌelatioŶ ďetǁeeŶ 

diffeƌeŶt eǀaluatioŶ paƌaŵeteƌs. This is siŵilaƌ to the pƌoďleŵ of ĐlaƌifǇiŶg the data 

stƌuĐtuƌe ďefoƌe statistiĐal aŶalǇsis pƌoĐesses used ǁithiŶ diffeƌeŶt ƌeseaƌĐh doŵaiŶs 

suĐh as soĐiologǇ, eĐologǇ, aƌĐhaeologǇ, geogƌaphǇ, ŵediĐiŶe, etĐ. The goal is to 

studǇ the data iŶ ŵoƌe detail aŶd eǆpƌess the eǆistiŶg ƌelatioŶs ďetǁeeŶ gƌoups, 

Đategoƌies, oƌ paƌaŵeteƌs of diffeƌeŶt sǇsteŵs oƌ ĐoŵŵuŶities.  

OŶe of the ǁidelǇ kŶoǁŶ ŵethods of suĐh a statistiĐal aŶalǇsis is the pƌiŶĐipal 

ĐoŵpoŶeŶt aŶalǇsis PCA [ϰϭ]. The PCA is a ǀaƌiaďle ƌeduĐtioŶ pƌoĐeduƌe eǆpƌessiŶg 

the data iŶ suĐh a ǁaǇ as to highlight the data siŵilaƌities aŶd diffeƌeŶĐes. The goal is 

to ƌeduĐe the Ŷuŵďeƌ of oďseƌǀed Đoƌƌelated ǀaƌiaďles iŶto a sŵalleƌ Ŷuŵďeƌ of 

aƌtifiĐial ǀaƌiaďles Đalled pƌiŶĐipal ĐoŵpoŶeŶts, ǁhiĐh aƌe Ŷot Đoƌƌelated. This 

ƌeduĐtioŶ pƌoĐess is ĐloselǇ ƌelated to siŶgulaƌ ǀalue deĐoŵpositioŶ aŶd tǇpiĐallǇ 

used foƌ the iŵage ĐoŵpƌessioŶ. The PCA ďeloŶgs to the faŵilǇ of liŶeaƌ 

tƌaŶsfoƌŵatioŶ ŵethods suĐh as faĐtoƌ aŶalǇsis, pƌojeĐtioŶ puƌsuit oƌ iŶdepeŶdeŶt 

ĐoŵpoŶeŶt aŶalǇsis. The goal of all these ŵethods is to seaƌĐh speĐial ĐoŵpoŶeŶts 

of the ƌepƌeseŶtatiǀe data that aƌe liŶeaƌ ĐoŵďiŶatioŶs of the oƌigiŶal ǀaƌiaďles. The 

PCA iŶǀolǀes the ĐalĐulatioŶ of the eigeŶǀalue deĐoŵpositioŶ of a data ĐoǀaƌiaŶĐe 

ŵatƌiǆ oƌ siŶgulaƌ ǀalue deĐoŵpositioŶ of a data ŵatƌiǆ usuallǇ afteƌ ŵeaŶ ĐeŶteƌiŶg 

the data foƌ eaĐh attƌiďute. The ƌesults of the PCA aƌe usuallǇ disĐussed iŶ teƌŵs of 

ĐoŵpoŶeŶt sĐoƌes aŶd loadiŶgs. Foƌ ouƌ puƌpose, this ŵethod is iŶteƌestiŶg if tǁo 

iŶdepeŶdeŶt oƌthogoŶal pƌiŶĐipal ĐoŵpoŶeŶts aƌe ideŶtified as ƌepƌeseŶtiŶg tǁo 

sets of paƌaŵeteƌs ǁithiŶ ĐoŶtƌadiĐtioŶ. 

QuadƌatiĐ assigŶŵeŶt pƌoďleŵ ;QAPͿ is oŶe a ĐoŵŵoŶ ĐoŵďiŶatoƌial optiŵizatioŶ 

pƌoďleŵ [ϰϮ]. It ĐaŶ ďe used foƌ data aŶalǇsis tasks ĐhaƌaĐteƌized ďǇ the use of 

pƌoǆiŵitǇ ŵatƌiĐes. The QAP is aŶ eǆtƌeŵelǇ haƌd pƌoďleŵ fƌoŵ ďoth theoƌetiĐal aŶd 

pƌaĐtiĐal poiŶts of ǀieǁ. IŶ oƌdeƌ to fiŶd a gloďal optiŵal solutioŶ foƌ a giǀeŶ QAP, 

oŶe ĐaŶ eitheƌ use ŵethods of dǇŶaŵiĐ pƌogƌaŵŵiŶg oƌ ďƌaŶĐh aŶd ďouŶd 

pƌoĐeduƌes. The pƌoďleŵ is NP-haƌd, so theƌe is Ŷo kŶoǁŶ algoƌithŵ foƌ solǀiŶg this 

pƌoďleŵ iŶ polǇŶoŵial tiŵe. Hoǁeǀeƌ, a Ŷuŵďeƌ of algoƌithŵs haǀe ďeeŶ pƌoposed 

to deal ǁith the ĐoŵpleǆitǇ of the QAP. The ŵost populaƌ pƌoĐeduƌe used iŶ QAP is 

http://en.wikipedia.org/wiki/Eigendecomposition_of_a_matrix
http://en.wikipedia.org/wiki/Covariance_matrix
http://en.wikipedia.org/wiki/Covariance_matrix
http://en.wikipedia.org/wiki/Singular_value_decomposition
http://en.wikipedia.org/wiki/Data_matrix
http://en.wikipedia.org/wiki/NP-hard
http://en.wikipedia.org/wiki/Algorithm
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the ďƌaŶĐh aŶd ďouŶd algoƌithŵ ďased oŶ loǁeƌ ďouŶds, ǁhiĐh aƌe also used to 

eǀaluate the adeƋuaĐǇ of the solutioŶs pƌoduĐed ďǇ diffeƌeŶt heuƌistiĐs.   

The pƌoďleŵ ĐaŶ also ďe Đlassified as a data ŵiŶiŶg pƌoďleŵ ;ŵethods aŶd ŵodels 

used iŶ data ŵiŶiŶg aƌe ƌeǀieǁed iŶ [ϰϯ]Ϳ. Data ŵiŶiŶg is a laƌge iŶteƌdisĐipliŶaƌǇ 

suďfield of Đoŵputeƌ sĐieŶĐes iŶǀolǀiŶg ŵethods at the iŶteƌseĐtioŶ of aƌtifiĐial 

iŶtelligeŶĐe, ŵaĐhiŶe leaƌŶiŶg, statistiĐs, aŶd dataďase sǇsteŵs. The goal is to pƌe-

pƌoĐess; aŶalǇze oďseƌǀatioŶal data sets to fiŶd ƌelatioŶships ďetǁeeŶ paƌaŵeteƌs; 

aŶd to ƌepƌeseŶt the data iŶ uŶdeƌstaŶdaďle aŶd useful ǁaǇs foƌ the data oǁŶeƌ.  

Clusteƌ aŶalǇsis aŶd seƌiatioŶ ŵethods aƌe aŵoŶg the ŵaŶǇ data ŵiŶiŶg ŵethods 

tǇpiĐallǇ utilized. 

The seƌiatioŶ ŵethods [ϰϰ] offeƌ a ǀisual ŵeaŶs of eǆaŵiŶiŶg the stƌuĐtuƌe of the 

data ďǇ ƌeoƌgaŶiziŶg the data to pƌeseŶt as hoŵogeŶeous a piĐtuƌe of the data 

stƌuĐtuƌe as possiďle. This ǀisual ƌepƌeseŶtatioŶ assists ǁith pƌoďleŵ iŶteƌpƌetatioŶ. 

The idea of seƌiatioŶ is to ďƌiŶg siŵilaƌ ƌoǁs aŶd siŵilaƌ ĐoluŵŶs as Đlose to eaĐh 

otheƌ as possiďle ďǇ theiƌ peƌŵutatioŶs. TheŶ the seƌiated taďle oƌ iŵage ƌeǀeals a 

stƌuĐtuƌe that deŵoŶstƌates the ƌelatioŶship ďetǁeeŶ the ǀaƌiaďles. The ĐoŶĐept of 

seƌiatioŶ is Ƌuite siŵple ďut iŶ its geŶeƌal foƌŵ is diffiĐult to iŵpleŵeŶt it oŶ a 

Đoŵputeƌ. IŶ ouƌ Đase ǁe ĐaŶ use the Ƌuasi-seƌiatioŶ ŵethod of tǁo Đlasses ǁheƌe 

the ƌesiduals defiŶe YϬ aŶd the tǁo Đlasses defiŶe Yϭ aŶd YϮ. This ƌeŵaiŶs the ďloĐk 

seƌiatioŶ ŵethods [ϰϱ], ǁhiĐh seaƌĐhes siŵultaŶeous paƌtitioŶ of oďjeĐts ;oƌ 

eǆpeƌiŵeŶtsͿ aŶd attƌiďutes ;oƌ ǀaƌiaďlesͿ. The pƌiŶĐiple is ďased oŶ the peƌŵutatioŶ 

of the ƌoǁs aŶd the ĐoluŵŶs of a ďiŶaƌǇ taďle iŶ oƌdeƌ to ideŶtifǇ the diagoŶal 

disjoiŶt ďloĐks foƌ ŵaǆiŵal deŶsitǇ. We ĐaŶ also Đite also the ŵatƌiǆ ƌeoƌdeƌiŶg 

pƌoďleŵs, ǁhiĐh seek to ƌeoƌdeƌ oďjeĐts iŶto a seƋueŶĐe aloŶg a oŶe-diŵeŶsioŶal 

ĐoŶtiŶuuŵ [ϰϲ] ďǇ eǆploƌatoƌǇ ĐoŵďiŶatoƌial data aŶalǇsis teĐhŶiƋues. 

The seƌiatioŶ ŵethods aƌe ƌelated to Đlusteƌ aŶalǇsis [ϰϳ]. Clusteƌ aŶalǇsis is the 

oƌgaŶizatioŶ of a ĐolleĐtioŶ of patteƌŶs – oďseƌǀatioŶs ;usuallǇ ƌepƌeseŶted as a 

ǀeĐtoƌ of ŵeasuƌeŵeŶts, oƌ a poiŶt iŶ a ŵultidiŵeŶsioŶal spaĐeͿ iŶto Đlusteƌs 

;gƌoupsͿ ďased oŶ siŵilaƌitǇ. TǇpiĐal ĐlusteƌiŶg iŶǀolǀes the patteƌŶ ƌepƌeseŶtatioŶ 

;featuƌe eǆtƌaĐtioŶͿ, defiŶitioŶ of patteƌŶ pƌoǆiŵitǇ ŵeasuƌe, the pƌopeƌ ĐlusteƌiŶg 

;gƌoupiŶgͿ aŶd eǀeŶtuallǇ data aďstƌaĐtioŶ aŶd assessŵeŶt of output. ClusteƌiŶg is a 

suďjeĐtiǀe pƌoĐess; the saŵe set of data iteŵs ofteŶ Ŷeeds to ďe paƌtitioŶed 

https://en.wikipedia.org/wiki/Artificial_intelligence
https://en.wikipedia.org/wiki/Artificial_intelligence
https://en.wikipedia.org/wiki/Machine_learning
https://en.wikipedia.org/wiki/Statistics
https://en.wikipedia.org/wiki/Database_system
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diffeƌeŶtlǇ foƌ diffeƌeŶt appliĐatioŶs. This suďjeĐtiǀitǇ ŵakes the pƌoĐess of ĐlusteƌiŶg 

deliĐate. DiffeƌeŶt tǇpes of ĐlusteƌiŶg ŵethods eǆist suĐh as hieƌaƌĐhiĐal ĐlusteƌiŶg; K 

ŵeaŶs ĐlusteƌiŶg; oƌ tǁo ŵode ĐlusteƌiŶg [ϰϴ],[ϰϵ]. The k-ŵeaŶs algoƌithŵ assigŶs 

eaĐh poiŶt to the Đlusteƌ ǁhose ĐeŶteƌ is the Ŷeaƌest. Foƌ ouƌ puƌpose, tǁo-ŵode 

ĐlusteƌiŶg ĐaŶ ďe used ǁheƌe the oďjeĐts aŶd the featuƌes of the oďjeĐts aƌe 

Đlusteƌed. This ŵethod pƌoǀides a siŵultaŶeous ĐlusteƌiŶg of the ƌoǁs aŶd ĐoluŵŶs 

of a ƌeĐtaŶgulaƌ data ŵatƌiǆ ďut ĐaŶŶot ƌestƌiĐt otheƌ paƌts of the ŵatƌiǆ 

BloĐkŵodeliŶg [ϱϬ] deals ǁith the ĐlusteƌiŶg of a Ŷetǁoƌk. The goal is to ƌeduĐe a 

laƌge, poteŶtiallǇ iŶĐoheƌeŶt, Ŷetǁoƌk iŶto a sŵalleƌ ĐoŵpƌeheŶsiďle stƌuĐtuƌe that 

ĐaŶ ďe ŵoƌe ƌeadilǇ iŶteƌpƌeted. BloĐkŵodeliŶg is ďased oŶ the idea that uŶits ǁithiŶ 

a Ŷetǁoƌk ĐaŶ ďe gƌouped ďased oŶ the eǆteŶt to ǁhiĐh theǇ aƌe eƋuiǀaleŶt, 

aĐĐoƌdiŶg to soŵe ŵeaŶiŶgful defiŶitioŶ of eƋuiǀaleŶĐe. OŶe of the ŵaiŶ pƌoĐeduƌal 

goals of ďloĐkŵodeliŶg is to ideŶtifǇ Đlusteƌs oƌ Đlasses of uŶits that shaƌe siŵilaƌ 

stƌuĐtuƌal ĐhaƌaĐteƌistiĐs iŶ teƌŵs of eƋuiǀaleŶĐe ƌelatioŶ. This ŵethod is ďased oŶ 

the gƌaph theoƌǇ, aŶd speĐifiĐallǇ oŶ ƌelatioŶs of doŵiŶaŶĐe ďetǁeeŶ diffeƌeŶt uŶits. 

Tǁo tǇpes of suĐh ƌelatioŶs aƌe distiŶguished: stƌuĐtuƌal eƋuiǀaleŶĐe aŶd ƌegulaƌ 

eƋuiǀaleŶĐe. IŶ the fiƌst Đase of stƌuĐtuƌal eƋuiǀaleŶĐe, the eƋuiǀaleŶt uŶits haǀe the 

saŵe ĐoŶŶeĐtioŶ patteƌŶ to the saŵe Ŷeighďoƌs. Foƌ the Đase of ƌegulaƌ eƋuiǀaleŶĐe, 

the eƋuiǀaleŶt uŶits haǀe the saŵe oƌ siŵilaƌ ĐoŶŶeĐtioŶ patteƌŶ to diffeƌeŶt 

Ŷeighďoƌs. Foƌ ouƌ Đase, stƌuĐtuƌal eƋuiǀaleŶĐe ǁith Đoŵplete ďloĐks of oŶes should 

ďe seaƌĐhed. 

All aǀailaďle ŵethods assoĐiated ǁith the aďoǀe ŵeŶtioŶed appƌoaĐhes ĐaŶ ďe used 

to fiŶd oŶe oƌ seǀeƌal uŶiƋue solutioŶs to ouƌ pƌoďleŵ. Hoǁeǀeƌ, Ŷot oŶe ŵethod 

ĐaŶ ďe used to fiŶd all the solutioŶs. IŶ this papeƌ, ǁe use the ďiŶaƌǇ iŶtegeƌ 

pƌogƌaŵŵiŶg ŵodel to aŶalǇze ouƌ pƌoďleŵ. This ƌesults iŶ a speĐifiĐ algoƌithŵ that 

pƌoǀides all the solutioŶs foƌ ouƌ pƌoďleŵ. 

2-2 FoƌŵulatioŶ of the eǆtƌaĐtioŶ pƌoďleŵ as a ďiŶaƌǇ iŶtegeƌ 

pƌogƌaŵ 

IŶ this seĐtioŶ ǁe ǁill foƌŵulate ouƌ GTC eǆtƌaĐtioŶ pƌoďleŵ as a ƋuadƌatiĐ ďiŶaƌǇ 

iŶtegeƌ pƌogƌaŵŵiŶg ;BIPͿ pƌoďleŵ. TheŶ aŶ eǆhaustiǀe seaƌĐhiŶg algoƌithŵ is 
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pƌoposed to ĐolleĐt all the solutioŶs. IŶ additioŶ, ǁe pƌopose to tƌaŶsfoƌŵ a 

ƋuadƌatiĐ ďiŶaƌǇ iŶtegeƌ pƌogƌaŵ to a liŶeaƌ iŶtegeƌ pƌogƌaŵ, ǁhiĐh ǁill ďƌidge the 

eǆistiŶg iŶtegeƌ pƌogƌaŵŵiŶg algoƌithŵ to alloǁ foƌ GTC seaƌĐhiŶg. This ǁill also 

alloǁ foƌ a suppleŵeŶtaƌǇ appƌoaĐh ǁheŶ eǆhaustiǀe seaƌĐhiŶg algoƌithŵ is 

uŶaǀailaďle. 

IdeŶtifǇiŶg GTCs is geŶeƌallǇ ĐoŶsideƌed a pƌoďleŵ of defiŶiŶg hoǁ to gƌoup the 

ĐoluŵŶs aŶd ƌoǁs of ŵatƌiǆ ), ǁhiĐh is a Ǉes-oƌ-Ŷo deĐisioŶ pƌoďleŵ that ĐaŶ ďe 

tƌaŶsfoƌŵed iŶto a ďiŶaƌǇ iŶtegeƌ pƌogƌaŵ aŶd a liŶeaƌ pƌogƌaŵŵiŶg pƌoďleŵ iŶ 

ǁhiĐh all the ǀaƌiaďles aƌe ƌestƌiĐted to ďiŶaƌǇ ǀalues [ϱϭ]. “peĐifiĐallǇ foƌ BIP, eaĐh 

ǀaƌiaďle ĐaŶ oŶlǇ take a ǀalue of ϭ oƌ Ϭ, theƌeďǇ deŶotiŶg Ǉes oƌ Ŷo. Thus, a BIP ĐaŶ 

ďe utilized to ŵodel ƌeal-ǁoƌld situatioŶs ďǇ usiŶg logiĐal eǆpƌessioŶs. Foƌ ouƌ 

pƌoďleŵ, a BIP is used to eǆpƌess deĐisioŶ ǀaƌiaďles that iŶdiĐate ǁhetheƌ the 

ĐoluŵŶs oƌ ƌoǁs peƌtaiŶ to the ĐoluŵŶs aŶd ƌoǁs of a ŵatƌiǆ ďloĐk. 

“uppose that ŵatƌiǆ ) has M ƌoǁs aŶd N ĐoluŵŶs. Let us deŶote the paƌts of a ϯ-

paƌtitioŶ of the ĐoluŵŶs aŶd ƌoǁs as  021 ,, YYY  aŶd  021 ,, EEE , ƌespeĐtiǀelǇ. Ouƌ 

goal is to fiŶd all of the ϯ-paƌtitioŶs of the ĐoluŵŶ set aŶd ϯ-paƌtitioŶs of the ƌoǁ set 

that ŵeet the ƌeƋuiƌeŵeŶts iŶdiĐated iŶ Taďle Ϯ. 

Taďle ϱ: G“C ƌepƌeseŶtatioŶ iŶ eǆpeƌiŵeŶtatioŶ output 

X Yϭ YϮ YϬ 

Eϭ 

 

Eϭ×Yϭ: 

zij=ϭ 

 ei 

฀

 Eϭ 

ei×YϮ: 

฀

  j / zij=Ϭ 

 

Eϭ×YϬ 

EϮ 

 ei

฀

 EϮ 

ei×Yϭ: 

฀

  j / zij=Ϭ 

 

EϮ×YϮ: 

zij=ϭ 

 

EϮ×YϬ 

EϬ 
 

EϬ×Yϭ 

 

EϬ×YϮ 

 

EϬ×YϬ 

Fiƌst, ǁe use tǁo N-diŵeŶsioŶal ďiŶaƌǇ ǀeĐtoƌs C 2,1i to deŶote the tǁo sets of 

ĐoluŵŶs ;
21,YY Ϳ. If oŶe ǀeĐtoƌ ĐoŵpoŶeŶt of Cϭ ;ƌesp. CϮͿ eƋuals ϭ, the ĐoƌƌespoŶdiŶg 

ĐoluŵŶ ďeloŶgs to the ĐoluŵŶ set Yϭ ;ƌesp. YϮͿ; otheƌǁise, it does Ŷot ďeloŶg to Yϭ 
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;ƌesp. YϮͿ. “eĐoŶd, ǁe use tǁo M-diŵeŶsioŶal ďiŶaƌǇ ǀeĐtoƌs ‘i=ϭ,Ϯ to deŶote the tǁo 

sets of ƌoǁs ;
21,EE Ϳ. If oŶe ǀeĐtoƌ ĐoŵpoŶeŶt of ‘ϭ ;ƌesp. ‘ϮͿ eƋuals ϭ, the 

ĐoƌƌespoŶdiŶg ƌoǁ ďeloŶgs to the ƌoǁ set Eϭ ;ƌesp. EϮͿ. The ǀeĐtoƌs aƌe as folloǁs: 

 
N

i

N

iii

i ccccC ,...,,, 3212,1  ,  
M

i

M

iii

i rrrrR ,...,,, 3212,1  ; 

C 2,1i  ƌepƌeseŶts 2,1iY , 2,1iR  ƌepƌeseŶts 2,1iE . 

Foƌ ĐoŶǀeŶieŶĐe, ǁe assuŵe that 







 

j

jcN 1

1
, 








 

j

jcN 2

2
, 








 

j

jrM 1

1
, aŶd









 

j

jrM 2

2
. 

Ouƌ pƌoďleŵ ĐaŶ theŶ ďe tƌaŶsfoƌŵed iŶto aŶ iŶtegeƌ pƌogƌaŵŵiŶg pƌoďleŵ. The 

ƌestƌiĐtioŶs ƌegaƌdiŶg ďloĐk 
11 YE  aŶd 

22 YE   iŶdiĐated iŶ Taďle Ϯ ĐaŶ ďeĐoŵe aŶ 

oďjeĐtiǀe fuŶĐtioŶ, as T

iiZCR is eƋual to the suŵ of all eleŵeŶts iŶ the ďloĐk ii YE  .

iiMN  is the pƌoduĐt of the Ŷuŵďeƌ of ƌoǁs aŶd ĐoluŵŶs of the ďloĐk  ii YE , .WheŶ 

the ďloĐks  11,YE aŶd  22 ,YE  aƌe full of ͞oŶes ,͟ the ƋuaŶtitǇ 



2,12,1 i

ii

i

T

ii MNZCR is 

eƋual to zeƌo aŶd Ŷegatiǀe otheƌǁise. It ĐaŶ ďe deteƌŵiŶed fƌoŵ aŶalǇsis, the 

ŵaǆiŵuŵ ǀalue of this eƋuatioŶ is zeƌo. 

The ƌestƌiĐtioŶ foƌ the ďloĐk
12 YE   shoǁŶ oŶ Taďle ϰ iŶdiĐates that the ĐaƌdiŶalitǇ of 

1Y  is gƌeateƌ thaŶ the suŵ of the eleŵeŶts iŶ eaĐh ƌoǁ of the ďloĐk 
12 YE  . Thus, ǁe 

haǀe the iŶeƋualities foƌ eaĐh ƌoǁ of 
12 YE  : 

1

1
11 ,1:

1 









 

 Cccj

ij

jj

zN . 

UsiŶg the saŵe ŵethod to ŵodel the ďloĐk 
21 YE  , 

20 YE  aŶd
10 YE  pƌoǀide thƌee 

additioŶal gƌoups of iŶeƋualities. It should ďe Ŷoted that the ŵeŵďeƌship of a ƌoǁ to 

0E  is deteƌŵiŶed ďǇ the ĐoŵpleŵeŶtaƌǇ set 
21 EE  . 

2-2.1 Pƌoďleŵ foƌŵulatioŶ iŶ foƌŵ of iŶtegeƌ pƌogƌaŵŵiŶg pƌoďleŵ 

To suŵŵaƌize, the seaƌĐh pƌoďleŵ suďjeĐt to the ƌestƌiĐtioŶs shoǁŶ iŶ Taďle ϰ 

ďeĐoŵes a pƌoďleŵ of ĐalĐulatiŶg all of the solutioŶs of the folloǁiŶg iŶtegeƌ 

pƌogƌaŵŵiŶg pƌoďleŵ: 
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DeĐisioŶ ǀaƌiaďles: 

 11

3

1

2

1

11 ,...,, nccccC  ,  22

3

2

2

2

12 ,...,, nccccC  ,  11

3

1

2

1

11 ,...,, mrrrrR  ,  22

3

2

2

2

12 ,...,, mrrrrR  . 

IŶput paƌaŵeteƌ: ŵatƌiǆ ) 

OďjeĐtiǀe fuŶĐtioŶ: 

Maximise 



2,12,1 i

ii

i

T

ii MNZCR        ;ϰͿ 

suďjeĐt to 

1

1
11 ,1:

1 









 

 Cccj

ij

jj

zN ,  2

22 ,1| Rrrii ii        ;ϱͿ 

1

2
22 ,1:

2 









 

 Cccj

ij

jj

zN ,  1

11 ,1| Rrrii ii        ;ϲͿ 

1

1
11 ,1:

1 













 

 Cccj

ij

jj

zN ,  111

2

22 ,0,,0| RrrRrrii iiii      ;ϳͿ 

1

2
22 ,1:

2 









 

 Cccj

ij

jj

zN ,  111

2

22 ,0,,0| RrrRrrii iiii      ;ϴͿ 

 MRR 1,...,1,121           ;ϵͿ 

 NCC 1,...,1,121           ;ϭϬͿ 

1,0;1,0  j

i

j

i rc          
;ϭϭͿ 

0,,, 2121 RRCC          ;ϭϮͿ 

This BIP is ŶoŶliŶeaƌ ďeĐause the oďjeĐt fuŶĐtioŶ is a ƋuadƌatiĐ polǇŶoŵial. Hoǁeǀeƌ, 

ďeĐause of the ĐhaƌaĐteƌistiĐs of ouƌ oƌigiŶal pƌoďleŵ, ǁe ĐaŶ eǆhaustiǀelǇ seaƌĐh 

eŶtiƌe solutioŶ ďǇ diǀidiŶg it iŶto tǁo suď-pƌoďleŵs, theƌeďǇ utiliziŶg the ĐoŶĐept of 

Diǀide aŶd CoŶƋueƌ iŶ [ϱϮ]. 

2-2.2 ‘elaǆatioŶ of ďiŶaƌǇ pƌogƌaŵŵiŶg pƌoďleŵ iŶto suď-pƌoďleŵs 

The ďiŶaƌǇ pƌogƌaŵŵiŶg pƌoďleŵ desĐƌiďed aďoǀe ĐaŶŶot ďe solǀed ďǇ oƌdiŶaƌǇ 

ŵethods. The seaƌĐh spaĐe ǁill gƌoǁ eǆpoŶeŶtiallǇ ďased oŶ the paƌaŵeteƌs N aŶd 

M. Theƌefoƌe, the pƌoďleŵ ĐaŶŶot ďe solǀed ďǇ ďƌute foƌĐe seaƌĐhiŶg. Hoǁeǀeƌ, ouƌ 

goal is to oďtaiŶ all solutioŶs that ŵeet the ŵaǆiŵuŵ Ŷuŵďeƌ of ĐoŶditioŶs. Thus, 
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the ďasiĐ appƌoaĐh to liŶeaƌ BIPs, suĐh as ďƌaŶĐh aŶd ďouŶd oƌ ďƌaŶĐh aŶd Đut, aƌe 

iŶǀalid. This giǀes ƌise to the desigŶ of a Ŷeǁ algoƌithŵ foƌ solǀiŶg this pƌoďleŵ. 

AĐĐoƌdiŶg to the oďseƌǀatioŶs ŵade aďoǀe foƌ the BIP, the ƌestƌiĐtioŶs of ǀaƌiaďles

 11,RC , aŶd  22 ,RC  aƌe sǇŵŵetƌiĐal. The ƌesult ŵust theŶ ďe the saŵe ďǇ 

eǆĐhaŶgiŶg 
21,YY  aŶd

21,EE . Thus, ǁe ǁaŶt to siŵplifǇ the ďiŶaƌǇ pƌoďleŵ to a set of 

suď-pƌoďleŵs ǁheƌe the ŵeƌgiŶg pƌoǀides the solutioŶ to the oƌigiŶal pƌoďleŵ. The 

geŶeƌiĐ seaƌĐh suď-pƌoďleŵ is illustƌated iŶ Figuƌe ϭϬ: 

 

Figuƌe ϭϬ: “uď-pƌoďleŵ ďloĐks iŶ ŵatƌiǆ ) 

We use the ǀeĐtoƌs  
MMrrrR ,...,, 211  , aŶd 1C  

NNcccc ,...,, 321  to deŶote 
1Y  aŶd 

1E  

iŶ Figuƌe ϭϬ. If the ǀeĐtoƌ ĐoŵpoŶeŶt is eƋual to ϭ, the ĐoƌƌespoŶdiŶg ĐoluŵŶ oƌ ƌoǁ 

ďeloŶgs to 
1Y oƌ

1E . 

Foƌ ĐoŶǀeŶieŶĐe, ǁe assuŵe that 







 

j

jrM1  aŶd that 







 

j

jcN1 . Ouƌ goal is to 

seek the ďloĐk eǆpƌessed ďǇ  11,YE  iŶ ǁhiĐh all of the eleŵeŶts iŶ the ďloĐk aƌe 

eƋual to ϭ. 

We ĐaŶ use the saŵe appƌoaĐh used pƌeǀiouslǇ to defiŶe the oďjeĐt fuŶĐtioŶ:

1111 NMZCR T  , ǁheƌe the ŵaǆiŵuŵ ǀalue of ǁhiĐh is zeƌo. Moƌeoǀeƌ, its 

aĐĐoŵpaŶǇiŶg ďloĐk  YE,  uŶdeƌŶeath has at least oŶe eleŵeŶt eƋual to Ϭ foƌ eaĐh 

ƌoǁ, ǁhiĐh ĐaŶ ďe foƌŵulated ďǇ the iŶeƋualities: 1
1,1:

1 









 

 Cccj

ij

jj

zN ,

 1,1| Rrrii ii  . 

DeĐisioŶ ǀaƌiaďles: 

 
MMrrrR ,...,, 211  ,  

NNccccC ,...,, 3211   
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IŶput paƌaŵeteƌ: ŵatƌiǆ ); 

Maǆiŵize: 
1111 NMZCR T          ;ϭϯͿ 

“uďjeĐt to: 

1
1,1:

1 









 

 Cccj

ij

jj

zN ,  1,0| Rrrii ii         ;ϭϰͿ 

1,0;1,0  ii cr
         ;ϭϱͿ 

；R 1 1C  

Afteƌ the ƌesults of the suď-pƌoďleŵs aƌe gatheƌed, it is ŶeĐessaƌǇ to ĐoŵďiŶe the 

ďloĐks to solǀe the oƌigiŶal pƌoďleŵ. The ĐoŵďiŶatoƌial stƌategǇ is to eǆaŵiŶe all 

ĐoŵďiŶatioŶs of the tǁo ƌesults of the suď-pƌoďleŵs ďased oŶ the folloǁiŶg ƌule: If 

the iŶteƌseĐtioŶ of theiƌ ƌoǁ sets aŶd ĐoluŵŶ sets aƌe eŵptǇ ;  21 EE

 21, YY Ϳ; theŶ the ďloĐks  11,YE  aŶd  22,YE  ĐoŶstitute a solutioŶ to the 

oƌigiŶal pƌoďleŵ. The ĐoƌƌeĐtŶess of the stƌategǇ is ďased oŶ the assuŵptioŶ that if 

the solutioŶ sets of tǁo pƌoďleŵs iŶĐlude eaĐh otheƌ, theǇ aƌe eƋual. 

2-2.3 Pƌoďleŵ ƌesolutioŶ ďǇ eǆhaustiǀe seaƌĐh algoƌithŵ 

2-2.3.1 “eaƌĐh algoƌithŵ foƌ the suď-pƌoďleŵ 

We Ŷoǁ desĐƌiďe the ŵethod foƌ addƌessiŶg the suď-pƌoďleŵ. The patteƌŶ ĐaŶ ďe 

seaƌĐhed aloŶg the ĐoluŵŶs aŶd ƌoǁs. As ouƌ pƌoďleŵ has a ƌestƌiĐtioŶ ƌegaƌdiŶgE , 

ǁe seaƌĐh the ďloĐks ƌoǁ ďǇ ƌoǁ. 

The seaƌĐhiŶg pƌoĐeduƌe ĐoŶsists of fiǀe steps:  
1. Let i =ϭ. 

2. “eleĐt the ĐoluŵŶs͛ set, the eleŵeŶts of ǁhiĐh eƋual ϭ iŶ ƌoǁ i. 

3. “eleĐt oŶe suďset of the ĐoluŵŶs͛ set as defiŶed iŶ “tep Ϯ. If the ĐoluŵŶ set ǁas 

pƌeǀiouslǇ seleĐted iŶ aŶotheƌ ƌoǁ, ƌeseleĐt the suďset. If Ŷot, ŵaƌk the ĐoluŵŶ 

set as haǀiŶg ďeeŶ ĐheĐked. 

4. “toƌe this ĐoluŵŶ set as the ďloĐk ĐoluŵŶ set, aŶd add ƌoǁ Ŷuŵďeƌ i to the ƌoǁ 

set of the ďloĐk. Look up the ƌoǁ k, k>i, if it has the saŵe ĐoluŵŶ set iŶ ǁhiĐh 

eleŵeŶts eƋual ϭ, add the ƌoǁ Ŷuŵďeƌ iŶ the ďloĐk ƌoǁ set. 
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5. Output ďloĐk as oŶe solutioŶ: if the ĐoluŵŶ set iŶ ƌoǁ i does Ŷot fiŶish 

tƌaǀeƌsiŶg, ƌetuƌŶ to “tep ϯ. If i=M, the algoƌithŵ teƌŵiŶates; otheƌǁise 

iŶĐƌeŵeŶt i ďǇ ϭ, aŶd ƌetuƌŶ to “tep Ϯ. 

AŶotheƌ pƌoďleŵ that ŵust ďe addƌessed iŶ “tep ϯ is tƌaǀeƌsiŶg the suďsets of the 

suďsets. The pƌoďleŵ is esseŶtiallǇ a GeŶeƌatiŶg All Ŷ-Tuples Pƌoďleŵ. EƋuiǀaleŶtlǇ, 

ǁe ǁaŶt to ǀisit all Ŷ-Tuples  nyyy ,..., 21  ǁheƌe eaĐh 1or  0iy . OŶe ĐaŶ fiŶd ŵoƌe 

details iŶ ƌefeƌeŶĐe [ϱϯ].  

IŶ the folloǁiŶg seĐtioŶ, aŶ eǆplaŶatioŶ is pƌoǀided ǁhǇ the seaƌĐh algoƌithŵ ĐaŶ 

oďtaiŶ all of the solutioŶs of the suď-pƌoďleŵ. Fiƌst, ǁe pƌoǀe that the ďloĐks aƌe 

solutioŶs of the suď-pƌoďleŵ. It is eǆpliĐit that the eleŵeŶts iŶ a ďloĐk aƌe eƋual to ϭ; 

thus, theǇ ŵeet the ƌeƋuiƌeŵeŶts of the oďjeĐtiǀe fuŶĐtioŶ. EƋuiǀaleŶtlǇ, it is Đleaƌ 

that eaĐh ƌoǁ iŶ ďloĐk  YE,  has at least oŶe eleŵeŶt eƋual to ϭ. If Ŷot, the ƌoǁ 

ǁhose eleŵeŶts aƌe eƋual to ϭ ǁill ďe added to the ďloĐk ƌoǁ set aĐĐoƌdiŶg to the 

algoƌithŵ. “eĐoŶd, ǁe pƌoǀe that the algoƌithŵ ĐaŶ gatheƌ all of the solutioŶs. 

“uppose that theƌe eǆists a ďloĐk that is the solutioŶ of the suď-pƌoďleŵ. Thus, all of 

its eleŵeŶts aƌe eƋual to ϭ to ŵeet the ƌeƋuiƌeŵeŶts of the oďjeĐtiǀe fuŶĐtioŶ, aŶd 

eaĐh ƌoǁ iŶ the ďloĐk  YE,  has at least oŶe eleŵeŶt eƋual ϭ to satisfǇ the 

ƌestƌiĐtioŶ. The ďloĐk s͛ ƌoǁ Ŷuŵďeƌ set ŵust haǀe its sŵallest eleŵeŶt ƌaŶked aďoǀe 

the otheƌs; ǁheŶ the algoƌithŵ opeƌates oŶ this ƌoǁ, the ďloĐk ĐoluŵŶ set peƌtaiŶs 

to this ƌoǁ ĐoluŵŶ set, as loŶg as it has Ŷot ďeeŶ pƌeǀiouslǇ ĐheĐked. Thus, this 

algoƌithŵ Ǉields all of the solutioŶs. 
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Figuƌe ϭϭ: Floǁ Đhaƌt of algoƌithŵ 

2-2.3.2 Tiŵe aŶd spaĐe ĐoŵpleǆitǇ aŶalǇsis 

We pƌesuŵe that the ŵaǆiŵuŵ Ŷuŵďeƌ of eleŵeŶts eƋual to ϭ iŶ eaĐh ƌoǁ is n  aŶd 

the ƌoǁ Ŷuŵďeƌ isM ; thus, the tiŵe ĐoŶsuŵed ďǇ ǀisitiŶg all of the possiďle 

ĐoŵďiŶatioŶs of eleŵeŶts eƋual to ϭ is  nMO 2 . Moƌeoǀeƌ, ǁe ŵust sĐaŶ the 

ƌeŵaiŶiŶg ƌoǁs ;feǁeƌ thaŶM ƌoǁs ƌeŵaiŶͿ. Theƌefoƌe, the tiŵe ĐoŵpleǆitǇ iŶ the 

seaƌĐhiŶg phase is  nMMO 2 . “uppose that the Ŷuŵďeƌ of ďloĐks iŶ the 

seaƌĐhiŶg phase is S ; thus, tiŵe ĐoŵpleǆitǇ iŶ the ĐoŵpaƌiŶg phase is

   2

2

1
SO

SS
O 






  . IŶ ĐoŶĐlusioŶ, the tiŵe ĐoŵpleǆitǇ is  22 2 SMO n  .The 
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pƌiŶĐipal spaĐe Đost is ƌelated to the stoƌage of the ďloĐks iŶ the seaƌĐhiŶg step. 

BeĐause the Ŷuŵďeƌ of ďloĐks is loǁeƌ thaŶ N2 , the spaĐe ĐoŵpleǆitǇ is  NO 2 . 

2-2.3.3 Pƌoďleŵ solutioŶ ďǇ BiŶaƌǇ PƌogƌaŵŵiŶg algoƌithŵ 

The oďjeĐtiǀe fuŶĐtioŶ ;ϰͿ is a ƋuadƌatiĐ fuŶĐtioŶ, it iŶǀolǀes the iteŵs like r୧ଵc୨ଵ oƌ r୧ଶc୨ଶ. IŶ faĐt, as [ϱϭ] iŶtƌoduĐed, a gƌoup of Ŷeǁ ďiŶaƌǇ ǀaƌiaďles x୧୨ଵ  aƌe iŶtƌoduĐed to 

ƌeplaĐe r୧ଵc୨ଵ suĐh that the ďiŶaƌǇ ǀalues ĐoƌƌespoŶd the ǀalue of r୧ଵc୨ଵ.  

Moƌeoǀeƌ, tǁo liŶeaƌ ĐoŶstƌaiŶts aƌe added to ĐoŶstƌaiŶ the ǀalue of x୧୨ଵ  ďǇ r୧ଵand c୨ଵ: ʹx୧୨ଵ  ൑ r୧ଵ＋c୨ଵ ൑ x୧୨ଵ + ͳ                                           ;ϭϲͿ 

Fƌoŵ Taďle ϲ, ǁe aƌe aǁaƌe that ǁith the ĐoŶstƌaiŶ of the EƋuatioŶ ;ϭϲͿ, theŶ x୧୨ଵ = r୧ଵc୨ଵ. 

Taďle ϲ: Tƌuth taďle foƌ ݔ௜௝ଵ ,  ௜ଵܽ݊݀ ௝ܿଵݎ

 

We ĐaŶ peƌfoƌŵ the saŵe tƌaŶsfoƌŵatioŶ foƌ r୧ଶc୨ଶ. “uďseƋueŶtlǇ, ouƌ pƌoďleŵ has 

ďeĐoŵe a ďiŶaƌǇ pƌogƌaŵŵiŶg pƌoďleŵ aŶd ĐaŶ ďe solǀed ďǇ the use of a ďƌaŶĐh-

aŶd-Đut algoƌithŵ [ϱϭ]. Hoǁeǀeƌ, at ĐeƌtaiŶ tiŵes theƌe aƌe ƌeƋuiƌeŵeŶts foƌ the 

Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs iŶǀolǀed ǁithiŶ the GTC. As disĐussed iŶ [ϯϯ], a 

pƌoposed GTC seleĐtioŶ pƌiŶĐiple ͚ŵiŶiŵize the ĐaƌdiŶalitǇ of YϬ .͛ Thus aŶ eƋuatioŶ 

ĐaŶ ďe added iŶ the ĐoŶstƌaiŶts to ƌestƌiĐt the Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs: 

 ∑  c୨ଵ + ∑  c୨ଶ ൒ K                                                     ;ϭϳͿ 

K is the ŵiŶiŵuŵ Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌ got iŶǀolǀed ǁith the GTC. 

TheƌeďǇ, the tƌaŶsfoƌŵed liŶeaƌ ďiŶaƌǇ pƌogƌaŵŵiŶg ĐaŶ ďe shoǁŶ as: 

DeĐisioŶ ǀaƌiaďles: 

 11

3

1

2

1

11 ,...,, nccccC  ,  22

3

2

2

2

12 ,...,, nccccC  ,  11

3

1

2

1

11 ,...,, mrrrrR  ,  22

3

2

2

2

12 ,...,, mrrrrR  . 

IŶput paƌaŵeteƌ: ŵatƌiǆ );z୧୨Ϳ,  
OďjeĐtiǀe fuŶĐtioŶ: 
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Maximise∑ (z୧୨ − ͳ)x୧୨ଵ + ሺz୧୨ − ͳሻx୧୨ଶ୧,୨       ;ϭϴͿ 

suďjeĐt to 

   Ϯx୧୨ଵ,ଶ ൑ r୧ଵ,ଶ + c୨ଵ,ଶ ൑ x୧୨ଵ,ଶ foƌ all i<M, j<N;                         ;ϭϵͿ 

;ϱͿ-;ϭϮͿ aŶd ;ϭϳͿ. 

 

IŶ the oďjeĐtiǀe fuŶĐtioŶ, ǁe ĐaŶ kŶoǁ that the Ŷuŵďeƌ of Ŷeǁ ďiŶaƌǇ ǀaƌiaďles 

;x୧୨ଵ  ,x୧୨ଶͿ is the Ŷuŵďeƌ of ͚ϭ͛ iŶ ŵatƌiǆ ). This solutioŶ is ĐoŵpleŵeŶtaƌǇ ǁheŶ 

eǆhaustiǀe seaƌĐhiŶg is uŶaǀailaďle, as the ďƌaŶĐh-aŶd-Đut ŵethod has solǀed aŶ 

iŶstaŶĐe ĐoŶtaiŶiŶg as ŵaŶǇ as ϲϬϬϬ ďiŶaƌǇ ǀaƌiaďles [ϱϭ]. 

2-3 IllustƌatioŶ of the algoƌithŵ foƌ the Đase of the eleĐtƌiĐal 

ĐiƌĐuit ďƌeakeƌ 

Let us ĐoŶsideƌ a siŵple teĐhŶiĐal sǇsteŵ suĐh as aŶ eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ ǁhose 

ĐoŵpoŶeŶts aƌe pƌeseŶted iŶ Figuƌe ϭϮ as a ŵeaŶs to illustƌate the algoƌithŵ oŶ the 

ƌeal Đase. WheŶ aŶ oǀeƌload oĐĐuƌs, the oǀeƌload Đƌeates a foƌĐe ďeĐause of ŵagŶets 

aŶd eleĐtƌiĐal field, ǁhiĐh opeƌates a pieĐe Đalled the fiƌiŶg piŶ. The fiƌiŶg piŶ opeŶs 

the ĐiƌĐuit ďǇ pƌessiŶg the sǁitĐh, loĐated iŶ the ĐiƌĐuit ďƌeakeƌ. IŶ the eǀeŶt of high 

oǀeƌload, the plastiĐ steŵ fiƌiŶg piŶ ďƌeaks ǁithout opeŶiŶg the sǁitĐh aŶd ĐaŶŶot ďe 

ƌeused. 

 

 

Figuƌe ϭϮ: CoŵpoŶeŶts of eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ aŶd the sĐheŵe 

The pƌoďleŵ has ďeeŶ studied aŶd the ŵaiŶ sǇsteŵ paƌaŵeteƌs aŶd theiƌ doŵaiŶs 

haǀe ďeeŶ defiŶed as aĐtioŶ paƌaŵeteƌs: 

ǆϭ: fiƌiŶg piŶ ŵateƌial ;plastiĐ – ϭ, ŵetal – ϬͿ ;  

ǆϮ: Đoƌe iŶteƌŶal diaŵeteƌ ;high – ϭ, loǁ – ϬͿ ;  

ǆϯ: Đoƌe eǆteƌŶal diaŵeteƌ ;high – ϭ, loǁ – ϬͿ ;  
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ǆϰ: fiƌiŶg piŶ diaŵeteƌ ;high – ϭ, loǁ – ϬͿ ;  

ǆϱ: spƌiŶg stƌaightŶess ;high – Ϯ, ŵediuŵ – ϭ, loǁ – ϬͿ ;  

aŶd the ƌesults aƌe defiŶed as  the eǀaluatioŶ paƌaŵeteƌs as folloǁs: 

Ǉϭ: ĐiƌĐuit ďƌeakeƌ disƌepaiƌ ;satisfied – ϭ, uŶsatisfied – ϬͿ ;  

ǇϮ: ĐiƌĐuit ďƌeakeƌ ƌeusaďilitǇ ;satisfied – ϭ, uŶsatisfied – ϬͿ ;  

Ǉϯ: spƌiŶg Đoƌe ŵouŶtiŶg ;satisfied – ϭ, uŶsatisfied – ϬͿ ;  

Ǉϰ: fiƌiŶg piŶ ďoďďiŶ ŵouŶtiŶg ;satisfied – ϭ, uŶsatisfied – ϬͿ ;  

Ǉϱ: Ŷoƌŵal ŵode ƌelease ;satisfied – ϭ, uŶsatisfied – ϬͿ ;  

Ǉϲ: fiƌiŶg piŶ iŶitial positioŶ ƌetuƌŶ ;satisfied – ϭ, uŶsatisfied – ϬͿ.  

The sǇsteŵ ďehaǀioƌ ǁas ŵodelled thƌough the eǆpeƌiŵeŶtal taďle aŶd it is shoǁŶ iŶ 

Taďle ϳ. The oďjeĐtiǀes that haǀe ďeeŶ estaďlished to ďuild this eǆpeƌiŵeŶtal taďle 

aƌe as folloǁs: 

 The satisfaĐtioŶ of at least oŶe eǀaluatioŶ paƌaŵeteƌ iŶ eaĐh eǆpeƌiŵeŶt;  
 EaĐh of the aĐtioŶ paƌaŵeteƌs has at least oŶe tiŵe eaĐh of its possiďle ǀalues;  
 To ŵiŶiŵize the Ŷuŵďeƌ of eǆpeƌiŵeŶts.  
EǀeŶ if the assuŵptioŶ is Ŷot totallǇ ĐoŶsisteŶt, the aĐtioŶ paƌaŵeteƌs haǀe ďeeŶ 

ĐoŶsideƌed iŶdepeŶdeŶt ǁithiŶ the liŵits of theiƌ defiŶed doŵaiŶs. 

Taďle ϳ: EǆpeƌiŵeŶtal taďle foƌ the ĐiƌĐuit ďƌeakeƌ 

 

Fiƌst eǀideŶĐe is that Ŷo solutioŶ ĐaŶ ďe fouŶd iŶ the defiŶed Taďle ϯ, as Ŷo 

eǆpeƌiŵeŶt eŶaďles the satisfaĐtioŶ of all the eǀaluatioŶ paƌaŵeteƌs. AdditioŶallǇ, 

lookiŶg foƌ geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs iŶ suĐh a taďle Đould lead to seǀeƌal 

oŶes, at least oŶe peƌ eǀaluatioŶ paƌaŵeteƌ, as sooŶ as eaĐh eǀaluatioŶ paƌaŵeteƌ is 

at least satisfied oŶĐe. 

Assuŵe it is that the ĐhoiĐe of aĐtioŶ paƌaŵeteƌs is peƌfoƌŵed iŶ suĐh a ǁaǇ that 

eaĐh eǀaluatioŶ paƌaŵeteƌ ǁill ďe satisfied iŶ oŶe eǆpeƌiŵeŶt. It is also assuŵed that 

Ŷo solutioŶ is fouŶd iŶ the taďle; theƌefoƌe, eaĐh eǀaluatioŶ paƌaŵeteƌ ǁill haǀe at 

x1 x2 x3 x4 x5 y1 y2 y3 y4 y5 y6

e1 1 1 0 0 1 1 0 1 1 1 1

e2 0 1 1 1 1 0 1 0 0 1 1

e3 1 0 1 0 0 1 0 1 0 0 0

e4 1 1 0 0 0 1 1 1 1 0 0

e5 1 0 1 0 1 1 0 1 0 1 1

e6 0 1 0 1 2 0 1 0 1 1 1

e7 1 0 1 1 0 1 0 1 0 0 0

e8 1 0 0 0 1 1 0 0 1 1 1

e9 0 1 0 0 2 0 1 0 1 1 1
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least oŶe eǆpeƌiŵeŶt iŶ ǁhiĐh it ǁill ďe satisfied aŶd oŶe eǆpeƌiŵeŶt iŶ ǁhiĐh it ǁill 

Ŷot ďe satisfied. Thus, a ĐoŶtƌadiĐtioŶ Đould ďe foƌŵulated foƌ eaĐh of the eǀaluatioŶ 

paƌaŵeteƌs. Hoǁeǀeƌ, the geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs also eŶaďles the 

foƌŵulatioŶ of ŵoƌe Đoŵpleǆ geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs, theƌeďǇ iŵplǇiŶg 

tǁo ĐoŵďiŶatioŶs of eǀaluatioŶ paƌaŵeteƌs. Thus, a set of geŶeƌalized sǇsteŵ of 

ĐoŶtƌadiĐtioŶs ĐaŶ ďe foƌŵulated foƌ a desigŶ of eǆpeƌiŵeŶt ǁithout a solutioŶ. AŶ 

eǆaŵple of ŶoŶ-ĐlassiĐal ĐoŶtƌadiĐtioŶ aŶd a GTC is illustƌated iŶ Figuƌe ϭϯ: WheŶ the 

fiƌst ĐoŶĐept of eǀaluatioŶ paƌaŵeteƌs ͞Ǉϭ aŶd Ǉϯ fit ƌeƋuiƌeŵeŶts͟ is satisfied, the 

seĐoŶd ĐoŶĐept ͞ǇϮ aŶd Ǉϱ fit ƌeƋuiƌeŵeŶts͟ is Ŷot satisfied aŶd ǀiĐe ǀeƌsa. 

Figuƌe ϭϯ: Eǆaŵple of false ĐlassiĐal TC ;aͿ aŶd GTC ;ďͿ 

The fiƌst set of eǆpeƌiŵeŶts ĐoŶĐeƌŶed the seaƌĐh of geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs iŶ the Đase of aŶ eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ ;Figuƌe ϭϰͿ. We ideŶtified 

ϭϭϳ geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs ǁithiŶ the ϯϰϭ possiďle paiƌs of ĐoŶĐepts. As 

aŶ eǆaŵple, ǁe disĐuss fouƌ diffeƌeŶt GTCs, ǁhiĐh ĐaŶ ďe iŶteƌpƌeted as folloǁs.  

GTC #ϭ ƌepƌeseŶts the ĐoŶtƌadiĐtioŶ ďetǁeeŶ the ĐiƌĐuit ďƌeakeƌ ƌeusaďilitǇ ǇϮ aŶd 

ďoth the spƌiŶg Đoƌe ŵouŶtiŶg Ǉϯ aŶd Ŷoƌŵal ŵode ƌelease Ǉϱ. GTC #Ϯ ƌepƌeseŶts 

the ĐoŶtƌadiĐtioŶ ďetǁeeŶ the folloǁiŶg paiƌs of paƌaŵeteƌs: the ĐiƌĐuit ďƌeakeƌ 

ƌeusaďilitǇ ǇϮ aŶd Ŷoƌŵal ŵode ƌelease Ǉϱ aŶd the Đouple ĐiƌĐuit ďƌeakeƌ disƌepaiƌ Ǉϭ 

aŶd spƌiŶg Đoƌe ŵouŶtiŶg Ǉϯ. GTC #ϯ ƌepƌeseŶts the ĐoŶtƌadiĐtioŶ ďetǁeeŶ the 

Đouple ĐiƌĐuit ďƌeakeƌ ƌeusaďilitǇ ǇϮ aŶd fiƌiŶg piŶ iŶitial positioŶ ƌetuƌŶ Ǉϲ aŶd the 

Đouple spƌiŶg Đoƌe ŵouŶtiŶg Ǉϯ aŶd Ŷoƌŵal ŵode ƌelease Ǉϱ. FiŶallǇ, GTC #ϰ 

ƌepƌeseŶts the ĐoŶtƌadiĐtioŶ ďetǁeeŶ the Đouple ĐiƌĐuit ďƌeakeƌ ƌeusaďilitǇ ǇϮ aŶd 

fiƌiŶg piŶ iŶitial positioŶ ƌetuƌŶ Ǉϲ aŶd the ƌest of the eǀaluatioŶ paƌaŵeteƌs. 

 

 
 

 
y1 y2 y3 y4 y5 y6 

e1 1 0 1 1 1 1 

e3 1 0 1 0 0 0 

e7 1 0 1 0 0 0 

e5 1 0 1 0 1 1 

e8 1 0 0 1 1 1 

e6 0 1 0 1 1 1 

e9 0 1 0 1 1 1 

e2 0 1 0 0 1 1 

e4 1 1 1 1 0 0 
 

  Y1  Y2  Y0  
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Figuƌe ϭϰ: Eǆaŵples of GTCs iŶ the Đase of eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ 

2-4 EǆploitatioŶ of the algoƌithŵ iŶ oƌdeƌ to aŶsǁeƌ the 

ƋuestioŶs 

IŶ this paƌagƌaph, ǁe eǆaŵiŶe a saŵple of ŵatƌiĐes ǁith the saŵe Ŷuŵďeƌ of ƌoǁs 

aŶd ĐoluŵŶs as the ŵatƌiǆ ĐoŶsideƌed iŶ the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ eǆaŵple. 

Hoǁeǀeƌ, diffeƌeŶt Ŷuŵďeƌs of eǀaluatioŶ paƌaŵeteƌs eƋual to ϭ aƌe used to aŶsǁeƌ 

the ƋuestioŶs posed iŶ ouƌ pƌoďleŵatiĐ seĐtioŶ. 

The fiƌst ƋuestioŶ iŶ ouƌ ƌeseaƌĐh ŵethodologǇ is ǁheŶ Ŷo ĐlassiĐal teĐhŶiĐal oƌ 

phǇsiĐal ĐoŶtƌadiĐtioŶ is aǀailaďle. Do the geŶeƌalized teĐhŶiĐal aŶd geŶeƌalized 

phǇsiĐal ĐoŶtƌadiĐtioŶs eǆist? Aƌe theǇ Ŷuŵeƌous? CaŶ ǁe alǁaǇs eǆtƌaĐt geŶeƌalized 

ĐoŶtƌadiĐtioŶs fƌoŵ the ďehaǀioƌal ƌepƌeseŶtatioŶ aŶd the oďjeĐtiǀes of the sǇsteŵ 

iŶtƌiŶsiĐallǇ? What aƌe the ĐoŶseƋueŶĐes? 

IŶ the pƌeǀious paƌagƌaphs ǁe used a ĐiƌĐuit ďƌeakeƌ eǆaŵple to illustƌate the ǀaƌious 

ĐoŶĐepts of teĐhŶiĐal ĐoŶtƌadiĐtioŶs. The algoƌithŵ used iŶ this eǆaŵple assists iŶ 

ŵeasuƌiŶg the Ŷuŵďeƌ of teĐhŶiĐal ĐoŶtƌadiĐtioŶs as ǁell as geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs foƌ the ƌeal Đase. As theƌe aƌe Ŷo ĐlassiĐal TCs iŶ the Đase of the 

eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ that pƌoŵpt us to fuƌtheƌ studǇ the ƋuestioŶ ǁheŶ theƌe aƌe 

Ŷo TCs; the ƋuestioŶ theŶ ďeĐoŵes hoǁ ŵaŶǇ GTCs aƌe theƌe? Theƌe ĐaŶ ďe seǀeƌal 

y2 y3 y5 y1 y4 y6 y2 y5 y1 y3 y4 y6
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faĐtoƌs iŶflueŶĐiŶg the Ŷuŵďeƌ of TCs aŶd GTCs. We ǁill peƌfoƌŵ eǆpeƌiŵeŶts to 

disĐuss faĐtoƌs suĐh as Ŷuŵďeƌ of ĐoluŵŶs, Ŷuŵďeƌ of ƌoǁs; aŶd deŶsitǇ of oŶes ;the 

Ŷuŵďeƌ of ϭ iŶ eǀaluatioŶ paƌaŵeteƌ ŵatƌiǆͿ, ǁhiĐh aƌe supposed to affeĐt the 

Ŷuŵďeƌ of TCs aŶd GTCs. AŶ oďǀious faĐtoƌ is the deŶsitǇ of oŶes iŶ the ŵatƌiǆ. We 

ƌaŶdoŵlǇ geŶeƌated a saŵple of ϯϳϳ ŵatƌiĐes ǁith the saŵe Ŷuŵďeƌ of ƌoǁs aŶd 

ĐoluŵŶs as the ŵatƌiǆ ĐoŶsideƌed iŶ the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ eǆaŵple. Hoǁeǀeƌ, 

ǁith diffeƌeŶt Ŷuŵďeƌs of eǀaluatioŶ paƌaŵeteƌs eƋual to ϭ–ϵ ƌoǁs aŶd ϲ ĐoluŵŶs 

ǁith Ŷo ĐoluŵŶ full of zeƌos aŶd Ŷo ƌoǁ full of oŶes. This studǇ ǁas peƌfoƌŵed to 

ĐoŶfiƌŵ the ƌeal Đase ƌesults aŶd to ŵeasuƌe aŶd Đoŵpaƌe diffeƌeŶt possiďle ďut 

Ƌuite siŵilaƌ Đases. Ouƌ studǇ deteƌŵiŶed the ĐoŵpleǆitǇ of suĐh a seaƌĐh ďased oŶ a 

ƌelatiǀelǇ sŵall Ŷuŵďeƌ of teĐhŶiĐal ĐoŶtƌadiĐtioŶs ǀeƌsus a laƌge ƋuaŶtitǇ of 

disĐoǀeƌed geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs that eǆists. Figuƌe ϭϱ illustƌates the 

eǀolutioŶ of the Ŷuŵďeƌ of TCs/GTCs ǁith the deŶsitǇ of oŶes. “oŵe tƌeŶds ĐaŶ ďe 

oďseƌǀed: the Ŷuŵďeƌ of TCs deĐƌeases ǁith the deŶsitǇ aŶd teŶds to zeƌo at a 

deŶsitǇ of up to ϱϬ%. The aǀeƌage Ŷuŵďeƌ of GTCs iŶĐƌeases up to a deŶsitǇ of ϱϬ% 

aŶd theŶ deĐƌeases. The ŵeaŶ ǀalues of eaĐh populatioŶ aƌe Đoƌƌelated to the 

geŶeƌal tƌeŶd. The poiŶts iŶdiĐated ďǇ a staƌ poiŶt iŶ Figuƌe ϭϱ ƌepƌeseŶt the ƌeal 

ĐhaƌaĐteƌistiĐs of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ ŵatƌiǆ. The ƌesults ĐoŶfiƌŵ that this 

eǆaŵple is Ŷot aŶ eǆĐeptioŶ. 

GTC, TC number

for circuit breaker

GTC moyenne

TC moyenne

GTC

TC

 

Figuƌe ϭϱ: TC/ GTC Ŷuŵďeƌ ǀeƌsus deŶsitǇ foƌ geŶeƌal ŵatƌiĐes 
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To studǇ the dispeƌsioŶ of the GTC aŶd TC Ŷuŵďeƌ iŶ gƌeateƌ detail, the tǁo ďoǆ plots 

shoǁŶ iŶ Figuƌe ϭϲ ǁeƌe Đƌeated. The plots shoǁ the iŶteƌǀal eǆteŶt, the 

iŶteƌƋuaƌtile ďoǆ, the liŶked ŵeaŶ ǀalues, aŶd the aďŶoƌŵal poiŶts foƌ eaĐh 

populatioŶ. 

Figuƌe ϭϲ: ‘elatioŶ ďetǁeeŶ GTC/TC Ŷuŵďeƌ aŶd deŶsitǇ of oŶes 

The ƌesults pƌoǀe the iŵpoƌtaŶĐe of the deŶsitǇ of oŶes iŶ the Ŷuŵďeƌ of TC aŶd 

GTC. Hoǁeǀeƌ, the otheƌ tǁo faĐtoƌs of ŵatƌiǆ; the Ŷuŵďeƌ of the ĐoluŵŶs aŶd the 

Ŷuŵďeƌ of the ƌoǁs Đould alloǁ foƌ geŶeƌalizatioŶ of the ĐoŶĐlusioŶs to the otheƌ 

Đase.  

2-4.1 FaĐtoƌs affeĐtiŶg GTC aŶd TC Ŷuŵďeƌ: geŶeƌalizatioŶ 

As ŵeŶtioŶed ďefoƌe, the ƌesults of ouƌ algoƌithŵ iŶdiĐate the ĐoŵpleǆitǇ ƌeƋuiƌed 

duƌiŶg the seaƌĐh foƌ teĐhŶiĐal aŶd geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs. IŶ soŵe 

ĐoŶditioŶs, theƌe ŵaǇ Ŷot ďe a teĐhŶiĐal ĐoŶtƌadiĐtioŶ, theƌeďǇ pƌeǀeŶtiŶg the 

solutioŶ of the iŶǀeŶtiǀe pƌoďleŵ oƌ oǀeƌĐoŵiŶg the faĐt of Ŷo eǆistiŶg teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs. OŶ the ĐoŶtƌaƌǇ, theƌe ŵaǇ ďe a sigŶifiĐaŶt Ŷuŵďeƌ of geŶeƌalized 

teĐhŶiĐal ĐoŶtƌadiĐtioŶs pƌeǀeŶtiŶg the huŵaŶ eǆpeƌt fƌoŵ dealiŶg ǁith Ŷuŵeƌous 

possiďilities. Fƌoŵ this the ĐhoiĐe of ouƌ futuƌe ǁoƌk is the ďest set of geŶeƌalized 

teĐhŶiĐal ĐoŶtƌadiĐtioŶs to solǀe the iŶǀeŶtiǀe pƌoďleŵ. The iŵpoƌtaŶt faĐtoƌs 

iŶflueŶĐiŶg the Ŷuŵďeƌ of teĐhŶiĐal aŶd geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs iŶ oƌdeƌ 

to ƌeduĐe this ĐoŵpleǆitǇ aƌe theŶ ideŶtified. 

This seĐtioŶ ƌeǀeals hoǁ the Ŷuŵďeƌ of ĐoluŵŶs ;paƌaŵeteƌsͿ aŶd ƌoǁs 

;eǆpeƌiŵeŶtsͿ aŶd the deŶsitǇ of oŶes ;Ŷuŵďeƌ of satisfied paƌaŵeteƌsͿ affeĐt the 

Ŷuŵďeƌ of fouŶd TCs aŶd GTCs. We geŶeƌated seǀeƌal populatioŶs of ƌaŶdoŵ 
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ŵatƌiĐes aĐĐoƌdiŶg to the thƌee pƌeǀiouslǇ ŵeŶtioŶed iŶflueŶĐiŶg faĐtoƌs. EaĐh faĐtoƌ 

has thƌee leǀels ;i.e., ϲ, ϵ, aŶd ϭϯ ĐoluŵŶs—ϱϬ, ϭϬϬ, aŶd ϮϬϬ ƌoǁs—ϮϬ%, ϱϬ%, aŶd 

ϴϬ% deŶsitǇͿ. FiŶallǇ, foƌ eaĐh ĐoŵďiŶatioŶ, ϭϱ ŵatƌiĐes ǁith Ŷo liŶe full of oŶes aŶd 

Ŷo ĐoluŵŶ full of zeƌos ǁeƌe Đƌeated ƌaŶdoŵlǇ. Oǀeƌall, the saŵple ĐoŶtaiŶed a total 

of ϰϬϱ diffeƌeŶt ŵatƌiĐes.  

2-4.1.1 FaĐtoƌs affeĐtiŶg the Ŷuŵďeƌ of TCs iŶ the geŶeƌal populatioŶ 

To ideŶtifǇ the ŵaiŶ faĐtoƌs affeĐtiŶg the Ŷuŵďeƌ of TCs, ǁe used the geŶeƌal 

Đoŵplete faĐtoƌial desigŶ of eǆpeƌiŵeŶts aŶd ǀaƌiaŶĐe aŶalǇsis [ϱϰ]. Thƌee faĐtoƌs 

ǁeƌe studied, i.e., the ĐoluŵŶ Ŷuŵďeƌ, the ƌoǁ Ŷuŵďeƌ, aŶd the deŶsitǇ of oŶes iŶ 

the ŵatƌiǆ. The ƌesults oďtaiŶed foƌ the desigŶ of eǆpeƌiŵeŶts ƌeǀealed thƌee 

diffeƌeŶt populatioŶs aŶd thus thƌee HeŶƌǇ s͛ Đuƌǀes ;Figuƌe ϭϳaͿ. EaĐh populatioŶ 

should ďe tƌeated iŶdepeŶdeŶtlǇ ďeĐause the populatioŶs do Ŷot shoǁ siŵilaƌ 

ďehaǀioƌ as theiƌ ǀaƌiaŶĐes aƌe Ŷot the saŵe as shoǁŶ iŶ Figuƌe ϭϳď. Theƌe is a laƌge 

ǀaƌiaŶĐe iŶ the Ŷuŵďeƌ of TCs foƌ the ŵatƌiĐes ǁith a sŵall Ŷuŵďeƌ of ƌoǁs. The 

ǀaƌiaŶĐe iŶ the Ŷuŵďeƌ of TCs also iŶĐƌeased ǁith the Ŷuŵďeƌ of ĐoluŵŶs. The 

ǀaƌiaŶĐe iŶ the deŶsitǇ ǁas Ŷot studied ďeĐause the teĐhŶiĐal ĐoŶtƌadiĐtioŶs ǁeƌe 

ideŶtified oŶlǇ foƌ the Đase of ϮϬ% deŶsitǇ aŶd the Ŷuŵďeƌ of TCs ǀaƌied fƌoŵ Ϭ to 

ϭϵ. The ŵatƌiĐes ǁith ϮϬϬ ƌoǁs aŶd the ŵatƌiĐes ǁith deŶsities gƌeateƌ thaŶ ϱϬ% 

geŶeƌallǇ did Ŷot featuƌe aŶǇ TCs  

 

;aͿ 
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Figuƌe ϭϳ: ‘esidual ǀalues ;aͿ aŶd test of ǀaƌiaŶĐe ;ďͿ foƌ TC Ŷuŵďeƌ 

With the aid of aŶ iŶteƌaĐtioŶ diagƌaŵ, a gƌaphiĐal ƌepƌeseŶtatioŶ of the ŵaiŶ 

effeĐts, aŶd the ANOVA taďle, diffeƌeŶt hǇpotheses ǁeƌe tested foƌ eaĐh faĐtoƌ. As 

shoǁŶ iŶ Figuƌe ϭϴa, the ĐoluŵŶ Ŷuŵďeƌ has a positiǀe faĐtual effeĐt oŶ the Ŷuŵďeƌ 

of possiďle teĐhŶiĐal ĐoŶtƌadiĐtioŶs. Hoǁeǀeƌ, the ĐoluŵŶ Ŷuŵďeƌ is Đoƌƌelated ǁith 

the Ŷegatiǀe effeĐt of the Ŷuŵďeƌ of ƌoǁs aŶd the deŶsitǇ. This is espeĐiallǇ 

ŶotiĐeaďle foƌ the ŵatƌiĐes ǁith feǁeƌ thaŶ ϭϬϬ ƌoǁs aŶd a deŶsitǇ less thaŶ ϱϬ%. At 

deŶsities gƌeateƌ thaŶ ϱϬ%, the Ŷuŵďeƌ of teĐhŶiĐal ĐoŶtƌadiĐtioŶs is alǁaǇs zeƌo; 

thus, otheƌ effeĐts aƌe ĐouŶteƌaĐted agaiŶst. These ƌesults ĐoŶfiƌŵ iŶtuitioŶ aŶd 

geŶeƌalize the aǀeƌage liŵitiŶg zoŶe foƌ the eǆisteŶĐe of TCs. 

 

;aͿ 
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Figuƌe ϭϴ: PƌiŶĐipal effeĐts of faĐtoƌs ;aͿ aŶd theiƌ iŶteƌaĐtioŶs ;ďͿ foƌ TC 

2-4.1.2 FaĐtoƌs affeĐtiŶg the Ŷuŵďeƌ of GTCs iŶ the geŶeƌal populatioŶ 

We ideŶtified the ŵaiŶ iŶflueŶĐiŶg faĐtoƌs foƌ the Ŷuŵďeƌ of GTCs ďǇ usiŶg the saŵe 

pƌoĐeduƌe folloǁed foƌ the TC Đase. The geŶeƌal Đoŵplete faĐtoƌial desigŶ of 

eǆpeƌiŵeŶts aŶd ǀaƌiaŶĐe aŶalǇsis ǁeƌe used to studǇ thƌee faĐtoƌs: the ĐoluŵŶ 

Ŷuŵďeƌ, the ƌoǁ Ŷuŵďeƌ, aŶd the deŶsitǇ of oŶes iŶ the ŵatƌiĐes. As iŶ the Đase of 

the TCs, thƌee diffeƌeŶt populatioŶs aŶd thus thƌee HeŶƌǇ s͛ Đuƌǀes ;Figuƌe ϭϵaͿ ǁeƌe 

deteĐted. Theiƌ ǀaƌiaŶĐes ǁeƌe Đoŵpaƌed ďǇ the test of ǀaƌiaŶĐe eƋualitǇ, as shoǁŶ 

iŶ Figuƌe ϭϵď. The ǀaƌiaŶĐe iŶ the Ŷuŵďeƌ of GTCs iŶĐƌeases ǁith the Ŷuŵďeƌ of 

ĐoluŵŶs, ǁheƌeas the ǀaƌiaŶĐe does Ŷot ĐhaŶge ǁith ƌoǁ Ŷuŵďeƌ. The ǀaƌiaŶĐe is 

sŵalleƌ at deŶsities of ϮϬ% aŶd ϴϬ% ďut laƌge foƌ a deŶsitǇ of ϱϬ%. 
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Figuƌe ϭϵ: ‘esidual ǀalues ;aͿ aŶd test of ǀaƌiaŶĐe ;ďͿ foƌ GTC 

The ǀaƌiaŶĐe tests ĐoŶfiƌŵ the ƌesults of the ŵaiŶ effeĐt aŶalǇsis aŶd iŶteƌaĐtioŶ 

diagƌaŵ shoǁŶ iŶ Figuƌe ϮϬ. As shoǁŶ, the Ŷuŵďeƌ of ƌoǁs does Ŷot haǀe a 

sigŶifiĐaŶt effeĐt oŶ the Ŷuŵďeƌ of GTCs. The ŵost positiǀe sigŶifiĐaŶt effeĐt is the 

Ŷuŵďeƌ of ĐoluŵŶs. The Ŷeǆt leǀel of sigŶifiĐaŶt effeĐts is the deŶsitǇ aŶd the 

iŶteƌaĐtioŶ ďetǁeeŶ the deŶsitǇ aŶd the Ŷuŵďeƌ of ĐoluŵŶs. It appeaƌs that the 

shape of the Ŷuŵďeƌ of the GTCs ǀeƌsus the deŶsitǇ Đuƌǀe does Ŷot ĐhaŶge ǁith the 

Ŷuŵďeƌ of ĐoluŵŶs aŶd ƌoǁs. IŶstead it iŶĐƌeases up to a deŶsitǇ of ϱϬ% aŶd theŶ 

deĐƌeases theƌeafteƌ. This ďehaǀioƌ ǁill haǀe aŶ iŵpaĐt oŶ ouƌ futuƌe stƌategǇ foƌ 

filteƌiŶg foƌ GTCs. 
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Figuƌe ϮϬ: PƌiŶĐipal effeĐts of faĐtoƌs ;aͿ aŶd theiƌ iŶteƌaĐtioŶs ;ďͿ foƌ GTC 

2-4.2 CoŵpaƌisoŶ of optiŵizatioŶ aŶd iŶǀeŶtiǀe desigŶ ƌesults 

IŶ the pƌeǀious seĐtioŶ, ǁe haǀe ďeeŶ aǁaƌe that the ĐoluŵŶ aŶd deŶsitǇ of oŶes 

plaǇs aŶ iŵpoƌtaŶt ƌole iŶ the Ŷuŵďeƌ of GTCs. IŶ this paƌagƌaph, ouƌ goal is to 

Đoŵpaƌe diffeƌeŶt ŵodels of ĐoŶtƌadiĐtioŶs aĐĐoƌdiŶg to the optiŵizatioŶ pƌiŶĐiples, 

the Paƌeto fƌoŶt aŶd doŵiŶaŶĐe ƌelatioŶ, to shoǁ theiƌ liŵits aŶd possiďle solǀiŶg 

issues. Tǁo situatioŶs of optiŵizatioŶ ǀs iŶŶoǀatioŶ aƌe illustƌated iŶ [ϱϱ]. IŶ Figuƌe 

Ϯϭ, theƌe aƌe tǁo eǀaluatioŶ paƌaŵeteƌs EPϭ aŶd EPϮ. The ŵost desiƌaďle ǀalues foƌ 

eǀaluatioŶ paƌaŵeteƌs aƌe EPϭ-Ϯ aŶd EPϮ-Ϯ. The aĐĐeptaďle iŶdiǀidual alteƌŶatiǀes 

foƌ EPϭ aŶd EPϮ aƌe ǁithiŶ ƌaŶge [EPϭ-ϭ, EPϭ-Ϯ] aŶd [EPϮ-ϭ, EPϮ-Ϯ], ƌespeĐtiǀelǇ. The 

fiƌst situatioŶ is shoǁŶ iŶ Figuƌe Ϯϭ;aͿ, ǁheƌe the Paƌeto liŶe has paƌtiallǇ doŵiŶated 

the ƌegioŶ A͚BCD ,͛ aŶd theƌe is a ĐoŶseŶsual agƌeeŵeŶt at poiŶt Ca. The zoŶe iŶ the 

hatĐhed zoŶe of ͚ABCD͛ pƌeseŶts the solutioŶ spaĐe of iŶŶoǀatioŶ aĐtiǀities. IŶ this 

situatioŶ, the ďiŶaƌǇ ǀalue iŶ the eǆpeƌiŵeŶtal taďle ĐaŶ ďe [ϭ, ϭ], [ϭ, Ϭ], [Ϭ, ϭ] aŶd [Ϭ, 

Ϭ] iŶ the Đoŵpƌoŵise poiŶt of ǀieǁ. Hoǁeǀeƌ, iŶ Figuƌe Ϯϭ;ďͿ the Paƌeto does Ŷot 

doŵiŶate the zoŶe ͚ABCD ,͛ ǁhiĐh is the solutioŶ oďtaiŶed ǀia iŶŶoǀatioŶ aĐtiǀities foƌ 

situatioŶ Ϯ. The ďiŶaƌǇ ǀalue of EPϭ aŶd EPϮ iŶ the eǆpeƌiŵeŶtal taďle ĐaŶ oŶlǇ ďe [Ϭ, 

Ϭ]. 
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Figuƌe Ϯϭ: OptiŵizatioŶ ǀs iŶŶoǀatioŶ 

Fƌoŵ the aďoǀe aŶalǇsis, ǁe ĐaŶ see that the aĐĐeptaďle zoŶe aŶd Đoŵpƌoŵise 

solutioŶ Đould ďe a faĐtoƌ of hoǁ ŵaŶǇ oŶes eǆist iŶ the eǆpeƌiŵeŶtal taďle. The 

aĐĐeptaďle zoŶe aŶd Đoŵpƌoŵise solutioŶ also affeĐt the deŶsitǇ of oŶes iŶ the taďle. 

HeŶĐe, tǁo thiŶgs affeĐt the GTC fƌoŵ aŶ optiŵizatioŶ poiŶt of ǀieǁ. The fiƌst is aŶ 

aĐĐeptaďle ƌaŶge, ǁhiĐh ƌefleĐts the ŶegotiatioŶ degƌee of the ŵost desiƌaďle ǀalue. 

The seĐoŶd is the Paƌeto liŶe itself as the poiŶt of the ŵost desiƌaďle ǀalue is loĐated 

oŶ the Paƌeto liŶe; theƌefoƌe, the ŵutual satisfied eǀaluatioŶ paƌaŵeteƌs aƌe fƌoŵ 

the Paƌeto liŶe doŵiŶatiŶg the Đoŵpƌoŵise zoŶe. 

Foƌ the ďiŶaƌǇ leǀel, the ďiŶaƌized Paƌeto is the deĐisiǀe faĐtoƌ. AdditioŶallǇ, the GTC 

set fƌoŵ ďiŶaƌǇ Paƌeto is the saŵe fƌoŵ the ǁhole eǆpeƌiŵeŶt set ďased oŶ the 

studǇ of the pƌoĐess of eǆhaustiǀe GTC seaƌĐhiŶg algoƌithŵ. WheŶ ǁe eŶuŵeƌate the 

ĐoluŵŶ set; if the ŶoŶ Paƌeto ďiŶaƌǇ ƌesult ĐaŶŶot pƌoǀide the Ŷeǁ ĐoluŵŶ set thaŶ 

the Paƌeto is doŵiŶatiŶg the ĐoluŵŶ set. This ŵeaŶs that ǁe oŶlǇ Ŷeed the ďiŶaƌǇ 

Paƌeto to ĐolleĐt the GTC set. IŶ Ϯ-Ϯ.ϯ.Ϯ, deĐƌeasiŶg the ƌoǁ Ŷuŵďeƌ ĐaŶŶot ƌeduĐe 

ĐoŵputatioŶal ĐoŵpleǆitǇ fƌoŵ a theoƌetiĐal poiŶt of ǀieǁ. Hoǁeǀeƌ, foƌ the ďiŶaƌǇ 

pƌogƌaŵŵiŶg solutioŶ iŶ Ϯ-Ϯ.ϯ.ϯ, the ďiŶaƌǇ Paƌeto deĐƌeases the Ŷuŵďeƌ of 

ǀaƌiaďles. Thus, iŶ pƌaĐtiĐal teƌŵs, the ďiŶaƌǇ Paƌeto is aďle to effeĐtiǀelǇ saǀe 

ĐoŵputatioŶal tiŵe.  
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2-4.3 Tiŵe ĐoŶsuŵptioŶ of the algoƌithŵ 

To estiŵate the algoƌithŵ s͛ tiŵe ĐoŶsuŵptioŶ foƌ a giǀeŶ ŵatƌiǆ, ǁe ĐoŶsideƌ that 

the ďloĐk Ŷuŵďeƌ ŵaiŶlǇ affeĐts the seaƌĐhiŶg tiŵe. IŶ the folloǁiŶg, ǁe aŶalǇze the 

iŶteƌaĐtioŶ ďetǁeeŶ the ďloĐk Ŷuŵďeƌ, the deŶsitǇ of oŶes, aŶd the ŵaǆiŵuŵ 

deŶsitǇ of oŶes peƌ ƌoǁ foƌ the geŶeƌal populatioŶ of ŵatƌiĐes siŵilaƌ to the ŵatƌiǆ 

foƌ the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ. 

2-4.3.1 ‘elatioŶship ďetǁeeŶ ďloĐk Ŷuŵďeƌ aŶd deŶsitǇ of oŶes iŶ the Đase of the 

eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ 

Foƌ the Đase of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ, ǁe studied the ƌelatioŶship ďetǁeeŶ the 

Ŷuŵďeƌ of ďloĐks, ǁhiĐh iŶdiĐates the tiŵe ĐoŶsuŵptioŶ of the algoƌithŵ aŶd the 

deŶsitǇ of oŶes iŶ the ŵatƌiǆ. Figuƌe ϮϮ aͿ iŶdiĐates that the Ŷuŵďeƌ of ďloĐks, aŶd 

thus, the tiŵe ĐoŶsuŵptioŶ iŶĐƌeases ŶeaƌlǇ liŶeaƌlǇ ǁith the deŶsitǇ of oŶes ďǇ 

ŵoŶitoƌiŶg the ŵeaŶ ǀalues. IŶ Figuƌe ϮϮ ďͿ, the Ŷuŵďeƌ of ďloĐks is plotted as a 

fuŶĐtioŶ of the ŵaǆiŵuŵ deŶsitǇ of oŶes peƌ ƌoǁ iŶ the ŵatƌiǆ. Foƌ ĐoŶǀeŶieŶĐe, ǁe 

use MDOP‘ to deŶote the ŵaǆiŵuŵ deŶsitǇ of oŶes peƌ ƌoǁ. IŶ suŵŵaƌǇ, foƌ a 

giǀeŶ ŵatƌiǆ siŵilaƌ to that of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ, the ŵost iŶflueŶtial faĐtoƌ 

affeĐtiŶg the algoƌithŵ s͛ tiŵe ĐoŶsuŵptioŶ is the ďloĐk Ŷuŵďeƌ. Moƌeoǀeƌ, the 

ƌesults of the eǆpeƌiŵeŶts iŶdiĐate that the tiŵe ĐoŶsuŵptioŶ is appƌoǆiŵatelǇ 

pƌopoƌtioŶal to the deŶsitǇ of oŶes iŶ the ŵatƌiǆ. 
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BloĐk Ŷuŵďeƌ ǀeƌsus deŶsitǇ of oŶes 
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BloĐk Ŷuŵďeƌ ǀeƌsus ŵaǆiŵuŵ 

deŶsitǇ of oŶes peƌ ƌoǁ 

Figuƌe ϮϮ: “Đatteƌ plots of ďloĐk Ŷuŵďeƌs 
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2-4.3.2 ‘elatioŶship ďetǁeeŶ ďloĐk Ŷuŵďeƌ aŶd NC/N‘/deŶsitǇ iŶ the geŶeƌal 

populatioŶ  

We ideŶtified the ŵaiŶ iŶflueŶĐiŶg faĐtoƌs foƌ the Ŷuŵďeƌ of ďloĐks iŶ the saŵe 

ŵaŶŶeƌ as that foƌ TCs aŶd GTCs. The geŶeƌal Đoŵplete faĐtoƌial desigŶ of 

eǆpeƌiŵeŶts aŶd ǀaƌiaŶĐe aŶalǇsis ǁeƌe used to studǇ thƌee faĐtoƌs: the ĐoluŵŶ 

Ŷuŵďeƌ, the ƌoǁ Ŷuŵďeƌ, aŶd the deŶsitǇ of oŶes. Thƌee diffeƌeŶt populatioŶs aŶd 

thus thƌee HeŶƌǇ s͛ Đuƌǀes ;Figuƌe ϮϯaͿ ǁeƌe deteĐted; the ǀaƌiaŶĐes ǁeƌe Đoŵpaƌed 

ďǇ the test of ǀaƌiaŶĐe eƋualitǇ, as shoǁŶ iŶ Figuƌe Ϯϯď. The ǀaƌiaŶĐe iŶ the Ŷuŵďeƌ 

of the ďloĐk iŶĐƌeases ǁith the Ŷuŵďeƌ of ĐoluŵŶs. The ǀaƌiaŶĐe does Ŷot ĐhaŶge 

ǁith diffeƌeŶt ƌoǁ Ŷuŵďeƌs aŶd oŶlǇ slightlǇ iŶĐƌeases ďased oŶ the deŶsitǇ of the 

oŶes. 

 

;aͿ 

 

;ďͿ 

Figuƌe Ϯϯ: ‘esidual ǀalues ;aͿ aŶd test of ǀaƌiaŶĐe ;ďͿ foƌ ďloĐk Ŷuŵďeƌ 
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We ĐaŶŶot ĐoŶĐlude that the Ŷuŵďeƌ of ƌoǁs has a sigŶifiĐaŶt effeĐt oŶ the ďloĐk 

Ŷuŵďeƌ. The sigŶifiĐaŶt positiǀe effeĐts aƌe the Ŷuŵďeƌ of ĐoluŵŶs aŶd the deŶsitǇ. 

The iŶteƌaĐtioŶ ďetǁeeŶ the deŶsitǇ aŶd the Ŷuŵďeƌ of ĐoluŵŶs also has a 

sigŶifiĐaŶt effeĐt. 

 

;aͿ 

 

;ďͿ 

Figuƌe Ϯϰ: PƌiŶĐipal effeĐts of faĐtoƌs ;aͿ aŶd theiƌ iŶteƌaĐtioŶs ;ďͿ foƌ ďloĐk Ŷuŵďeƌ 

2-4.3.3 Laƌge-sĐale ŵatƌiĐes aŶd tiŵe ĐoŶsuŵptioŶ of ouƌ algoƌithŵ 

This paƌt of the studǇ ĐoŶĐeƌŶs laƌge-sĐale ŵatƌiĐes aŶd the ƌelatioŶ ďetǁeeŶ the 

Ŷuŵďeƌ of satisfied eǀaluatioŶ paƌaŵeteƌs ;eƋual to ϭͿ aŶd the tiŵe Đost of the 

algoƌithŵ. We used ŵatƌiĐes iŶ ǁhiĐh eaĐh eleŵeŶt is eƋual to ϭ oǁiŶg to the 

doŵiŶatiŶg effeĐt of the Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs ǁhose ǀalues eƋual ϭ oŶ 



Ϯ-ϱ DisĐussioŶ 

ϳϲ 

the tiŵe ĐoŵpleǆitǇ. We peƌfoƌŵed the test foƌ fiǀe laƌge-sĐale ŵatƌiĐes aŶd pƌeseŶt 

the tiŵe ĐoŶsuŵptioŶ —the ŵatĐhiŶg tiŵe aŶd seaƌĐhiŶg tiŵe— iŶ Taďle ϴ. The test 

ǁas peƌfoƌŵed oŶ fiǀe ŵatƌiĐes ĐoŶtaiŶiŶg oŶlǇ oŶes as the eleŵeŶts aŶd ǁith aŶ 

iŶĐƌeasiŶg Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs ;ĐoluŵŶsͿ. The Ŷuŵďeƌ of ŵatƌiǆ ďloĐks 

is pƌopoƌtioŶal to the ŵaǆiŵuŵ of satisfied paƌaŵeteƌs iŶ eaĐh ƌoǁ.  

Taďle ϴ: EǆpeƌiŵeŶtal ƌesults 

 

Data ϭ has ϱ eǀaluatioŶ paƌaŵeteƌs ;ĐoluŵŶsͿ aŶd ϭϱϬϬ eǆpeƌiŵeŶts ;ƌoǁsͿ. Data Ϯ 

has ϴ eǀaluatioŶ paƌaŵeteƌs aŶd ϭϱϬϬ eǆpeƌiŵeŶts. Data ϯ has ϭϬ eǀaluatioŶ 

paƌaŵeteƌs aŶd ϭϱϬϬ eǆpeƌiŵeŶts. Data ϰ has ϭϮ eǀaluatioŶ paƌaŵeteƌs aŶd ϭϱϬϬ 

eǆpeƌiŵeŶts. Data ϱ has ϭϱ eǀaluatioŶ paƌaŵeteƌs aŶd ϭϱϬϬ eǆpeƌiŵeŶts. The 

Đoŵputeƌ used to ƌuŶ the tests ǁas ϲϰ-ďit ŵaĐhiŶe ǁith ϴG of ŵeŵoƌǇ aŶd a dual-

Đoƌe CPU opeƌatiŶg at ϯ.ϰ GHz. 

Fƌoŵ Taďle ϴ, ǁe dƌaǁ the folloǁiŶg ĐoŶĐlusioŶ: the tiŵe Đost gƌoǁs eǆpoŶeŶtiallǇ 

ǁith the Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs eƋual to ϭ; the tiŵe ĐoŶsuŵed iŶ the 

seaƌĐhiŶg ďloĐk is less thaŶ that ĐoŶsuŵed iŶ the ŵatĐhiŶg ďloĐk. Thus, iŶ these 

eǆpeƌiŵeŶts, the tiŵe Đost is deteƌŵiŶed ďǇ the ŵatĐhiŶg phase. BeĐause ǁe Ŷeed 

to stoƌe all of the ďloĐks iŶ ŵeŵoƌǇ duƌiŶg the ŵatĐhiŶg phase, the spaĐe 

ĐoŶsuŵptioŶ is ďeǇoŶd the ĐapaďilitǇ of the eǆpeƌiŵeŶtal Đoŵputeƌ ;ϴGͿ ǁheŶ the 

Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs is gƌeateƌ thaŶ ϭϱ aŶd the Ŷuŵďeƌ of eǆpeƌiŵeŶts 

is eƋual to ϭϱϬϬ. 

2-5 DisĐussioŶ 

The ƌesults of the eǆpeƌiŵeŶts fƌoŵ this Đhapteƌ iŶdiĐate a gƌeateƌ the Ŷuŵďeƌ of 

possiďle ĐoŵďiŶatioŶs aƌe possiďle ǁheŶ the Ŷuŵďeƌ of teĐhŶiĐal paƌaŵeteƌs aŶd 

eǆpeƌiŵeŶts desĐƌiďiŶg the teĐhŶiĐal sǇsteŵ iŶĐƌeases. Thus, a huŵaŶ eǆpeƌt is Ŷot 

aďle to ideŶtifǇ aŶd ĐoŶsideƌ all of the ĐoŵďiŶatioŶs, ǁhiĐh is ǁhǇ ǁe atteŵpted to 

autoŵate the seaƌĐh foƌ geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs. The ŵethod is ƌeliaďle 

 
Num of Columns Matching time(s) Num of Blocks Searching time(s) 

Data1 5 0.007 31 0.190 

Data2 8 0.240 255 0.197 

Data3 10 3.632 1023 0.234 

Data4 12 50.159 4095 0.401 

Data5 15 3666.167 32767 2.283 
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ǁheŶ the ŵaǆiŵuŵ Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs is less thaŶ ϭϱ. The ŵatĐhiŶg 

tiŵe is the ŵaiŶ faĐtoƌ affeĐtiŶg the algoƌithŵ s͛ speed. Thus, to iŵpƌoǀe the 

algoƌithŵ, ǁe ǁoƌked to fiŶd soŵe ƌestƌiĐtioŶ foƌ disĐaƌdiŶg ďloĐks ďefoƌe the 

ŵatĐhiŶg phase. This pƌoďleŵ ĐaŶ also ďe Đlassified as a data ŵiŶiŶg pƌoďleŵ aŶd is 

siŵilaƌ to seƌiatioŶ aŶd ŵatƌiǆ ƌeoƌdeƌiŶg pƌoďleŵs; suĐh as the tǁo-ŵode ĐlusteƌiŶg 

pƌoďleŵ. Hoǁeǀeƌ, these ŵethods do Ŷot pƌopose to fiŶd all possiďle solutioŶs. The 

eǆhaustiǀe algoƌithŵ aŶsǁeƌs Qϭ aŶd QϮ aďout the Ŷuŵďeƌ of TC aŶd GTC aŶd hoǁ 

to eǆtƌaĐt theŵ, aŶd it pƌoǀides a poǁeƌful tool foƌ eǆtƌaĐtiŶg GTCs ǁheŶ aŶ 

eǀaluatioŶ paƌaŵeteƌ is less thaŶ ϭϱ. Moƌeoǀeƌ, a liŶeaƌ ďiŶaƌǇ pƌogƌaŵŵiŶg ŵodel 

is pƌoposed, ǁhiĐh pƌoǀides aŶ oppoƌtuŶitǇ to seaƌĐh a ĐhaƌaĐteƌized GTC ďased oŶ 

the seaƌĐhiŶg stƌategǇ iŶ ĐoŶstƌaiŶt. This ŵodel positiǀelǇ aŶsǁeƌs the Qϳ iŶ teƌŵs of 

GTC ideŶtifiĐatioŶ usiŶg optiŵizatioŶ ŵethods, aŶd pƌoǀides a fouŶdatioŶ foƌ 

aŶsǁeƌiŶg Qϱ ;seaƌĐhiŶg ƌeleǀaŶt ĐoŶtƌadiĐtioŶs ǁithout eǆhaustiǀe seaƌĐhͿ if ǁe 

kŶoǁ aŶd ĐaŶ tƌaŶsfoƌŵ the pƌiŶĐiple of GTC seleĐtioŶ iŶto BIP ĐoŶstƌaiŶts. IŶ 

additioŶ, seĐtioŶ Ϯ-ϰ.Ϯ disĐusses the GTC iŶ the ďiŶaƌǇ Paƌeto is the saŵe as the 

oƌigiŶal eǆpeƌiŵeŶtal taďle. This pƌopeƌtǇ ĐaŶ help us effeĐtiǀelǇ ƌeduĐe the 

ĐoŵputatioŶ ĐoŵpleǆitǇ iŶ solǀiŶg liŶeaƌ ďiŶaƌǇ pƌogƌaŵŵiŶg pƌoďleŵ. 

BeĐause of the algoƌithŵ, it ďeĐoŵes possiďle to ƋuaŶtitatiǀelǇ eǀaluate the ǀoluŵe 

of ĐoŶtƌadiĐtioŶs aŶd ĐheĐk the hǇpothesis aďout ƌaƌitǇ of TC eǆisteŶĐe. IŶ the 

eǆpeƌiŵeŶtal seĐtioŶ of this papeƌ, the ƌesults of ouƌ algoƌithŵ foƌ the Đase of aŶ 

eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ ǁeƌe pƌoǀided. These ƌesults ĐoŶfiƌŵ the laƌge Ŷuŵďeƌ of 

GTCs. “eĐoŶdlǇ aŶ aŶalǇsis of the Ŷuŵďeƌ of GTCs aŶd TCs ǀeƌsus the deŶsitǇ of oŶes 

foƌ the populatioŶ of ďiŶaƌǇ ŵatƌiĐes ǁas peƌfoƌŵed ǁith the saŵe Ŷuŵďeƌ of ƌoǁs 

aŶd ĐoluŵŶs thaŶ the ĐiƌĐuit ďƌeakeƌ. The ƌesults shoǁ that the aǀeƌage Ŷuŵďeƌ of 

GTCs iŶĐƌeases ǁith deŶsitǇ uŶtil ϱϬ% aŶd theŶ deĐƌeases, ǁhile the Ŷuŵďeƌ of TCs 

deĐƌeases ǁith deŶsitǇ aŶd is geŶeƌallǇ eƋual to zeƌo afteƌ ϲϬ%. The ǀalues of TCs 

aŶd GTCs of the ĐiƌĐuit ďƌeakeƌ eǆaŵple aƌe ĐoŶsisteŶt ǁith the ƌesults of this geŶeƌal 

populatioŶ of ŵatƌiĐes. IŶ oƌdeƌ to geŶeƌalize pƌeǀious ƌesults, ǁe eǀaluated the 

iŵpaĐt of the Ŷuŵďeƌ of ĐoluŵŶs, deŶsitǇ aŶd ƌoǁs oŶ the Ŷuŵďeƌ of GTCs aŶd TCs. 

The aŶalǇsis of the ƌesults shoǁs that, foƌ a giǀeŶ Ŷuŵďeƌ of ƌoǁs aŶd ĐoluŵŶs, the 

aǀeƌage ǀalue of GTCs aŶd TCs eǀolǀe iŶ the saŵe ǁaǇ as foƌ the ĐiƌĐuit ďƌeakeƌ. The 

aǀeƌage Ŷuŵďeƌ of GTCs iŶĐƌeases ǁith deŶsitǇ uŶtil ϱϬ% aŶd theŶ deĐƌeases, ǁhile 
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the Ŷuŵďeƌ of TCs deĐƌeases ǁith deŶsitǇ aŶd is geŶeƌallǇ eƋual to zeƌo afteƌ ϲϬ%. 

Neǀeƌtheless, the Ŷuŵďeƌ of ĐoluŵŶs aĐts as a shape faĐtoƌ. Foƌ iŶstaŶĐe, the 

ŵaǆiŵuŵ ǀalue of GTCs, ǁhiĐh is oďtaiŶed foƌ deŶsitǇ eƋual to ϱϬ%, iŶĐƌeases 

eǆpoŶeŶtiallǇ ǁith the Ŷuŵďeƌ of ĐoluŵŶs. The ŵaiŶ faĐtoƌs affeĐtiŶg the Ŷuŵďeƌ of 

teĐhŶiĐal ĐoŶtƌadiĐtioŶs aŶd geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs ǁas ideŶtified ǁith 

the aid of the pƌiŶĐiples of the desigŶ of eǆpeƌiŵeŶts aŶd statistiĐal aŶalǇsis tests. 

These ƌesults ǁill haǀe aŶ iŵpaĐt oŶ ouƌ stƌategǇ foƌ solǀiŶg iŶǀeŶtiǀe desigŶ 

pƌoďleŵs aŶd foƌ seleĐtiŶg the ŵost appƌopƌiate teĐhŶiĐal oƌ geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs to solǀe suĐh pƌoďleŵs. AdditioŶallǇ, the ƌelatioŶ ďetǁeeŶ the 

Ŷuŵďeƌ of ĐoŶtƌadiĐtioŶs aŶd the eǆpeƌiŵeŶtal taďle Đould pƌoǀide the aŶsǁeƌ to 

Qϭ, suĐh as ǁheŶ the deŶsitǇ of oŶes is ŵoƌe thaŶ ϲϬ%; theƌe is Ŷo TC; aŶd Ŷuŵďeƌ 

of GTC is sigŶifiĐaŶtlǇ gƌeateƌ thaŶ Ŷuŵďeƌ of TCs. 

OŶĐe all geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs aƌe ideŶtified, seǀeƌal eliŵiŶatioŶ 

stƌategies aƌe suďseƋueŶtlǇ Ŷeeded to Đhoose oŶlǇ the GTCs leadiŶg to ƌesolutioŶ of 

the desigŶ pƌoďleŵ. Tǁo diffeƌeŶt Đƌiteƌia ǁeƌe pƌoposed iŶ [ϯϯ] to seleĐt the ŵost 

ŵeaŶiŶgful geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs. Neǀeƌtheless, geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs pƌoǀide oŶlǇ a paƌtial solutioŶ iŶ T‘I) pƌoďleŵ solǀiŶg. To ƌesolǀe the 

ĐoŶtƌadiĐtioŶs, ŵoƌe details aƌe Ŷeeded ƌegaƌdiŶg the sǇsteŵ paƌaŵeteƌs aŶd the 

ƌelatioŶships theƌeof. The Ŷeǆt Đhapteƌ disĐusses the ideŶtifiĐatioŶ of phǇsiĐal 

ĐoŶtƌadiĐtioŶs aĐĐoƌdiŶg to the ideŶtified GTCs.  
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Chapter 3  EǆtƌaĐtioŶ of geŶeƌalized phǇsiĐal 
ĐoŶtƌadiĐtioŶ 

IŶ this Đhapteƌ, ǁe iŶtƌoduĐe a theoƌetiĐal pƌoďleŵ foƌ the eǆtƌaĐtioŶ of geŶeƌalized 

phǇsiĐal ĐoŶtƌadiĐtioŶs aŶd pƌaĐtiĐal solǀiŶg pƌiŶĐiples to oďtaiŶ the eǆhaustiǀe 

seaƌĐh algoƌithŵ. IŶ the seĐoŶd paƌt of this Đhapteƌ, the GPC eǆtƌaĐtioŶ pƌoďleŵ is 

foƌŵulated iŶto a ďiŶaƌǇ iŶtegeƌ pƌogƌaŵŵiŶg ŵodel. The geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ diǀides the ǁhole set of eǆpeƌiŵeŶts E iŶto thƌee suďsets: a suďset 

satisfǇiŶg the fiƌst set of eǀaluatioŶ paƌaŵeteƌs Eϭ; the seĐoŶd suďset satisfǇiŶg the 

set of eǀaluatioŶ paƌaŵeteƌs EϮ; aŶd the thiƌd suďset Đoŵplete the pƌeǀious tǁo 

eǀaluatioŶ paƌaŵeteƌs, EϬ. The seaƌĐh of eaĐh ĐoŶĐept of geŶeƌalized phǇsiĐal 

ĐoŶtƌadiĐtioŶ is fiƌst defiŶed as the seaƌĐh foƌ disĐƌiŵiŶatiŶg ĐoŶĐepts foƌ the sets of 

eǆpeƌiŵeŶts as defiŶed ďǇ geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ. To seaƌĐh foƌ 

CONCEPT ϭ ŵeaŶs to seaƌĐh a fuŶĐtioŶ that ƌeĐogŶizes the eleŵeŶts fƌoŵ Eϭ aŶd 

eliŵiŶates the eleŵeŶts fƌoŵ EϮ U EϬ. To seaƌĐh foƌ ĐoŶĐept Ϯ ƌefeƌs to seaƌĐhiŶg foƌ 

a fuŶĐtioŶ that ƌeĐogŶizes the eleŵeŶts fƌoŵ EϮ aŶd eliŵiŶates the eleŵeŶts fƌoŵ 

Eϭ U EϬ. The ƌeseaƌĐh ďiŶaƌǇ iŶtegeƌ pƌogƌaŵ is defiŶed aŶd the pƌopƌieties aƌe used 

to solǀe the fuŶĐtioŶ. These ĐoŶtƌadiĐtioŶs ĐaŶ ďe Ŷuŵeƌous aŶd iŵpossiďle to list. 

HeŶĐe, ǁe iŶdiĐate that oŶe speĐifiĐ geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ Đould 

ĐoŶtiŶue all possiďle geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶs. The seaƌĐh of this speĐifiĐ 

ĐoŶtƌadiĐtioŶ Đould ďe peƌfoƌŵed ďǇ addiŶg the oďjeĐtiǀe fuŶĐtioŶ to the set of 

eƋuatioŶs iŶ the ďiŶaƌǇ pƌogƌaŵ; theƌefoƌe, ǁe ǁill solǀe foƌ the ďiŶaƌǇ iŶtegeƌ 

optiŵizatioŶ pƌoďleŵ. The eǆhaustiǀe seaƌĐh algoƌithŵ is pƌeseŶted iŶ the thiƌd paƌt 

aŶd solǀed ďǇ the eŶuŵeƌatioŶ aŶd ƌeŵoǀal of diffeƌeŶt states. TheŶ ǁe illustƌate 

the pƌoďleŵ foƌŵulatioŶ aŶd the seaƌĐh algoƌithŵ foƌ the Đase of a siŵple iŶǀeŶtoƌǇ 

KaŶďaŶ situatioŶ. The eǆpeƌiŵeŶts aƌe peƌfoƌŵed aŶd a disĐussioŶ is pƌoǀided 

ƌegaƌdiŶg hoǁ the Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶǀolǀed iŶ the geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs affeĐts the Ŷuŵďeƌ of ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶs. IŶ the 
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disĐussioŶ, ǁe ĐoŶĐlude this Đhapteƌ aŶd disĐuss ǁhat ƋuestioŶs this Đhapteƌ 

eŶaďled to aŶsǁeƌ. 

3-1 IŶtƌoduĐtioŶ aŶd state of the aƌt 

IŶ Chapteƌ Ϯ, the iŶǀeŶtiǀe pƌoďleŵ ǁas liŵited oŶlǇ to the oďjeĐtiǀe oƌ eǀaluatioŶ 

pƌoďleŵ, aŶd so ǁas pƌeseŶted thƌough the geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ as a 

geŶeƌalizatioŶ of the ĐlassiĐal teĐhŶiĐal ĐoŶtƌadiĐtioŶ. As the teĐhŶiĐal ĐoŶtƌadiĐtioŶs 

aƌe ĐoŶĐeƌŶed ǁith the eǀaluatioŶ paƌaŵeteƌs, the iŶǀeŶtiǀe pƌoďleŵ ǁas 

foƌŵulated oŶlǇ at the eǀaluatioŶ paƌaŵeteƌs leǀel, ǁhiĐh is eƋual to the Ŷetǁoƌk of 

ĐoŶtƌadiĐtioŶs [Ϯϱ] iŶ OT“M-T‘I). To oďtaiŶ a deepeƌ ĐoŵpƌeheŶsioŶ aŶd 

iŶteƌpƌetatioŶ of the iŶǀeŶtiǀe pƌoďleŵ, the phǇsiĐal ĐoŶtƌadiĐtioŶ should ďe 

foƌŵulated aŶd ideŶtified as aŶ iŶitial poiŶt foƌ the iŶǀeŶtiǀe solǀiŶg pƌoĐess.  

IŶ teƌŵs of OT“M-T‘I), a Ŷetǁoƌk of paƌaŵeteƌs is uŶdeƌ the Ŷetǁoƌk of 

ĐoŶtƌadiĐtioŶs aŶd desĐƌiďes the ĐoŶfliĐts ƌelatioŶ ďetǁeeŶ Ŷuŵeƌous aĐtioŶ 

paƌaŵeteƌs. “iŵilaƌlǇ, foƌ the geŶeƌalized ĐoŶtƌadiĐtioŶ ŵodel [ϯϬ], a geŶeƌalized 

phǇsiĐal ĐoŶtƌadiĐtioŶ ŵodel ǁas pƌoposed iŶ [ϯϭ], ǁhiĐh ŵaŶaged the ĐoŶfliĐt 

sǇsteŵ states iŶstead of the Ŷetǁoƌk of paƌaŵeteƌs. It ǁas a geŶeƌalizatioŶ of 

ĐlassiĐal T‘I) phǇsiĐal ĐoŶtƌadiĐtioŶs, ǁhiĐh used a ĐoŶfliĐt ďetǁeeŶ tǁo 

ĐoŵďiŶatioŶs of ǀalued aĐtioŶ paƌaŵeteƌs to ƌeplaĐe the ĐoŶfliĐt iŶ oŶe aĐtioŶ 

paƌaŵeteƌ. IŶtegƌatiŶg ǁith the GTCs, the geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶ is 

pƌeseŶted iŶ Figuƌe Ϯϱ. 

 

Figuƌe Ϯϱ: GeŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶ 
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The geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶ is a geŶeƌalizatioŶ of the sǇsteŵ of 

ĐoŶtƌadiĐtioŶs ǁithiŶ OT“M-T‘I). The eleŵeŶt is geŶeƌalized to the sǇsteŵ. The 

siŶgle aĐtioŶ paƌaŵeteƌ is ƌeplaĐed ďǇ set of aĐtioŶ paƌaŵeteƌs, as is the eǀaluatioŶ 

paƌaŵeteƌ. Hoǁeǀeƌ, the tǁo ǀalues of ĐoŶfliĐt aƌe the tǁo states of oŶe aĐtioŶ 

paƌaŵeteƌ, ǁhile foƌ a set of aĐtioŶ paƌaŵeteƌs ǁe use CoŶĐept to desĐƌiďe a uŶioŶ 

of sǇsteŵ states. The sǇsteŵ state is aŶ iŶstaŶtiatioŶ of a sǇsteŵ ďǇ fiǆiŶg the ǀalue 

of the aĐtioŶ paƌaŵeteƌs. TheƌeďǇ, CoŶĐept = “tate ϭ, “tate Ϯ… oƌ “tate Ŷ. 

3-1.1 GeŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ ǁithiŶ aŶ eǆpeƌiŵeŶtal taďle 

IŶ the ďaĐkgƌouŶd of Đhapteƌ ϭ, ǁe pƌoposed the ƌepƌeseŶtatioŶ of the geŶeƌalized 

sǇsteŵ of ĐoŶtƌadiĐtioŶ ǁithiŶ the eǆpeƌiŵeŶtal taďle. The geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ has ďeeŶ foƌŵulated also thƌough the set of eƋuatioŶs issued fƌoŵ this 

eǆpeƌiŵeŶtal taďle as ǁell as thƌee sets of eǆpeƌiŵeŶts Eϭ, EϮ, EϬ that ǁeƌe defiŶed 

iŶ oƌdeƌ to ŵodel the siŶgle ĐoŵpoŶeŶts of the GTC. Eϭ satisfies the Yϭ aŶd 

dissatisfies YϮ; EϮ satisfies YϮ aŶd dissatisfies Yϭ. Based oŶ these thƌee sets of Eϭ, EϮ 

aŶd EϬ; a geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ ĐaŶ ďe ideŶtified aĐĐoƌdiŶg to the 

ĐoƌƌespoŶdiŶg ǀalues of aĐtioŶ paƌaŵeteƌs.  

The ƌepƌeseŶtatioŶ of the eǆpeƌiŵeŶts ďǇ a set of aĐtioŶ paƌaŵeteƌs A = ;Aϭ, AϮ,…, 

AŶͿ; a set of eǀaluatioŶ paƌaŵeteƌs Y = ;Ǉϭ, ǇϮ,…, ǇƌͿ; aŶd a set of eǆpeƌiŵeŶts E = ;eϭ, 

eϮ,…, eϵͿ is pƌeseŶted iŶ Taďle ϵ. IŶputs of eǆpeƌiŵeŶts ei aƌe ĐhaƌaĐteƌized ďǇ a set of 

ǀalues of aĐtioŶ paƌaŵeteƌs, ;Viϭ, ViϮ,…, ViŶͿ. The outputs of eǆpeƌiŵeŶts ei aƌe 

ĐhaƌaĐteƌized ďǇ a set of ďiŶaƌǇ ǀalue of eǀaluatioŶ paƌaŵeteƌs, ;)iϭ,)iϮ,…, )iƌͿ, ǁhile Ǉi 

is satisfied ďǇ eƋualiŶg ϭ oƌ eƋualiŶg Ϭ.  

Taďle ϵ: AŶ eǆpeƌiŵeŶtal taďle 
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e1 V11 
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ϯ-ϭ IŶtƌoduĐtioŶ aŶd state of the aƌt 

ϴϮ 

If theƌe is a giǀeŶ geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ ĐhaƌaĐteƌized ďǇ the 

eǆpeƌiŵeŶt set Eϭ, EϮ aŶd EϬ, a geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ ĐaŶ ďe foƌŵulated. 

IdeŶtifǇiŶg a geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ iŶ Taďle ϵ, as the folloǁiŶg: 

 CoŶĐept ϭ: adŵit the states iŶ Eϭ, ƌejeĐt states iŶ EϮ aŶd EϬ. 

 CoŶĐept Ϯ: adŵit the states iŶ EϮ, ƌejeĐt states iŶ Eϭ aŶd EϬ. 

Taďle ϭϬ: ‘epƌeseŶtatioŶ of a GeŶeƌalized PhǇsiĐal CoŶtƌadiĐtioŶ 
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Taďle ϭϬ is oďtaiŶed ďǇ peƌfoƌŵiŶg peƌŵutatioŶs of the ƌoǁs aŶd ĐoluŵŶs of Taďle ϵ 

iŶ oƌdeƌ to foƌŵ ;Eϭ,EϮ,EϬͿ aŶd GTC ;Yϭ,YϮͿ. IŶ Taďle ϭϬ, the ǀalue of the eǀaluatioŶ 

paƌaŵeteƌ set is Ŷoƌŵalized as ďeiŶg ϭ if all the eǀaluatioŶ paƌaŵeteƌs iŶ set Yi aŶd Ej 

aƌe satisfied, aŶd as ďeiŶg Ϭ if Ŷot.  

WheŶ the Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs aŶd eǆpeƌiŵeŶts aƌe laƌge, the geŶeƌalized 

phǇsiĐal ĐoŶtƌadiĐtioŶ eǆtƌaĐtioŶ pƌoĐess is iŵpossiďle to peƌfoƌŵ ďǇ ŵaŶual 

appƌoaĐh. The autoŵatiĐ eǆtƌaĐtioŶ pƌoĐess of CoŶĐept ϭ aŶd CoŶĐept Ϯ is the keǇ 

pƌoďleŵ foƌ geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ eǆtƌaĐtioŶ. AŶ eǆaŵple is pƌeseŶted iŶ 

Ŷeǆt paƌt to ďetteƌ uŶdeƌstaŶd the defiŶitioŶ of CoŶĐept aŶd geŶeƌalized phǇsiĐal 

ĐoŶtƌadiĐtioŶ ;GPCͿ. 

Taďle ϭϭ: EǆpeƌiŵeŶt ƌesults of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ 
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The geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ ;GPCͿ ŵodel is a geŶeƌalizatioŶ of the ĐlassiĐal 

T‘I) phǇsiĐal ĐoŶtƌadiĐtioŶ ǁheƌe oŶe aĐtioŶ paƌaŵeteƌ should ďe iŶ tǁo diffeƌeŶt 

states iŶ oƌdeƌ to satisfǇ desigŶ oďjeĐtiǀes foƌ tǁo diffeƌeŶt eǀaluatioŶ paƌaŵeteƌs. IŶ 

GPC, ǁe ĐoŶsideƌ a set of aĐtioŶ paƌaŵeteƌs, ǁhiĐh should take tǁo diffeƌeŶt 

ĐoŵďiŶatioŶs oƌ ĐoŶĐepts of ǀalues to satisfǇ tǁo diffeƌeŶt sets of eǀaluatioŶ 

paƌaŵeteƌs. IŶ a taďle, suĐh as Taďle ϭϬ, the ƌesults foƌ a ƌeĐtaŶgulaƌ ŵatƌiǆ, ǁheƌe 

the ƌoǁs ĐoƌƌespoŶd to the eǆpeƌiŵeŶts aŶd the ĐoluŵŶs ƌespeĐtiǀelǇ, the aĐtioŶ 

aŶd eǀaluatioŶ paƌaŵeteƌs desĐƌiďe the iŶǀeŶtiǀe pƌoďleŵ. Foƌ eǆaŵple, the ƌe-

oƌdeƌiŶg pƌeseŶted iŶ Taďle ϭϭ is a ƌepƌeseŶtatioŶ of a geŶeƌalized sǇsteŵ of 

ĐoŶtƌadiĐtioŶs, as illustƌated iŶ Figuƌe Ϯϲ. 

 

Figuƌe Ϯϲ: GeŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs foƌ the eǆaŵple 

LookiŶg foƌ a geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ foƌ the G“C, as ƌepƌeseŶted iŶ Figuƌe 

Ϯϲ, ŵeaŶs seaƌĐhiŶg foƌ tǁo CoŶĐepts suĐh as: 

CoŶĐeptϭ;Aϭ,AϮ,Aϯ,Aϰ,AϱͿ  ;Ǉϭ=ϭͿ.;Ǉϯ=ϭͿ.[;ǇϮ=ϬͿ+;Ǉϱ=ϬͿ+;Ǉϲ=ϬͿ]=ϭ 

CoŶĐeptϮ;Aϭ,AϮ,Aϯ,Aϰ,AϱͿ  [;Ǉϭ=ϬͿ+;Ǉϯ=ϬͿ].;ǇϮ=ϭͿ.;Ǉϱ=ϭͿ.;Ǉϲ=ϭͿ =ϭ 

WheŶ tƌǇiŶg to foƌŵulate the ĐoŶtƌadiĐtioŶ, oŶe ĐaŶ easilǇ ƌeĐogŶize that Ŷo ĐlassiĐal 

T‘I) phǇsiĐal ĐoŶtƌadiĐtioŶ eǆists. EǀeŶ if Aϭ alǁaǇs eƋuals ϭ iŶ eǆpeƌiŵeŶts of Eϭ, aŶd 

eƋuals Ϭ iŶ these of EϮ, it does Ŷot fit the ĐoŶditioŶ. We haǀe the ĐoŶditioŶ ;Aϭ=ϬͿ  

[;Ǉϭ=ϬͿ+;Ǉϯ=ϬͿ].;ǇϮ=ϭͿ.;Ǉϱ=ϭͿ.;Ǉϲ=ϭͿ =ϭ; hoǁeǀeƌ, it does Ŷot fit the ĐoŶditioŶ ;Aϭ=ϭͿ 

 ;Ǉϭ=ϭͿ.;Ǉϯ=ϭͿ.[;ǇϮ=ϬͿ+;Ǉϱ=ϬͿ+;Ǉϲ=ϬͿ]=ϭ as foƌ eǆpeƌiŵeŶt eϴ, Aϭ=ϭ ǁheƌeas 

;Ǉϭ=ϭͿ.;Ǉϯ=ϭͿ = Ϭ. 

A siŵple ǁaǇ to foƌŵulate the tǁo ĐoŶĐepts is to ĐoŶsideƌ the ŵodels foƌŵed ďǇ the 

ĐoŶsideƌatioŶ of all the aǀailaďle kŶoǁledge of eǆpeƌiŵeŶts of Eϭ oƌ EϮ. TheŶ, ǁheŶ 

ĐoŶsideƌiŶg all the eǆpeƌiŵeŶts of EϮ, the folloǁiŶg applies: 



ϯ-Ϯ FoƌŵulatioŶ of the BIP pƌoďleŵ aŶd the eǆhaustiǀe seaƌĐh algoƌithŵ 

ϴϰ 

CoŶĐeptϮ;Aϭ,AϮ,Aϯ,Aϰ,AϱͿ=;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ+;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϭͿ;A

ϱ=ϮͿ +;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ, 

ǁhiĐh is the saŵe foƌ CoŶĐeptϭ, i.e., a ĐoŶĐept ďuilt ǁith the fiǀe eǆpeƌiŵeŶts eϭ, eϯ, 

eϰ, eϱ, aŶd eϳ. Hoǁeǀeƌ, suĐh a ƌepƌeseŶtatioŶ, eǀeŶ if it is eǆaĐt, is Ŷot ŶeĐessaƌilǇ 

the ŵoƌe appƌopƌiate to path leadiŶg to ƌesolutioŶ. 

AŶ eǀeŶ ŵoƌe siŵplified eǆpƌessioŶ Đould ĐoŶsideƌed foƌ the tǁo ĐoŶĐepts: 

CoŶĐeptϭ;Aϭ,AϮ,Aϯ,Aϰ,AϱͿ=;Aϭ=ϭͿ.;Aϯ=ϭͿ aŶd CoŶĐeptϮ;Aϭ,AϮ,Aϯ,Aϰ,AϱͿ=;Aϭ=ϬͿ.;Aϯ=ϬͿ. 

This ĐoŶtƌadiĐtioŶ is ŵaǇďe ŵoƌe ŵeaŶiŶgful foƌ the eǆpeƌts aŶd ĐaŶ pƌoǀide 

guidaŶĐe toǁaƌds a ĐoŶĐept solutioŶ ĐoŶsideƌiŶg the diffeƌeŶĐe foƌ CoŶĐeptϮ, ǁheƌe 

oŶlǇ ;Aϭ=ϬͿ. With ƌegaƌd to Taďle ϵ, it is ƌeleǀaŶt as the pƌeǀious foƌŵulatioŶ; 

hoǁeǀeƌ, ǁith ƌegaƌd of the ĐoŶsideƌed deĐisioŶ ƌeseaƌĐh spaĐe, the fiƌst foƌŵulatioŶ 

ǁas ŵoƌe ĐoŶstƌaiŶed. Theƌefoƌe, this poiŶted toǁaƌds a ŵoƌe Ŷaƌƌoǁed ƌeseaƌĐh 

spaĐe. 

A Ŷuŵďeƌ of GPC ĐaŶ ďe foƌŵulated foƌ oŶe ĐoŶsideƌed GTC; theƌefoƌe, the ƋuestioŶ 

ƌises of ǁhiĐh oŶe is ŵoƌe ƌeleǀaŶt to ĐoŶsideƌ foƌ ƌesolutioŶ of the pƌoďleŵs. To ďe 

aďle to aŶsǁeƌ this ƋuestioŶ, the fiƌst pƌoďleŵ to solǀe, ǁhiĐh is pƌeseŶted iŶ this 

Đhapteƌ, is to list all the possiďle GPCs oƌ to haǀe a sǇŶthetiĐ oǀeƌǀieǁ of theŵ. 

3-2 FoƌŵulatioŶ of the BIP pƌoďleŵ aŶd the eǆhaustiǀe seaƌĐh 

algoƌithŵ 

As seeŶ pƌeǀiouslǇ, theƌe aƌe ŵaŶǇ ĐoŶĐept ĐaŶdidates foƌ ďeloŶgiŶg to a GPC. To 

seek aŶǇ possiďle GPC, ǁe Ŷeed to ďe aďle to ƌepƌeseŶt a geŶeƌal shape of the 

ĐoŶĐept that alloǁs seaƌĐhiŶg foƌ a ĐoŶĐept ďeloŶgiŶg to a GPC. IŶ this seĐtioŶ, ǁe 

pƌopose a paƌaŵetƌiĐ foƌŵ of ĐoŶĐept paƌaŵeteƌs, ǁhiĐh aƌe ƌeƋuiƌed to ǀeƌifǇ a set 

of ďiŶaƌǇ eƋuatioŶs to defiŶe aŶ adŵissiďle ĐoŶĐept of the GPCs. This set of ďiŶaƌǇ 

eƋuatioŶs ǁill defiŶe the set of adŵissiďle ĐoŶĐepts. Hoǁeǀeƌ, as this set ŵaǇ ďe ǀeƌǇ 

laƌge, it ŵaǇ Ŷot ďe siŵple to list all ĐoŶĐept solutioŶs oƌ eǀeŶ fiŶd all of theŵ. To 

addƌess this pƌoďleŵ, speĐifiĐ pƌopeƌties aƌe used foƌ the seaƌĐh pƌoďleŵ. It ĐaŶ ďe 

shoǁŶ that oŶe speĐifiĐ GPC ĐaŶ suŵŵaƌize all possiďle GPCs. The seaƌĐh pƌoďleŵ 

foƌ this speĐifiĐ GPC ĐaŶ theŶ ďe oďtaiŶed ďǇ addiŶg aŶ oďjeĐtiǀe fuŶĐtioŶ to the 
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pƌeǀious set of eƋuatioŶs; thus, this seaƌĐh ƌesults iŶ solǀiŶg a tƌaĐtaďle ďiŶaƌǇ 

iŶtegeƌ optiŵizatioŶ pƌoďleŵ. 

3-2.1 PaƌaŵetƌiĐ foƌŵ of a ĐoŶĐept 

The puƌpose of this seĐtioŶ is to pƌopose a geŶeƌiĐ shape of ĐoŶĐept ďased oŶ a fiŶite 

Ŷuŵďeƌ of paƌaŵeteƌs. Theƌefoƌe, defiŶiŶg the ĐoŶĐept is eƋuiǀaleŶt to defiŶiŶg the 

ǀalue of its paƌaŵeteƌs. 

 

DefiŶitioŶ of ĐoŶĐept 

DeŶote Ak ǁith k{ϭ,…,Ŷ} as aŶ AĐtioŶ Paƌaŵeteƌ aŶd ǆk the ǀalue of the paƌaŵeteƌ 

Ak. Theƌefoƌe, the defiŶitioŶ of ĐoŶĐept is: 

CoŶĐept is a logiĐal fuŶĐtioŶ of ሺ�௞ =  ௞ሻ that aĐĐepts the ĐoƌƌespoŶdiŶg EϭoƌϮ aŶdݔ

ƌejeĐts the ƌest of eǆpeƌiŵeŶts, i.e., foƌ ∀݁௜ ∈ �ଵ, ∀ ௝݁ ∈ �ଶ ∪  �଴,  

ǁe theŶ haǀe �ݐ݌݁ܿ݊݋ଵሺ݁௜ሻ = ͳ ܽ݊݀ �ݐ݌݁ܿ݊݋ଵ( ௝݁) = Ͳ.  

Foƌ ĐoŶǀeŶieŶĐe, ǁe use ͚+͛ to ƌepƌeseŶt O‘, aŶd use ′ ×′ to ƌepƌeseŶt AND. Foƌ 

this logiĐal fuŶĐtioŶ, ǁe suppose the logiĐal AND has opeƌatoƌ pƌioƌitǇ to the logiĐal 

O‘.  

Thus, ĐoŶĐept has the foƌŵ of �ݐ݌݁ܿ݊݋ = ∑ሺ∏ሺ�௞ =   ,௞ሻሻݔ

ǁheƌe  is the sǇŶthetiĐ ǁaǇ of eǆpƌessiŶg the logiĐal opeƌatoƌ AND; aŶd ∑ is the 

sǇŶthetiĐ ǁaǇ foƌ eǆpƌessiŶg the logiĐal opeƌatoƌ O‘.  

Foƌ ∏ሺ�௞ =  ௞ሻ, the logiĐal opeƌatoƌ AND has the pƌopeƌtǇ of the ĐoŵŵutatiǀitǇ; ǁeݔ

ĐaŶ peƌŵutate aŶd ĐoŵďiŶe the saŵe iteŵ ሺ�௞ = �௞ሻݔ . The ideŵpoteŶĐe is 

theŶ ሺ�௞ = �௞ሻݔ = ሺ�௞ =   .௞ሻݔ

Fuƌtheƌŵoƌe, ďeĐause of the logiĐal pƌopeƌtǇ of ĐoŵpleŵeŶtatioŶ, ǁhiĐh ŵeaŶs that ݔଵ ≠ ,ଶݔ ሺ�௞ = ଵሻሺ�௞ݔ = ଶሻݔ = Ͳ, i.e., the aĐtioŶ paƌaŵeteƌ ĐaŶŶot ďe eƋual to 

diffeƌeŶt ǀalues ǁithiŶ oŶe eǆpeƌiŵeŶt.  

These pƌopeƌties pƌoŵote the defiŶitioŶ of the state of sǇsteŵ as: 

௜ܫ  = ∏ ሺ�௞ = ��∋௞ሻ௞ݔ  ǁheƌe Ji{ϭ,…,Ŷ} ;Ji is a suďset of {ϭ,…,Ŷ}Ϳ.  

TheƌeďǇ, the ĐoŶĐept has the foƌŵ of: �ݐ݌݁ܿ݊݋ = ∑(∏ ሺ�௞ = ��∋௞ሻ௞ݔ ) oƌ �ݐ݌݁ܿ݊݋ =∑  .݁ݐܽݐݏ
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The ďiŶaƌǇ vaƌiaďle ƌepƌeseŶtatioŶ foƌ CoŶĐept spaĐe 

The aĐtual ƋuestioŶ is hoǁ ŵaŶǇ possiďle states eǆist foƌ the ĐoŶĐept? DeŶote s as 

the Ŷuŵďeƌ of possiďle states that ĐaŶ ďe oďtaiŶed ďeĐause of the aĐtioŶ paƌaŵeteƌs 

aŶd theiƌ ǀalues. TheŶ eǆpƌessiŶg the ǀalue of s as a fuŶĐtioŶ of Ŷ aŶd of the Ŷuŵďeƌ 

of ǀalues of eaĐh aĐtioŶ paƌaŵeteƌ Ak. The ǀaƌiaďle ak is defiŶed as the Ŷuŵďeƌ of 

possiďle ǀalues of Ak. TheŶ, as aŶ aĐtioŶ paƌaŵeteƌ ĐaŶ eitheƌ ďe pƌeseŶt oƌ Ŷot iŶ a 

state ďut ǁheƌe at least oŶe paƌaŵeteƌ is iŶ a state, the ǀalue of s is ݏ =[∏ ሺܽ௞ + ͳሻ�௞=ଵ ] − ͳ. The Ŷuŵďeƌ of ŶoŶ-eŵptǇ suďset of Ji{ϭ,…,Ŷ} theŶ eƋuals s. 

As the ǁhole set of states is kŶoǁŶ aŶd the defiŶitioŶ of the ǁhole set of ĐoŶĐept ďǇ 

ĐoŵďiŶiŶg aŶǇ of the states is also kŶoǁŶ, the ĐoŶĐept ĐaŶ ďe ǁƌitteŶ as: �ݐ݌݁ܿ݊݋ሺ�ଵ, �ଶ, �ଷ, … , ��ሻ = ∑ ݀௜. ௜�௜=ଵܫ            ;ϭͿ, 

ǁheƌe di eƋuals eitheƌ the logiĐal eǆpƌessioŶ ϭ ;tƌueͿ oƌ Ϭ ;FalseͿ. Thus, di alloǁs foƌ 

keepiŶg oƌ ƌeŵoǀiŶg a state fƌoŵ the ĐoŶĐept aŶd ∑ is the logiĐal ‘O‘’ fuŶĐtioŶ.  

OŶĐe, ǁe kŶoǁ the ĐoŶĐept spaĐe ĐaŶ ďe desĐƌiďed as ;ϭͿ ďǇ the ďiŶaƌǇ ǀeĐtoƌ 

;݀ଵ, ݀ଶ, … , ݀�Ϳ, the spaĐe {Ϭ,ϭ}s ĐaŶ ďe the ƌepƌeseŶtatioŶ of the ĐoŶĐept spaĐe. 

DefiŶiŶg aŶ oƌdeƌ foƌ a state 

At this stage defiŶiŶg a ĐoŶĐept is eƋuiǀaleŶt to defiŶiŶg the di fuŶĐtioŶs. Hoǁeǀeƌ, 

the defiŶitioŶ of di ƌeƋuiƌes kŶoǁiŶg the defiŶitioŶ of ܫ௜. Foƌ ĐoŶǀeŶieŶt pƌoĐessiŶg 

ďǇ Đoŵputeƌ, a ďijeĐtioŶ ďetǁeeŶ the states aŶd the set S = {ϭ,…,s} is ĐoŶstƌuĐted. 

UsiŶg this ďijeĐtioŶ, a ďiŶaƌǇ ǀeĐtoƌ ǁith the diŵeŶsioŶ of s ĐaŶ ďe used foƌ 

ƌepƌeseŶtiŶg a geŶeƌiĐ ĐoŶĐept. Thus, the ǀeĐtoƌ ;dϭ, di,…,dSͿ, ǁhiĐh ƌepƌeseŶts a 

ĐoŶĐept, is iŶteƌpƌeted as folloǁs: if a ĐoŶĐept has the iteŵ Ii, its ĐoƌƌespoŶdiŶg 

fuŶĐtioŶ ǀalue di eƋuals ͚ϭ͛; otheƌǁise, its ǀalue eƋuals ͚Ϭ .͛ 

The ďijeĐtioŶ ǁe pƌoposed is the leǆiĐogƌaphiĐal oƌdeƌ. To ďe speĐifiĐ, foƌ aŶǇ state ܫ௜ = ∏ ሺ�௞ = �∋௞௝ሻ௞ݔ  :௞௝ is the jth ǀalue of Ak. Its oƌdeƌ ĐaŶ ďe ĐalĐulated ďǇݔ ,

Oƌdeƌሺ∏ ሺ�௞ = ௞௝ሻሻ௞∈�⊆{ଵ,…,�}ݔ = ݆ଵ + ݆ଶሺܽଵ + ͳሻ + ݆ଷሺܽଵ + ͳሻሺܽଶ + ͳሻ … + ݆௞ ∏ ሺܽ௟ + ͳሻ௞−ଵ௟=ଵ : ݇ ∈    ܬ
BǇ this fuŶĐtioŶ, ǁe put all states iŶto [ϭ, s], aŶd the ĐoƌƌespoŶdiŶg iŶtegeƌ Ŷuŵďeƌ is 

theiƌ oƌdeƌ. The ǀeĐtoƌ ;dϭ, ,di,…,dSͿ ƌepƌeseŶts the set of the states aŶd doƌdeƌ is a 

ĐoŵpoŶeŶt iŶ ǀeĐtoƌ ƌepƌeseŶtiŶg oŶe state. Foƌ Đoŵputeƌ pƌogƌaŵ, ǁe ĐaŶ use a 
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ďiŶaƌǇ aƌƌaǇ, ǁith leŶgth of s, to pƌeseŶt a ĐoŶĐept. If the state oƌdeƌed i ďeloŶgs to 

the ĐoŶĐept, theŶ di eƋuals ϭ, otheƌǁise di eƋuals Ϭ. 

3-2.2 ChoiĐe of the ƌeleǀaŶt ĐoŶĐepts foƌ the GPC  

IŶ pƌeǀious seĐtioŶ ǁe shoǁed hoǁ to defiŶe a ĐoŶĐept ǁith a ǀeĐtoƌ ;dϭ, ,di,…,dsͿ. 

IŶ this seĐtioŶ, ǁe shoǁ the ĐoŶstƌaiŶts oŶ the di ǀalues that alloǁ the ĐoŶĐept to ďe 

a ĐoŶĐept of a GPC. CoŶĐeptϭ aŶd CoŶĐeptϮ aƌe ƌelated ďǇ the set of eǆpeƌiŵeŶts Eϭ 

aŶd EϮ ƌespeĐtiǀelǇ. This iŶdiĐates that eaĐh ĐoŶĐept has to satisfǇ the ƌeƋuiƌeŵeŶts: 

foƌ aŶǇ eǆpeƌiŵeŶt of Ei=ϭ,Ϯ, ǁheƌe the ĐoŶfiguƌatioŶ of the ǀalues of aŶǇ eǀaluatioŶ 

paƌaŵeteƌ has to eŶaďle the satisfaĐtioŶ of Yi aŶd to assuƌe that Yi,j=Ϭ,ϭ,Ϯ;, aŶd j≠i is 

Ŷot satisfied. 

It iŶdiĐates that CoŶĐepti should adŵit eǆpeƌiŵeŶts of Ei aŶd ƌejeĐt those of Ej,j≠i. IŶ 

otheƌ ǁoƌds, the optioŶs of eǆpeƌiŵeŶts iŶ the Ei eŶsuƌe the CoŶĐepti is eƋual to ϭ, 

ǁhile otheƌ eǆpeƌiŵeŶts eŶsuƌe it is eƋual to Ϭ. AĐĐoƌdiŶg to the afoƌeŵeŶtioŶed 

pƌopeƌties, ǁe ĐaŶ ƌestƌiĐt the ƌeseaƌĐh deĐisioŶ spaĐe ďǇ seǀeƌal eƋuatioŶs. 

DefiŶiŶg ejk as the ǀalue foƌ eǆpeƌiŵeŶt ej foƌ the aĐtioŶ paƌaŵeteƌ Ak iŶ the 

eǆpeƌiŵeŶtal ŵatƌiǆ aŶd Đji as the ǀalue of the state Ii foƌ eǆpeƌiŵeŶt ej theŶ 

Đji=kJi;Ak=ejkͿ         ;ϮͿ 

With these ŶotatioŶs, the folloǁiŶg aƌe ĐoŶstƌaiŶts foƌ CoŶĐeptϭ: 

Foƌ eaĐh ejEϭ: ∑ ௝ܿ௜݀௜ = ͳ�௜=ଵ        ;ϯͿ 

Foƌ eaĐh ejEϮEϬ: ∑ ௝ܿ௜݀௜ = Ͳ�௜=ଵ        ;ϰͿ 

Dual ĐoŶstƌaiŶts hold foƌ CoŶĐeptϮ:   

Foƌ eaĐh ejEϮ: ∑ ௝ܿ௜݀௜ = ͳ�௜=ଵ        ;ϱͿ 

Foƌ eaĐh ejEϭEϬ: ∑ ௝ܿ௜݀௜ = Ͳ�௜=ଵ        ;ϲͿ 

 

The set of eƋuatioŶs ;ϯͿ aŶd ;ϰͿ defiŶe the ĐoŶstƌaiŶts oŶ di foƌ ďeiŶg CoŶĐeptϭ of a 

GPC. AdditioŶallǇ, the set of eƋuatioŶs ;ϱͿ aŶd ;ϲͿ defiŶe the ĐoŶstƌaiŶts oŶ di foƌ 

ďeiŶg the CoŶĐeptϮ of a GPC. IŶ otheƌ ǁoƌds, these eƋuatioŶs pƌoǀide the states that 

ĐaŶ Đoŵpose a ĐoŶĐept of a GPC. It ĐaŶ ďe shoǁŶ that aŶǇ iteŵ ǀeƌifǇiŶg these 

eƋuatioŶs is a ƌeleǀaŶt ĐoŶĐept of GPC. As a ĐoŶseƋueŶĐe aŶǇ ĐoŵďiŶatioŶ of the 

states desĐƌiďiŶg CoŶĐeptϭ ;ƌesp. CoŶĐeptϮͿ aƌe also adŵissiďle ĐoŶĐepts foƌ 
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CoŶĐeptϭ ;ƌesp. CoŶĐeptϮͿ. Moƌeoǀeƌ, the ǁaǇ these ĐoŶĐepts ǁheƌe defiŶed iŵplies 

that aŶǇ adŵissiďle ĐoŶĐept ǀeƌifǇiŶg eƋuatioŶs ;ϯͿ aŶd ;ϰͿ ĐaŶ ďe Đoupled ǁith aŶǇ 

solutioŶ of eƋuatioŶs ;ϱͿ aŶd ;ϲͿ to ďuild a GPC. Thus, the Ŷuŵďeƌ of possiďle GPCs 

ĐaŶ ďe ǀeƌǇ laƌge aŶd it ŵaǇ Ŷot ďe siŵple to list all the ĐoŶĐept solutioŶs of these 

eƋuatioŶs. IŶ oƌdeƌ to addƌess this pƌoďleŵ, ǁe ǁill use speĐifiĐ pƌopeƌties foƌ ouƌ 

seaƌĐh pƌoďleŵ that aƌe giǀeŶ iŶ the Ŷeǆt seĐtioŶ. 

The ŵost geŶeƌal ĐoŶĐept 

As ǁe Ŷoted pƌeǀiouslǇ, aŶǇ solutioŶ of CoŶĐepti is a ĐoŵďiŶatioŶ of a liŵited 

Ŷuŵďeƌ of states as defiŶed ďǇ pƌeǀious ŵeŶtioŶed ĐoŶstƌaiŶts. “o, the ŵost geŶeƌal 

CoŶĐepti is the ĐoŶĐept ĐoŶtaiŶiŶg all the adŵissiďle states foƌ CoŶĐepti. The 

kŶoǁledge of this ĐoŶĐept ǁould alloǁ us to kŶoǁ all the states that alloǁ 

geŶeƌatioŶ of all the adŵissiďle ĐoŶĐepts. The size of a ĐoŶĐept ĐaŶ ďe seeŶ as the 

suŵ of the di ǀalues. As a ĐoŶseƋueŶĐe, ǁe ĐaŶ state ouƌ seaƌĐh of the loŶgest 

ĐoŶĐept as the ŵaǆiŵizatioŶ of aŶ oďjeĐtiǀe fuŶĐtioŶ suďjeĐt to ĐoŶstƌaiŶts 

pƌeǀiouslǇ ŵeŶtioŶed: 

Foƌ CoŶĐeptϭ: 

OďjeĐtiǀe fuŶĐtioŶ: �ܽݔሺ∑ ݀௜�௜=ଵ ሻ 

‘estƌiĐt to: ∑ ௝ܿ௜݀௜ = ͳ�௜=ଵ ; Foƌ eaĐh ejEϭ ∑ ௝ܿ௜݀௜ = Ͳ�௜=ଵ ; Foƌ eaĐh ejEϮEϬ ݀௜݈ܾ݅݁ܽ݅ݎܽ� ݕݎܾܽ݊݅ ݏ; 

Foƌ CoŶĐeptϮ: 

OďjeĐtiǀe fuŶĐtioŶ: �ܽݔሺ∑ ݀௜�௜=ଵ ሻ 

‘estƌiĐt to ∑ ௝ܿ௜݀௜ = ͳ�௜=ଵ  ; Foƌ eaĐh ejEϮ ∑ ௝ܿ௜݀௜ = Ͳ�௜=ଵ  ; Foƌ eaĐh ejEϭEϬ ݀௜݈ܾ݅݁ܽ݅ݎܽ� ݕݎܾܽ݊݅ ݏ; 

The di ǀalues of the pƌeǀiouslǇ ŵeŶtioŶed optiŵizatioŶ pƌoďleŵs pƌoǀide the states 

that geŶeƌate all the possiďle ĐoŶĐepts iŶǀolǀed iŶ the GPC of a giǀeŶ set of 

eǆpeƌiŵeŶts. Up to this stage ǁe did defiŶe a BiŶaƌǇ IŶtegeƌ PƌogƌaŵŵiŶg pƌoďleŵ 

;BIPͿ foƌ oďtaiŶiŶg ouƌ ĐoŶĐepts. Neǆt step is to pƌopose aŶ algoƌithŵ that solǀes it. 
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3-2.3 The eǆhaustiǀe GPC seaƌĐh algoƌithŵ 

Methods to solve ouƌ BIP pƌoďleŵ 

Theƌe aƌe ŵaŶǇ geŶeƌal ŵethods foƌ solǀiŶg BIP pƌoďleŵs, suĐh as BƌaŶĐh aŶd Cut; 

BƌaŶĐh aŶd BouŶd, aŶd ĐuttiŶg plaŶe [ϱϭ]. Hoǁeǀeƌ, ouƌ BIP has pƌopeƌties that 

siŵplifǇ the solǀiŶg pƌoĐess. IŶ the ĐoŶstƌaiŶt eƋuatioŶs desĐƌiďed aďoǀe, the 

ŶotatioŶ ͚+͛ iŶdiĐates the logiĐal opeƌatioŶ ͚oƌ .͛ IŶ teƌŵs of logiĐal opeƌatioŶs, if the 

ƌight side of the eƋuatioŶs is Ϭ ;i.e., eƋuatioŶs ;ϰͿ aŶd ;ϲͿͿ, all assoĐiated iteŵs oŶ the 

left side of the eƋuatioŶ should ďe eƋual to zeƌo. HeŶĐe, if ĐoeffiĐieŶt Đji is Ŷot eƋual 

to Ϭ oŶ the left side of eƋuatioŶ, the assoĐiated di ĐeƌtaiŶlǇ eƋuals Ϭ.  

The eǆhaustive seaƌĐh algoƌithŵ 

Based oŶ the stateŵeŶt aďoǀe, ǁe ĐaŶ ĐalĐulate the Đji ǀalues fiƌst; theŶ ŵake all the 

assoĐiated di of ŶoŶ-zeƌo ĐoeffiĐieŶt Đji eƋual to Ϭ. EŶsuƌiŶg the ƌeŵaiŶdeƌ of the 

deĐisioŶ ǀaƌiaďles di is eƋual to ϭ ǁill lead to ouƌ oďjeĐtiǀe fuŶĐtioŶ ƌeaĐhiŶg a 

ŵaǆiŵuŵ ǀalue. Hoǁeǀeƌ, tǁo situatioŶs appeaƌ. If ouƌ eǆpeƌiŵeŶtal taďle 

ĐoƌƌespoŶds to full faĐtoƌial taďle iŶ the desigŶ of eǆpeƌiŵeŶts, the pƌoposed ŵethod 

is theŶ ƌeasoŶaďle. AlteƌŶatelǇ, if ouƌ eǆpeƌiŵeŶtal taďle does Ŷot ĐoƌƌespoŶd to the 

full faĐtoƌial taďle iŶ the desigŶ of eǆpeƌiŵeŶts this ŵethod ǁill Ŷot ǁoƌk, suĐh as iŶ 

the Đase of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ. To illustƌate, if ǁe set all ǀaƌiaďles of di, that 

aƌe Ŷot ĐoŶstƌaiŶed ďǇ eƋuatioŶs ;ϰͿ aŶd ;ϲͿ eƋual to ϭ, theŶ soŵe states Ŷot 

ĐoŶstƌaiŶed ďǇ eƋuatioŶs ;ϯͿ aŶd ;ϱͿ ǁill ďeĐoŵe faĐtoƌs foƌ the tǁo ĐoŶĐepts. Foƌ 

this situatioŶ, ǁe aƌe ƌeƋuiƌed to iŶitialize the set of states ďǇ eƋuatioŶs ;ϯͿ aŶd ;ϱͿ, 

theŶ ƌeŵoǀe the states ďǇ utiliziŶg eƋuatioŶs ;ϰͿ aŶd ;ϲͿ. 

IŶ pƌaĐtiĐe, to ĐalĐulate CoŶĐeptϭ, ǁe defiŶe the ďiŶaƌǇ aƌƌaǇ ;݀ଵ, ݀ଶ, … , ݀�Ϳ to 

iŶitialize the aƌƌaǇ to ;ϭͿs. Foƌ full faĐtoƌial eǆpeƌiŵeŶts, ǁe eŶuŵeƌate the 

ĐoŵďiŶatioŶs of aĐtioŶ paƌaŵeteƌs ǁith ǀalues iŶ EϮ  EϬ, ǁhiĐh is the state iŶǀolǀed 

iŶ the eǆpeƌiŵeŶt. EaĐh AP has oŶlǇ oŶe ǀalue ďeĐause of the siŶgle eǆpeƌiŵeŶt; 

thus, the Ŷuŵďeƌ of ĐoŵďiŶatioŶ states is ϮŶ 
-ϭ. Afteƌ eŶuŵeƌatiŶg the states aŶd 

deŶotiŶg the ĐoƌƌespoŶdiŶg ǀalue to Ϭ iŶ ;݀ଵ, ݀ଶ, … , ݀�Ϳ, the ƌest of states iŶ 

;݀ଵ, ݀ଶ, … , ݀�Ϳ is the state foƌ CoŶĐeptϭ. The saŵe pƌoĐess is folloǁed foƌ CoŶĐeptϮ. 

WheŶ seaƌĐhiŶg CoŶĐeptϭ iŶ the iŶĐoŵplete eǆpeƌiŵeŶts, ǁe iŶitialized 

;݀ଵ, ݀ଶ, … , ݀�Ϳ to ;ϬͿs. Fiƌst ǁe eŶuŵeƌate all the states iŶ Eϭ, aŶd deŶote the 
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ĐoƌƌespoŶdiŶg ǀalue to ϭ iŶ ;݀ଵ, ݀ଶ, … , ݀�Ϳ. TheŶ ǁe eŶuŵeƌate all the states iŶ 

EϮEϬ, aŶd ƌeŵoǀe it fƌoŵ ;݀ଵ, ݀ଶ, … , ݀�Ϳ ďǇ deŶotiŶg the ĐoƌƌespoŶdiŶg ǀalue to Ϭ. 

The ƌest state is CoŶĐeptϭ. It is also the saŵe foƌ CoŶĐeptϮ. The ǁhole seaƌĐhiŶg 

pƌoĐess is desĐƌiďed iŶ Figuƌe Ϯϳ. 

 

 

 

 

 

 
 

(a) Foƌ full faĐtoƌial eǆpeƌiŵeŶts (b) Foƌ iŶĐoŵplete eǆpeƌiŵeŶts 

Figuƌe Ϯϳ: “eaƌĐhiŶg pƌoĐess of tǁo ĐoŶĐepts 

The ĐoŵputatioŶ ĐoŵpleǆitǇ of ĐoŶĐept seaƌĐhiŶg 

The tiŵe ĐoŶsuŵptioŶ foƌ a full faĐtoƌial eǆpeƌiŵeŶt ĐoƌƌespoŶds to tǁo paƌts. The 

fiƌst paƌt is to ƌeŵoǀe the states iŶ Eϭ+EϬ aŶd EϮ+EϬ. Thus, the ĐoŵputatioŶ tiŵe is ݏ × ሺ|�ଵ + �଴| + |�ଶ + �଴|ሻ. The seĐoŶd paƌt iŶǀolǀes ĐoŵpaƌiŶg the states fƌoŵ tǁo 

ĐoŶĐepts. It ĐaŶŶot ďe kŶoǁŶ the eǆaĐt Ŷuŵďeƌ of states foƌ the tǁo ĐoŶĐepts. 

Hoǁeǀeƌ, theƌe is aŶ uppeƌ ďouŶd s aŶd loǁeƌ ďouŶd ϭ. Thus, the ĐoŵpaƌiŶg tiŵe is 

ƌaŶges fƌoŵ ϭ to sϮ. Based oŶ tǁo paƌt tiŵe ĐoŶsuŵptioŶ, s has a deĐisiǀe ƌole iŶ the 

tiŵe ĐoŵpleǆitǇ as folloǁs: 

s iŶ faĐt is the Ŷuŵďeƌ of states:  ݏ = [∏ ሺܽ௞ + ͳሻ�௞=ଵ ] − ͳ,  ܽ௞is the Ŷuŵďeƌ of possiďle ǀalues of Ak, aŶd it at least eƋual to Ϯ.  
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TheƌeďǇ, ǁith the iŶĐƌeasiŶg Ŷuŵďeƌ of ĐoluŵŶs, the tiŵe ĐoŶsuŵptioŶ eǆpeƌieŶĐes 

aŶ eǆpoŶeŶtial iŶĐƌease. 

3-2.4 Full faĐtoƌial eǆpeƌiŵeŶt ǀs iŶĐoŵplete eǆpeƌiŵeŶt ƌesults 

WheŶ the eǆpeƌiŵeŶtal taďle is Ŷot Đoŵplete, soŵe states iŶ ĐoŶĐept aƌe uŶĐeƌtaiŶ 

ďeĐause soŵe geŶeƌal states aƌe geŶeƌalized fƌoŵ ŵaŶǇ eǆpeƌiŵeŶts. 

Taďle ϭϮ: Full faĐtoƌial eǆpeƌiŵeŶts aŶd its paƌtial eǆpeƌiŵeŶts 

;aͿ Full faĐtoƌial eǆpeƌiŵeŶts 

 

 Aϭ AϮ Aϯ 

Eϭ 

eϭ Ϭ Ϭ ϭ 

eϮ ϭ Ϭ Ϭ 

eϯ ϭ Ϭ ϭ 

EϮ 

eϰ Ϭ Ϭ Ϭ 

eϱ Ϭ ϭ Ϭ 

eϲ Ϭ ϭ ϭ 

EϬ 

eϳ ϭ ϭ Ϭ 

eϴ ϭ ϭ ϭ 
 

;ďͿ IŶĐoŵplete eǆpeƌiŵeŶts 

 

 Aϭ AϮ Aϯ 

Eϭ eϯ ϭ Ϭ ϭ 

EϮ 

eϰ Ϭ Ϭ Ϭ 

eϲ Ϭ ϭ ϭ 

EϬ 

eϳ ϭ ϭ Ϭ 

eϴ ϭ ϭ ϭ 
 

Foƌ eǆaŵple iŶ Taďle ϭϮ ;aͿ, theƌe aƌe thƌee ďiŶaƌǇ ǀalue APs: APϭ, APϮ, aŶd APϯ. The 

GTC is giǀeŶ foƌ Eϭ ǀs EϮ. Foƌ CoŶĐeptϭ, the state ;Aϭ=ϭͿ;AϮ=ϬͿ is fƌoŵ eǆpeƌiŵeŶts 

eϮ aŶd eϯ. Hoǁeǀeƌ, foƌ the Đase of paƌtial eǆpeƌiŵeŶts shoǁŶ iŶ Taďle ϭϮ;ďͿ, 

CoŶĐeptϭ still has the state ;Aϭ=ϭͿ;AϮ=ϬͿ fƌoŵ the pƌoposed ĐoŶĐept eǆtƌaĐtioŶ 

ŵethod. The otheƌ state ;Aϭ=ϬͿ;Aϯ=ϬͿ of EϮ iŶ Taďle ϭϮ;aͿ is fƌoŵ eϰ aŶd eϱ. It is also 

a state of CoŶĐeptϮ iŶ Taďle ϭϮ;aͿ fƌoŵ eϰ. If ǁe Đoŵpaƌe the tǁo states 

;Aϭ=ϭͿ;AϮ=ϬͿ aŶd ;Aϭ=ϬͿ;Aϯ=ϬͿ; a phǇsiĐal ĐoŶtƌadiĐtioŶ is oďtaiŶed ǁheƌe Aϭ=ϭ ǀs 

Aϭ=Ϭ ǁith the ĐoŶteǆt of ;AϮ=ϬͿ;Aϯ=ϬͿ. This phǇsiĐal ĐoŶtƌadiĐtioŶ is aǀailaďle foƌ the 

Đase iŶ Taďle ϭϮ;aͿ. Wheƌeas, foƌ the Đase iŶ Taďle ϭϮ ;ďͿ, the phǇsiĐal ĐoŶtƌadiĐtioŶ 

Aϭ=ϭ V“ Aϭ=Ϭ ǁith ĐoŶteǆt of ;AϮ=ϬͿ is uŶĐeƌtaiŶ uŶless ǁe aƌe aǁaƌe the ƌesult of 

eϮ aŶd eϱ iŶ Taďle ϭϮ;aͿ. Fuƌtheƌŵoƌe, if ǁe ĐaƌefullǇ oďseƌǀe Taďle ϭϮ;ďͿ, ;Aϭ=ϬͿ is a 

state foƌ CoŶĐeptϮ, aŶd ;AϮ=ϬͿ;Aϯ=ϭͿ is a state foƌ CoŶĐeptϭ. Theƌe is Ŷo ĐoŶfliĐt 

ǁheŶ ĐoŵpaƌiŶg the tǁo states aŶd it iŶdiĐates that ;Aϭ=ϬͿ;AϮ=ϬͿ;Aϯ=ϭͿ Đould 



ϯ-Ϯ FoƌŵulatioŶ of the BIP pƌoďleŵ aŶd the eǆhaustiǀe seaƌĐh algoƌithŵ 

ϵϮ 

pƌoǀide a solutioŶ foƌ the sǇsteŵ. This Ŷo ĐoŶfliĐtiŶg paiƌs of states Đould pƌoǀide a 

poteŶtial solutioŶ ďased oŶ the hǇpothesis of ŵutual iŶdepeŶdeŶĐǇ of tǁo states. 

TheƌeďǇ, aŶ iŶĐoŵplete eǆpeƌiŵeŶt Đould poteŶtiallǇ pƌoǀide phǇsiĐal ĐoŶtƌadiĐtioŶ 

ǁith ĐoŶteǆt aŶd eǀeŶ soŵe poteŶtial solutioŶs ďased oŶ ŶoŶ-ĐoŶfliĐtiŶg paiƌs as 

Ŷeeded ďǇ the eŶgiŶeeƌs. AlteƌŶatelǇ, the full faĐtoƌial eǆpeƌiŵeŶts ĐaŶ pƌoǀide 

ĐeƌtaiŶ phǇsiĐal ĐoŶtƌadiĐtioŶs aŶd pƌeseŶt aŶ eŶtiƌe deĐisioŶ seaƌĐh spaĐe. That is 

ǁhǇ the foĐus oŶ the pƌopeƌties of GPC eǆtƌaĐtioŶ fƌoŵ full faĐtoƌial eǆpeƌiŵeŶts, 

although foƌ soŵe situatioŶs full faĐtoƌial eǆpeƌiŵeŶt is Ŷot aǀailaďle. IŶ the Ŷeǆt 

Đhapteƌ ǁe ǁill pƌopose a ŵethod to ďǇpass this pƌoďleŵ. 

3-2.5 Fƌoŵ the geŶeƌalized to ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ 

As ŵeŶtioŶed aďoǀe, ĐoŶfliĐt ďetǁeeŶ tǁo states of CoŶĐept ĐaŶ ďe foƌŵulated as a 

phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt. This pƌeseŶts a stƌaight liŶe liŶk ďetǁeeŶ the 

sǇsteŵ of ĐoŶtƌadiĐtioŶs aŶd the geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶ. 

 

Taďle ϭϯ: Tǁo ĐoŶĐepts foƌ the Đase aďoǀe 

CoŶĐeptϭ=;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϬͿ+;Aϭ=ϬͿ;AϮ=ϬͿ;Aϯ=ϭͿ+;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ+;AϮ=ϬͿ;Aϯ=

ϭͿ+;Aϭ=ϭͿ;AϮ=ϬͿ 

CoŶĐeptϮ=;Aϭ=ϬͿ;AϮ=ϬͿ;Aϯ=ϬͿ+;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ+;Aϭ=ϬͿ;Aϯ=ϬͿ+;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=

ϭͿ+;Aϭ=ϬͿ;AϮ=ϭͿ 

 

The tǁo CoŶĐepts of Taďle ϭϮ;aͿ aƌe shoǁŶ iŶ 

Taďle ϭϯ. AŶǇ paiƌ of states, oŶe fƌoŵ CoŶĐeptϭ aŶd the otheƌ oŶe fƌoŵ CoŶĐeptϮ, ĐaŶ 

foƌŵ a ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt. IŶ the Figuƌe Ϯϴ, 

;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϬͿ fƌoŵ CoŶĐeptϭ aŶd ;Aϭ=ϬͿ;AϮ=ϬͿ;Aϯ=ϬͿ fƌoŵ CoŶĐeptϮ foƌŵ a 

ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt. 
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Figuƌe Ϯϴ: IllustƌatioŶ of the ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ 

The ĐoŶteǆt of ĐoŶtƌadiĐtioŶ desĐƌiďes a ďaĐkgƌouŶd of the ĐoŶtƌadiĐtioŶ. It is ŵoƌe 

like supeƌ sǇsteŵ of the ĐoŶfliĐt paƌaŵeteƌ, ǁhiĐh is the eŶǀiƌoŶŵeŶt of ĐoŶfliĐt 

eleŵeŶt. As the phǇsiĐal ĐoŶtƌadiĐtioŶ iŶ Figuƌe Ϯϴ, the eŶǀiƌoŶŵeŶt is ;AϮ=ϬͿ;Aϯ=ϬͿ, 

the ĐoŶfliĐt is ;Aϭ=ϬͿ ǀs ;Aϭ=ϭͿ. If ǁe ĐhaŶge the eŶǀiƌoŶŵeŶt, the ĐoŶtƌadiĐtioŶ 

ĐoŵŵoŶlǇ ĐhaŶges. 

3-3 IllustƌatioŶ of the algoƌithŵ oŶ the pƌaĐtiĐal Đases 

3-3.1 Case of eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ 

IŶ this seĐtioŶ, ǁe aiŵ at illustƌatiŶg the defiŶitioŶ of the GPC ďased oŶ the eǆaŵple 

used foƌ the eǆtƌaĐtioŶ of GTCs iŶ Chapteƌ Ϯ. The desĐƌiptioŶ of the ĐiƌĐuit ďƌeakeƌ 

ǁas pƌeseŶted iŶ Chapteƌ Ϯ aŶd a suŵŵaƌǇ is pƌoǀided heƌe ďased oŶ the 

ƌeoƌgaŶized ƌesults to illustƌate the GTC aŶd GPC as shoǁŶ iŶ Taďle ϭϰ. 

Taďle ϭϰ: EǆpeƌiŵeŶtal ƌesults of the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ 
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Foƌ the GTC iŶ Taďle ϭϰ, the eǆpeƌiŵeŶts aƌe Ŷot full faĐtoƌial; thus, the GPC 

eǆtƌaĐtioŶ desĐƌiďed iŶ Figuƌe Ϯϳ;ďͿ ǁas peƌfoƌŵed. Theƌe aƌe ϲϳ states iŶǀolǀed iŶ 

CoŶĐeptϭ, aŶd ϱϴ states iŶ CoŶĐeptϮ. TheǇ aƌe pƌeseŶted iŶ Taďle ϭϱ.  

Taďle ϭϱ: Tǁo ĐoŶĐepts of GTC foƌ eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ 

CoŶĐept ϭ CoŶĐeptϮ 

;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;Aϭ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;Aϭ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϰ=ϭͿ;Aϱ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϱ=ϭͿ 
;AϮ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϱ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϯ=ϭͿ;Aϱ=ϭͿ 
;AϮ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϱ=ϭͿ 
;Aϭ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϱ=ϭͿ 
;Aϰ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϬͿ ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;AϮ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϬͿ ;Aϰ=ϬͿ;Aϱ=ϮͿ 
;Aϰ=ϭͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϯ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϬͿ ;Aϯ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;Aϯ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;AϮ=ϬͿ;Aϯ=ϭͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;Aϯ=ϭͿ;Aϱ=ϬͿ ;Aϰ=ϭͿ;Aϱ=ϮͿ 
;Aϯ=ϭͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϮͿ 
;AϮ=ϬͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϯ=ϬͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϱ=ϬͿ ;Aϯ=ϬͿ;Aϱ=ϮͿ 
;AϮ=ϭͿ;Aϱ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;Aϱ=ϬͿ ;AϮ=ϭͿ;Aϱ=ϮͿ 
;Aϱ=ϬͿ ;Aϭ=ϬͿ;Aϱ=ϮͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;Aϱ=ϮͿ 
;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;Aϯ=ϬͿ;Aϰ=ϬͿ 
;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϰ=ϬͿ 



Chapteƌ ϯ EǆtƌaĐtioŶ of geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ 

ϵϱ 

;Aϭ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;Aϰ=ϬͿ 
;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϭͿ 
;AϮ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;Aϯ=ϬͿ;Aϰ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϭͿ ;Aϯ=ϬͿ;Aϰ=ϭͿ 
;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ 
;AϮ=ϬͿ;Aϯ=ϭͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϭͿ 
;Aϭ=ϭͿ;Aϯ=ϭͿ;Aϱ=ϭͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϰ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϱ=ϭͿ ;AϮ=ϭͿ;Aϰ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϬͿ;Aϰ=ϬͿ ;Aϭ=ϬͿ;Aϰ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϬͿ 
;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ ;Aϭ=ϬͿ;Aϯ=ϬͿ 
;Aϭ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϬͿ ;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϭͿ 
;Aϯ=ϭͿ;Aϰ=ϬͿ ;AϮ=ϭͿ;Aϯ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϭͿ;Aϰ=ϬͿ ;Aϭ=ϬͿ;Aϯ=ϭͿ 
;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϭͿ ;Aϭ=ϬͿ;AϮ=ϭͿ 
;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϭͿ ;Aϭ=ϬͿ 
;Aϭ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ 

 ;Aϭ=ϭͿ;AϮ=ϬͿ;Aϰ=ϭͿ 
 ;AϮ=ϬͿ;Aϰ=ϭͿ 
 ;Aϭ=ϭͿ;Aϰ=ϭͿ 
 ;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϬͿ 
 ;Aϭ=ϭͿ;AϮ=ϬͿ;Aϯ=ϭͿ 
 ;AϮ=ϬͿ;Aϯ=ϭͿ 
 ;Aϭ=ϭͿ;Aϯ=ϭͿ 
 ;Aϭ=ϭͿ;AϮ=ϭͿ 

 

 

If ǁe ƌaŶdoŵlǇ Đhoose oŶe of the states fƌoŵ CoŶĐeptϭ suĐh as 

;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ;Aϱ=ϬͿ, ǁe ĐaŶ see that it is suppoƌted ďǇ eϯ iŶ Taďle ϭϰ, aŶd 

ƌejeĐted ďǇ eǆpeƌiŵeŶts iŶ ;EϮEϬͿ. It is the saŵe foƌ states iŶ CoŶĐeptϮ suĐh as 

;Aϭ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ, ǁhiĐh is suppoƌted ďǇ eϵ, aŶd ƌejeĐted ďǇ eǆpeƌiŵeŶts iŶ 

;EϭEϬͿ. The ĐlassiĐal ĐoŶtƌadiĐtioŶ is foƌŵed ďǇ ;AϮ=ϬͿ;Aϯ=ϭͿ; ;Aϰ=ϬͿ;Aϱ=ϬͿ; aŶd 

;Aϭ=ϬͿ;Aϰ=ϬͿ;Aϱ=ϮͿ. The ĐoŶteǆt is ;Aϭ=ϬͿ;AϮ=ϬͿ;Aϯ=ϭͿ;Aϰ=ϬͿ, aŶd the ĐoŶfliĐt is 

;Aϱ=ϬͿǀs;Aϱ=ϭͿ. As the eǆpeƌiŵeŶt set is Ŷot full faĐtoƌial, this ĐoŶtƌadiĐtioŶ is Ŷot 

suppoƌted ďǇ the eǆpeƌiŵeŶts iŶ Taďle ϭϰ, aŶd it has to ďe pƌoǀed ďǇ eǆpeƌiŵeŶts oƌ 

huŵaŶ eǆpeƌts. Theƌe aƌe also soŵe ŶoŶ-ĐoŶfliĐt paiƌs suĐh as ;Aϭ=ϭͿ;AϮ=ϭͿ that aƌe 

suppoƌted ďǇ eϭ aŶd eϰ iŶ CoŶĐeptϭ, aŶd  ;AϮ=ϭͿ;Aϱ=ϮͿ as suppoƌted ďǇ eϲ aŶd eϵ iŶ 

CoŶĐeptϮ. The ĐoŵďiŶatioŶ of the tǁo states iŶdiĐate a solutioŶ at 

;Aϭ=ϭͿ;AϮ=ϭͿ;Aϱ=ϮͿ, ǁhiĐh also Ŷeeds to ďe pƌoǀeŶ ďǇ Ŷeǁ eǆpeƌiŵeŶts aŶd eǆpeƌts. 
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Foƌ the iŶĐoŵplete eǆpeƌiŵeŶts ǁheƌe ŵaŶǇ eǆpeƌiŵeŶts aƌe uŶkŶoǁŶ, the 

deduĐtioŶ fƌoŵ eǆpeƌiŵeŶts is uŶĐeƌtaiŶ. The statistiĐal ŵethod foƌ pƌoǀidiŶg 

ƌeliaďle deduĐtioŶ is Ŷot the oďjeĐt of this thesis. We teŶd to pƌopose the GPC 

eǆtƌaĐtioŶ oŶ the full faĐtoƌial eǆpeƌiŵeŶts. The Ŷeǆt Đase studǇ illustƌates this kiŶd 

of situatioŶ. 

3-3.2 Case of siŵple iŶǀeŶtoƌǇ KaŶďaŶ sǇsteŵ 

The Đase of the siŵple iŶǀeŶtoƌǇ KaŶďaŶ is pƌeseŶted iŶ oƌdeƌ to illustƌate the BIP 

foƌŵulatioŶ aŶd its ƌesolutioŶ thƌough the full faĐtoƌial eǆpeƌiŵeŶt taďle. The 

pƌoposed Đase has ďeeŶ ďuilt out of aŶ iŶdustƌial supplǇ ĐhaiŶ pƌoďleŵ, ďut oŶlǇ aŶ 

eǆĐeƌpt of the pƌoďleŵ is pƌeseŶted heƌe. The pƌoďleŵ is the folloǁiŶg oŶe: ĐoŶsideƌ 

aŶ iŶǀeŶtoƌǇ of pƌoduĐts ǁheƌe the supplieƌ has iŶteƌaĐtioŶ ǁith a delaǇ of ϴ tiŵe 

uŶits foƌ deliǀeƌiŶg the pƌoduĐt aŶd a Đustoŵeƌ ǁho has eǆĐlusiǀe deŵaŶds. The 

Đustoŵeƌ Ŷeeds aƌe as folloǁs: oŶe uŶit; the aǀeƌage peƌiod ďetǁeeŶ tǁo deŵaŶds 

ďeiŶg oŶe; ďut Ŷo ƌegulaƌ peƌiod ďetǁeeŶ tǁo deŵaŶds that ĐaŶ ďe siŵulated ďǇ aŶ 

eƌlaŶg-Ϯ distƌiďutioŶ ǁith a ŵeaŶ ǀalue of ϭ. The pƌoĐess has ďeeŶ ŵodeled oŶ 

WitŶess1, as illustƌated iŶ Figuƌe Ϯϵ.  

 

Figuƌe Ϯϵ: WitŶess ŵodel of the pƌoĐess 

The iŶǀeŶtoƌǇ is ĐoŶtƌolled ďǇ a KaŶďaŶ sǇsteŵ, ďased oŶ a tǇpe of ƌeoƌdeƌ poiŶt 

sǇsteŵ. The ǀalue of the ƌeoƌdeƌ poiŶt is ǁƌitteŶ oŶ the KaŶďaŶ Đaƌd. The oƌdeƌ 

ƋuaŶtitǇ is also ǁƌitteŶ oŶ the KaŶďaŶ Đaƌd. WheŶ the iŶǀeŶtoƌǇ leǀel is loǁeƌ thaŶ 

the ƌeoƌdeƌ poiŶt, the KaŶďaŶ Đaƌd is seŶt to the supplieƌ. Goods aƌe deliǀeƌed ǁith 
                                                      

1 http://ǁǁǁ.laŶŶeƌ.Đoŵ/fƌ/ǁitŶess/ 
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the KaŶďaŶ Đaƌd aŶd left togetheƌ oŶ the iŶǀeŶtoƌǇ shelf uŶtil the iŶǀeŶtoƌǇ leǀel 

Đƌosses uŶdeƌ the ƌeoƌdeƌ poiŶt2. 

Foƌ this pƌoďleŵ, tǁo eǀaluatioŶ paƌaŵeteƌs haǀe ďeeŶ defiŶed: 

 The seƌǀiĐe ďƌeakdoǁŶ ;ϭ-Đustoŵeƌ leǀel seƌǀiĐeͿ, ǁhiĐh has to ďe as loǁ as 

possiďle, ideallǇ eƋual to Ϭ. 

 The aǀeƌage stoĐk, ǁhiĐh also has to ďe as loǁ as possiďle, aŶd also ideallǇ 

eƋual to Ϭ. 

IŶflueŶĐes oŶ the sǇsteŵ ďeĐause of the peƌiŵeteƌ of the sǇsteŵ aƌe defiŶed as 

folloǁs: theƌe is Ŷo possiďle aĐtioŶ ďǇ the supplieƌ aŶd Ŷo possiďle aĐtioŶ ďǇ the 

Đustoŵeƌ. TheŶ, the folloǁiŶg poiŶts aƌe Ŷoted: 

 The leǀel of the ƌeoƌdeƌ poiŶt, ǁhiĐh is the leǀel of iŶǀeŶtoƌǇ defiŶiŶg ǁheŶ to 

oƌdeƌ the pƌoduĐt, ĐaŶ ǀaƌǇ ďetǁeeŶ ϭ aŶd ϮϬ. 

 The lot size ;ƌeoƌdeƌ ƋuaŶtitǇͿ ĐaŶ ǀaƌǇ ďetǁeeŶ ϭ aŶd ϮϬ. 

 The supplieƌ sĐƌap ƌate is a peƌĐeŶtage of the ŶoŶ-Đeƌtified ƌaǁ ŵateƌial. Foƌ 

the eǆpeƌiŵeŶts, thƌee leǀels haǀe ďeeŶ ĐoŶsideƌed: Ϭ, ϭϬ, ϮϬ%. 

With these data, ϭϮϬϬ eǆpeƌiŵeŶts ǁeƌe siŵulated iŶ WitŶess ;full faĐtoƌial 

eǆpeƌiŵeŶtsͿ, aŶd theǇ defiŶed the ƌeaĐhaďle solutioŶs ;pƌeseŶted oŶ Figuƌe ϯϬ. 

 

Figuƌe ϯϬ: Paƌeto fƌoŶtieƌ of the iŶitial siŵulatioŶ 

 

 

                                                      

2 A sǇsteŵ ǁoƌkiŶg oŶ this pƌiŶĐiple is desĐƌiďed iŶ https://ǁǁǁ.Ǉoutuďe.Đoŵ/ǁatĐh?ǀ=tuŵϭlLǁǇϲgE 
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GSC eǆtƌaĐtioŶ foƌ the Đase studǇ 

The fiƌst step of iŶǀeŶtiǀe pƌoďleŵ solǀiŶg foƌ this Đase studǇ is the GTC eǆtƌaĐtioŶ, as 

theƌe aƌe oŶlǇ tǁo eǀaluatioŶ paƌaŵeteƌs: aǀeƌage stoĐk ;A“Ϳ aŶd seƌǀiĐe ďƌeakdoǁŶ 

;“BͿ; the oŶlǇ GTC is a TC of A“ aŶd “B. We defiŶe the ideal ǀalue Ϭ as satisfǇiŶg the 

ǀalue of A“ aŶd “B. Thus, theƌe aƌe ϲϬ eǆpeƌiŵeŶts iŶǀolǀed iŶ Eϭ foƌ satisfǇiŶg A“ 

aŶd ϭϮϬ eǆpeƌiŵeŶts iŶǀolǀed iŶ EϮ foƌ satisfǇiŶg “B.  

The GPC eǆtƌaĐtioŶ ǁas peƌfoƌŵed duƌiŶg the full faĐtoƌial eǆpeƌiŵeŶts. EightǇ-fouƌ 

states ǁeƌe eǆtƌaĐted foƌ CoŶĐeptϭ, ϭϱϮ states foƌ CoŶĐeptϮ. Thus, theƌe aƌe ϭϮ,ϳϲϴ 

GPCs ǁith ĐoŶteǆt, ϳϯϲ of theŵ oŶlǇ iŶǀolǀe oŶe aĐtioŶ paƌaŵeteƌ ĐoŶfliĐt. IŶ oƌdeƌ 

to foƌŵulate the sǇsteŵ of ĐoŶtƌadiĐtioŶs, aŵoŶg all these ĐoŶtƌadiĐtioŶs, oŶlǇ tǁo 

states haǀe ďeeŶ ĐoŶsideƌed foƌ foƌŵiŶg the phǇsiĐal ĐoŶtƌadiĐtioŶ. These tǁo states 

ĐoƌƌespoŶd to the tǁo eǆtƌeŵe poiŶts of the Paƌeto fƌoŶtieƌ, i.e., the oŶes takiŶg 

sepaƌatelǇ the ďest ǀalues of eaĐh eǀaluatioŶ paƌaŵeteƌs. TheǇ aƌe the state 

eƋuatioŶs of ;‘eoƌdeƌ PoiŶt =ϭϱͿ;Lot size = ϭϯͿ;sĐƌap ƌate =ϬͿ ǀs ;‘eoƌdeƌ PoiŶt 

=ϭϱͿ;Lot size = ϭͿ;sĐƌap ƌate =ϬͿ. The sǇsteŵ of ĐoŶtƌadiĐtioŶs that has ďeeŶ 

eǆtƌaĐted out of the eǆpeƌiŵeŶts is pƌeseŶted iŶ Figuƌe ϯϭ. 

 

Figuƌe ϯϭ: GPC aŶd its ĐoŶteǆt ƌelated to the iŶitial KaŶďaŶ sǇsteŵ 

This ĐoŶtƌadiĐtioŶ stated that a ĐlassiĐal T‘I) phǇsiĐal ĐoŶtƌadiĐtioŶ eǆists if the 

aĐtioŶ paƌaŵeteƌs ƌeoƌdeƌ poiŶt aŶd the supplieƌ sĐƌap ƌate aƌe ƌespeĐtiǀelǇ fiǆed at 

ϭϱ uŶits aŶd Ϭ%. As a ƌesult, the lot size has to ďe ϭ to aĐhieǀe aŶ aǀeƌage stoĐk of Ϭ 

uŶits, ďut it has to ďe ϭϯ iŶ oƌdeƌ to satisfǇ a seƌǀiĐe ďƌeakdoǁŶ of Ϭ%. 

To iŶteƌpƌet this GPC foƌ this siŵple KaŶďaŶ ŵodel, theƌe aƌe tǁo APs desĐƌiďiŶg the 

ĐapaĐitǇ of pƌoduĐtioŶ: a lot size aŶd a ƌeoƌdeƌ PoiŶt. The ‘eoƌdeƌ PoiŶt desĐƌiďes 

the fƌeƋueŶĐǇ of supplǇiŶg, aŶd the Lot size desĐƌiďes the ƋuaŶtitǇ to supplǇ. Theƌe 
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aƌe tǁo states: the supplieƌ sĐƌap ƌate is eƋual to Ϭ% aŶd the ‘eoƌdeƌ PoiŶt is eƋual 

to ϭϱ ǁhile lot size is ϭϯ. WheŶ theƌe aƌe less thaŶ ϭϱ pƌoduĐts iŶ the iŶǀeŶtoƌǇ, the 

supplieƌ seŶds ϭϯ pƌoduĐts to the stoĐk ďeĐause of the lead tiŵe. This poiŶt lies oŶ 

Paƌeto fƌoŶtieƌ ǁheƌe Lot size = ϭϯ aĐhieǀes the ŵost ideal ;loǁestͿ aǀeƌage stoĐk 

ǁhile “eƌǀiĐe BƌeakdoǁŶ eƋuals to Ϭ ;seƌǀiĐe ƌate is ϭϬϬ %Ϳ. OŶ the otheƌ side, if lot 

size = ϭ, it ŵeaŶs ǁheŶ theƌe is less thaŶ ϭϱ pƌoduĐts iŶ the iŶǀeŶtoƌǇ. The supplieƌ 

ǁill theŶ seŶd oŶlǇ ϭ pƌoduĐt to the stoĐk, ǁhiĐh aƌƌiǀes afteƌ eight tiŵe uŶits of lead 

tiŵe. Hoǁeǀeƌ, duƌiŶg this tiŵe, ŵoƌe thaŶ ϭ pƌoduĐt should ďe deliǀeƌed, ǁhiĐh 

leads to the aǀeƌage stoĐk = Ϭ ďut a seƌǀiĐe ďƌeakdoǁŶ of ϵϭ % ;seƌǀiĐe ƌate of ϭϵ % 

oŶlǇͿ. This is aŶotheƌ poiŶt oŶ the Paƌeto fƌoŶtieƌ ŵiŶiŵiziŶg the aǀeƌage stoĐk ďut 

ŵaǆiŵize the seƌǀiĐe ďƌeakdoǁŶ. 

3-4 EǆploitatioŶ of algoƌithŵ  

The ŵoƌe states aǀailaďle foƌ ĐoŶĐept, the ŵoƌe phǇsiĐal ĐoŶtƌadiĐtioŶs that ĐaŶ ďe 

pƌoǀided, ǁhiĐh ǁould alloǁ foƌ ŵoƌe paƌtial solutioŶs. AdditioŶallǇ, the sǇsteŵ has 

gƌeat poteŶtial to ďe iŵpƌoǀed. The GTC eǆtƌaĐtioŶ pƌoǀides the iŶfoƌŵatioŶ aďout 

the Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ the sets Eϭ aŶd EϮ. The ƋuestioŶ is if this has aŶǇ 

effeĐt oŶ the GPC eǆtƌaĐtioŶ? IŶ oƌdeƌ to aŶsǁeƌ this ƋuestioŶ aŶd iŶǀestigate the 

ƌelatioŶ ďetǁeeŶ the Ŷuŵďeƌ of the phǇsiĐal ĐoŶtƌadiĐtioŶs aŶd ĐoƌƌespoŶdiŶg GTC, 

ǁe pƌoposed tǁo gƌoups of full faĐtoƌial eǆpeƌiŵeŶts. The fiƌst gƌoup is to studǇ the 

ƌelatioŶ ďetǁeeŶ the Ŷuŵďeƌ of states aŶd the Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ Eϭ aŶd EϮ. 

The seĐoŶd gƌoup is to studǇ the ƌelatioŶship ďetǁeeŶ the Ŷuŵďeƌ of states aŶd the 

Ŷuŵďeƌ of phǇsiĐal ĐoŶtƌadiĐtioŶs. The seĐoŶd gƌoup is also ƌeoƌgaŶized iŶ the last 

seĐtioŶ to pƌeseŶt the ƌelatioŶ ďetǁeeŶ Ŷuŵďeƌ eǆpeƌiŵeŶts aŶd the Ŷuŵďeƌ of 

ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt. 

3-4.1 ‘elatioŶship ďetǁeeŶ Ŷuŵďeƌ of eǆpeƌiŵeŶts aŶd states 

The Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶǀolǀed iŶ Eϭ aŶd EϮ ĐaŶ ďe desĐƌiďed ďǇ the 

peƌĐeŶtage of ǁhole Ŷuŵďeƌ of eǆpeƌiŵeŶts l . The fiƌst gƌoup of eǆpeƌiŵeŶts is iŶ 

ƌegaƌds to the ƌelatioŶship ďetǁeeŶ the Ŷuŵďeƌ of states iŶ a ĐoŶĐept aŶd the 

peƌĐeŶtage of l  Ŷuŵďeƌ of eǆpeƌiŵeŶts. We set the aĐtioŶ paƌaŵeteƌ eƋual to ϳ 

ǁheƌe AP has tǁo optioŶs. “o theƌe aƌe ϭϮϴ eǆpeƌiŵeŶts iŶ full faĐtoƌial 
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eǆpeƌiŵeŶtal taďle aŶd ǁe ƌaŶdoŵlǇ Đhoose ϭϯ;ϭϬ%Ϳ, Ϯϲ;ϮϬ%Ϳ, ϯϵ;ϯϬ%Ϳ, ϱϮ;ϰϬ%Ϳ, 

ϲϱ;ϱϬ%Ϳ, ϳϴ;ϲϬ%Ϳ, ϵϭ;ϳϬ%Ϳ ƌoǁs aŶd theŶ ƌepeated thƌee tiŵes foƌ eaĐh. IŶ Figuƌe 

ϯϮ ;aͿ aŶd ;ďͿ, Eǆp% deŶotes the peƌĐeŶtage of eǆpeƌiŵeŶts. We ĐaŶ theŶ see that 

the Ŷuŵďeƌ of states eǆpeƌieŶĐes ĐuďiĐ gƌoǁth ǁith the peƌĐeŶtage of eǆpeƌiŵeŶts. 
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;ďͿ ‘esidual plots 

Figuƌe ϯϮ: ‘elatioŶ ďetǁeeŶ Ŷuŵďeƌ of states aŶd eǆpeƌiŵeŶts ;ϳ APsͿ 

The folloǁiŶg eǆpeƌiŵeŶts aƌe siŵilaƌ to pƌeǀious eǆpeƌiŵeŶts. AdditioŶallǇ ϴ aŶd ϵ 

BiŶaƌǇ aĐtioŶ paƌaŵeteƌs ǁeƌe pulled. TheŶ ǁe ƌaŶdoŵlǇ seleĐted the saŵe 

peƌĐeŶtages of Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ oƌdeƌ to studǇ the ǀaƌiatioŶ of the Ŷuŵďeƌ 

of states. Fƌoŵ Figuƌe ϯϯ aŶd Figuƌe ϯϰ, the fitted liŶe ƌeǀealed that the Ŷuŵďeƌ of 

states aŶd peƌĐeŶtage of eǆpeƌiŵeŶts iŶǀolǀed iŶ the ĐoŶĐept has a ĐuďiĐ polǇŶoŵial 

ƌelatioŶ. 
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;ďͿ ‘esidual plots 

Figuƌe ϯϯ: ‘elatioŶ ďetǁeeŶ Ŷuŵďeƌ of states aŶd eǆpeƌiŵeŶts ;ϴ APsͿ 
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;ďͿ ‘esidual plots 

Figuƌe ϯϰ: ‘elatioŶ ďetǁeeŶ Ŷuŵďeƌ of states aŶd eǆpeƌiŵeŶts ;ϵ APsͿ 

Oǀeƌall, ǁe ĐaŶ ĐoŶĐlude that ǁith aŶ iŶĐƌease of the peƌĐeŶtage of eǆpeƌiŵeŶts, 

ǁhiĐh is Đoŵpƌised iŶ the ĐoŶĐept, the Ŷuŵďeƌ of states eǆpeƌieŶĐes a ĐuďiĐ gƌoǁth. 

It suggests that ǁheŶ ǁe Đhoose GTC, if ǁe ǁaŶt to Đhoose a GTC iŶ ǁhiĐh ĐoŶĐepts 

has a ŵoƌe states, ǁe Ŷeed to Đhoose the ĐoƌƌeĐt ĐoŵďiŶatioŶ of Eϭ aŶd EϮ ďased oŶ 

a laƌge Ŷuŵďeƌ of eǆpeƌiŵeŶts. 

3-4.2 ‘elatioŶship ďetǁeeŶ Ŷuŵďeƌ of states aŶd Ŷuŵďeƌ of GPC 

The G“C is Đoŵposed of tǁo GTCs ;GTCϭ aŶd GTCϮͿ aŶd the ĐlassiĐal phǇsiĐal 

ĐoŶtƌadiĐtioŶ, ǁhiĐh is theŶ a ŵatĐh foƌ tǁo states ĐoƌƌespoŶdiŶg ƌespeĐtiǀelǇ to GTC 

ϭ aŶd GTC Ϯ. IŶtuitiǀelǇ ǁe ĐaŶ ĐoŶĐlude that ŵoƌe paiƌs of states ǁill lead to ŵoƌe 

ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶs ǁith ĐoŶteǆt. The Đoŵpaƌe tiŵe is eƋual to the 

pƌoduĐt of the CoŶĐeptϭ states aŶd the CoŶĐeptϮ states. IŶ the folloǁiŶg 

eǆpeƌiŵeŶts, ǁe ǁill studǇ hoǁ the Ŷuŵďeƌ of ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶs ǀaƌies 

ǁith the pƌoduĐt of the Ŷuŵďeƌ of states iŶ CoŶĐeptϭ aŶd CoŶĐeptϮ. We defiŶed 

ŶiŶe BiŶaƌǇ aĐtioŶ paƌaŵeteƌs. IŶ oƌdeƌ to ŵake pƌoduĐts uŶifoƌŵ, ǁe ƌaŶdoŵlǇ 

peƌfoƌŵed ϲϴ eǆpeƌiŵeŶts ǁith a diffeƌeŶt Ŷuŵďeƌ of states aŶd theiƌ pƌoduĐts ǁeƌe 

loĐated iŶ the iŶteƌǀals fƌoŵ ϵϱϮ to ϴϴϴ,ϯϰϵ. Fƌoŵ Figuƌe ϯϱ, ǁe ĐaŶ dƌaǁ the 

ĐoŶĐlusioŶ that a Ŷuŵďeƌ of ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶs eǆpeƌieŶĐe liŶeaƌ 

gƌoǁth ǁith the pƌoduĐt of tǁo set of states. 
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;aͿ Fitted liŶe plot ;ďͿ ‘esidual plots 

Figuƌe ϯϱ: LiŶk ďetǁeeŶ Ŷuŵďeƌ of ĐlassiĐal PC aŶd pƌoduĐt of “tates ϭ aŶd Ϯ 

The ƌelatioŶ of the Ŷuŵďeƌ of ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ is a liŶeaƌ pƌopoƌtioŶ of 

“tate ϭ * “tate Ϯ. AdditioŶallǇ, eaĐh “tate is a ĐuďiĐ pƌopoƌtioŶ to the Ŷuŵďeƌ of 

eǆpeƌiŵeŶts oƌ peƌĐeŶtage assoĐiated ǁith the ĐoŶĐept. HeŶĐe, ǁe ĐaŶ pƌoǀide aŶ 

estiŵatioŶ that the Ŷuŵďeƌ of ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶs is ďased oŶ a ĐuďiĐ 

pƌopoƌtioŶ of the Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ Eϭ aŶd EϮ. 

3-4.3 ‘elatioŶship ďetǁeeŶ Ŷuŵďeƌ of eǆpeƌiŵeŶts aŶd Ŷuŵďeƌ of PC 

The pƌeǀious eǆpeƌiŵeŶts iŵplied that the Ŷuŵďeƌ of phǇsiĐal ĐoŶtƌadiĐtioŶs 

eǆpeƌieŶĐes ĐuďiĐ gƌoǁth ďased oŶ the pƌoduĐt of the peƌĐeŶtage of the Ŷuŵďeƌ of 

eǆpeƌiŵeŶts iŶ Eϭ aŶd EϮ. Foƌ this ƌeasoŶ, ǁe ǁill ǁoƌk to ǀeƌifǇ the ĐuďiĐ gƌoǁth ďǇ 

usiŶg the eǆpeƌiŵeŶt ƌesults of the last seĐtioŶ. IŶ Figuƌe ϯϲ, although ǁe did Ŷot 

oďtaiŶ a ďetteƌ ĐuďiĐ ƌegƌessioŶ, it is ƌeǀealed that ǁith the gƌoǁth of pƌoduĐtioŶ of 

the peƌĐeŶtages the Ŷuŵďeƌ of phǇsiĐal ĐoŶtƌadiĐtioŶ is ĐuďiĐal aŶd iŶĐƌeasiŶg 

despite less thaŶ aŶ optiŵal ĐuďiĐ ƌegƌessioŶ. 

IŶ suŵŵaƌǇ, the eǆpeƌiŵeŶts pƌoǀide iŶfoƌŵatioŶ ƌegaƌdiŶg the Ŷuŵďeƌ of 

eǆpeƌiŵeŶts iŶ Eϭ/EϮ, ǁhiĐh has a laƌge effeĐt oŶ the Ŷuŵďeƌ of ĐlassiĐal phǇsiĐal 

ĐoŶtƌadiĐtioŶs ǁith ĐoŶteǆt. WheŶ ǁe Đhoose the GTCs, the eǆpeƌiŵeŶts iŶ Eϭ aŶd 

EϮ should ďe a ĐoŶsideƌed eleŵeŶt. 
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;aͿ Fitted liŶe plot ;ďͿ ‘esidual plots 

Figuƌe ϯϲ: ‘elatioŶ ďetǁeeŶ PC aŶd Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ Eϭ aŶd EϮ 

3-5 DisĐussioŶ 

The oďjeĐt of this Đhapteƌ is to shoǁ hoǁ to eǆtƌaĐt GPCs out of aŶ eǆpeƌiŵeŶtal 

taďle. The ƌesults aƌe the ĐlaƌifiĐatioŶ of the sigŶifiĐaŶt Ŷuŵďeƌ of geŶeƌalized 

phǇsiĐal ĐoŶtƌadiĐtioŶs that ĐaŶ ďe eǆtƌaĐted foƌ aŶǇ geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ. IŶ Chapteƌ Ϯ, ǁe pƌeseŶted the Ŷuŵďeƌ of GTCs that ĐaŶ ďe eǆtƌaĐted 

fƌoŵ the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ ;ϭϭϳͿ. IŶ this Đhapteƌ it ǁas illustƌated foƌ oŶe of 

these GTCs that the Ŷuŵďeƌ of GPCs that ĐaŶ ďe foƌŵulated. It is theŶ a siŵplified 

pƌoĐess to iŵagiŶe the sigŶifiĐaŶt Ŷuŵďeƌ of sǇsteŵs of ĐoŶtƌadiĐtioŶs ǁith ĐoŶteǆt 

that ĐaŶ ďe ďuilt foƌ suĐh aŶ eǆaŵple. Thus, if this ŵodel of G“C oǀeƌĐoŵes the liŵits 

of ĐlassiĐal T‘I) ŵodel, seǀeƌal ƋuestioŶs ǁill aƌise iŶĐludiŶg the folloǁiŶg: 

 What aƌe the liŵitatioŶs, iŶ teƌŵs of Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs aŶd eǀaluatioŶ 

paƌaŵeteƌs that ĐaŶ ďe pƌoĐessed iŶ oƌdeƌ to eǆtƌaĐt the G“C iŶ a ƌeasoŶaďle 

aŵouŶt of tiŵe? “eǀeƌal eleŵeŶts ŶeĐessaƌǇ to this ƋuestioŶ ǁeƌe pƌeseŶted iŶ 

[ϱϲ]. 

 If a ƌeasoŶaďle Ŷuŵďeƌ of paƌaŵeteƌs haǀe to ďe takeŶ iŶto aĐĐouŶt, the ďuildiŶg 

of the eǆpeƌiŵeŶtal taďle is ǀeƌǇ iŵpoƌtaŶt. The ĐhoiĐe of the ĐoŶsideƌed aĐtioŶ 

paƌaŵeteƌs is also ĐƌuĐial. AŶ appƌoaĐh, ďased oŶ the pƌiŶĐipal ĐoŵpoŶeŶt, 

faĐtoƌ aŶalǇsis, aŶd fƌaĐtioŶal desigŶ of eǆpeƌiŵeŶts ǁas pƌeseŶted iŶ [ϱϳ]. 

Hoǁeǀeƌ, theiƌ seleĐtioŶ aŶd eǆtƌaĐtioŶ of aĐtioŶ paƌaŵeteƌs is oŶlǇ a pƌaĐtiĐal 

eŶgiŶeeƌ ŵethod ǁithout ƌigoƌ, aŶd theƌefoƌe, ŵaǇ laĐk ƌigoƌ foƌ eǀeƌǇ situatioŶ. 



ϯ-ϱ DisĐussioŶ 

ϭϬϰ 

 FiŶallǇ, oŶe of the ŵost iŵpoƌtaŶt ƌeŵaiŶiŶg ƋuestioŶs is: if so ŵaŶǇ 

ĐoŶtƌadiĐtioŶs ĐaŶ ďe foƌŵulated, hoǁ to Đhoose the oŶe to ĐoŶsideƌ pƌioƌ to the 

otheƌs foƌ the pƌoďleŵ ƌesolutioŶ that ƌeŵaiŶs the Qϱ. 

It is iŶteƌestiŶg to Ŷote that out of the ϯϴϴϲ GPC that ĐaŶ ďe foƌŵulated, Ŷot all of 

these GPCs aƌe eƋuiǀaleŶt. Thus, GPCs ĐaŶ ďe Đategoƌized ďǇ the Ŷuŵďeƌ of 

ĐoŶfliĐtiŶg aĐtioŶ paƌaŵeteƌs iŶĐluded iŶ its foƌŵulatioŶ. Foƌ the eǆaŵple, ϭϳϰϯ GPC 

ǁeƌe fouŶd ǁith oŶlǇ oŶe ĐoŶfliĐtiŶg paƌaŵeteƌ. This iŶdiĐates eƋuiǀaleŶĐǇ to the 

ĐlassiĐal T‘I) ĐoŶtƌadiĐtioŶ uŶdeƌ ĐeƌtaiŶ ĐoŶditioŶs as defiŶed ďǇ the fiǆed ǀalues foƌ 

otheƌ aĐtioŶ paƌaŵeteƌs. Foƌ eǆaŵple, oŶe GPC ĐaŶ ďe foƌŵulated as: 

if (A2=1)(A3=0)(A4=0), then (A1=1)  ((y1.y3)=1)(y2.y5.y6=0)) and (A1=0)  
((y1.y3)=0)(y2.y5.y6=1)). 

This pƌaĐtiĐal poiŶt is iŶteƌestiŶg, ďeĐause iŶ pƌaĐtiĐe these ĐoŶditioŶs aƌe Ŷot 

pƌoǀided eǆpliĐitlǇ ďǇ eǆpeƌts ǁheŶ a ĐoŶtƌadiĐtioŶ holds. Thus, it pƌoǀides a 

fouŶdatioŶ foƌ Qϰ ;usiŶg the geŶeƌalized ĐoŶtƌadiĐtioŶs iŶ the iŶǀeŶtiǀe pƌoďleŵ 

solǀiŶgͿ, aŶd eŶsuƌes pƌogƌess to aŶsǁeƌiŶg Qϲ ;usiŶg the geŶeƌalized ĐoŶtƌadiĐtioŶs 

to eǆpƌess iŵpliĐit eǆpeƌt s͛ kŶoǁledgeͿ. 

Hoǁeǀeƌ, the ŵoƌe iŶteƌestiŶg ƌesult, out of this eǆaŵple, is that ϱϯϯ paiƌs of iteŵs 

ĐaŶ ďe ĐoŶsideƌed as ŶoŶ-ĐoŶfliĐtiŶg paiƌs as ŵeŶtioŶed iŶ ϯ-Ϯ.ϰ. Foƌ eǆaŵple, the 

folloǁiŶg paiƌ of iteŵs ĐaŶ ďe eǆtƌaĐted out of the tǁo ĐoŶĐepts:  

(A2=1)(A3=1)(A4=1)(A5=1) and (A1=1)(A3=1)(A5=1). 

This ĐaŶ ďe ƌeĐogŶized as a solutioŶ ĐoŶĐept defiŶed ďǇ 

;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϭͿ;Aϱ=ϭͿ. This ĐoŶĐept has to ďe tested aŶd appƌoǀed though 

ďǇ the eǆpeƌts. EǀeŶ if it is Ŷot ƌeĐogŶized as a solutioŶ, at least it ǁill poiŶt out 

iŵpoƌtaŶt iŶfoƌŵatioŶ that ǁas Ŷot pƌeseŶt iŶ the iŶitial pƌoďleŵ foƌŵulatioŶ. These 

ŶoŶ-ĐoŶfliĐtiŶg paiƌs haǀe a poteŶtial to ďeĐoŵe a ŵethod foƌ optiŵizatioŶ desigŶ of 

eǆpeƌiŵeŶts ďased oŶ eaĐh gƌoup of aĐtioŶ paƌaŵeteƌs that aƌe iŶǀolǀed iŶ ŶoŶ-

ĐoŶfliĐtiŶg paiƌs ǀs oŶe aĐtioŶ paƌaŵeteƌ. 

Although the BIP ŵodel pƌoposed iŶ this Đhapteƌ is Ŷot a ĐoŵŵoŶ BIP that is its 

ĐoŶstƌaiŶts aƌe iŶ the ďiŶaƌǇ field, the ŵodel stƌeŶgtheŶs the uŶdeƌstaŶdiŶg of the 

defiŶed pƌoďleŵs, aŶd use aŶ optiŵizatioŶ ŵethod to ideŶtifǇ geŶeƌalized phǇsiĐal 

ĐoŶtƌadiĐtioŶ ;aŶsǁeƌ QϳͿ. IŶ additioŶ, if ǁe kŶoǁ the seleĐtioŶ pƌiŶĐiples foƌ GPC 

aŶd ĐaŶ tƌaŶsfoƌŵ theŵ iŶto a ĐoŶstƌaiŶt of the BIP, Qϱ hoǁ to eǆtƌaĐt aŵoŶg the 
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ϭϬϱ 

Ŷuŵeƌous ĐoŶtƌadiĐtioŶs those ǁhiĐh aƌe ƌeleǀaŶt Đould ďe solǀed. The pƌoposed 

solutioŶ is aŶ eǆhaustiǀe seaƌĐhiŶg solutioŶ that aŶsǁeƌs QϮ. 

IŶ the eǆpeƌiŵeŶtal paƌt, fouƌ gƌoups of eǆpeƌiŵeŶts haǀe ďeeŶ peƌfoƌŵed iŶ ǁhiĐh 

all the eǆpeƌiŵeŶts aƌe full faĐtoƌial. TheǇ ǁeƌe used to pƌiŵaƌilǇ studǇ the 

ƌelatioŶship ďetǁeeŶ the Ŷuŵďeƌ of phǇsiĐal ĐoŶtƌadiĐtioŶs ;ǁe ĐoŶsideƌ the 

ĐoŶtƌadiĐtioŶ ǁith oŶe ĐoŶfliĐt AP as a ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶͿ aŶd the 

Ŷuŵďeƌ of ƌoǁs iŶǀolǀed iŶ the tǁo ĐoŶĐepts. The ƌesults aŶsǁeƌ Qϭ aŶd the Ŷuŵďeƌ 

of phǇsiĐal ĐoŶtƌadiĐtioŶs is Ŷuŵeƌous if theƌe aƌe ŵaŶǇ eǆpeƌiŵeŶts iŶǀolǀed iŶ the 

tǁo ĐoŶĐepts. The eǆpeƌiŵeŶts teŶd toǁaƌd to a ĐuďiĐ iŶĐƌease ǁith the pƌoduĐt of 

the Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ the tǁo ĐoŶĐepts. IŶ the ƌaŶdoŵ eǆpeƌiŵeŶts, theƌe 

ǁeƌe ŶiŶe ďiŶaƌǇ APs, ǁheŶ the Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ the tǁo ĐoŶĐepts aƌe ;Ϯϱ, 

ϮϱͿ, theƌe aƌe at least ϮϬ ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶs ǁith ĐoŶteǆt. This ƌesult 

also iŶdiĐated that ǁheŶ ĐhoosiŶg GTCs, ǁe Ŷeed to seleĐt the GTC that is iŶǀolǀed 

ǁith a laƌgeƌ Ŷuŵďeƌ of eǆpeƌiŵeŶts. 





 

ϭϬϳ 

Chapter 4  IdeŶtifiĐatioŶ of paƌaŵeteƌs iŶǀolǀed 
iŶ phǇsiĐal ĐoŶtƌadiĐtioŶs 

GiǀeŶ a GTC, aŶ eǆhaustiǀe GPCs͛ seaƌĐh algoƌithŵ ǁas pƌoposed iŶ a pƌeǀious 

Đhapteƌ. Hoǁeǀeƌ, ǁheŶ the Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs of the sǇsteŵ ŵodel is 

ŵoƌe thaŶ tǁelǀe, the pƌeǀious algoƌithŵ ĐaŶŶot peƌfoƌŵ the seaƌĐh pƌoďleŵ 

ďeĐause of its ĐoŵputiŶg tiŵe. The ĐoŵputiŶg tiŵe gƌoǁs eǆpoŶeŶtiallǇ ǁith the 

Ŷuŵďeƌ of paƌaŵeteƌs. Neǀeƌtheless, the use of the eǆistiŶg algoƌithŵ pƌoǀides 

pƌaĐtiĐal eǀideŶĐe that, ŵost ofteŶ, oŶlǇ feǁ of the ŵodel aĐtioŶ paƌaŵeteƌs aƌe 

iŶǀolǀed iŶ the desĐƌiptioŶ of the phǇsiĐal ĐoŶtƌadiĐtioŶs. The puƌpose of this Đhapteƌ 

is to defiŶe ƌeduĐed sets of aĐtioŶ paƌaŵeteƌs that aƌe ƌeleǀaŶt ĐaŶdidates foƌ 

phǇsiĐal ĐoŶtƌadiĐtioŶ ;oƌ eliŵiŶate those that aƌe ŶotͿ ďefoƌehaŶd. This ŵaǇ alloǁ 

usiŶg the eǆhaustiǀe phǇsiĐal ĐoŶtƌadiĐtioŶ seaƌĐh algoƌithŵs foƌ sǇsteŵs desĐƌiďed 

ďǇ ŵoƌe thaŶ tǁelǀe aĐtioŶ paƌaŵeteƌs aŶd tǁo ǀalues oƌ faĐilitate the huŵaŶ 

seaƌĐh as it ŵaǇ also faĐilitate huŵaŶ seaƌĐh of the phǇsiĐal ĐoŶtƌadiĐtioŶs. IŶ oƌdeƌ 

to do so, the seaƌĐh of the paƌaŵeteƌs is stated as a set of ĐlassifiĐatioŶ pƌoďleŵs aŶd 

aŶ adaptatioŶ of a “uppoƌt VeĐtoƌ MaĐhiŶe ;“VMͿ featuƌe seleĐtioŶ algoƌithŵ is 

pƌoposed to addƌess theŵ. LiŵitatioŶs of this algoƌithŵ aƌe disĐussed. FiŶallǇ, 

stƌategies foƌ usiŶg the pƌoposed “VM algoƌithŵ ǁithiŶ GPC eǆtƌaĐtioŶ ĐoŶteǆt aƌe 

suggested. 

4-1 IŶtƌoduĐtioŶ  

As ŵeŶtioŶed aďoǀe the use of the eǆhaustiǀe ĐoŶtƌadiĐtioŶ seaƌĐh algoƌithŵ 

pƌeseŶts soŵe pƌaĐtiĐal liŵitatioŶs. CoŶtƌaƌǇ to the eǀaluatioŶ paƌaŵeteƌs the 

sǇsteŵ ŵodel Đould ĐoŶtaiŶ a lot of aĐtioŶ paƌaŵeteƌs aŶd ǀalues leǀel used iŶ the 

eǆpeƌiŵeŶts. The algoƌithŵ ĐoŵputatioŶal ĐoŵpleǆitǇ is o;MNͿ, ǁheƌe N is the 

Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs M the Ŷuŵďeƌ of leǀels plus ϭ. That is the ƌeasoŶ ǁhǇ 

Ƌuite ofteŶ the eǆhaustiǀe GPC seaƌĐh algoƌithŵ ĐaŶŶot ďe used ǁith aĐtual staŶdaƌd 

Đoŵputeƌ ŵeaŶs. We fiǆed MN < ϱ,ϯ.ϭϬϱ; ǁhiĐh alloǁs foƌ iŶstaŶĐe tǁelǀe aĐtioŶ 
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paƌaŵeteƌs ǁith tǁo ǀalue leǀels. But all the aĐtioŶ paƌaŵeteƌs aŶd leǀels aƌe Ŷot 

ŶeĐessaƌǇ foƌ defiŶiŶg the GPCs. This Đhapteƌ pƌeseŶts a ŵethod to ďǇpass this 

liŵitatioŶ ďǇ seleĐtiŶg, ǁheŶ it is ƌeleǀaŶt, feǁ eŶough paƌaŵeteƌs aŶd ǀalues so that 

the pƌeǀious algoƌithŵ ĐaŶ ďe used; otheƌǁise it ǁill let us kŶoǁ ǁhiĐh aĐtioŶ 

paƌaŵeteƌs aŶd leǀels aƌe eǆplaiŶiŶg the peƌfoƌŵaŶĐe of the aĐtual sǇsteŵ ƌegaƌdiŶg 

eaĐh eǀaluatioŶ paƌaŵeteƌ.  

The GPC eǆtƌaĐtioŶ algoƌithŵ [ϱϴ] pƌeseŶted iŶ Chapteƌ ϯ pƌoǀides all the possiďle 

states that ĐaŶ defiŶe the ĐoŶĐept. The use of this algoƌithŵ iŶ ƌeal Đases leads us to 

the hǇpothesis that iŶ ŵaŶǇ Đases oŶlǇ feǁ ǀaƌǇiŶg aĐtioŶ paƌaŵeteƌs aƌe iŶǀolǀed iŶ 

a GPC. We deǀelop the hǇpothesis that theƌe aƌe eŶough Đases ǁheƌe the Ŷuŵďeƌ of 

paƌaŵeteƌs aŶd ǀalues iŶǀolǀed iŶ the GTC is loǁeƌ thaŶ the liŵitatioŶ of the aĐtual 

eǆtƌaĐtioŶ algoƌithŵ. Thus, iŶ the Đase ǁheŶ theƌe is Ŷuŵeƌous aĐtioŶ paƌaŵeteƌs iŶ 

the ŵodel ďut oŶlǇ feǁ aƌe ŶeĐessaƌǇ foƌ the GPC desĐƌiptioŶ, ǁe ǁould like to 

defiŶe theŵ ƋuiĐklǇ ďefoƌe ĐoŵputiŶg the GPC ǁith the algoƌithŵ of Chapteƌ ϯ. 

Moƌeoǀeƌ, ǁe haǀe seeŶ iŶ Đhapteƌ ϯ, that iŶ oƌdeƌ to defiŶe ĐlassiĐal oƌ geŶeƌalized 

ĐoŶtƌadiĐtioŶs ǁithiŶ a giǀeŶ ĐoŶteǆt it is adǀised to ďe aďle to peƌfoƌŵ a full desigŶ 

of eǆpeƌiŵeŶt. This leads us to seek kŶoǁiŶg the ƌeleǀaŶt ǀalues of the ǀaƌiaďles that 

aƌe iŶǀolǀed iŶ the GPCs desĐƌiptioŶ suĐh that the Ŷuŵďeƌ of eǆpeƌiŵeŶt is ƌeduĐed 

aŶd alloǁs peƌfoƌŵiŶg a good iŶput foƌ the algoƌithŵ pƌeseŶted iŶ Chapteƌ ϯ.  

Let us Ŷoǁ pƌoǀide soŵe highlights aďout the ƌed liŶe that leads us to use featuƌe 

seleĐtioŶ ŵodel foƌ addƌessiŶg the pƌoďleŵ stated aďoǀe. Let us ĐoŶsideƌ aŶ eǆaŵple 

ǁheƌe theƌe aƌe thƌee aĐtioŶ paƌaŵeteƌs Aϭ, AϮ, Aϯ aŶd tǁo eǀaluatioŶ paƌaŵeteƌs 

deŶoted ďǇ EPϭ aŶd EPϮ. A set of eight eǆpeƌiŵeŶts deŶoted eϭ, …,eϴ, the ƌesults of 

ǁhiĐh aƌe pƌoǀided iŶ the ďiŶaƌǇ taďle iŶ Figuƌe ϯϳ, is peƌfoƌŵed oŶ the sǇsteŵ. IŶ 

this taďle, ͞positiǀe oŶe͟ ǀalues of the EPϭ aŶd EPϮ ĐoluŵŶs ŵeaŶ that the ǀalues of 

EPϭ oƌ EPϮ satisfǇ the ƌeƋuiƌeŵeŶt foƌ the giǀeŶ eǆpeƌiŵeŶt. ‘eǀeƌselǇ ͞zeƌo͟ ǀalues 

of the EPϭ aŶd EPϮ ĐoluŵŶs ŵeaŶ that the ǀalues of EPϭ oƌ EPϮ do Ŷot satisfǇ the 

ƌeƋuiƌeŵeŶt foƌ the giǀeŶ eǆpeƌiŵeŶt. IŶ ouƌ Đase, eǆpeƌiŵeŶts fƌoŵ Eϭ = {eϭ, eϮ, 

eϯ} satisfǇ EPϭ ďut Ŷot EPϮ; those fƌoŵ EϮ = {eϰ, eϱ eϲ} satisfǇ EPϮ ďut Ŷot EPϭ; aŶd 

those fƌoŵ EϬ = {eϳ, eϴ} do Ŷot satisfǇ aŶǇ ƌeƋuiƌeŵeŶt. The sets Eϭ aŶd EϮ defiŶe 

the doŵaiŶ of eǆpeƌiŵeŶts ǁheƌe the teĐhŶiĐal ĐoŶtƌadiĐtioŶ TCϭ aŶd TCϮ ƌeside. 

The set Eϭ ĐaŶ also ďe iŶteƌpƌeted as the set of eǆpeƌiŵeŶts ǁheƌe the EPϭ ǀalue is 
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satisfǇiŶg agaiŶst the set EϮ+EϬ aŶd ǁheƌe the EPϭ ǀalue is Ŷot satisfǇiŶg. “iŵilaƌlǇ EϮ 

ĐaŶ ďe uŶdeƌstood as the set of eǆpeƌiŵeŶts ǁheƌe the EPϮ ǀalue is satisfǇiŶg agaiŶst 

the set Eϭ+EϬ ǁheƌe EPϮ ǀalue is Ŷot satisfǇiŶg.  

 

 
 

Figuƌe ϯϳ : BiŶaƌǇ taďle aŶd ĐoŶtƌadiĐtioŶ ŵodel 

Let us Ŷoǁ ĐoŶsideƌ the aĐtioŶ paƌaŵeteƌs. The oŶes aŶd zeƌo ǀalues iŶ the taďle of 

Figuƌe ϯϳ ƌefeƌ to tǁo diffeƌeŶt leǀels of the aĐtioŶs paƌaŵeteƌs duƌiŶg the 

eǆpeƌiŵeŶts. OŶe ĐaŶ ƌeŵaƌk that CoŶĐept ϭ is a fuŶĐtioŶ that disĐƌiŵiŶates 

eǆpeƌiŵeŶts fƌoŵ Eϭ fƌoŵ the ƌeŵaiŶiŶg set EϮ+EϬ. Likeǁise, CoŶĐept Ϯ is a fuŶĐtioŶ 

that disĐƌiŵiŶates eǆpeƌiŵeŶts fƌoŵ EϮ fƌoŵ the ƌeŵaiŶiŶg set of eǆpeƌiŵeŶts 

Eϭ+EϬ. The ideŶtifiĐatioŶ of the paƌaŵeteƌs that alloǁs ĐlassifǇiŶg eleŵeŶts iŶto tǁo 

disjoiŶt sets is kŶoǁŶ as the featuƌe seleĐtioŶ pƌoďleŵ iŶ seǀeƌal ƌeseaƌĐh aƌeas. The 

pƌoposed seaƌĐh pƌiŶĐiple of the paƌaŵeteƌs iŶǀolǀed iŶ teĐhŶiĐal ĐoŶtƌadiĐtioŶs is 

ďased oŶ featuƌe seleĐtioŶ foƌ the Đlassifieƌ. The eǆistiŶg featuƌe seleĐtioŶ algoƌithŵs 

aƌe good staƌtiŶg poiŶts foƌ addƌessiŶg ouƌ aĐtioŶ paƌaŵeteƌ seleĐtioŶ pƌoďleŵ. The 

Ŷeǆt seĐtioŶ pƌoǀides a ƋuiĐk oǀeƌǀieǁ of the featuƌe seleĐtioŶ algoƌithŵs. 

4-2 Algoƌithŵs of featuƌe seleĐtioŶ: oǀeƌǀieǁ aŶd ĐhoiĐe 

4-2.1 Oǀeƌǀieǁ 

Featuƌe seleĐtioŶ teĐhŶiƋues ƌeĐeiǀe a gƌeat deal of atteŶtioŶ iŶ the aƌeas of patteƌŶ 

ƌeĐogŶitioŶ aŶd ďioiŶfoƌŵatiĐs. “peĐifiĐallǇ ǁith the deǀelopŵeŶt of teǆt 

ĐategoƌizatioŶ iŶ [ϲϬ],[ϲϭ] aŶd geŶe eǆpƌessioŶ iŶ [ϲϮ],[ϲϯ] ǁhose data size aŶd 

diŵeŶsioŶ is dƌaŵatiĐallǇ iŶĐƌeasiŶg folloǁed ďǇ eǆplosiǀe gƌoǁth of ĐoŵputatioŶal 

ĐoŵpleǆitǇ, featuƌe seleĐtioŶ has ďeĐoŵe aŶ iŶeǀitaďle pƌe-pƌoĐessiŶg step iŶ teǆt 

A1 A2 A3 EP1 EP2

e1 1 0 1 1 0

e2 0 0 1 1 0

e3 0 1 1 1 0

e4 0 1 0 0 1

e5 1 1 0 0 1

e6 1 1 1 0 1

e7 1 0 0 0 0

e8 0 0 0 0 0

E1

E2

E0
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aŶalǇsis aŶd geŶe aŶalǇsis. As the Ŷaŵe suggests, the featuƌe seleĐtioŶ task ĐoŶsists 

of seleĐtiŶg aŶ optiŵal suďset of featuƌes aĐĐoƌdiŶg to a ĐeƌtaiŶ ĐƌiteƌioŶ iŶ oƌdeƌ to 

iŵpƌoǀe the aĐĐuƌaĐǇ of the ĐlassifiĐatioŶ pƌoďleŵ. The tasks also aƌe eŶsuƌiŶg the 

data ŵiŶiŶg algoƌithŵs ǁoƌk fasteƌ oŶ lageƌ size data, theƌeďǇ pƌoǀidiŶg a ďetteƌ 

uŶdeƌstaŶdiŶg of the ŵiŶed ƌesults [ϲϰ],[ϲϱ]. The ǁhole pƌoĐess of featuƌe seleĐtioŶ 

depiĐted iŶ Figuƌe ϯϴ ŵaiŶlǇ iŶĐludes thƌee steps: geŶeƌatioŶ pƌoĐeduƌe, eǀaluatioŶ 

fuŶĐtioŶ aŶd stoppiŶg ĐƌiteƌioŶ. GeŶeƌatioŶ pƌoĐeduƌe is to geŶeƌate a suďset of 

featuƌes foƌ eǀaluatioŶ. EǀaluatioŶ fuŶĐtioŶ is a fuŶĐtioŶ to eǀaluate the adeƋuaĐǇ of 

a featuƌe suďset pƌoduĐed ďǇ geŶeƌatioŶ pƌoĐeduƌe. The stop ĐƌiteƌioŶ deĐides ǁheŶ 

to stop ďǇ the ƌesult fƌoŵ the eǀaluatioŶ fuŶĐtioŶ aŶd aǀoids eǆhaustiǀelǇ seaƌĐhiŶg 

the eŶtiƌe suďset spaĐe. The last step ǀalidatioŶ iŶ Figuƌe ϯϴ is Ŷot a paƌt of the 

featuƌe seleĐtioŶ pƌoĐess itself, its oďjeĐtiǀe is to test the ǀaliditǇ of the suďset 

seleĐted ďǇ the featuƌe seleĐtioŶ algoƌithŵ. 

Generation Evaluation

Validation
Stop 

criterion

Goodness of the subset

No

subset

Yes

Original

Feature

set

 

Figuƌe ϯϴ: Featuƌe seleĐtioŶ pƌoĐess ǁith ǀalidatioŶ [ϲϲ] 

OďǀiouslǇ, the ĐhoiĐe of the eǀaluatioŶ ŵeasuƌes foƌ deteƌŵiŶiŶg the ďest featuƌe oƌ 

ďest featuƌe suďset plaǇs aŶ iŵpoƌtaŶt ƌole iŶ the ǁhole pƌoĐess of featuƌe seleĐtioŶ. 

‘eĐeŶtlǇ, a ĐuƌƌeŶt foĐus iŶ the eǀaluatioŶ fuŶĐtioŶ ĐoŶĐeƌŶs thƌee tǇpes of 

ŵeasuƌes. The fiƌst oŶe is the iŶfoƌŵatioŶ theoƌǇ-ďased eǀaluatioŶ. This eǀaluatioŶ is 

to deĐƌease the uŶĐeƌtaiŶtǇ ďetǁeeŶ featuƌes aŶd Đlasses. Foƌ eǆaŵple, iŶfoƌŵatioŶ 

gaiŶ ǁas used to eǀaluate aŶd ƌaŶk the featuƌe iŶ the teǆt ĐategoƌizatioŶ [ϲϬ]. 

AdditioŶallǇ, ŵutual iŶfoƌŵatioŶ ǁas used iŶ the algoƌithŵ M‘M‘ foƌ geŶe seleĐtioŶ 

[ϲϳ]. The seĐoŶd sĐeŶaƌio is a distaŶĐe-ďased eǀaluatioŶ. This eǀaluatioŶ ŵeasuƌes 

the sepaƌaďilitǇ of tǁo Đlasses iŶ teƌŵs of distaŶĐe. Foƌ eǆaŵple, ‘ELIEF ǁas a 

featuƌe-ǁeightiŶg algoƌithŵ pƌoposed iŶ [ϲϴ], ǁhiĐh eǀaluates featuƌes thƌough 

iŶǀestigatiŶg the distaŶt diffeƌeŶĐe ďetǁeeŶ tǁo Đlass saŵples. Fuƌtheƌŵoƌe, “VM-

‘FE ǁas pƌoposed as a geŶe seleĐtioŶ algoƌithŵ iŶ the Đase of ĐaŶĐeƌ geŶe seleĐtioŶ. 
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The ǁeight ǀeĐtoƌ of “VM ĐaŶ ďe seeŶ as a desĐƌiptioŶ of distaŶĐe ďetǁeeŶ saŵples 

aŶd a hǇpeƌplaŶe [ϲϮ]. The thiƌd oŶe is ĐoƌƌelatioŶ-ďased ŵeasuƌe. Foƌ eǆaŵple, the 

PeaƌsoŶ ĐoƌƌelatioŶ ĐoeffiĐieŶt is a ŵeasuƌe of liŶeaƌ ĐoƌƌelatioŶ ďetǁeeŶ tǁo 

ǀaƌiaďles [ϲϱ]; thus, it is also a good ǁaǇ to eǀaluate the ĐoŶtƌiďutioŶ fƌoŵ featuƌes 

to Đlasses. The otheƌ eǆaŵple is ĐoƌƌelatioŶ ďased a featuƌe seleĐtioŶ algoƌithŵ ;CF“Ϳ 

[ϲϵ], CF“ aiŵs at seleĐtiŶg a suďset of featuƌes, ǁhiĐh aƌe highlǇ Đoƌƌelated ǁith the 

Đlass, Ǉet uŶĐoƌƌelated ǁith eaĐh otheƌ. 

Hoǁeǀeƌ, the featuƌe seleĐtioŶ algoƌithŵs pƌoposed pƌeǀiouslǇ aƌe Ŷot suitaďle to 

ouƌ seleĐtioŶ pƌoďleŵ. Thƌough iŶǀestigatiŶg the oďjeĐtiǀe of phǇsiĐal ĐoŶtƌadiĐtioŶ 

eǆtƌaĐtioŶ, featuƌe seleĐtioŶ foƌ eǀaluatioŶ paƌaŵeteƌ aiŵs at seleĐtiŶg the aĐtioŶ 

paƌaŵeteƌs that aƌe aďle to ŵake eǀaluatioŶ paƌaŵeteƌs at satisfied iŶteƌǀals as 

deŶoted ďǇ oŶes iŶ Figuƌe ϯϴ. TheƌeďǇ, ouƌ puƌpose is esseŶtiallǇ to seaƌĐh a 

positiǀe-effeĐt suďset of the aĐtioŶ paƌaŵeteƌs that is siŵple eŶough foƌ GPC 

eǆtƌaĐtioŶ. Hoǁeǀeƌ, ŵost featuƌe seleĐtioŶ algoƌithŵs ŵaiŶtaiŶ ďoth positiǀe aŶd 

Ŷegatiǀe featuƌes. Foƌ iŶstaŶĐe ǁheŶ seaƌĐhiŶg foƌ ĐoŶĐept ϭ, ŵost featuƌe seleĐtioŶ 

algoƌithŵs ǁould pƌoǀide a set of paƌaŵeteƌs that alloǁs foƌ ĐlassifǇiŶg the 

eǆpeƌiŵeŶts iŶ Eϭ ;i.e., positiǀe featuƌes defiŶiŶg ĐoŶĐept ϭ Ϳ aŶd iŶ EϬ ᴜ EϮ ;i.e., 

Ŷegatiǀe featuƌes defiŶiŶg aŶ eŵptǇ ĐoŶĐept iŶ ouƌ pƌoďleŵͿ; hoǁeǀeƌ, ǁe oŶlǇ Ŷeed 

the paƌaŵeteƌs defiŶiŶg ĐoŶĐept ϭ. “uďseƋueŶtlǇ, fiŶdiŶg a featuƌe seleĐtioŶ 

algoƌithŵ that ĐaŶ ďe used iŶ ouƌ siŵplifiĐatioŶ pƌoĐess ďeĐoŵes the keǇ pƌoďleŵ of 

solutioŶ. AssigŶed featuƌe ǁeightiŶg ŵethods ĐaŶ ďe ouƌ solutioŶ. The ŵost tǇpiĐal 

aŶd ĐƌuĐial ŵethod is the PeaƌsoŶ ĐoƌƌelatioŶ ĐoeffiĐieŶt. Its Ŷatuƌe is the ĐosiŶe 

ǀalue of tǁo ǀeĐtoƌs of saŵples, ǁhiĐh is fittiŶg fƌoŵ the tǁo ƌaŶdoŵ ǀaƌiaďles. 

TheƌeďǇ, the PeaƌsoŶ ĐoƌƌelatioŶ ĐoeffiĐieŶt pƌeseŶts the ŵeasuƌeŵeŶt of aŶgle 

ďetǁeeŶ tǁo ƌaŶdoŵ ǀeĐtoƌs. Apaƌt fƌoŵ that, “VM ǁeight is aŶotheƌ featuƌe 

ǁeightiŶg algoƌithŵ pƌoposed ďǇ GuǇoŶ iŶ [ϲϮ]. The ǁeightiŶg is oŶ the ďasis of the 

“VM Đlassifieƌ, iŶ ǁhiĐh the liŶeaƌ ǁeight ǀeĐtoƌ of the featuƌes pƌeseŶts the distaŶĐe 

ĐoŶtƌiďutioŶ ďetǁeeŶ the saŵple aŶd the ĐlassifiĐatioŶ hǇpeƌplaŶe. Thus, the ǁeight 

of the featuƌes iŶ the “VM Đlassifieƌ ĐaŶ diƌeĐtlǇ ďe adeƋuate foƌ eǀaluatioŶ. The sigŶ 

of ǁeight displaǇs the positiǀe oƌ Ŷegatiǀe effeĐt. A ǁeightiŶg algoƌithŵ ďased oŶ 

“VM ǁas iŵpleŵeŶted, Đustoŵized aŶd eǀaluated iŶ the folloǁiŶg seĐtioŶ. 
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4-2.2 “VM Featuƌe “eleĐtioŶ PƌiŶĐiple 

The “uppoƌt VeĐtoƌ MaĐhiŶe ;“VMͿ ǁas pƌoposed iŶ [ϳϬ]; “VM esseŶtiallǇ peƌfoƌŵs 

liŶeaƌ ĐlassifiĐatioŶ ďǇ a ŶoŶ-liŶeaƌ ŵappiŶg of the oƌigiŶal spaĐe to a high-diŵeŶsioŶ 

spaĐe, ǁhiĐh is Đalled keƌŶel tƌiĐk. This ŶoŶ-liŶeaƌ ŵappiŶg teĐhŶiƋue helps us look 

foƌ a ĐlassifiĐatioŶ Đuƌǀe iŶ ŵapped featuƌe spaĐe iŶ ǁhiĐh the ĐlassifiĐatioŶ Đuƌǀe is 

a liŶeaƌ ĐlassifiĐatioŶ plaŶe. Foƌ eǆaŵple iŶ Figuƌe ϯϵ;aͿ, theƌe aƌe tǁo gƌoups of 

saŵples pƌeseŶted ďǇ ĐiƌĐles aŶd tƌiaŶgles. The ĐlassifiĐatioŶ Đuƌǀe is oďǀiouslǇ a 

ĐiƌĐle, ǆϭ
Ϯ+ǆϮ

Ϯ=ƌϮ. Hoǁeǀeƌ, liŶeaƌ teĐhŶiƋue is a ŵatuƌe teĐhŶologǇ ǁith ŵaŶǇ 

adǀaŶtages, suĐh as good ĐoŵputatioŶ peƌfoƌŵaŶĐe. The pƌoďleŵ is hoǁ to use 

liŶeaƌ teĐhŶiƋue to deal ǁith a ŶoŶ-liŶeaƌ ĐlassifiĐatioŶ. If ǁe deǀelop a ŵappiŶg

 X : ;ǆϭ, ǆϮͿ ->;ǆϭ
Ϯ, ǆϮ

ϮͿ iŶ Figuƌe ϯϵ;ďͿ, iŶ the Ŷeǁ ĐooƌdiŶate sǇsteŵ, the 

ĐlassifiĐatioŶ liŶe is easǇ to oďtaiŶ: ;ǆϭ
ϮͿ +;ǆϮ

ϮͿ =ƌϮ. ‘etuƌŶiŶg it to oƌigiŶal spaĐe, ǁe 

ĐaŶ fiŶd it is the saŵe Đuƌǀe. Foƌ “VM, the keƌŶel fuŶĐtioŶ is a speĐial ŶoŶ-liŶeaƌ 

ŵappiŶg fuŶĐtioŶ, ǁhiĐh possesses the aďilitǇ of peƌfoƌŵiŶg liŶeaƌ ĐlassifiĐatioŶ.  

 

 

;aͿ saŵples iŶ oƌigiŶal spaĐe 

 

;ďͿ saŵples iŶ ŵappiŶg spaĐe 

Figuƌe ϯϵ: CoŵpaƌisoŶ of oƌigiŶal aŶd ŵappiŶg featuƌe spaĐe 

IŶ [ϲϮ], “VM as Đlassifieƌ fiƌst tiŵe ĐoŶtƌiďuted to featuƌe seleĐtioŶ pƌoďleŵ iŶ ĐaŶĐeƌ 

ĐlassifiĐatioŶ pƌoďleŵ, its aĐhieǀeŵeŶts eŵphasize oŶ the estiŵatioŶ of eaĐh geŶe, 

aŶd adopted ƌeĐuƌsiǀe eliŵiŶatioŶ to ƌaŶk featuƌes ;“VM ‘eĐuƌsiǀe Featuƌe 

EliŵiŶatioŶ, “VM-‘FEͿ. To ďe speĐifiĐ, the estiŵatioŶ of “VM is ďased oŶ the ǁeight 

ĐoeffiĐieŶt of liŶeaƌ Đlassifieƌ iŶ tƌaŶsfoƌŵed spaĐe. Foƌ iŶteƌpƌetiŶg the ǁeight 

ĐoeffiĐieŶt, ǁe assuŵe that the liŶeaƌ Đlassifieƌ has the geŶeƌal foƌŵ of bxw ii , 

ǁheƌe ǁi is the ǁeight ĐoeffiĐieŶt aŶd ǆi is the featuƌe ǀalue. AppaƌeŶtlǇ, if take the 
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saŵple poiŶt iŶ a liŶeaƌ Đlassifieƌ, ǁe ĐaŶ fiŶd that the sigŶ of the liŶeaƌ Đlassifieƌ 

deĐided the Đlass of the saŵple. Moƌeoǀeƌ, foƌ eaĐh uŶit of the featuƌe ǀalue, if the 

ǁeight ĐoeffiĐieŶt is laƌge, it ĐaŶ deteƌŵiŶe the sigŶ of the Đlassifieƌ. Foƌ eǆaŵple iŶ 

Figuƌe ϯϵ;ďͿ, the ǁeight ǀeĐtoƌ is ;ϭ,ϭͿ, ǁhiĐh ŵeaŶs that ǆϭ
Ϯ aŶd ǆϮ

Ϯ haǀe the saŵe 

positiǀe iŶflueŶĐe oŶ the sigŶ of deĐisioŶ fuŶĐtioŶ;ǆϭ
Ϯ + ǆϮ

Ϯ–ƌϮͿ. 

Foƌ a siŵple eǆplaŶatioŶ, the appliĐatioŶ of “VM ŵodel iŶ ŶoŶ-liŶeaƌ sepaƌaďle 

pƌoďleŵ is giǀeŶ ďǇ a tǁo-Đlass iŶstaŶĐe set of  ii yx , , li ,...,1 ǁheƌe N

i Rx  aŶd

 0,1iy , iy is Đlass laďel. “VM seaƌĐhes foƌ a liŶeaƌ Đlassifieƌ     bxWxD T   iŶ 

higheƌ diŵeŶsioŶal Hilďeƌt spaĐe ďǇ utiliziŶg a higheƌ diŵeŶsioŶal ŵappiŶg fuŶĐtioŶ

 x , ǁheƌe the tǁo-Đlass saŵples aƌe liŶeaƌlǇ sepaƌaďle. As loŶg as  xD is 

oďtaiŶed, foƌ a Ŷeǁ iŶstaŶĐe X , the Đlass laďel y  is deteƌŵiŶed ďǇ the sigŶ of  XD : 

 
0

1

0

0











y

y
XD  

TeĐhŶiĐallǇ, the higheƌ diŵeŶsioŶal ŵappiŶg fuŶĐtioŶ  x  used iŶ “VM to iŶduĐe the 

iŶŶeƌ pƌoduĐt fuŶĐtioŶ Đalled KeƌŶel fuŶĐtioŶ aŶd it is defiŶed as

     jT

iji xxxxK , . Fouƌ ďasiĐ aŶd ŵost ĐoŵŵoŶ used keƌŶel fuŶĐtioŶs aƌe the 

folloǁiŶgs[ϳϭ]: 

 LiŶeaƌ keƌŶel fuŶĐtioŶ:   j

T

iji xxxxK , . 

 PolǇŶoŵial keƌŶel fuŶĐtioŶ:     .0,,  
d

j

T

iji rxxxxK  

 ‘BF keƌŶel fuŶĐtioŶ:     .0,exp,
2

  jiji xxxxK  

 “igŵoid:     .0,tanh,   rxxxxK j

T

iji  

Afteƌ defiŶiŶg a higheƌ diŵeŶsioŶal fuŶĐtioŶ  x  oƌ a keƌŶel fuŶĐtioŶ  
ji xxK , , “VM 

tƌaiŶiŶg pƌoďleŵ is tƌaŶsfoƌŵed iŶto the folloǁiŶg optiŵizatioŶ pƌoďleŵ to seaƌĐh foƌ 

the ŵaǆiŵuŵ-ŵaƌgiŶ hǇpeƌplaŶe  XD :  

,,bW
Min   




l

i

i

T CWW
12

1   
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“uďjeĐt to    libxWy ii

T

i ,...,2,1;1   , 

lii ,...,2,1;0   

IŶ this optiŵizatioŶ pƌoďleŵ, W is the ǁeight ǀeĐtoƌ of fiŶal deĐisioŶ fuŶĐtioŶ

    bxWxD T   , b is the ĐoŶstaŶt teƌŵ.  l ,...,, 21  aƌe ŶoŶ-Ŷegatiǀe slaĐk 

ǀaƌiaďles foƌ ŶoŶ-sepaƌaďle situatioŶ. C is the peŶaltǇ paƌaŵeteƌ foƌ pƌeseŶtiŶg the 

ǁeight of aŶ outlieƌ iŶ ŶoŶ-sepaƌaďle situatioŶ. EaĐh ĐoŶstƌaiŶt is ďuilt fƌoŵ the giǀeŶ 

iŶstaŶĐe. The ǁeight ǀeĐtoƌW is the eǀaluated ǀalue of the featuƌes. ‘egaƌdiŶg the 

optiŵizatioŶ pƌoďleŵ solǀiŶg, it ĐaŶ ďe tƌaŶsfoƌŵed to a ĐoŶǀeǆ ƋuadƌatiĐ 

pƌogƌaŵŵiŶg pƌoďleŵ aŶd ďe solǀed [ϳϮ]. 

4-2.3 Featuƌe seleĐtioŶ ŵethod adopted iŶ ouƌ pƌoďleŵ 

IŶ pƌaĐtiĐe, ǁe applied the pƌiŶĐiple pƌoposed iŶ [ϳϭ] foƌ ďuildiŶg up a “VM ŵodel foƌ 

featuƌe seleĐtioŶ of the eǀaluatioŶ paƌaŵeteƌs ďased oŶ the folloǁiŶg steps:  

1. TƌaŶsfoƌŵ the taďle of eǆpeƌiŵeŶts iŶto to the foƌŵat of a “VM pƌoďleŵ ŵodel. 

2. EŵpiƌiĐallǇ seleĐt keƌŶel fuŶĐtioŶ. As the data aƌe oďǀiouslǇ ŶoŶliŶeaƌ 

sepaƌaďle, ǁe ĐoŶsideƌ utilizatioŶ of ‘BF keƌŶel. 

3. Use Đƌoss-ǀalidatioŶ to fiŶd the ďest state of “VM aĐĐoƌdiŶg to the aĐĐuƌaĐǇ. 

4. TƌaiŶiŶg the “VM ďǇ ǁhole tƌaiŶiŶg set  ii yx , , li ,...,1 . 

5. Output the ǁeight W  as the eǀaluatioŶ of eaĐh featuƌe. 

IŶ ƌegaƌd to the “VM ƌeĐuƌsiǀe featuƌes aŶd eliŵiŶatioŶ algoƌithŵ iŶ [ϲϮ], the ǁeight 

ǀalue of W  is used foƌ a ŵeasuƌe of ƌaŶkiŶg. It ƌeŵoǀes the sŵallest teƌŵs of 

aďsolute ǀalue afteƌ eaĐh tƌaiŶiŶg “VM, theŶ the iŶǀeƌted oƌdeƌ ǁould shoǁ oŶ the 

oƌdeƌ of ƌeŵoǀiŶg. IŶteƌpƌetatioŶ of W as aŶ eǀaluatioŶ of featuƌe: thƌoughout liŶeaƌ 

deĐisioŶ fuŶĐtioŶ     bxWxD T   , the ǁeight of eaĐh ĐoŵpoŶeŶt of x plaǇs a 

sigŶifiĐaŶt ƌole iŶ deĐisioŶ ŵakiŶg, if aďsolute ǀalue of ǁeight is laƌge, the 

ĐoƌƌespoŶd featuƌe ix haǀe a laƌge ĐoŶtƌiďutioŶ iŶ the sigŶ of  XD , ǁhiĐh deŶotes 

the fiŶal deĐisioŶ. IŶ the Ŷeǆt seĐtioŶ, ǁe ǁill pƌeseŶt hoǁ to iŶteƌpƌet the ǁeight foƌ 
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ƌaŶkiŶg the aĐtioŶ paƌaŵeteƌ aŶd uŶdeƌstaŶd the ŵeaŶiŶg of positiǀe aŶd Ŷegatiǀe 

ǁeight ďased oŶ the DeĐisioŶ fuŶĐtioŶ     bxWxD T   . 

Based oŶ this theoƌetiĐal ŵodel ǁe did deǀelop tools foƌ ƌaŶkiŶg the APs eǆplaiŶiŶg 

the peƌfoƌŵaŶĐe of eaĐh EP ďǇ sepaƌatiŶg the peƌfoƌŵaŶĐe iŶ tǁo Đlasses: good aŶd 

otheƌs. This alloǁs ďuildiŶg a stƌategǇ of seleĐtiŶg APs ďased oŶ the EPs. This ŵodel 

also alloǁs usiŶg the tǁo sets of tǁo Đlasses defiŶed ďǇ a giǀeŶ GTC, aŶd ďuildiŶg a 

seĐoŶd stƌategǇ of seleĐtioŶ of the APs. Neǆt it alloǁs foƌ pƌoǀidiŶg a Đoƌe algoƌithŵ 

that is pƌeseŶted foƌ ƌaŶkiŶg the AP ƌelated to eaĐh EP. The pƌaĐtiĐal ƌules foƌ usiŶg 

the outputs of this algoƌithŵ aƌe theŶ disĐussed. The saŵe algoƌithŵ ǁill ďe used 

fuƌtheƌ iŶ this Đhapteƌ foƌ ƌaŶkiŶg the APs ƌelated to a giǀeŶ GTC. Moƌeoǀeƌ, this 

algoƌithŵ ǁill ďe applied foƌ seleĐtiŶg aŶd ƌaŶkiŶg the ǀalues of eaĐh AP. FiŶallǇ ǁe 

ǁill shoǁ tǁo stƌategies foƌ usiŶg this algoƌithŵ ǁithiŶ the GTC eǆtƌaĐtioŶ ĐoŶteǆt. 

4-3 Pƌoposed Đoƌe “VM algoƌithŵ foƌ ƌaŶkiŶg the APs ƌelated 

to eaĐh EP 

This seĐtioŶ shoǁs hoǁ the “VM featuƌe seleĐtioŶ ŵethodologǇ ǁas applied to 

pƌoǀide a ĐlusteƌiŶg aŶd a ƌaŶkiŶg of the aĐtioŶ paƌaŵeteƌs. This ǁill alloǁ the useƌ 

to seleĐt the APs that ĐaŶ ƌeaĐh the desiƌed ǀalue foƌ eaĐh EP sepaƌatelǇ. The 

ĐlusteƌiŶg sepaƌates the AP iŶ tǁo gƌoups of AP: the APs that positiǀelǇ iŶflueŶĐe EP 

toǁaƌds the desiƌed ƌesult, aŶd seĐoŶd, the APs that ŶegatiǀelǇ iŶflueŶĐe EP toǁaƌds 

the desiƌed ƌesult. If ǁe aƌe oŶlǇ ĐoŶĐeƌŶed ƌegaƌdiŶg the iŶflueŶĐe ǁithout positiǀe 

aŶd Ŷegatiǀe, the set of APs ĐaŶ ďe ƌaŶked usiŶg the ŵoƌe iŶflueŶĐiŶg paƌaŵeteƌ to 

the less iŶflueŶĐiŶg paƌaŵeteƌ ďeĐause of ǁeights pƌoǀided ďǇ the algoƌithŵ. The 

ǁaǇ to use the output foƌ ouƌ pƌoďleŵ is disĐussed iŶ seĐtioŶ ϰ-ϰ. 

We pƌoposed to seleĐt ‘BF keƌŶel aŶd use aŶ eǆistiŶg C++ liďƌaƌǇ foƌ this keƌŶel [ϳϭ], 

ǁe haǀe to shape the data foƌ usiŶg it. The geŶeƌal “VM fuŶĐtioŶ ĐaŶ ďe depiĐted as 

seeŶ iŶ Figuƌe ϰϬ. 
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Figuƌe ϰϬ: GeŶeƌal “VM ŵodel 

To suŵŵaƌize, the ǀalues of Xi aŶd Yi aƌe pƌoǀided as iŶputs aŶd theŶ C aŶd aƌe 

defiŶed The “VM ǁill pƌoǀide the ǁeights that aƌe useful foƌ ouƌ puƌpose. It also 

pƌoǀides otheƌ outputs ;ď aŶd Ϳ that aƌe iŵpƌaĐtiĐal foƌ ouƌ puƌpose. 

The ƌeŵaiŶiŶg seĐtioŶ eǆplaiŶs aŶd illustƌates hoǁ to applǇ the geŶeƌiĐ pƌoĐess foƌ 

ouƌ Đase iŶ fiǀe steps as depiĐted iŶ seĐtioŶ ϰ-Ϯ.Ϯ foƌ ouƌ Đase. We shall illustƌate the 

geŶeƌal pƌoĐeduƌe ǁith the eǆaŵple of Figuƌe ϰϭ. IŶ this Đase theƌe aƌe fouƌ aĐtioŶ 

paƌaŵeteƌs ;Aϭ,AϮ,Aϯ,AϰͿ, fouƌ eǀaluatioŶ paƌaŵeteƌs ;EPϭ, EPϮ, EPϯ, EPϰͿ, aŶd teŶ 

eǆpeƌiŵeŶts ;eϭ,eϮ,…,eϭϬͿ.  

 

Figuƌe ϰϭ: AŶ eǆaŵple foƌ AP seleĐtioŶ 

IŶ this seĐtioŶ ǁe foĐus oŶ a pƌoĐeduƌe pƌoǀidiŶg the APs ƌelated to oŶe EP. Thus, ǁe 

use aŶ eǆaŵple EPϭ. We ǁould like to deteƌŵiŶe the APs ƌeƋuiƌed to ďe ŵaiŶtaiŶed 

foƌ eǆplaiŶiŶg the ͞ϭ͟ ǀalues of EPϭ aŶd ƌaŶk theŵ. Both ĐlusteƌiŶg aŶd ƌaŶkiŶg ǁill 

ďe pƌoǀided ďǇ the ǁeights pƌoǀided ďǇ the “VM featuƌe seleĐtioŶ pƌoĐeduƌe. IŶdeed 
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the algoƌithŵ ǁill pƌoǀide a ǁeight foƌ eaĐh AP. IŶ the geŶeƌal Đase, the ǁeights ǁill 

ǀaƌǇ iŶ a ƌaŶge of Ŷegatiǀe aŶd positiǀe ǀalues. The AP ǁith laƌge aďsolute ǀalue of 

ǁeights ǁill eǆplaiŶ the ͞oŶes͟ ǀalues of EPϭ aŶd aƌe a good ĐaŶdidate to ďe 

ƌetaiŶed; otheƌs ĐaŶ ďe ƌeŵoǀed. The ƌaŶkiŶg of the AP ďased oŶ fƌoŵ the highest 

aďsolute ǀalue to the loǁest aďsolute ǀalue pƌoǀides a ƌaŶk of iŵpoƌtaŶĐe of the APs. 

 

The fiƌst step as desĐƌiďed iŶ ϰ-Ϯ.Ϯ is to tƌaŶsfoƌŵ the data iŶto the shape to ďe 

aŶalǇzed ǁith a “VM ŵodel iŶ geŶeƌal. IŶ ouƌ Đase the AP aƌe alƌeadǇ iŶ a good shape 

foƌ ďeiŶg pƌoĐessed, so is EPϭ as it has oŶlǇ tǁo ǀalues. These tǁo ǀalues alloǁ 

sepaƌatiŶg the eǆpeƌiŵeŶts iŶ tǁo gƌoups. As depiĐted iŶ Figuƌe ϰϭ ǁe haǀe pƌoǀided 

the Xi aŶd Yi ǀeĐtoƌs ƌelated to the iŶput data. IŶ ouƌ eǆaŵple the Xi aŶd Yi aƌe giǀeŶ 

ďǇ the all the ƌoǁs aŶd the ĐoluŵŶs Aϭ to EPϭ of the Figuƌe ϰϭ. Foƌ iŶstaŶĐe Xϵ, Yϵ is 

highlighted iŶ the Figuƌe ϰϭ. Thus ǀeĐtoƌ ix  ƌepƌeseŶts the ǀalues of the aĐtioŶ 

paƌaŵeteƌs foƌ a giǀeŶ eǆpeƌiŵeŶt ei aŶd iy  is the ǀalue of the studied EP foƌ 

eǆpeƌiŵeŶt ei. The Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs is deŶoted as N; the Ŷuŵďeƌ of 

eǆpeƌiŵeŶts is deŶoted as l. Thus, iŶ ouƌ eǆaŵple l=ϭϬ aŶd N=ϰ. 

The seĐoŶd step is to adjust ŵodel paƌaŵeteƌ C aŶd   suĐh that ouƌ “VM ŵodel has 

a high Đƌoss-ǀalidatioŶ aĐĐuƌaĐǇ. IŶ the Đase of the ‘BF keƌŶel, the paƌaŵeteƌ C aŶd � 

aƌe uŶkŶoǁŶ ďefoƌehaŶd foƌ a giǀeŶ pƌoďleŵ. IŶ oƌdeƌ to seaƌĐh the ďest ǀalue foƌ 

;C, �Ϳ, the ĐoŵŵoŶ stƌategǇ is to ƌaŶdoŵlǇ sepaƌate the l iŶstaŶĐe iŶto k gƌoups: the 

fiƌst k-ϭ gƌoup ǁas Đalled the tƌaiŶiŶg gƌoups ǁheƌe ǁe kŶoǁ ǁhetheƌ the eǀaluatioŶ 

paƌaŵeteƌ is satisfied oƌ Ŷot. The last oŶe gƌoup Đalled the testiŶg gƌoup ǁheƌe the 

EǀaluatioŶ Paƌaŵeteƌ ǀalue is uŶkŶoǁŶ. Foƌ a giǀeŶ eǀaluatioŶ paƌaŵeteƌ, the 

tƌaiŶiŶg gƌoups pƌoǀides the deĐisioŶ fuŶĐtioŶ  XD that alloǁs sepaƌatiŶg its 

eǆpeƌiŵeŶts iŶto tǁo sets: the suďset of eǆpeƌiŵeŶts iŶ ǁhiĐh the ǀalue of 

eǀaluatioŶ paƌaŵeteƌ is ϭ ;satisfiedͿ oŶ the oŶe haŶd, aŶd the set of eǆpeƌiŵeŶts iŶ 

ǁhiĐh the ǀalue of the eǀaluatioŶ paƌaŵeteƌ is -ϭ ;dissatisfiedͿ. TheŶ,  XD is used foƌ 

ĐlassifǇiŶg the eǆpeƌiŵeŶts of the testiŶg gƌoup. The ƋualitǇ of  XD is ŵeasuƌed ďǇ 

the pƌediĐtioŶ aĐĐuƌaĐǇ i.e. the peƌĐeŶtage of ĐoƌƌeĐtlǇ Đlassified eǆpeƌiŵeŶts of the 

testiŶg gƌoup. WheŶ pƌediĐtioŶ aĐĐuƌaĐǇ is Ŷot satisfied, ǁe ĐaŶ ĐhaŶge paƌaŵeteƌs 

;C, �Ϳ. The ͚gƌid-seaƌĐh͛ ƌeĐoŵŵeŶded foƌ a ďetteƌ ;C, �Ϳ as disĐussed iŶ [ϳϭ], foƌ 
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eǆaŵple C=Ϯ-ϱ, Ϯ-ϯ,Ϯ-ϭ ,…Ϯϱ, �=Ϯ-ϱ, Ϯ-ϯ,Ϯ-ϭ ,…Ϯϱ. IŶ that step, at least aŶ aĐĐeptaďle 

aĐĐuƌaĐǇ foƌ Đƌoss-ǀalidatioŶ should ďe ŵoƌe thaŶ ϴϬ%. The ǁhole pƌoĐess is 

depiĐted iŶ Figuƌe ϰϮ. 

 

Figuƌe ϰϮ: Cƌoss-ǀalidatioŶ pƌoĐess foƌ ‘BF keƌŶel “VM 

OŶĐe the sǇsteŵ paƌaŵeteƌ ;C aŶd � Ϳ is deteƌŵiŶed, the “VM is tƌaiŶed ďǇ aŶ eŶtiƌe 

set of eǆpeƌiŵeŶts, aŶd the output the ǁeight ǀeĐtoƌ W, ĐoŶstaŶt teƌŵ ď, aŶd ŶoŶ-

Ŷegatiǀe slaĐk ǀaƌiaďles  l ,...,, 21 . The ǁeight ǀeĐtoƌ W is the eǀaluatioŶ of AP 

foƌ EPϭ.  

 

Figuƌe ϰϯ: “VM tƌaiŶiŶg pƌoĐess 

WheŶ peƌfoƌŵiŶg the aďoǀe pƌoĐess foƌ EPϭ oŶ the eǆaŵple of Figuƌe ϰϭ, the 

iŶstaŶĐes foƌ EPϭ aƌe ;Aϭ,AϮ,Aϯ,Aϰ,EPϭͿ of eǆpeƌiŵeŶts 

;eϭ,eϮ,eϯ,eϰ,eϱ,eϲ,eϳ,eϴ,eϵ,eϭϬͿ. TheŶ thƌee-fold Đƌoss-ǀalidatioŶ ǁas peƌfoƌŵed, 

aŶd ǁheŶ C=ϴ aŶd � = Ͳ.ͳ, the Đƌoss-ǀalidatioŶ aĐĐuƌaĐǇ is ϭϬϬ%. The ǁeight ǀeĐtoƌ 

eǀaluatiŶg the AP foƌ EPϭ is pƌoǀided iŶ the EPϭ ƌoǁ of Taďle ϭϲ. WheŶ ƌepeatiŶg the 
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saŵe pƌoĐess foƌ EPϮ, EPϯ aŶd EPϰ the ǁeights foƌ eaĐh EP aƌe deteƌŵiŶed as shoǁŶ 

iŶ Taďle ϭϲ. 

Taďle ϭϲ: Weights of AĐtioŶ Paƌaŵeteƌ foƌ EǀaluatioŶ Paƌaŵeteƌ 

 

The pƌaĐtiĐal ƋuestioŶ is hoǁ to iŶteƌpƌet the ƌesults iŶ oƌdeƌ to seleĐt a feǁ APs. This 

ƋuestioŶ ǁill ďe aŶalǇzed iŶ detail iŶ seĐtioŶ ϰ-ϰ. Neǆt paƌagƌaphs pƌoǀide ǁhat ĐaŶ 

ďe illustƌated stƌaightfoƌǁaƌd fƌoŵ the ƌesult of Taďle ϭϲ  the aďsolute ǀalue of 

ǁeight ŵeasuƌes the iŵpoƌtaŶĐe of aŶ aĐtioŶ paƌaŵeteƌ oŶ the eǀaluatioŶ 

paƌaŵeteƌ. The higheƌ the aďsolute ǀalue, the ŵoƌe iŵpoƌtaŶt the aĐtioŶ paƌaŵeteƌ 

is foƌ the EP. 

 

Fiƌst ĐoŶsideƌ the ǁeights of EPϭ. All of theŵ aƌe positiǀe ǀalues; thus, it seeŵs that 

theoƌetiĐallǇ all aĐtioŶ paƌaŵeteƌs haǀe a positiǀe effeĐt oŶ satisfǇiŶg EPϭ. Hoǁeǀeƌ, 

ǁheŶ lookiŶg at the ǀalues of the ǁeight it ĐaŶ ďe seeŶ that Aϭ is ŵoƌe thaŶ ϭϬϬ 

tiŵes the ǁeights of AϮ, Aϯ oƌ Aϰ. The ƋuestioŶ theŶ aƌises, should ǁe keep AϮ, Aϯ 

aŶd Aϰ? Foƌ EPϮ the ǁeights ƌelated to AϮ aŶd Aϰ haǀe positiǀe ǀalues. Hoǁeǀeƌ, foƌ 

the pƌeǀious Đase, the ǁeights aƌe ǀeƌǇ diffeƌeŶt. The ǁeight of AϮ is ϭϭ.ϲ, ǁhiĐh is 

ŵoƌe thaŶ ϮϬ tiŵes the ǁeight of Aϰ ;Ϭ.ϰϴͿ. “hould ǁe keep Aϰ? IŶ oƌdeƌ to addƌess 

this tǇpe of ƋuestioŶ ǁe used aŶ eǆpeƌiŵeŶtal pƌoĐess ǁith the ƌesults pƌoǀided iŶ 

seĐtioŶ ϰ-ϰ. 

AŶotheƌ situatioŶ foƌ EPϮ is that Aϭ aŶd Aϯ haǀe Ŷegatiǀe ǁeights; thus, theǇ tƌǇ to 

keep the EPϮ fƌoŵ the ͞oŶe͟ ǀalues ;satisfiedͿ. The ƋuestioŶ is ǁhetheƌ ǁe should 

ƌeŵoǀe theŵ ďeĐause theǇ stop the EP fƌoŵ ďeiŶg satisfied. EspeĐiallǇ foƌ EPϯ, Aϯ 

has the laƌgest Ŷegatiǀe iŶflueŶĐe. The uŶdeƌstaŶdiŶg of Ŷegatiǀe ǁeight ĐaŶ ďe 

uŶdeƌstood fƌoŵ the output of “VM ŵaĐhiŶe-deĐisioŶ fuŶĐtioŶ D;XͿ. As ŵeŶtioŶed 

iŶ ϰ-Ϯ.ϯ,     bxWxD T    is a liŶeaƌ sepaƌatioŶ plaŶe foƌ tǁo Đlasses, oŶe is aďoǀe 

the plaŶe aŶd the otheƌ is ďeloǁ the plaŶe. IŶ pƌaĐtiĐe, if ǁe take the iŶstaŶĐe to 
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D;ǆͿ, the sigŶ ǁill shoǁ if it is aďoǀe oƌ ďeloǁ the plaŶe. Thus, the ǁeight ;WͿi 

desĐƌiďes the uŶit ĐoŶtƌiďutioŶ of the featuƌe ;ǆͿi to the sigŶ of D;ǆͿ. Foƌ ouƌ pƌoďleŵ, 

ǁe ǁaŶt to kŶoǁ hoǁ ŵuĐh uŶit ĐoŶtƌiďutioŶ to the Đlass sigŶed positiǀe. Hoǁ 

Ŷegatiǀe ǁeight iŶflueŶĐes satisfǇiŶg EP is hoǁ the Ŷegatiǀe ǁeight iŶflueŶĐes D;XͿ to 

ďe positiǀe. Fƌoŵ a ŵatheŵatiĐal poiŶt of ǀieǁ, if the ǁeight is Ŷegatiǀe ǁe deǀelop 

the featuƌe ǀalue to ďe the sŵallest oŶe. It has the positiǀe ĐoŶtƌiďutioŶ to the sigŶ 

of D;XͿ, i.e., ŵiŶiŵiziŶg the Ŷegatiǀe is ŵaǆiŵiziŶg the positiǀe. Foƌ eǆaŵple, Aϯ = {Ϭ, 

ϭ} has laƌgest Ŷegatiǀe iŶflueŶĐe oŶ EPϯ aŶd ǁe fiŶd that Aϯ = Ϭ plaǇ a deĐisiǀe ƌole iŶ 

satisfǇiŶg EPϯ. To suŵ up, the aďsolute ǀalue of ǁeight should ďe the eǀaluatioŶ 

ĐƌiteƌioŶ foƌ deĐidiŶg ǁhetheƌ the aĐtioŶ paƌaŵeteƌ is aĐtiŶg positiǀelǇ ;toǁaƌds ouƌ 

oďjeĐtiǀe foƌ the eǀaluatioŶ paƌaŵeteƌͿ. 

4-4 EǀaluatioŶ of the Đoƌe “VM algoƌithŵ foƌ ĐhoosiŶg APs 

IŶ oƌdeƌ to disĐuss the liŵitatioŶ of the “VM ďased ŵethod ǁe pƌoposed, ǁe Ŷeed to 

aŶsǁeƌ the folloǁiŶg ƋuestioŶs. Hoǁ ĐaŶ ǁe ƌeĐogŶize adeƋuate paƌaŵeteƌs ďased 

oŶ the ǁeights of the “VM? IŶ a theoƌetiĐal poiŶt of ǀieǁ, the paƌaŵeteƌs that haǀe 

iŶflueŶĐe should haǀe positiǀe ǁeight aŶd ďe pƌopoƌtioŶal. Hoǁeǀeƌ, iŶ the ƌealitǇ, 

the saŵple has laƌge effeĐts oŶ the ƌesults of ǁeights. HeŶĐe, ǁe ŵust ĐoŶsideƌ the 

iŵpaĐt fƌoŵ a saŵple. 

Befoƌe aŶsǁeƌiŶg ƋuestioŶs, ǁe haǀe to eŶsuƌe the ƌeliaďilitǇ of ǁeights, i.e., uŶdeƌ 

these ǁeights the “VM has a loǁ pƌoďaďilitǇ of ŵisĐlassifiĐatioŶ. IŶ the aspeĐt of 

theoƌǇ, the ƌeliaďilitǇ is ŵeasuƌed uŶdeƌ the theoƌetiĐal fƌaŵeǁoƌk of pƌoďaďle 

appƌoǆiŵatelǇ ĐoƌƌeĐt leaƌŶiŶg [ϳϮ]; hoǁeǀeƌ, iŶ ƌealitǇ, the uppeƌ-ďouŶd is ǀeƌǇ 

loose aŶd Đƌoss-ǀalidatioŶ is a pƌaĐtiĐal ŵethod. HeŶĐe, foƌ the fiƌst ƋuestioŶ ǁe oŶlǇ 

disĐuss the ƌeĐogŶitioŶ ĐapaďilitǇ of ƌeliaďle ǁeights, ǁhose thƌee-foldeƌ Đƌoss-

ǀalidatioŶ aĐĐuƌaĐǇ is ŵoƌe thaŶ ϴϱ%. 

Fiƌst, let us iŵagiŶe ǁhat kiŶd of paƌaŵeteƌ should haǀe a laƌge positiǀe iŶflueŶĐe. 

Theƌe aƌe tǁo situatioŶs ǁheŶ the paƌaŵeteƌ has a stƌoŶg disĐƌiŵiŶatiŶg aďilitǇ of a 

positiǀe Đlass. OŶe is the ǁheŶ the paƌaŵeteƌ is assoĐiated to a ŵoƌe geŶeƌal states 

of a sǇsteŵ suĐh as ;Aϭ=ϭͿ aŶd ;AϮ=ϭͿ;Aϯ=ϭͿ, ǁhiĐh aƌe tǁo states iŶ ĐoŶĐept. TheǇ 

aƌe the uŶiƋue tǁo states assoĐiated ǁith paƌaŵeteƌs Aϭ, AϮ, aŶd Aϯ. HeŶĐe Aϭ 

should ďe a ŵoƌe disĐƌiŵiŶatiǀe paƌaŵeteƌ thaŶ AϮ aŶd Aϯ. The otheƌ situatioŶ is if 
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the paƌaŵeteƌ that assoĐiates ǁith ŵoƌe states should ďe a ŵoƌe disĐƌiŵiŶatiǀe 

paƌaŵeteƌ, i.e., ;Aϭ=ϭͿ;AϮ=ϭͿ aŶd ;AϮ=ϭͿ;Aϯ=ϭͿ aƌe the oŶlǇ tǁo states that aƌe 

assoĐiated to paƌaŵeteƌ Aϭ, AϮ, aŶd Aϯ. Foƌ this Đase, AϮ should ďe ŵoƌe 

disĐƌiŵiŶatiǀe thaŶ Aϭ aŶd Aϯ. IŶ geŶeƌal, the ŵoƌe disĐƌiŵiŶatiǀe paƌaŵeteƌ should 

haǀe a laƌgeƌ ǁeight. 

TheƌeďǇ, the fiƌst gƌoups of eǆpeƌiŵeŶts ǁeƌe peƌfoƌŵed ǁith teŶ aĐtioŶ paƌaŵeteƌs 

ǁith tǁo ǀalues ;ϭ oƌ ϬͿ. Thus, the full eǆpeƌiŵeŶt had ϭϬϮϰ iŶstaŶĐes. Foƌ the test 

eǀaluatioŶ paƌaŵeteƌs, eight ĐoŶĐepts ǁeƌe seleĐted, aŶd the ǁeights of teŶ APs foƌ 

eaĐh ĐoŶĐept ǁould ďe ĐalĐulated. OŶ the aspeĐt of saŵpliŶg of eǆpeƌiŵeŶts, ǁe 

adopted a ƌaŶdoŵ seleĐtioŶ ďased oŶ uŶifoƌŵed distƌiďutioŶ. IŶ oƌdeƌ to ŵake a 

ĐoŵpaƌisoŶ of ǁeights ďeĐause of diffeƌeŶĐes ďetǁeeŶ diffeƌeŶt leǀels of aĐtioŶ 

paƌaŵeteƌs, the ǁeights fƌoŵ fouƌ ĐoŶĐepts aƌe pƌeseŶted iŶ Figuƌe ϰϰ. All of the 

ǁeights ǁeƌe ĐoŶsideƌed ƌeliaďle as the thƌee-fold Đƌoss-ǀalidatioŶ aĐĐuƌaĐǇ ǁas 

ŵoƌe thaŶ ϴϱ% foƌ eaĐh gƌoup of saŵple, ǁith ŵaŶǇ higheƌ thaŶ ϵϱ%. IŶ oƌdeƌ to 

oďseƌǀe the iŵpaĐt fƌoŵ a saŵple, ǁe ǀaƌied the saŵple size foƌ eaĐh ĐoŶĐept. 

Thƌough oďseƌǀiŶg the figuƌe, ǁe ĐaŶ dƌaǁ a ĐoŶĐlusioŶ that the ŵoƌe disĐƌiŵiŶatiǀe 

the paƌaŵeteƌ is, the laƌgeƌ ǁeight it should ďe assigŶed. Foƌ eǆaŵple, iŶ Figuƌe ϰϰ 

;aͿ, Aϭ appaƌeŶtlǇ is the ŵost disĐƌiŵiŶatiǀe paƌaŵeteƌ; thus, it has laƌgest ǁeight. 

Aϰ aŶd Aϱ aƌe uŶdisĐƌiŵiŶatiŶg paƌaŵeteƌs, so theiƌ ǁeights teŶd to ďe aƌouŶd Ϭ. 

This ĐoŶĐlusioŶ iŶdiĐates that the ǁeights alloǁ us to ƌeĐogŶize the sigŶifiĐaŶt 

positiǀe iŶflueŶĐe of the APs, aŶd also ƌefleĐts hoǁ ŵuĐh positiǀe iŶflueŶĐe the 

paƌaŵeteƌ has ďased oŶ its ǀalue. 

 

(a) ;Aϭ=ϭͿ;AϮ=ϭͿ+;Aϭ=ϭͿ;Aϯ=ϭͿ 
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(b) ;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϭͿ+;Aϱ=ϭͿ 

 

(c) (A1=1)(A3=1)+(A5=1) 

 

(d) (A1=1)+(A2=1) 

Figuƌe ϰϰ: Weight ǀalues foƌ diffeƌeŶt ĐoŶĐepts ǁith diffeƌeŶt saŵple size 

Fƌoŵ Figuƌe ϰϰ, ǁe Đould also oďtaiŶ aŶotheƌ ƌesult ǁith the iŶĐƌeasiŶg of the 

saŵple size ǁheƌe the ǁeight diffeƌeŶĐe ďetǁeeŶ diffeƌeŶt disĐƌiŵiŶatiǀe-leǀel of 

paƌaŵeteƌs ǁas ƌisiŶg. Foƌ iŶstaŶĐe, iŶ Figuƌe ϰϰ;ĐͿ, ǁe ĐaŶ see that the gap of 

ǁeights ďetǁeeŶ Aϱ aŶd Aϭ foƌ the saŵe saŵple size ǁeƌe eǆpeŶdiŶg ǁith aŶ 

iŶĐƌeasiŶg of saŵple size. This ƌesult suggests to us the saŵple size has a positiǀe 

effeĐt oŶ iŶteŶsifǇiŶg the disĐƌiŵiŶatiǀe aďilitǇ of the positiǀe iŶflueŶt paƌaŵeteƌs. 

Hoǁeǀeƌ, aŶotheƌ pƌoďleŵ aƌose aďout hoǁ ŵaŶǇ eǆpeƌiŵeŶts ǁe Ŷeeded to 

peƌfoƌŵ to eŶsuƌe that the ǁeight diffeƌeŶĐe is laƌge eŶough to ďe ƌeĐogŶized. This 

pƌoďleŵ ƌesulted iŶ a seĐoŶd gƌoup of eǆpeƌiŵeŶts ǁheƌe the ϮϬ APs, ϭϳ APs, ϭϱ APs 

aŶd ϭϯ APs ǁith ďiŶaƌǇ ǀalue ǁeƌe defiŶed. That ŵeaŶt the eǆpeƌiŵeŶtal spaĐe ǁas 
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ϮϮϬ, Ϯϭϳ, Ϯϭϱ, Ϯϭϯ. “eleĐtiŶg a ƌepƌeseŶtatiǀe ĐoŶĐept = ;Aϭ=ϭͿ + ;AϮ=ϭͿ;Aϯ=ϭͿ + 

;AϮ=ϭͿ;Aϰ=ϭͿ + ;Aϯ=ϭͿ;Aϱ=ϭͿ;Aϲ=ϭͿ + ;Aϰ=ϭͿ;Aϱ=ϭͿ;Aϳ=ϭͿ;Aϴ=ϭͿ. Fƌoŵ the 

theoƌetiĐal poiŶt of ǀieǁ, the disĐƌiŵiŶatiǀe aďilitǇ ƌaŶkiŶg is Aϭ > AϮ > Aϯ > Aϰ > Aϱ > 

Aϲ > Aϳ = Aϴ. 

Hoǁeǀeƌ, the pƌaĐtiĐal ƌesult suffeƌed fƌoŵ the effeĐt of the saŵple size. IŶ Figuƌe 

ϰϱ;aͿ, ǁheŶ the saŵple size ǁas sŵall, the ǁeight of soŵe AP ǁas Ŷot eǀideŶt. 

Hoǁeǀeƌ, folloǁiŶg the iŶĐƌease iŶ the saŵple size, theiƌ positiǀe disĐƌiŵiŶatiǀe 

aďilitǇ ǁas Đleaƌ. WheŶ the saŵple size ǁas laƌge eŶough, theiƌ ƌaŶkiŶg folloǁed the 

theoƌetiĐal aŶalǇsis ;Aϭ > AϮ > Aϯ > Aϰ > Aϱ > Aϲ > Aϳ = Aϴ aŶd Aϵ had Ŷo effeĐtͿ. 

 

;aͿ Weight ǁith diffeƌeŶt saŵple size ;ϮϬ APsͿ 

 

;ďͿ Weight ǁith diffeƌeŶt saŵple size;ϭϯ APsͿ 

 

;ĐͿ Weight ǁith diffeƌeŶt saŵple size ;ϭϱ APsͿ 
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;dͿ Weight ǁith diffeƌeŶt saŵple size ;ϭϳ APsͿ 

Figuƌe ϰϱ: Weight ǀalues foƌ diffeƌeŶt Ŷuŵďeƌs of AP 

;CoŶĐept=;Aϭ=ϭͿ+;AϮ=ϭͿ;Aϯ=ϭͿ+;AϮ=ϭͿ;Aϰ=ϭͿ+;Aϯ=ϭͿ;Aϱ=ϭͿ;Aϲ=ϭͿ+;Aϰ=ϭͿ;Aϱ=ϭͿ ;Aϳ=ϭͿ;Aϴ=ϭͿͿ 

Fƌoŵ the aŶalǇsis of Figuƌe ϰϱ, ǁe ĐaŶ suŵŵaƌize thƌee poiŶts. Fiƌst, ǁith the 

iŶĐƌease of the saŵple size, the diffeƌeŶĐes ďetǁeeŶ the ǁeights of the positiǀe 

iŶflueŶt APs aƌe staďle aŶd Đleaƌ. “eĐoŶdlǇ, eǀeŶ ǁheŶ the saŵple size is sŵall suĐh 

as ϭϬϬ oƌ ϮϬϬ, the ǁeights of ƌelatiǀelǇ high positiǀe iŶflueŶt leǀel of AP aƌe laƌge. 

ThiƌdlǇ, the ǁeights of the positiǀe iŶflueŶt AP teŶd to iŶĐƌease ǁith the ƌise of 

saŵple size.  

The aďoǀe eǆpeƌiŵeŶts oŶlǇ ƌeǀeal the iŵpaĐt fƌoŵ saŵple size. IŶ soŵe situatioŶs, 

the positiǀe iŶstaŶĐes aƌe ǀeƌǇ feǁ; thus, it is iŶstƌuĐtiǀe foƌ saŵpliŶg ǁheŶ ǁe aƌe 

aǁaƌe hoǁ ŵaŶǇ positiǀe iŶstaŶĐes aƌe ƌeƋuiƌed to ĐleaƌlǇ disĐƌiŵiŶate positiǀe 

aĐtioŶ paƌaŵeteƌs. The folloǁiŶg eǆpeƌiŵeŶts should test the iŵpaĐt fƌoŵ a Ŷuŵďeƌ 

of iŶstaŶĐes. TǁeŶtǇ APs ǁeƌe defiŶed aŶd ϭϮ gƌoups of eǆpeƌiŵeŶts ǁeƌe 

peƌfoƌŵed foƌ the saŵe ĐoŶĐept ;Aϭ=ϭͿ;AϮ=ϭͿ;Aϯ=ϭͿ…;AϭϬ=ϭͿ. AssoĐiated APs haǀe 

a sŵall iŶflueŶĐe ǁhile eaĐh gƌoup has diffeƌeŶt Ŷuŵďeƌ of Ŷegatiǀe iŶstaŶĐes. We 

ǀaƌied the Ŷuŵďeƌ of positiǀe iŶstaŶĐes iŶ eaĐh gƌoup. Fouƌ gƌoups of ƌesults aƌe 

shoǁŶ iŶ Figuƌe ϰϲ.  

If ǁe ĐaƌefullǇ oďseƌǀe ǁheŶ Ŷegatiǀe iŶstaŶĐe is oǀeƌ ϭϬϬ, ǁith the iŶĐƌease of the 

Ŷuŵďeƌ of positiǀe iŶstaŶĐe, theƌe is a diffeƌeŶĐe ďetǁeeŶ the tǁo gƌoups of AP ;Aϭ, 

AϮ,…, AϭϬ aŶd Aϭϭ, AϭϮ,…, AϮϬͿ. The tǁo gƌoups of AP teŶd to sepaƌate fƌoŵ eaĐh 

otheƌ. Hoǁeǀeƌ, iŶ Figuƌe ϰϲ;ĐͿ, Aϭϰ goes to the iŶflueŶt gƌoup, aŶd iŶ ;dͿ Aϵ goes to 

the Ŷo iŶflueŶt gƌoup. That ŵeaŶs the Ŷuŵďeƌ of Ŷegatiǀe iŶstaŶĐes should ďe ŵoƌe 

thaŶ ϭϬϬ to pƌoŵise the ĐoƌƌeĐt sepaƌatioŶ. IŶ additioŶ, tǁeŶtǇ positiǀe iŶstaŶĐes 

ǁeƌe ŶeĐessaƌǇ to sepaƌate the tǁo gƌoups. 
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;aͿϭϬϬ Ŷegatiǀe 

 

;ďͿϭϬϬϬ Ŷegatiǀe 

 

;ĐͿϱϬ Ŷegatiǀe 
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;dͿϮϬ Ŷegatiǀe saŵple 

Figuƌe ϰϲ: Weight ǀaƌiatioŶs foƌ diffeƌeŶt Ŷuŵďeƌ of Ŷegatiǀe aŶd positiǀe iŶstaŶĐes 

 

IŶ suŵŵaƌǇ, the eǆpeƌiŵeŶts do Ŷot oŶlǇ ƌeǀeal hoǁ ǁeight disĐƌiŵiŶate positiǀelǇ 

iŶflueŶĐes APs, ďut it also iŶdiĐated that the saŵple size does Ŷot haǀe aŶ iŵpaĐt oŶ 

the highlǇ disĐƌiŵiŶatiǀe APs, ǁheƌeas, a laƌge saŵple size is ŶeĐessaƌǇ foƌ the 

ǁeaklǇ disĐƌiŵiŶatiǀe APs. FiŶallǇ, a ŵiŶiŵuŵ Ŷuŵďeƌ of positiǀe aŶd Ŷegatiǀe 

iŶstaŶĐes aƌe ŶeĐessaƌǇ foƌ ǁeaklǇ iŶflueŶt AP. 

The aŶalǇsis of this seĐtioŶ ǁill help defiŶe the stƌategies pƌoposed iŶ seĐtioŶ ϰ-ϲ. 

Hoǁeǀeƌ, ďefoƌe the Ŷeǆt seĐtioŶ, ǁe desĐƌiďe hoǁ to use the Đoƌe “VM algoƌithŵ 

foƌ defiŶiŶg the ǀalue of the aĐtioŶ paƌaŵeteƌs that aƌe iŶǀolǀed iŶ ĐoŶĐepts of the 

geŶeƌal phǇsiĐal ĐoŶtƌadiĐtioŶ. 

4-5 ApplǇiŶg the Đoƌe “VM algoƌithŵ foƌ ƌaŶkiŶg the ǀalues of 

APs 

‘aŶkiŶg aŶd uŶdeƌstaŶdiŶg the ǀalue of aŶ aĐtioŶ paƌaŵeteƌ geŶeƌallǇ Đoŵes afteƌ 

ƌaŶkiŶg aŶd seleĐtiŶg the aĐtioŶ paƌaŵeteƌs of a GPC ĐoŶĐept. The ƌaŶkiŶg is also 

ďased oŶ the ǁeight of “VM ŵodel. IŶ oƌdeƌ to ǁeight the ǀalue of aŶ aĐtioŶ 

paƌaŵeteƌ, ǁe Ŷeed to ŵake eaĐh siŶgle ǀalue of aĐtioŶ paƌaŵeteƌ ďeĐoŵe siŶgle 

aĐtioŶ paƌaŵeteƌ. The ďest ǁaǇ is to Đode eaĐh ǀalue of aĐtioŶ paƌaŵeteƌ as a ďiŶaƌǇ 

ǀalue. Foƌ iŶstaŶĐe, Aϭ has tǁo ǀalues, Aϭ = ϭ aŶd Aϭ = Ϭ, iŶ the eǆpeƌiŵeŶts. We 

Đode it iŶto tǁo ŵutual eǆĐlusiǀe aĐtioŶ paƌaŵeteƌs, ͚Aϭ = ϭ͛ aŶd A͚ϭ = Ϭ .͛ If Aϭ = ϭ, 

the paƌaŵeteƌ ͚Aϭ = ϭ͛ is eƋual to ϭ, aŶd ͚Aϭ = Ϭ͛ is eƋual to Ϭ. If Aϭ = Ϭ, the 

paƌaŵeteƌ ͚Aϭ = ϭ͛ eƋual to Ϭ, aŶd ͚Aϭ = Ϭ͛ is eƋual to ϭ. UsiŶg this ŵethod, the 

eǆpeƌiŵeŶtal ƌesults iŶ Figuƌe ϰϭ ďeĐaŵe the ƌesult iŶ Figuƌe ϰϳ. The ǁeight ǀeĐtoƌ 

ǁas theŶ ĐalĐulated ďǇ the saŵe appƌoaĐh iŶ ϰ-ϯ, the ǁeights ƌesult is displaǇed iŶ 

Taďle ϭϳ. 
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Figuƌe ϰϳ: CodiŶg ǀalue of aĐtioŶ paƌaŵeteƌs iŶto ďiŶaƌǇ 

 

Taďle ϭϳ: Weights of ǀalue of aĐtioŶ paƌaŵeteƌ foƌ eǀaluatioŶ paƌaŵeteƌ 

 

 

The iŶteƌpƌetatioŶ of the ǁeight foƌ the ǀalue of the aĐtioŶ paƌaŵeteƌ is the saŵe as 

that foƌ the ǁeights of the aĐtioŶ paƌaŵeteƌ. Tǁo gƌoups of ǀalues aƌe foƌŵed ďǇ the 

ǁeights: positiǀes ;i.e., foƌ EPϭ: Aϭ = ϭ; AϮ = ϭ; Aϯ = ϭ; Aϰ = ϭͿ aŶd Ŷegatiǀes ;i.e., foƌ 

EPϭ: Aϭ = Ϭ; AϮ = Ϭ; Aϯ = Ϭ; Aϰ = ϬͿ. IŶ ouƌ eǆaŵple, the fiƌst gƌoup is the ǀalue ǁith 

the positiǀe ǁeights, ǁhiĐh should ŵake the APs deŶoted ͞Aϭ = ϭ͟; A͟Ϯ = ϭ͟; A͟ϯ = 

ϭ͟; A͟ϰ = ϭ͟ eƋual ϭ to satisfǇ the eǀaluatioŶ paƌaŵeteƌ EPϭ. IŶ ouƌ eǆaŵple, the 

seĐoŶd gƌoup is the ǀalue ǁith Ŷegatiǀe ǁeight, ǁhiĐh should ŵake the APs deŶoted 

͞Aϭ = Ϭ͟; A͟Ϯ = Ϭ͟; A͟ϯ = Ϭ͟; A͟ϰ = Ϭ͟ eƋual to Ϭ foƌ satisfǇiŶg eǀaluatioŶ paƌaŵeteƌ EPϭ. 

Foƌ eǆaŵple, iŶ Taďle ϭϳ A͚ϭ=ϭ͛ has a positiǀe ǁeight ϳ.Ϯ foƌ EPϭ; thus, as pƌoposed iŶ 

ϰ-ϯ ͚Aϭ=ϭ͛ should ďe ϭ, i.e., the ǀalue ϭ of Aϭ should ďe kept to satisfǇiŶg the EPϭ. 

‘eǀeƌselǇ, ͚Aϭ=Ϭ͛ has a Ŷegatiǀe ǁeight -ϳ.Ϯ i.e. A͚ϭ=Ϭ͛ ŵust ďe Ϭ to satisfǇ EPϭ. This 

ŵeaŶs Aϭ should Ŷot eƋual Ϭ aŶd the ǀalue Ϭ of Aϭ should ďe ƌeŵoǀed. To suŵ up, 

foƌ AP ǀalues ƌaŶkiŶg, Ŷegatiǀe ǁeight ǀalues aƌe uŶusaďle aŶd should Ŷot ďe 

ĐoŶsideƌed. The seleĐtioŶ of the ǀalue;sͿ of aŶ aĐtioŶ paƌaŵeteƌ should ďe 

peƌfoƌŵed aŵoŶg the positiǀe ǁeights. AgaiŶ, the higheƌ the positiǀe ǁeight, the 

ŵoƌe iŵpoƌtaŶt the ǀalue is iŶ oƌdeƌ to ƌeaĐh the oďjeĐtiǀe assigŶed to the EP. 
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4-6 UsiŶg the Đoƌe “VM algoƌithŵ iŶ ĐoŶteǆt of GPC eǆtƌaĐtioŶ 

To faĐilitate the GPC eǆtƌaĐtioŶ algoƌithŵ pƌoposed iŶ Chapteƌ ϯ, the keǇ pƌoďleŵ is 

hoǁ to ƌeduĐe the Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs so as to deĐƌease the tiŵe 

ĐoŵpleǆitǇ of GPC eǆtƌaĐtioŶ algoƌithŵ. ThaŶks to “VM algoƌithŵ, it pƌoǀides us a 

ŵethod to ǁeight the aĐtioŶ paƌaŵeteƌs, aŶd seleĐt those that ŵake a sigŶifiĐaŶt 

ĐoŶtƌiďutioŶ to satisfǇ the eǀaluatioŶ paƌaŵeteƌs. IŶ this seĐtioŶ, ǁe ǁill pƌopose 

tǁo stƌategies to ƌeduĐe the Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs aŶd theiƌ Ŷuŵďeƌ of 

diffeƌeŶt ǀalues ďased oŶ “VM algoƌithŵ foƌ GPC eǆtƌaĐtioŶ. The fiƌst stƌategǇ is 

ďased oŶ the iŶfoƌŵatioŶ pƌoǀided ďǇ the GTC, ǁheƌe ǁe ǁeight the aĐtioŶ 

paƌaŵeteƌs foƌ the tǁo sets of eǀaluatioŶ paƌaŵeteƌ Yϭ aŶd YϮ ;Ŷot YϬͿ as defiŶed ďǇ 

the GTC. The seĐoŶd is ďased oŶ the iŶfoƌŵatioŶ pƌoǀided ďǇ eaĐh eǀaluatioŶ 

paƌaŵeteƌ, ǁheƌe ǁe ǁeight the aĐtioŶ paƌaŵeteƌs foƌ eaĐh eǀaluatioŶ paƌaŵeteƌ. 

4-6.1 GTC ďased eǆtƌaĐtioŶ 

As Chapteƌ ϯ desĐƌiďed, GTC has tǁo set of eǀaluatioŶ paƌaŵeteƌs, Yϭ aŶd YϮ, suĐh as 

iŶ Taďle ϭϴ, Yϭ = {Ǉϭ, Ǉϯ}, YϮ = {ǇϮ, Ǉϱ, Ǉϲ}. 

As desĐƌiďed iŶ Taďle ϭϴ, GTC diǀides the eǆpeƌiŵeŶts iŶto Eϭ, EϮ aŶd EϬ. Yϭ is 

satisfied ďǇ Eͳ , aŶd ƌejeĐted ďǇ Eʹ ∪ �Ͳ . YϮ is satisfied ďǇ  Eʹ , aŶd ƌejeĐted 

ďǇ Eͳ ∪ �Ͳ. Ouƌ puƌpose is to seleĐt the ŵost positiǀe ǁeighted aĐtioŶ paƌaŵeteƌs 

aŶd theiƌ ǀalues. These ǁill haǀe the ŵost positiǀe effeĐt oŶ satisfǇiŶg the eǀaluatioŶ 

paƌaŵeteƌs of Yϭ oƌ YϮ, aŶd theŶ eǆtƌaĐt the GPC fƌoŵ the seleĐted aĐtioŶ 

paƌaŵeteƌs aŶd its ǀalues. 

Taďle ϭϴ: EǆpeƌiŵeŶt ƌesult of eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ 
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The Đlass laďel is Ŷot oŶe eǀaluatioŶ paƌaŵeteƌ ďut the eǀaluatioŶ paƌaŵeteƌ set Yϭ 

aŶd YϮ, as Yϭ is satisfied ďǇ the eǆpeƌiŵeŶts of Eͳ, aŶd ƌejeĐted ďǇ eǆpeƌiŵeŶts of Eʹ ∪ �Ͳ. TheƌeďǇ, foƌ Đlass laďel  0,1iy , ǁe laďel the eǆpeƌiŵeŶts iŶ Eͳ as ϭ, aŶd 

eǆpeƌiŵeŶts iŶ Eʹ ∪ �Ͳ as Ϭ. TheŶ “VM should pƌoǀide the aĐtioŶ paƌaŵeteƌs 

iŶǀolǀed iŶ ĐoŶĐept ϭ. The saŵe thiŶg is foƌ YϮ ǁheƌe foƌ the Đlass laďel is  0,1iy , 

aŶd ǁe laďel the eǆpeƌiŵeŶts iŶ Eʹ as ϭ ǁith the eǆpeƌiŵeŶts iŶ Eͳ ∪ �Ͳ as Ϭ. TheŶ, 

“VM should pƌoǀide us the aĐtioŶ paƌaŵeteƌs iŶǀolǀed iŶ CoŶĐept Ϯ of the sǇsteŵ of 

ĐoŶtƌadiĐtioŶs. Afteƌ defiŶiŶg the eǆpeƌiŵeŶts aŶd Đlass laďel as ǁell as, iŶstaŶĐes of

 ii yx , , ǁe Đould staƌt ouƌ pƌoĐess, ǁhiĐh is pƌeseŶted iŶ Figuƌe ϰϴ.  

 

IŶ a ďƌief suŵŵaƌǇ of the pƌoĐess iŶ Figuƌe ϰϴ, the fiƌst fouƌ steps aƌe iŶ ƌegaƌds to 

the seleĐtioŶ of the aĐtioŶ paƌaŵeteƌs aŶd theiƌ ǀalue ďǇ “VM ǁeights. The output is 

a ƌeduĐed set of aĐtioŶ paƌaŵeteƌs aŶd ǀalues, ǁhiĐh faĐilitate GPC eǆtƌaĐtioŶ. As 

GPC eǆtƌaĐtioŶ Ŷeeds full faĐtoƌial eǆpeƌiŵeŶts foƌ good ĐoŶteǆt defiŶitioŶ, the 

iŶputs eǆpeƌiŵeŶts of pƌoĐess ĐoŵŵoŶlǇ ĐaŶŶot Đoǀeƌ full faĐtoƌial eǆpeƌiŵeŶts oŶ a 

ƌeduĐed set of aĐtioŶ paƌaŵeteƌs foƌ the sǇsteŵ. This leads toǁaƌds peƌfoƌŵiŶg a 

Ŷeǁ gƌoup of eǆpeƌiŵeŶts as shoǁŶ iŶ “tep ϱ. Foƌ the Ŷeǁ eǆpeƌiŵeŶts, ǁe do Ŷot 

kŶoǁ ǁhetheƌ the taƌgeted GTC still ĐaŶ ďe eǆtƌaĐted. Thus, ǁe eǆtƌaĐt GTC foƌ the 

Ŷeǁ eǆpeƌiŵeŶts iŶ oƌdeƌ to eǀaluate ouƌ siŵulatioŶ ŵodel ǁheƌe ŵaŶǇ paƌaŵeteƌs 

aƌe fiǆed. Ouƌ puƌpose is to ǀeƌifǇ that at least the GTC ǁe ǁaŶted to studǇ ƌeŵaiŶs 

iŶ the eǆpeƌiŵeŶts. AlteƌŶatelǇ, ǁe ĐaŶ Đhoose a taƌget GTC foƌ GPC eǆtƌaĐtioŶ. We 

ĐaŶ also ŵake a ĐoŵpaƌisoŶ ǁith the oƌigiŶal GTC set to estiŵate ouƌ paƌaŵeteƌ 

seleĐtioŶ. If ouƌ taƌget GTC is Ŷot iŶǀolǀed iŶ the Ŷeǁ GTC set, ǁhiĐh ŵeaŶs ǁe ŵake 

a ďad seleĐtioŶ ƌegaƌdiŶg paƌaŵeteƌs aŶd oƌ ǀalues, ǁe ƌetuƌŶ to seleĐt additioŶal 

paƌaŵeteƌs aŶd ǀalues out of the ƌaŶkiŶg pƌoǀided ďǇ the “VM algoƌithŵ. Otheƌǁise, 

ǁheŶ the taƌgeted GTC is pƌeseŶt, ǁe eǆtƌaĐt the GPC to foƌŵ a geŶeƌalized sǇsteŵ 

of ĐoŶtƌadiĐtioŶ. IŶ the folloǁiŶg, ǁe illustƌate eaĐh step ďǇ aŶ eǆaŵple. 
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Figuƌe ϰϴ: PƌoĐess of GTC-ďased eǆtƌaĐtioŶ 

The fiƌst step is the ǁeightiŶg aĐtioŶ paƌaŵeteƌ foƌ Yϭ aŶd YϮ. We deǀelop aŶ 

eǆaŵple iŶ AppeŶdiǆ ϭ of ϯϭϲ eǆpeƌiŵeŶts that ǁeƌe ƌaŶdoŵlǇ geŶeƌated; teŶ ďiŶaƌǇ 

aĐtioŶ paƌaŵeteƌs aŶd fouƌ eǀaluatioŶ paƌaŵeteƌs. IŶ oƌdeƌ to eǆplaiŶ the pƌoĐess, 

ǁe took aŶ eǆaŵple ǁheƌe the aĐtioŶ paƌaŵeteƌs aŶd ǀalues aƌe kŶoǁŶ. The 

ĐoŶĐepts foƌ eǀaluatioŶ paƌaŵeteƌ aƌe pƌeseŶted ďeloǁ: 

EPϭ=;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϭͿ EPϮ=;AϮ=ϭͿ;Aϯ=ϭͿ;Aϰ=ϬͿ 

EPϯ=;AϮ=ϭͿ;Aϯ=ϬͿ;Aϱ=ϬͿ EPϰ=;Aϯ=ϬͿ;Aϱ=ϬͿ;Aϲ=ϭͿ 

EPϭ=;Aϭ=ϬͿ;AϮ=ϭͿ;Aϯ=ϭͿ ŵeaŶs that ǁheŶ ;Aϭ=ϭͿ aŶd ;AϮ=ϭͿ aŶd ;Aϯ=ϭͿ, the 

eǀaluatioŶ paƌaŵeteƌ ϭ is satisfied, aŶd deŶoted ďǇ ϭ. 

The taƌget GTC is pƌeseŶted ďǇ the shaded Đells ǁheƌe ;Yϭ is {EPϭ,EPϮ}Ϳ ǀs ;YϮ is {EPϯ, 

EPϰ}Ϳ iŶ AppeŶdiǆ ϭ. We peƌfoƌŵ the fiƌst step of ǁeightiŶg the aĐtioŶ paƌaŵeteƌ to 

Yϭ aŶd YϮ, ǁith the ǁeights pƌeseŶted iŶ Taďle ϭϵ. 

Taďle ϭϵ: Weights foƌ ϭϬ aĐtioŶ paƌaŵeteƌs 
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IŶ oƌdeƌ to faĐilitate seleĐtioŶ aŶd oďseƌǀatioŶ of the iŵpaĐt of aĐtioŶ paƌaŵeteƌs, 

ǁe pƌeseŶt the ǁeights iŶ ďaƌ Đhaƌts iŶ Figuƌe ϰϵ. 

 

(a) Weights of aĐtioŶ paƌaŵeteƌ foƌ Yϭ 

 

(b) Weights of aĐtioŶ paƌaŵeteƌ foƌ YϮ 

Figuƌe ϰϵ: Baƌ Đhaƌt of ǁeights foƌ aĐtioŶ paƌaŵeteƌs foƌ Yϭ aŶd YϮ 

The seĐoŶd step is the seleĐtioŶ of the ŵost affeĐted aĐtioŶ paƌaŵeteƌ set foƌ Yϭ aŶd 

YϮ ďǇ ǁeight ǀalue. Theƌe aƌe seǀeƌal seleĐtioŶ pƌiŶĐiples: 

 As eǆplaiŶed iŶ ϰ-ϯ, the eǀaluatioŶ of the aĐtioŶ paƌaŵeteƌ is fƌoŵ the 

aďsolute ǀalue of ǁeight. Foƌ eǆaŵple, foƌ Yϭ the ŵost effeĐtiǀe aĐtioŶ 

paƌaŵeteƌ is Aϭ aĐĐoƌdiŶg to the aďsolute ǀalue of its ǁeight. 
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 The ŵost effeĐtiǀe aĐtioŶ paƌaŵeteƌ ŵust ďe seleĐted, foƌ eǆaŵple iŶ Taďle 

ϭϵ, Aϭ aŶd Aϱ ŵust ďe seleĐted to Yϭ aŶd YϮ. 

 “eleĐt aŶ aĐtioŶ paƌaŵeteƌ depeŶdiŶg oŶ the puƌpose of tƌǇiŶg to Đoǀeƌ the 

ϮŶd aŶd ϯƌd effeĐtiǀe aĐtioŶ paƌaŵeteƌ foƌ eaĐh eǀaluatioŶ paƌaŵeteƌ. Foƌ 

eǆaŵple, AϮ is the ϮŶd effeĐtiǀe aĐtioŶ paƌaŵeteƌ foƌ Yϭ aŶd YϮ. 

 The Ŷuŵďeƌ of seleĐted aĐtioŶ paƌaŵeteƌ should ďe sŵall to suit the ĐapaĐitǇ 

of the GPC eǆtƌaĐtioŶ algoƌithŵ. 

IŶ the eǆaŵple, the seleĐtioŶ set aƌe “ = {Aϭ, AϮ, Aϯ, Aϰ, Aϱ, Aϲ} = {Aϭ, AϮ, Aϯ, Aϰ} U 

{AϮ, Aϯ, Aϱ, Aϲ}, ǁheƌe {Aϭ, AϮ, Aϯ, Aϰ} is fƌoŵ Yϭ ;foƌ CoŶĐept ϭ of ĐoŶtƌadiĐtioŶͿ, 

aŶd {AϮ, Aϯ, Aϱ, Aϲ} is fƌoŵ YϮ ;foƌ CoŶĐept Ϯ of the ĐoŶtƌadiĐtioŶͿ.  

This eǆaŵple Đould ďe peƌfoƌŵed diƌeĐtlǇ ǁith the GPC algoƌithŵ of Chapteƌ ϯ. 

Hoǁeǀeƌ, ǁe oŶlǇ peƌfoƌŵed the ǀalue seleĐtioŶ foƌ aĐtioŶ paƌaŵeteƌ set “. 

The thiƌd step is the ǀalue seleĐtioŶ, as eǆplaiŶed iŶ ϰ-ϱ. We ƌeŵoǀed {Aϳ, Aϴ, Aϵ, 

AϭϬ} fƌoŵ the eǆpeƌiŵeŶt iŶ AppeŶdiǆ ϭ, ďǇ ĐodiŶg the ǀalue of {Aϭ, AϮ, Aϯ, Aϰ, Aϱ, 

Aϲ} to ďe a Ŷeǁ eǆpeƌiŵeŶts taďle ǁith tǁelǀe aĐtioŶ paƌaŵeteƌs 

{Aϭ=ϭ,Aϭ=Ϭ,….,Aϲ=ϭ,Aϲ=Ϭ}, fouƌ eǀaluatioŶ paƌaŵeteƌs {EPϭ, EPϮ, EPϯ, EPϰ}. The 

ǁeights aƌe shoǁŶ iŶ Taďle ϮϬ. 

Taďle ϮϬ: Weight ŵatƌiǆ of ǀalues of aĐtioŶ paƌaŵeteƌs foƌ the eǆaŵple 

 

As ǁeights of aĐtioŶ paƌaŵeteƌs, the ďaƌ Đhaƌt foƌ Yϭ aŶd YϮ aƌe shoǁŶ iŶ Figuƌe ϱϬ. 

‘egaƌdiŶg the ǀalue seleĐtioŶ, ǁe also folloǁed seǀeƌal pƌiŶĐiples: 

 OŶlǇ ĐoŶsideƌ the ǀalue ǁith positiǀe ǁeight foƌ Yϭ aŶd YϮ. Foƌ eǆaŵple iŶ 

Taďle ϮϬ, the ǀalue set “ϭ foƌ Yϭ is {AϮ=ϭ, Aϯ=ϭ, Aϭ=Ϭ, Aϰ=Ϭ}. The ǀalue set “Ϯ 

foƌ YϮ is {AϮ=ϭ, Aϲ=ϭ, Aϯ=Ϭ, Aϱ=Ϭ}. 

 “iŵilaƌ to the aĐtioŶ paƌaŵeteƌ seleĐtioŶ, ǀalue seleĐtioŶ is also ƌeƋuiƌed to 

seleĐtioŶ a ǀalue set ǁhiĐh tƌǇ to Đoǀeƌ all the ŵost effeĐtiǀe ǀalue of eaĐh 

aĐtioŶ paƌaŵeteƌ foƌ Yϭ aŶd YϮ, as the positiǀe ǀalue fƌoŵ diffeƌeŶt aĐtioŶ 

paƌaŵeteƌs ĐaŶ ďe ĐoŵďiŶed. 
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 Coŵpƌoŵise the ĐapaĐitǇ of GPC eǆtƌaĐtioŶ aŶd the Ŷuŵďeƌ of the seleĐted 

ǀalue. Too ŵuĐh ǀalue ǁill iŶĐƌease the tiŵe ĐoŵpleǆitǇ of the GPC eǆtƌaĐtioŶ 

algoƌithŵ. 

Afteƌ seleĐtioŶ, the ƌeŵaiŶiŶg aĐtioŶ paƌaŵeteƌs aŶd ǀalues aƌe Aϭ={Ϭ}, 
AϮ={ϭ},Aϯ={Ϭ,ϭ}, Aϰ={Ϭ}, Aϱ={Ϭ}, Aϲ={ϭ}. 

 

(a) Weight of ǀalues foƌ Yϭ 

 

(b) Weight of ǀalues foƌ YϮ 

Figuƌe ϱϬ: Baƌ Đhaƌt of ǁeights foƌ ǀalues of AP 

The foƌth step is to peƌfoƌŵ full faĐtoƌial eǆpeƌiŵeŶts foƌ the ƌeduĐed sǇsteŵ. The 

paƌaŵeteƌs ǁeƌe eǆtƌaĐted fƌoŵ oŶe set of eǆpeƌiŵeŶts. We ŵade suƌe that the 

͞siŵplified͟ ƌeal oƌ siŵulated sǇsteŵs still pƌoǀide the GTC aŶd the GPC foƌ ǁhiĐh ǁe 

Ŷeed. IŶ oƌdeƌ to peƌfoƌŵ the eǆpeƌiŵeŶts, it is ƌeƋuiƌed to pƌoǀide a fiǆed ǀalue to 

{Aϳ, Aϴ, Aϵ, AϭϬ}. The ƋuestioŶ is theŶ ǁhat ǀalue should ǁe giǀe to theŵ. 
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‘egaƌdiŶg the fiǆiŶg, ǁe also haǀe thƌee situatioŶs: 

 If the ǁeights of oŶe aĐtioŶ paƌaŵeteƌ aƌe oŶlǇ positiǀe, ǁe fiǆ it at the laƌgest 

ǀalue. As the deĐisioŶ fuŶĐtioŶ     bxWxD T   , if ;WͿI is positiǀe, this ŵeaŶs the 

aĐtioŶ paƌaŵeteƌ Ai has a positiǀe effeĐt oŶ satisfǇiŶg the eǀaluatioŶ paƌaŵeteƌ. 

Thus, ǁe should fiǆ it at the laƌgest ǀalue to ŵaǆiŵize the positiǀe effeĐt. Foƌ 

eǆaŵple, the ǁeight of Aϳ is Ϭ.ϯ foƌ Yϭ aŶd Ϭ.ϴ foƌ YϮ; theƌefoƌe, ǁe fiǆ the iŶput 

leǀel of Aϳ to ϭ.  

 If the ǁeights of oŶe aĐtioŶ paƌaŵeteƌ aƌe oŶlǇ Ŷegatiǀe, ǁe fiǆ it at the sŵallest 

ǀalue. As the deĐisioŶ fuŶĐtioŶ     bxWxD T   , if ;WͿI is Ŷegatiǀe, it ŵeaŶs the 

aĐtioŶ paƌaŵeteƌ Ai has a Ŷegatiǀe effeĐt oŶ satisfǇiŶg the eǀaluatioŶ paƌaŵeteƌ. 

Thus, ǁe should fiǆ it sŵallest ǀalue to ŵiŶiŵize the Ŷegatiǀe effeĐt. Foƌ eǆaŵple, 

the ǁeight of Aϵ is -Ϭ.ϯ foƌ Yϭ aŶd -Ϭ.ϭ foƌ YϮ; theƌefoƌe, ǁe fiǆ the iŶput leǀel of 

Aϵ to Ϭ.  

 WheŶ oŶe aĐtioŶ paƌaŵeteƌ has ďoth Ŷegatiǀe aŶd positiǀe ǁeights, the fiǆed 

ǀalue ĐhoiĐe is ďased oŶ the folloǁiŶg pƌiŶĐiple: positiǀelǇ satisfǇ eǀaluatioŶ 

paƌaŵeteƌs, aŶd atteŵpt to Ŷot seƌiouslǇ dissatisfǇ aŶǇ eǀaluatioŶ paƌaŵeteƌs. 

Foƌ eǆaŵple, Aϴ has a ǁeight of Ϭ.ϱ foƌ Yϭ, ǁhiĐh ƌeƋuiƌes Aϴ = ϭ. OŶ the otheƌ 

haŶd, Aϴ has a ǁeight –of Ϭ.Ϯ foƌ YϮ, ǁhiĐh ƌeƋuiƌe Aϴ = Ϭ. Afteƌ ďalaŶĐiŶg the 

satisfaĐtoƌǇ aŶd dissatisfaĐtoƌǇ to Yϭ aŶd YϮ, as Ϭ.ϱ is ŵoƌe thaŶ Ϭ.Ϯ, ǁe fiǆ Aϴ=ϭ. 

The fiǆiŶg ƌesult is {Aϳ = ϭ, Aϴ = ϭ, Aϵ = Ϭ, AϭϬ = ϭ}. The ǀalue seleĐtioŶ ƌesults iŶ “tep 
ϰ ŵake Aϭ = Ϭ, AϮ = ϭ, Aϰ = Ϭ, Aϱ = Ϭ aŶd Aϲ = ϭ, ǁhiĐh ŵeaŶs that ǁe ƌetaiŶ oŶlǇ 
oŶe ǀalue foƌ these ǀaƌiaďles. Thus, iŶ this Đase, the ǀalue of these ǀaƌiaďles is also 
fiǆed. “o oŶlǇ ǀaƌiaďle Aϯ is Ŷot fiǆed aŶd has ŵoƌe thaŶ oŶe ǀalue ;i.e., tǁo ǀalues 
{ϭ,Ϭ}Ϳ. To suŵŵaƌize, applǇiŶg the “VM algoƌithŵ to the paƌaŵeteƌs leads to fiǆiŶg 
the ǀalue of Aϳ, Aϴ, Aϵ, aŶd AϭϬ. ApplǇiŶg the “VM algoƌithŵ to the ƌeŵaiŶiŶg set of 
APs leads us to fiǆ the ǀalues of Aϭ, AϮ, Aϰ aŶd Aϱ. TheƌeďǇ, the tǁo ƌeŵaiŶiŶg 
eǆpeƌiŵeŶts iŶ step ϱ aƌe illustƌated iŶ Taďle Ϯϭ: 

Taďle Ϯϭ: IllustƌatioŶ of tǁo ƌeŵaiŶiŶg eǆpeƌiŵeŶts 

Fiǆed AĐtioŶ Paƌaŵeteƌs AP 
EvaluatioŶ 
Paƌaŵeteƌs 

Aϭ AϮ Aϰ Aϱ Aϲ Aϳ Aϴ Aϵ AϭϬ Aϯ EPϭ EPϮ EPϯ EPϰ 

Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ 

Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 
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As ouƌ puƌpose is to eǆtƌaĐt GPC foƌ taƌget GTC, the aĐtioŶ paƌaŵeteƌ aŶd 
eǆpeƌiŵeŶts aƌe siŵple eŶough to peƌfoƌŵ the GPC eǆtƌaĐtioŶ. We also haǀe to 
eŶsuƌe that ǁith the Ŷeǁ ƌeduĐed set of ǀaƌiaďles aŶd eǆpeƌiŵeŶts, ǁe still get the 
GTC ǁhose GPC aƌe supposed to ďe eǆtƌaĐted. Theƌefoƌe, the fifth step is GTC 
eǆtƌaĐtioŶ. 

“eǀeŶ GTCs ǁeƌe eǆtƌaĐted, aŶd ouƌ taƌget GTC {Eϭ aŶd EϮ ǀs Eϯ aŶd Eϰ} is iŶǀolǀed. 

Thus, ǁe aƌe satisfied ǁith ouƌ siŵplified siŵulatioŶ ŵodel aŶd ŵoƌe pƌeĐiselǇ, the 

ŵodel of the siŵulatoƌ ƌeŵaiŶs the saŵe, ǁith oŶlǇ a feǁ ǀalues that aƌe ǀaƌǇ ǁhile 

the solutioŶ spaĐe is sŵalleƌ. As ǁe haǀe ouƌ taƌgeted GTC iŶ ouƌ eǆpeƌiŵeŶt, ǁe ĐaŶ 

use it foƌ seaƌĐhiŶg the GPCs, otheƌǁise ǁe ǁould haǀe to Đoŵe ďaĐk aŶd Đhoose 

ŵoƌe aĐtioŶ paƌaŵeteƌs oƌ ǀalues. 

The last step is GPC eǆtƌaĐtioŶ of the taƌgeted GTC. IŶ ouƌ eǆaŵple, the eǆtƌaĐtioŶ 
ƌesult is ǀeƌǇ siŵple aŶd it ĐaŶ ďe seeŶ as ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt 
iŶ Figuƌe ϱϭ. 

 

Figuƌe ϱϭ: “Ǉsteŵ of ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt 

What is the ĐoŶtƌiďutioŶ of ouƌ ŵethod iŶ ĐoŶtƌadiĐtioŶ foƌŵulatioŶ iŶ this Đase? 
Theƌe aƌe oŶlǇ tǁo eǆpeƌiŵeŶts iŶ the foƌŵulatioŶ of ĐoŶtƌadiĐtioŶ. CaŶ ǁe just 
seleĐt tǁo eǆpeƌiŵeŶts ƌespeĐtiǀelǇ fƌoŵ Eϭ aŶd EϮ iŶ AppeŶdiǆ ϭ to foƌŵ the saŵe 
ĐoŶtƌadiĐtioŶ? The aŶsǁeƌ to this ƋuestioŶ is Ŷo. We haǀe ĐheĐked Eϭ aŶd EϮ, aŶd 
theǇ oŶlǇ Đoǀeƌ oŶe of the tǁo eǆpeƌiŵeŶts. Thus this ĐoŶtƌadiĐtioŶ Đould Ŷot ďe 
oďtaiŶed fƌoŵ the iŶitial set of eǆpeƌiŵeŶts. If ǁe had aŶotheƌ ƌaŶdoŵ set of 
eǆpeƌiŵeŶts, it ŵaǇ eǀeŶ happeŶ that ŶoŶe of these tǁo eǆpeƌiŵeŶts ďeloŶg to the 
saŵple of eǆpeƌiŵeŶts set. Hoǁeǀeƌ ǁith the pƌoposed “VM ŵethodologǇ ǁe ǁould 
haǀe fouŶd it.  

The seĐoŶd ĐoŶtƌiďutioŶ of this appƌoaĐh ĐoŶĐeƌŶs the Ŷoise pƌoǀided ďǇ the 
ǀaƌiaďles aŶd ǀalues that ǁeƌe ƌeŵoǀed ďǇ this ŵethodologǇ. Thus, the ŵethodologǇ 
filteƌs pƌoǀides uŶusaďle phǇsiĐal ĐoŶtƌadiĐtioŶs. Let us eǆplaiŶ. If ǁe ƌaŶdoŵlǇ seleĐt 
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tǁo eǆpeƌiŵeŶts fƌoŵ Eϭ aŶd EϮ to foƌŵ ĐoŶtƌadiĐtioŶs, the ĐoŶfliĐts aŵoŶg aĐtioŶ 
paƌaŵeteƌs aƌe seǀeƌal. “uĐh as iŶ Taďle ϮϮ, ǁheƌe siǆ aĐtioŶ paƌaŵeteƌs ;i.e., Aϯ, Aϲ, 
Aϳ, Aϴ, Aϵ, AϭϬͿ haǀe ĐoŶfliĐts aŶd Đould ďe ĐaŶdidates foƌ ĐlassiĐal phǇsiĐal 
ĐoŶtƌadiĐtioŶ as defiŶed ďǇ the ĐoŶteǆt of Aϭ = Ϭ aŶd AϮ = ϭ aŶd Aϰ = Ϭ aŶd Aϱ = Ϭ. 
Eǆpeƌts lookiŶg to these tǁo eǆpeƌiŵeŶts ŵaǇ Ŷot ďe aďle to Đhoose aŵoŶg theŵ. 
AĐĐoƌdiŶg to the ĐhoseŶ GTC, aŵoŶg the siǆ ĐoŶfliĐts, aĐtioŶ paƌaŵeteƌs Aϳ, Aϴ, Aϵ, 
aŶd AϭϬ aƌe Ŷoise aĐtioŶ paƌaŵeteƌs. These paƌaŵeteƌs should Ŷot ďeloŶg to the 
ĐoŶĐept of AP foƌ eǆplaiŶiŶg the GTC. A deepeƌ illustƌatioŶ of this poiŶt ƌeƋuiƌes 
ŵoƌe iŶfoƌŵatioŶ ƌegaƌdiŶg the pƌoďleŵ ĐoŶteǆt aŶd studied sǇsteŵ desĐƌiptioŶ. 

Taďle ϮϮ: ‘aŶdoŵlǇ seleĐtioŶ tǁo eǆpeƌiŵeŶts fƌoŵ Eϭ aŶd EϮ 

Aϭ AϮ Aϯ  Aϰ  Aϱ  Aϲ Aϳ  Aϴ  Aϵ  AϭϬ  EPϭ EPϮ EPϯ EPϰ 

Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ -ϭ -ϭ ϭ ϭ 

Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ -ϭ -ϭ 
 

TheƌeďǇ, ouƌ ŵethod iŶdeed helps iŶ ƌeŵoǀiŶg Ŷot oŶlǇ Ŷoise aĐtioŶ paƌaŵeteƌs, ďut 
ŵaǇ also help iŶ filteƌiŶg siŵple phǇsiĐal ĐoŶtƌadiĐtioŶs that Đould Ŷot ďe pƌoǀided ďǇ 
eǆpeƌts. 

4-6.2 EP ďased eǆtƌaĐtioŶ 

 

Figuƌe ϱϮ: PƌoĐess of EP-ďased eǆtƌaĐtioŶ 
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The seĐoŶd stƌategǇ is the eǀaluatioŶ paƌaŵeteƌ ďased eǆtƌaĐtioŶ. The diffeƌeŶĐe 

fƌoŵ the pƌeǀious stƌategǇ is that it is peƌfoƌŵed ǁithout ĐoŶsideƌiŶg the taƌget GTC. 

IŶ faĐt ǁe oŶlǇ ĐoŶsideƌ the eǆpeƌiŵeŶts aŶd the ďiŶaƌǇ ǀalues of the EPs. The eŶtiƌe 

pƌoĐess of this stƌategǇ is siŵilaƌ to the GTC-ďased eǆtƌaĐtioŶ aŶd is pƌeseŶted iŶ 

Figuƌe ϱϮ. 

Foƌ this pƌoĐess, ǁe do the saŵe thiŶg to eaĐh EP as ǁe did to Yϭ aŶd YϮ iŶ the 

pƌeǀious seĐtioŶ. UsiŶg the saŵe eǆaŵple iŶ AppeŶdiǆ ϭ, the ǁeightiŶg ƌesults of the 

aĐtioŶ paƌaŵeteƌ foƌ eaĐh eǀaluatioŶ paƌaŵeteƌ aƌe pƌeseŶted iŶ  

Taďle Ϯϯ.  

 

Taďle Ϯϯ: WeightiŶg ƌesults of aĐtioŶ paƌaŵeteƌ foƌ eǆaŵple 

 

The seleĐtioŶ set is the saŵe set {Aϭ, AϮ, Aϯ, Aϰ, Aϱ, Aϲ}. TheŶ, ǁe eǀaluate the 

ǀalues of {Aϭ, AϮ, Aϯ, Aϰ, Aϱ, Aϲ} ǁith the ǁeights pƌeseŶted iŶ Taďle Ϯϰ. 

 

Taďle Ϯϰ: Weight ŵatƌiǆ foƌ ǀalue seleĐtioŶ to EP of the eǆaŵple 

 

The seleĐtioŶ pƌiŶĐiple is the saŵe as pƌeǀiouslǇ ǁheƌe the ǀalue seleĐtioŶ ƌesults aƌe 

{AϮ = ϭ, Aϯ = ϭ, Aϭ = Ϭ} foƌ Eϭ, {AϮ = ϭ, Aϯ = ϭ, Aϰ = Ϭ} foƌ EϮ, {AϮ = ϭ, Aϯ = Ϭ, Aϱ = Ϭ} 

foƌ Eϯ, {Aϱ = Ϭ, Aϯ = Ϭ, Aϲ =ϭ} foƌ Eϰ. The iŶtegƌated ƌesult is Aϭ= {Ϭ}, AϮ = {ϭ}, Aϯ = 

{ϭ,Ϭ}, Aϰ = {Ϭ}, Aϱ = {Ϭ}, aŶd Aϲ = {ϭ}, the saŵe as foƌ the GTC ďased eǆtƌaĐtioŶ. The 

folloǁiŶg steps aƌe also saŵe as that foƌ GTC seleĐtioŶ. IŶ this eǆaŵple, the appƌoaĐh 

pƌoǀides the saŵe ƌesults as ǁe do Ŷot see the diffeƌeŶĐes ďetǁeeŶ theŵ. Hoǁeǀeƌ, 

theǇ aĐtuallǇ haǀe theiƌ oǁŶ adǀaŶtages aŶd disadǀaŶtages. 
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4-6.3 CoŵpaƌiŶg the stƌategies 

No ŵatteƌ the GTC-ďased eǆtƌaĐtioŶ oƌ EP-ďased eǆtƌaĐtioŶ, theǇ ďoth aƌe aiŵiŶg at 

eǆtƌaĐtiŶg the GPC foƌ the taƌget GTC. The adǀaŶtage of the GTC-ďased appƌoaĐh is 

the ŵoƌe taƌgeted seleĐtioŶ of the aĐtioŶ paƌaŵeteƌs, ǁhiĐh ǁill liŵit the seleĐtioŶ 

to the aĐtioŶ paƌaŵeteƌs that oŶlǇ haǀe effeĐts oŶ tǁo sides of the taƌgeted GTC. The 

disadǀaŶtage of GTC-ďased appƌoaĐh is the liŵit of the Ŷuŵďeƌ of positiǀe iŶstaŶĐes 

iŶ the “VM tƌaiŶiŶg. This is due to Eϭ oƌ EϮ haǀiŶg aŶ iŶsuffiĐieŶt Ŷuŵďeƌ of 

eǆpeƌiŵeŶts that ǁould affeĐt the tƌaiŶiŶg ƌesults of the “VM ŵodel. The adǀaŶtage 

of EP-ďased eǆtƌaĐtioŶ though, is the ĐoŶsideƌatioŶ of all of the eǀaluatioŶ 

paƌaŵeteƌs duƌiŶg the stage of aĐtioŶ paƌaŵeteƌ seleĐtioŶ. We should fiŶd ŵoƌe GTC 

ǁith the seĐoŶd appƌoaĐh; thus, ǁe should Ŷot Ŷeed to ƌepeat the siŵplifiĐatioŶ 

pƌoĐess foƌ eaĐh GTC. Moƌe pƌaĐtiĐal eǆpeƌiŵeŶts aƌe ƌeƋuiƌed to ĐheĐk this 

asseƌtioŶ aŶd ŵake the ĐoŵpaƌisoŶ. 

AdditioŶallǇ, it ǁill ďetteƌ shape the Paƌeto set of the ͞ƌeduĐed͟ sǇsteŵ. IŶ aĐtualitǇ, 

the seĐoŶd stƌategǇ ĐaŶ ďe ĐoŶsideƌed a stƌategǇ foƌ seaƌĐhiŶg the ŵaiŶ aĐtioŶ 

paƌaŵeteƌs that iŶflueŶĐe the Paƌeto set of the eǀaluatioŶ paƌaŵeteƌs oƌ at least to 

ƌeŵoǀe those that aƌe Ŷot iŶflueŶĐiŶg. 

4-7 CoŶĐlusiǀe ƌeŵaƌks 

The pƌeǀious ǁoƌk has doĐuŵeŶted the oƌigiŶ of geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ 

aŶd geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶ as ǁell as theiƌ eǆtƌaĐtioŶ algoƌithŵ 

ƌegaƌdiŶg the ƌesults of eǆpeƌiŵeŶts oƌ siŵulatioŶs. Hoǁeǀeƌ, eaĐh algoƌithŵ is 

ďased oŶ eǆhaustiǀe seaƌĐh, aŶd as suĐh, theǇ aƌe Ŷot usaďle ǁheŶ theƌe aƌe too 

ŵaŶǇ paƌaŵeteƌs. EspeĐiallǇ, the pƌeǀious GPC eǆtƌaĐtioŶ algoƌithŵ that liŵits the 

ďiŶaƌǇ aĐtioŶ paƌaŵeteƌs to tǁelǀe. IŶ this Đhapteƌ, ǁe iŶtƌoduĐed featuƌe seleĐtioŶ 

algoƌithŵ foƌ oŶe of ŵost iŵpoƌtaŶt algoƌithŵs of “VM, ďǇ ǁhiĐh all the featuƌes aƌe 

ǁeighted ďǇ ĐoŶtƌiďutioŶ. Based oŶ the ǁeight pƌoǀided ďǇ the “VM appƌoaĐh, ǁe 

pƌoposed to ŵake a seleĐtioŶ of aĐtioŶ paƌaŵeteƌs aŶd theiƌ ǀalues as to siŵplifǇ the 

sǇsteŵ that ƌeduĐes the ĐoŵputatioŶal ĐoŵpleǆitǇ of the GPC eǆhaustiǀe seaƌĐhiŶg 

algoƌithŵ. Based oŶ this tool, ǁhiĐh ĐaŶ haŶdle seǀeƌal thousaŶds of APs, tǁo 

stƌategies ǁeƌe pƌoposed iŶ this Đhapteƌ: GTC-ďased GPC-eǆtƌaĐtioŶ aŶd eǀaluatioŶ 
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paƌaŵeteƌs ďased GPC-eǆtƌaĐtioŶ. Foƌ GTC-ďased eǆtƌaĐtioŶ, the seleĐtioŶ of aĐtioŶ 

paƌaŵeteƌs aŶd ǀalues ǁeƌe oƌieŶtated toǁaƌds the tǁo-side of geŶeƌalized teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ ;Yϭ aŶd YϮͿ; ǁheƌeas the eǀaluatioŶ paƌaŵeteƌ ďased eǆtƌaĐtioŶ 

oƌieŶtated toǁaƌd eaĐh eǀaluatioŶ paƌaŵeteƌ.  

IŶ oƌdeƌ to ďetteƌ iŶteƌpƌet ouƌ ŵethodologǇ, a douďle KaŶďaŶ Đase studǇ ǁill ďe 

illustƌated iŶ the Ŷeǆt Đhapteƌ, the eŶtiƌe pƌoĐess ǁill ďe iŶtƌoduĐed ďased oŶ the GTC 

eǆtƌaĐtioŶ, GPC eǆtƌaĐtioŶ aŶd aĐtioŶ paƌaŵeteƌs seleĐtioŶ. Foƌ this Đase, solutioŶ 

fƌoŵ T‘I) ǁill ďe pƌoposed, aŶd Đoŵpaƌed ǁith eǆpeƌts͛ solutioŶ aŶd oƌigiŶal sǇsteŵ. 

We ĐaŶ see the Paƌeto of the eǀolǀed sǇsteŵ fƌoŵ T‘I) solutioŶ Đoǀeƌ the Paƌeto of 

the oƌigiŶal sǇsteŵ aŶd eǆpeƌts pƌoposed sǇsteŵ iŶ the Ŷeǆt Đhapteƌ. 

The paƌaŵeteƌ seleĐtioŶ ŵethod pƌoposed iŶ this Đhapteƌ has a ĐoŶtƌiďutioŶ to 

aŶsǁeƌ Qϱ, hoǁ ĐaŶ ǁe eǆtƌaĐt the ƌeleǀaŶt ĐoŶtƌadiĐtioŶs ǁithout eǆhaustiǀe 

ƌeseaƌĐh, ďeĐause the seleĐtioŶ pƌoĐess filteƌs ŵaŶǇ uŶiŵpoƌtaŶt aĐtioŶ paƌaŵeteƌs 

so that ŵaŶǇ states fƌoŵ these aĐtioŶ paƌaŵeteƌs haǀe ďeeŶ ƌeŵoǀed, like the 

eǆaŵple iŶ ϰ-ϲ.ϭ, ǁe fiǆed aĐtioŶ paƌaŵeteƌ {Aϳ=ϭ,Aϴ=ϭ,Aϵ=Ϭ,AϭϬ=ϭ}, that ŵeaŶs 

ǁe aĐtuallǇ ƌeŵoǀe the states iŶ ǁhiĐh { Aϳ=Ϭ,Aϴ=Ϭ,Aϵ=ϭ,AϭϬ=Ϭ}.
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Chapter 5  PƌoĐess of iŶǀeŶtiǀe pƌoďleŵ solǀiŶg 

This Đhapteƌ fiƌst pƌeseŶts a geŶeƌal fƌaŵeǁoƌk of the iŶǀeŶtiǀe desigŶ pƌoďleŵ 

solǀiŶg pƌoĐess, ǁhiĐh iŶtegƌates siŵulatioŶ, optiŵizatioŶ, aŶd T‘I) ďased ŵethods. 

“eĐoŶd, a Đase studǇ disĐussiŶg a douďle KaŶďaŶ sǇsteŵ illustƌates hoǁ the 

algoƌithŵs pƌeseŶted iŶ Đhapteƌs Ϯ, ϯ aŶd ϰ ĐaŶ ďe used ǁithiŶ the pƌeǀious geŶeƌal 

fƌaŵeǁoƌk. 

5-1 EŶtiƌe pƌoĐess 

As ŵeŶtioŶed iŶ the pƌeǀious Đhapteƌ, ǁe used the dialeĐtiĐal appƌoaĐh fƌoŵ the 

T‘I) theoƌǇ to solǀe iŶǀeŶtiǀe desigŶ pƌoďleŵs that ĐaŶŶot ďe solǀed solelǇ ďǇ 

optiŵizatioŶ ŵethods. PƌaĐtiĐal eǀideŶĐe has shoǁŶ that soŵetiŵes it ŵaǇ ďe less 

eǆpeŶsiǀe to use aŶ iŶǀeŶtiǀe pƌoďleŵ solǀiŶg ŵethod eǀeŶ if the pƌoďleŵ ĐaŶ ďe 

solǀed ďǇ optiŵizatioŶ. Hoǁeǀeƌ, iŶ ŵaŶǇ situatioŶs, ďoth appƌoaĐhes aƌe ƌeƋuiƌed 

to pƌoǀide satisfaĐtoƌǇ solutioŶs aŶd aƌe used iŶ seƋueŶĐe. A theoƌetiĐal oƌ geŶeƌal 

fƌaŵeǁoƌk foƌ desigŶ pƌoďleŵ solǀiŶg pƌoĐess ďased oŶ the siŵulatioŶ-optiŵizatioŶ-

iŶǀeŶtioŶ loops ǁheŶ siŵulatioŶ oƌ eǆpeƌiŵeŶtal ŵeaŶs aƌe aǀailaďle is pƌoposed 

aŶd shoǁŶ oŶ Figuƌe ϱϯ. The solǀiŶg pƌoĐess iŶǀolǀes seǀeŶ fuŶĐtioŶs as ƌepƌeseŶted 

ďǇ ďoǆes iŶ Figuƌe ϱϯ. The fuŶĐtioŶs ĐaŶ ďe peƌfoƌŵed iŶdepeŶdeŶtlǇ ďǇ usiŶg 

diffeƌeŶt ŵethods aŶd tools suĐh as desigŶ of pƌoďleŵ ŵodels ;ƋualitǇ fuŶĐtioŶ 

deploǇŵeŶt, desigŶ of eǆpeƌieŶĐe …Ϳ; siŵulatoƌ ŵodels ;CAD, WitŶessͿ; siŵulatioŶ 

algoƌithŵs ;stoĐhastiĐ optiŵizatioŶ, geŶetiĐ algoƌithŵsͿ; ŵulti-Đƌiteƌia deĐisioŶ 

aŶalǇsis; aŶd ĐhaŶgiŶg ŵodel ŵethods suĐh as T‘I), etĐ. The fiƌst fuŶĐtioŶ ƌepƌeseŶts 

the pƌoďleŵ foƌŵulatioŶ aŶd defiŶitioŶ thƌough the ƌeƋuiƌeŵeŶts aŶd the 

dissatisfaĐtioŶ of the Đustoŵeƌ. The eǀaluatioŶ paƌaŵeteƌs ;EPiͿ aƌe used to desĐƌiďe 

the oďjeĐtiǀes aŶd aƌe ŵeasuƌed to ĐheĐk ǁhetheƌ the Đustoŵeƌ s͛ ƌeƋuiƌeŵeŶts aƌe 

satisfied. The aĐtioŶ paƌaŵeteƌs ;APiͿ ǁith theiƌ possiďle ǀalues ƌepƌeseŶt the sǇsteŵ 

ǀaƌiaďles oŶ ǁhiĐh oŶe ĐaŶ aĐt. “oŵe ƌelatioŶs ;‘iͿ ďetǁeeŶ sǇsteŵ ǀaƌiaďles aŶd 

paƌaŵeteƌs aƌe desĐƌiďed thƌough the sǇsteŵ ĐoŶstƌaiŶts. 
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Figuƌe ϱϯ: GeŶeƌal fƌaŵeǁoƌk foƌ iŶǀeŶtiǀe desigŶ pƌoďleŵ solǀiŶg 
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The seĐoŶd fuŶĐtioŶ geŶeƌates the eǆpeƌiŵeŶts ǁith ǀaluatioŶ of possiďle solutioŶs, 

ǁhiĐh aƌe oďtaiŶed ďǇ the aid of a siŵulatoƌ oƌ ďǇ phǇsiĐal eǆpeƌiŵeŶtatioŶ. 

“oŵetiŵes a laƌge Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs aŶd theiƌ ǀalues aƌe aĐĐessiďle 

ŵakiŶg it is iŵpossiďle to pƌoĐess all data. Thus, the thiƌd fuŶĐtioŶ should Đhoose the 

ƌeleǀaŶt aĐtioŶ paƌaŵeteƌs foƌ the ǀaluated eǆpeƌiŵeŶts ǁith possiďle solutioŶs ;i.e., 

desigŶ of eǆpeƌiŵeŶt oƌ optiŵizatioŶ algoƌithŵsͿ. WheŶ satisfaĐtoƌǇ Đouples ;APi, 

EPi;APiͿͿ aƌe oďtaiŶed ;i.e., theiƌ eǀaluatioŶ paƌaŵeteƌs aĐhieǀe the eǆpeĐted ǀaluesͿ 

oƌ ǁheŶ the tiŵe alloǁed foƌ eǆpeƌiŵeŶt is oǀeƌ, the ƌesults aƌe filteƌed foƌ eǆaŵple 

ďǇ ŵulti-Đƌiteƌia aŶalǇsis, ǁhiĐh is the fouƌth fuŶĐtioŶ. WheŶ the eǀaluatioŶ 

paƌaŵeteƌs do Ŷot aĐhieǀe the eǆpeĐted ǀalues afteƌ the tiŵe alloǁed foƌ the 

eǆpeƌiŵeŶt oƌ ďeĐause of pƌoǀeŶ liŵitatioŶs of the sǇsteŵ as poiŶted out ďǇ the 

eǆpeƌiŵeŶts; it is ŶeĐessaƌǇ to ĐhaŶge the ĐoŶĐeptual ŵodel to ƌeaĐh the 

ƌeƋuiƌeŵeŶts, ǁhiĐh is the fifth fuŶĐtioŶ. BǇ folloǁiŶg this pƌoĐess, the use of 

dialeĐtiĐal iŶǀeŶtiǀe solǀiŶg appƌoaĐh is pƌoposed. TheŶ the loop staƌts agaiŶ ǁith a 

Ŷeǁ ŵodel ďǇ peƌfoƌŵiŶg “tep Ϯ. 

 

Figuƌe ϱϰ: PƌoĐess of ŵodel ĐhaŶge 
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Ouƌ ĐoŶtƌiďutioŶ is foĐusiŶg oŶ the fuŶĐtioŶ ϱ ŵodel ĐhaŶge, iŶ Figuƌe ϱϰ, a pƌoĐess 

of fuŶĐtioŶ ϱ is pƌoposed, ǁheƌe iŶputs eǆpeƌiŵeŶts oƌ siŵulatioŶ ƌesults. 

IŶ this pƌoĐess, ǁe peƌfoƌŵ the GTC eǆtƌaĐtioŶ as fiƌst step. The GTC ĐaŶ ďe eǆtƌaĐted 

ďǇ eǆpeƌts oƌ ďǇ the GTC eǆtƌaĐtioŶ algoƌithŵ disĐussed iŶ Chapteƌ Ϯ. Foƌ “tep Ϯ, the 

taƌget GTC ĐaŶ ďe seleĐted ďǇ eǆpeƌts, oƌ ǁe seleĐt GTC ďased oŶ the Ŷuŵďeƌ of 

eǀaluatioŶ paƌaŵeteƌs. If ǁe ĐoŵpletelǇ solǀe this ĐoŶtƌadiĐtioŶ ǁith ŵoƌe 

eǀaluatioŶ paƌaŵeteƌs iŶǀolǀed theŶ theƌe ǁill a higheƌ leǀel of satisfaĐtioŶ ďased oŶ 

the aĐhieǀeŵeŶt of eǀaluatioŶ paƌaŵeteƌs. OŶĐe the taƌget GTC is deteƌŵiŶed, ǁe 

Ŷeed to seleĐt the GPC. If the tiŵe ĐoŵpleǆitǇ is suitaďle foƌ GPC eǆtƌaĐtioŶ, ǁe ĐaŶ 

diƌeĐtlǇ eǆtƌaĐt the GPC oƌ let the eǆpeƌts eǆtƌaĐt the GPC. Otheƌǁise, ǁe peƌfoƌŵ 

the GTC/EP-ďased GPC eǆtƌaĐtioŶ as pƌoposed iŶ Chapteƌ ϰ. WheŶ ǁe oďtaiŶ the GTC 

aŶd ĐoƌƌespoŶdiŶg GPC, the geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶ is foƌŵed aŶd the 

ĐlassiĐal T‘I) phǇsiĐal ĐoŶtƌadiĐtioŶ ĐaŶ ďe oďtaiŶed ďǇ ĐoŵpaƌiŶg the tǁo ĐoŶĐepts 

of the GPC. AŵoŶg these phǇsiĐal ĐoŶtƌadiĐtioŶs, ǁe pƌopose to seleĐt a phǇsiĐal 

ĐoŶtƌadiĐtioŶ iŶ ǁhiĐh oŶlǇ oŶe aĐtioŶ paƌaŵeteƌ has ĐoŶfliĐt. AdditioŶallǇ, the 

ĐoŶteǆt that deǀelops the ĐoŶfliĐtiŶg state loĐated ǁithiŶ the Paƌeto liŶe should ďe 

seleĐted foƌ the phǇsiĐal ĐoŶtƌadiĐtioŶ. The last step is to solǀe this phǇsiĐal 

ĐoŶtƌadiĐtioŶ ďǇ T‘I) ŵethodologǇ. 

5-2 Case studǇ of douďle KaŶďaŶ 

IŶ this seĐtioŶ, the studǇ Đase is pƌeseŶted to illustƌate the use of the pƌoposed 

ŵodel ĐhaŶge pƌoĐess ǁith the tools iŶtƌoduĐed iŶ pƌeǀious Đhapteƌs.  

5-2.1 Pƌoďleŵ foƌŵulatioŶ aŶd siŵulatioŶ 

This Đase iŶǀolǀes a siŵple ŵaŶufaĐtuƌiŶg sǇsteŵ ŵaŶaged ďǇ KaŶďaŶ Đaƌds 

siŵulated ǁith the aid of the floǁ siŵulatioŶ softǁaƌe WitŶess ϭϰ aŶd the siŵulatioŶ 

laǇout is shoǁŶ iŶ Figuƌe ϱϱ. 
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Figuƌe ϱϱ: Douďle KaŶďaŶ sǇsteŵ 

The sǇsteŵ is Đoŵposed of oŶe ŵaŶufaĐtuƌiŶg ŵaĐhiŶe pƌoduĐiŶg tǁo diffeƌeŶt 

iteŵs stoƌed iŶ tǁo iŶdepeŶdeŶt iŶǀeŶtoƌies aŶd deliǀeƌed to tǁo kiŶds of 

Đustoŵeƌs, Đustoŵeƌ_ϭ aŶd Đustoŵeƌ_Ϯ. The iŶteƌǀal tiŵe of Đustoŵeƌs͛ aƌƌiǀal tiŵe 

folloǁs a uŶifoƌŵ ƌaŶdoŵ distƌiďutioŶ i.e. iŶteƌǀal of Đustoŵeƌ_ϭ͛s aƌƌiǀal tiŵe 

folloǁs a uŶifoƌŵ distƌiďutioŶ ;Ϭ.ϭϴ, Ϭ.ϮϮͿ, aŶd iŶteƌǀal of Đustoŵeƌ_Ϯ͛s aƌƌiǀal tiŵe 

folloǁs a uŶifoƌŵ distƌiďutioŶ ;Ϭ.ϵ; ϭ.ϭͿ. It is a siŵple pull sǇsteŵ ǁheƌe KaŶďaŶ Đaƌds 

aƌe seŶt ďaĐk to the ŵaŶufaĐtuƌe ŵaĐhiŶe ǁheŶ the ĐoŶtaiŶeƌ is eŵptǇ. The KaŶďaŶ 

Đaƌd pƌoǀides the ƋuaŶtitǇ to ďe put iŶto a ĐoŶtaiŶeƌ. The ŵaŶufaĐtuƌe ŵaĐhiŶe has a 

tǁo diffeƌeŶt set up tiŵes foƌ eaĐh iteŵ ;i.e., ϭ tiŵe uŶit foƌ the fiƌst iteŵ aŶd Ϯ tiŵe 

uŶits foƌ the seĐoŶd iteŵͿ, the opeƌatioŶ tiŵe is Ϭ.ϭ tiŵe uŶit foƌ ďoth iteŵs aŶd the 

tƌaŶspoƌtatioŶ tiŵes fƌoŵ ŵaŶufaĐtuƌiŶg ŵaĐhiŶe to the iŶǀeŶtoƌies is ŶegleĐted. 

The tƌaŶspoƌtatioŶ KaŶďaŶ “ize fƌoŵ the ŵaĐhiŶe to the Đustoŵeƌs͛ iŶǀeŶtoƌies is 

oŶe KaŶďaŶ. The sĐheduliŶg ƌule foƌ the ŵaĐhiŶe is FIFO ;fiƌst iŶ fiƌst outͿ aĐĐoƌdiŶg 

to the aƌƌiǀiŶg KaŶďaŶ Đaƌds. Thus a setup is peƌfoƌŵed aŶǇ tiŵe the tǇpe of iteŵ 

;KaŶďaŶͿ ĐhaŶges iŶ the KaŶďaŶ ǁaitiŶg liŶe. The total ƌuŶŶiŶg tiŵe of oŶe 

siŵulatioŶ is ϭϬϬϬ tiŵe uŶits ;ϭ tiŵe uŶit ĐoƌƌespoŶds to ϭ houƌͿ, ǁith ϭϬ tiŵe uŶits 

ƌeƋuiƌed foƌ ǁaƌŵ up tiŵe. DuƌiŶg the ǁaƌŵ up tiŵe, all the KaŶďaŶ Đaƌds Đoŵe iŶto 

the ŵodel aŶd go to the ŵaŶufaĐtuƌe ŵaĐhiŶe, thus the iŶitial stoĐk of tǁo 

iŶǀeŶtoƌies is fƌoŵ the ŵaŶufaĐtuƌe of ǁaƌŵup tiŵe. 

This studǇ is ŵodeled as folloǁs: the KaŶďaŶ size ;ƋuaŶtitǇ of iteŵs ĐoƌƌespoŶdiŶg to 

oŶe KaŶďaŶ ĐaƌdͿ aŶd the Ŷuŵďeƌ of KaŶďaŶ Đaƌds aƌe the aĐtioŶ paƌaŵeteƌs of the 
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sǇsteŵ oŶ ǁhiĐh ǁe ĐaŶ aĐt. To eǀaluate the peƌfoƌŵaŶĐe of this sǇsteŵ, the aǀeƌage 

stoĐk iŶ the iŶǀeŶtoƌies aŶd the aǀeƌage ǁaitiŶg tiŵe foƌ Đustoŵeƌs foƌ ďoth iteŵs 

aƌe defiŶed as the eǀaluatioŶ paƌaŵeteƌs. IŶ suŵŵaƌǇ, fouƌ aĐtioŶ paƌaŵeteƌs aƌe 

defiŶed: Ŷuŵďeƌ of KaŶďaŶ foƌ iteŵ ϭ ;NKϭͿ, Ŷuŵďeƌ of KaŶďaŶ foƌ iteŵ Ϯ ;NKϮͿ, 

KaŶďaŶ size foƌ iteŵ ϭ ;K“ϭͿ, aŶd KaŶďaŶ size foƌ iteŵ Ϯ ;K“ϮͿ. IŶ additioŶ, the fouƌ 

eǀaluatioŶ paƌaŵeteƌs aƌe aǀeƌage stoĐk iŶ stoĐk ϭ ;A“ϭͿ, aǀeƌage stoĐk iŶ stoĐk Ϯ 

;A“ϮͿ, seƌǀiĐe ďƌeakdoǁŶ foƌ iteŵ ϭ ;“BϭͿ ĐoƌƌespoŶdiŶg to the aǀeƌage lateŶess of 

the deliǀeƌǇ to Đustoŵeƌ ϭ aŶd seƌǀiĐe ďƌeakdoǁŶ foƌ iteŵ Ϯ ;“BϮͿ. The defiŶitioŶ of 

the ƌaŶge of aĐtioŶ paƌaŵeteƌs foƌ optiŵizatioŶ should ďe defiŶed ďǇ eŶgiŶeeƌ fiƌst, 

theŶ deduĐed if theƌe is a good solutioŶ out of the defiŶed ƌaŶge thƌough a statistiĐal 

aŶalǇsis of geŶeƌated solutioŶs. Foƌ ouƌ Đase, the ƌaŶge is defiŶed fƌoŵ ϭ to ϭϬ foƌ 

eaĐh aĐtioŶ paƌaŵeteƌ. 

5-2.2 OptiŵizatioŶ aŶd solutioŶ filteƌ 

OŶĐe the aĐtioŶ paƌaŵeteƌs ;NKϭ, NKϮ, K“ϭ, K“ϮͿ aŶd eǀaluatioŶ paƌaŵeteƌs ;A“ϭ, 

“Bϭ, A“Ϯ, “BϮͿ aƌe deteƌŵiŶed, the eǆpeƌiŵeŶts aƌe peƌfoƌŵed. The WitŶess 

pƌoǀides tools foƌ ƌaŶdoŵ eǆpeƌiŵeŶts. We used a ƌaŶdoŵ eǆpeƌiŵeŶt as aŶ 

optiŵizatioŶ aŶd ϭϬϯϵ eǆpeƌiŵeŶts ǁeƌe peƌfoƌŵed. Foƌ a ĐoŶǀeŶieŶt ǀieǁ, ǁe used 

A“ϭ+A“Ϯ aŶd “Bϭ+“BϮ as tǁo aǆes ǁith the ƌesults shoǁŶ iŶ Figuƌe ϱϲ.  

IŶ ouƌ pƌoďleŵ, the goal is to haǀe a situatioŶ ǁith Ŷo lateŶess aŶd Ŷo stoĐk, ǁhiĐh 

ŵeaŶs that the ǀalue of eaĐh eǀaluatioŶ paƌaŵeteƌ is ideallǇ taƌgeted to ďe zeƌo. 

Hoǁeǀeƌ, this goal is iŵpossiďle to ďe aĐhieǀed ďǇ the sǇsteŵ desĐƌiďed aďoǀe. The 

ďest ǀalues that ǁe did oďtaiŶ sepaƌatelǇ ďǇ optiŵizatioŶ ŵeaŶs foƌ eaĐh eǀaluatioŶ 

paƌaŵeteƌs of this sǇsteŵ ǁas “Bϭ = Ϭ, A“ϭ = Ϭ, “BϮ = Ϭ, aŶd A“Ϯ = Ϭ. No eǆpeƌiŵeŶts 

pƌoǀided a solutioŶ ǁheƌe all the eǀaluatioŶ paƌaŵeteƌs ǁeƌe siŵultaŶeouslǇ ǁithiŶ 

the iŶteƌǀal [Ϭ; Ϭ.ϭ]. This solutioŶ Đould Ŷot ďe ƌeaĐhed ďǇ the aďoǀe desĐƌiďed 

sǇsteŵ. Thus, ouƌ oďjeĐtiǀe ǁas theŶ to ŵodifǇ the ŵodel of the eǆistiŶg sǇsteŵ as 

little as possiďle suĐh that a solutioŶ ǁheƌe eaĐh eǀaluatioŶ paƌaŵeteƌ staŶds ǁithiŶ 

the ƌaŶge [Ϭ, Ϭ.ϭ] eǆisted. “uĐh a solutioŶ should outpeƌfoƌŵ aŶǇ solutioŶ of the 

aĐtual sǇsteŵ.  
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Figuƌe ϱϲ: ϭϬϯϵ ƌaŶdoŵ eǆpeƌiŵeŶts ƌesults 

5-2.3 Model ĐhaŶge 

5-2.3.1 GTC eǆtƌaĐtioŶ aŶd seleĐtioŶ 

The ƌesults of eǆpeƌiŵeŶts aƌe tƌaŶsfoƌŵed iŶto a ŵatƌiǆ siŵilaƌ to Taďle Ϯϱ.  

Taďle Ϯϱ: BiŶaƌizatioŶ pƌiŶĐiple of the eǀaluatioŶ paƌaŵeteƌs 

AĐtioŶ paƌaŵeteƌs 
EǀaluatioŶ paƌaŵeteƌs 

eǆpeƌiŵeŶtal ǀalues  

EǀaluatioŶ paƌaŵeteƌs 

ďiŶaƌized fƌoŵ 
oďjeĐtiǀes 

poiŶt of ǀieǁ 

KSϭ KSϮ NKϭ NKϮ SBϭ ASϭ SBϮ ASϮ 
 

SBϭ ASϭ SBϮ ASϮ 

Ϯ ϴ ϭ ϭ ϭ,ϲϳ Ϭ,Ϭϱ Ϭ,ϭϭ Ϯ,ϳϲ 
 

Ϭ ϭ Ϭ Ϭ 

ϳ ϵ ϭ ϭ ϭ,ϱϬ Ϭ,Ϯϲ Ϭ,ϭϯ ϯ,Ϭϳ 
 

Ϭ Ϭ Ϭ Ϭ 

 

If the ǀalue of the eǀaluatioŶ paƌaŵeteƌ dƌops iŶ the iŶteƌǀal [Ϭ; Ϭ.ϭ], it is satisfǇiŶg 

aŶd the ǀalue of the eǀaluatioŶ paƌaŵeteƌs foƌ this eǆpeƌiŵeŶt is set to ͚ϭ ,͛ otheƌǁise 

it is uŶsatisfǇiŶg aŶd deŶoted ͚Ϭ .͛ Foƌ eǆaŵple, iŶ the fiƌst situatioŶ, K“ϭ= Ϯ, K“Ϯ=ϴ, 

NKϭ=ϭ aŶd NKϮ=ϭ as iŶdiĐated iŶ , as deteƌŵiŶed, “Bϭ=ϭ.ϲϳ, ǁhiĐh is gƌeateƌ thaŶ 

Ϭ.ϭ; theƌefoƌe, it is deŶoted as ͚Ϭ ,͛ aŶd as A“ϭ = Ϭ.Ϭϱ, it is ǁithiŶ the iŶteƌǀal [Ϭ; Ϭ.ϭ], 
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heŶĐe it is ďiŶaƌized as ͚ϭ ,͛ as aƌe “BϮ aŶd A“Ϯ. The GTC eǆtƌaĐtioŶ algoƌithŵ 

pƌoposed iŶ Chapteƌ Ϯ ǁas peƌfoƌŵed. As a ƌesult, tǁelǀe paiƌs of GTCs ǁeƌe fouŶd 

ǁheƌe oŶlǇ tǁo of theŵ iŶĐluded all the eǀaluatioŶ paƌaŵeteƌs as shoǁŶ iŶ Figuƌe 

ϱϳ. That iŶdiĐates if aŶǇ of the tǁo GTC ǁeƌe oǀeƌĐoŵe, all the oďjeĐtiǀes ǁould ďe 

ƌeaĐhed. 

Satisfied: Service Breakdown 1 and Service Breakdown 2

Dissatisfied: Average Stock 1 or Average Stock 2

Desired result

Satisfied: Average Stock 1 and Average Stock 2

Dissatisfied: Service Breakdown 1 or Service Breakdown 2

GTC 1

GTC 2

 

aͿ GTC: “Bϭ aŶd “BϮ V“ A“ϭ aŶd A“Ϯ 

Satisfied: Average Stock 2 and Service Breakdown 1

Dissatisfied: Average Stock 1 or Service Breakdown 2

Desired result

Satisfied: Average Stock 1 and Service Breakdown 2

Dissatisfied: Average Stock 2 or Service Breakdown 1

GTC 1

GTC 2

 

ďͿ GTC: “Bϭ aŶd A“Ϯ V“ A“ϭ aŶd “BϮ 

Figuƌe ϱϳ: GTCs iŶǀolǀiŶg all the eǀaluatioŶ paƌaŵeteƌs 

Fƌoŵ a pƌoďleŵ solǀiŶg poiŶt of ǀieǁ, ǁe should Đhoose oŶe of GTC iŶ Figuƌe ϱϳ, 

ďeĐause if ǁe solǀe oŶe of theŵ ĐoŵpletelǇ, ǁe ĐaŶ oďtaiŶ ouƌ fiŶal ideal solutioŶ. 

Fƌoŵ a GPC eǆtƌaĐtioŶ poiŶt of ǀieǁ, the Chapteƌ ϯ iŶdiĐates us to Đhoose the GTC 

ǁhiĐh has a laƌge Ŷuŵďeƌ of eǆpeƌiŵeŶts iŶ Eϭ aŶd EϮ. Thus, iŶ the Ŷeǆt step ǁe 

Đhoose the GTC iŶ Figuƌe ϱϳaͿ as the taƌget GTC foƌ seaƌĐhiŶg foƌ a solutioŶ. As the 

eǆpeƌiŵeŶts aƌe Ŷot full faĐtoƌial, aŶd peƌfoƌŵiŶg full faĐtoƌial eǆpeƌiŵeŶts aŶd GPC 

eǆtƌaĐtioŶ algoƌithŵ Đost a laƌge aŵouŶt of tiŵe, ǁe use paƌaŵeteƌ seleĐtioŶ to 

ƌeduĐe the Ŷuŵďeƌ of aĐtioŶ paƌaŵeteƌs aŶd ǀalues.  

5-2.3.2 EP ďased GPC eǆtƌaĐtioŶ 

IŶ this paƌt, ǁe peƌfoƌŵed the EP-ďased GPC eǆtƌaĐtioŶ stƌategǇ disĐussed iŶ Đhapteƌ 

ϰ. 
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5-2.3.2.1 WeightiŶg aŶd seleĐtiŶg aĐtioŶ paƌaŵeteƌ 

As Chapteƌ ϰ desĐƌiďed, ǁe used the “VM ŵodel to ǁeight the aĐtioŶ paƌaŵeteƌs, 

aŶd ƌesult aƌe shoǁŶ iŶ Taďle Ϯϲ. 

Taďle Ϯϲ: “VM ǁeights 

 

IŶ Taďle Ϯϲ, the iŶtuitiǀe ƌelatioŶ ďetǁeeŶ the aĐtioŶ paƌaŵeteƌs aŶd the eǀaluatioŶ 

paƌaŵeteƌs is that the K“ϭ aŶd the NKϭ haǀe a positiǀe effeĐt oŶ the “Bϭ, aŶd a 

Ŷegatiǀe effeĐt oŶ the A“ϭ. Moƌeoǀeƌ, as iteŵ ϭ Đoŵpetes ǁith iteŵ Ϯ foƌ the liŵited 

ĐapaĐitǇ of the ŵaŶufaĐtuƌe ŵaĐhiŶe, theǇ haǀe ƌeǀeƌse effeĐts oŶ “BϮ aŶd A“Ϯ. 

Hoǁeǀeƌ, foƌ the diffeƌeŶt K“Ϯ aŶd the NKϮ ǀalues, the K“Ϯ has a positiǀe effeĐt oŶ 

“Bϭ aŶd “BϮ. The ƌeasoŶ is eǆisteŶĐe of the paƌt tiŵe Đhaƌge. The laƌgeƌ the K“Ϯ is, 

the less the paƌt tiŵe Đhaƌge. The laƌge K“Ϯ ĐaŶ lead to a laƌge ƋuaŶtitǇ of iteŵ Ϯ iŶ 

the ďuffeƌ “toĐk_ Ϯ, theƌeďǇ iŶĐƌeasiŶg the iŶteƌǀal ďetǁeeŶ tiŵes of pƌoduĐiŶg the 

iteŵ Ϯ. Not suƌpƌisiŶglǇ, the loŶg iŶteƌǀal foƌ pƌoduĐiŶg the iteŵ Ϯ iŶdiƌeĐtlǇ 

deĐƌeased the total setup tiŵe, aŶd iŶĐƌeased the ĐapaĐitǇ of ŵaĐhiŶe foƌ pƌoduĐiŶg 

iteŵ ϭ. This eŶhaŶĐed the seƌǀiĐe ƋualitǇ ďut iŶĐƌeased iteŵs foƌ aǀeƌage stoĐk. Fƌoŵ 

the ǁeight ŵatƌiǆ, ǁe ĐaŶ see that all the aĐtioŶ paƌaŵeteƌs aƌe iŵpoƌtaŶt. 

Theƌefoƌe, ǁe kept all the aĐtioŶ paƌaŵeteƌs {K“ϭ, K“Ϯ, NKϭ, NKϮ}. 

5-2.3.2.2 WeightiŶg aŶd seleĐtiŶg the ǀalues of aĐtioŶ paƌaŵeteƌs 

IŶ this seĐtioŶ, the saŵe ŵethod ǁas peƌfoƌŵed as seleĐtiŶg the ǀalue of aĐtioŶ 

paƌaŵeteƌ ďǇ the “VM-Weight. Fiƌst, ĐodiŶg eaĐh ǀalue of aĐtioŶ paƌaŵeteƌ ;ϰϬ 

ďiŶaƌǇ paƌaŵeteƌs iŶ this ĐaseͿ, theŶ ĐƌeatiŶg the “VM-ŵodel ǁith ŵoƌe thaŶ ϵϱ% 

Đƌoss ǀalidatioŶ-aĐĐuƌaĐǇ. FiŶallǇ, pƌeseŶtiŶg the ǁeight ŵatƌiǆ foƌ eaĐh aĐtioŶ 

paƌaŵeteƌ ;iŶ Taďle Ϯϳ,Taďle Ϯϴ,Taďle Ϯϵ aŶd Taďle ϯϬͿ. We seleĐted the ǀalue ďǇ 

usiŶg the pƌiŶĐiple pƌeseŶted iŶ Chapteƌ ϰ. Foƌ eǆaŵple, iŶ Taďle Ϯϳ, the seleĐtioŶ 

ƌesult ǁas ϭ, Ϯ, ϴ aŶd ϭϬ. AŵoŶg the fouƌ ǀalues, ϭ aŶd Ϯ haǀe ϭst aŶd ϮŶd positiǀe 
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iŶflueŶĐe oŶ A“ϭ aŶd “BϮ, ǁheƌeas, ϴ aŶd ϭϬ haǀe ϭst aŶd ϮŶd positiǀe iŶflueŶĐe oŶ 

A“Ϯ aŶd “Bϭ. The seleĐtioŶ ƌesults aƌe shoǁŶ iŶ Taďle ϯϭ. 

Taďle Ϯϳ: Weight ŵatƌiǆ foƌ K“ϭ ;seleĐted ϭ,Ϯ,ϴ,ϭϬͿ 

 

Taďle Ϯϴ: Weight ŵatƌiǆ foƌ K“Ϯ ;seleĐted ϭ,Ϯ,ϴ,ϵͿ 

 

Taďle Ϯϵ: Weight ŵatƌiǆ foƌ NKϭ ;seleĐted ϭ,Ϯ,ϳ,ϭϬͿ 

 

Taďle ϯϬ: Weight ŵatƌiǆ foƌ NKϮ ;seleĐted ϭ,ϯ,ϴ,ϭϬͿ 

 

5-2.3.2.3 PeƌfoƌŵiŶg full faĐtoƌial eǆpeƌiŵeŶts 

Based oŶ seleĐted ǀalue iŶ Taďle ϯϭ, the Ϯϱϲ siŵulatioŶs ǁeƌe peƌfoƌŵed oŶ the 

ƌeduĐed sǇsteŵ ǁith the ƌesults displaǇed iŶ Figuƌe ϱϴ. OďseƌǀiŶg the distƌiďutioŶ of 

ƌesults iŶ Figuƌe ϱϴ, the oďǀious ĐoŶĐlusioŶ is that the Ϯϱϲ ƌesults tƌeŶd foƌŵs the 

Paƌeto liŶe. IŶ ĐoŶtƌast to a ƌaŶdoŵ solutioŶ of the oƌigiŶal sǇsteŵ, ŵost of ƌesults iŶ 

the ƌeduĐed sǇsteŵ aƌe loĐated oŶ oƌ Đlose to the Paƌeto fƌoŶt, theǇ Ŷot oŶlǇ foĐus 

Taďle ϯϭ: Value seleĐtioŶ ďǇ “VM ǁeights 

 

K“ ϭ K“ Ϯ KB ϭ KB Ϯ 

“eleĐtioŶ 
ƌesult 

ϭ, Ϯ, ϴ, ϭϬ ϭ, Ϯ, ϴ, ϵ ϭ, Ϯ, ϳ,ϭϬ ϭ, ϯ, ϴ, ϭϬ 
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oŶ the solutioŶ toǁaƌd to oƌigiŶal poiŶt, ďut also the eǆtƌeŵe poiŶts oŶ the tǁo sides 

of the Paƌeto liŶe, ǁhiĐh alloǁs foƌ ďetteƌ foƌŵulatioŶ of the teĐhŶiĐal ĐoŶtƌadiĐtioŶ.  
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Figuƌe ϱϴ: Ϯϱϲ full faĐtoƌial eǆpeƌiŵeŶts 

IŶ teƌŵs of the suŵ of the fouƌ eǀaluatioŶ paƌaŵeteƌs, it ǁas disĐoǀeƌed the solutioŶ 

ǁas Đlose to the ideal poiŶt thaŶ ƌaŶdoŵ solutioŶ as ǁell. IŶ Taďle ϯϮ, ϯ ďetteƌ 

solutioŶs ;ϰ,ϱϭϲͿ ǁeƌe disĐoǀeƌed iŶ teƌŵ of the suŵ of the fouƌ eǀaluatioŶ 

paƌaŵeteƌs thaŶ the ƌaŶdoŵ solutioŶ of oƌigiŶal sǇsteŵ ;ϰ,ϱϴϮͿ. 

Taďle ϯϮ: Best ǀalues fƌoŵ ƌeduĐed sǇsteŵ 

AP EP 
 

K“ϭ K“Ϯ NKϭ NKϮ “Bϭ A“ϭ “BϮ A“Ϯ 
“uŵ of 

EP 

Ϯ ϴ Ϯ ϭ ϭ.ϯϮϯ Ϭ.ϯϮϯ Ϭ.ϭϬϳ Ϯ.ϳϲϮ ϰ.ϱϭϲ 

ϴ ϴ ϭ ϭ ϭ.ϱϯϲ Ϭ.Ϯϯϰ Ϭ.ϭϰϵ Ϯ.ϲϬϵ ϰ.ϱϮϴ 

ϭ ϴ Ϯ ϭ ϭ.ϱϬϱ Ϭ.ϭϰϲ Ϭ.ϭϬϰ Ϯ.ϳϴϰ ϰ.ϱϯϴ 

Ϯ ϴ ϭ ϭ ϭ.ϲϲϳ Ϭ.Ϭϰϲ Ϭ.ϭϬϳ Ϯ.ϳϲϮ ϰ.ϱϴϮ 
 

5-2.3.2.4 GTC eǆtƌaĐtioŶ aŶd GPC eǆtƌaĐtioŶ 

The GTC eǆtƌaĐtioŶ algoƌithŵ ǁas peƌfoƌŵed oŶ the Ϯϱϲ full faĐtoƌial eǆpeƌiŵeŶts. 

Tǁelǀe GTCs ǁeƌe eǆtƌaĐted aŶd theǇ aƌe the saŵe as the ϭϮ GTCs of oƌigiŶal sǇsteŵ. 

That ǁould iŶdiĐate ďoth of theŵ aƌe aĐĐeptaďle ŵodels iŶ ƌegaƌd to GTC eǆtƌaĐtioŶ. 

Based oŶ the ƌesults of the GTC eǆtƌaĐtioŶ oŶ the ƌeduĐed sǇsteŵ, the GPC eǆtƌaĐtioŶ 

ǁas peƌfoƌŵed foƌ the taƌget GTC iŶ Figuƌe ϱϳa. OŶĐe ǁe had the GPC, the G“C 
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ŵodel ǁas foƌŵulated as aŶ iŶitial poiŶt of the T‘I) aŶalǇsis. As the ƌeduĐed sǇsteŵ 

had the saŵe GTCs as the oƌigiŶal sǇsteŵ, aŶd its eǆpeƌiŵeŶts aƌe full faĐtoƌial 

eǆpeƌiŵeŶts; the GPC Đould ďe eǆtƌaĐted toǁaƌds the taƌget GTC. As a ƌesult, ϲϴ 

states iŶ ĐoŶĐept held GTCϭ, aŶd ϯϬ states held GTCϮ. Based oŶ the aďoǀe 

ĐalĐulatioŶ, the geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶ ǁas displaǇed iŶ Figuƌe ϱϵ. IŶ the 

Ŷeǆt seĐtioŶ, ǁe ǁill seleĐt a phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt fƌoŵ geŶeƌalized 

sǇsteŵ of ĐoŶtƌadiĐtioŶ, aŶd atteŵpt to solǀe it.  

LS1,LS2,KN1,KN2

Concept 1:

 (LS1=2)(LS2=1)(KN2=3) + 

(LS1=1)(LS2=1)(KN1=1)(KN2=1)+

….

Concept 2: 

(LS1=2)(LS2=8)(KN1=10)(KN1=3)+ 

(LS1=8)(LS2=8)(KN1=8)(KN1=3)+

….

AS1=1 and AS2=1

SB1=1 and SB2=1

SB1=0 or SB2=0

Desired result

AS1=0 or AS2=0

GTC 1

GTC 2

 

Figuƌe ϱϵ: GeŶeƌalized “Ǉsteŵ of CoŶtƌadiĐtioŶ 

5-2.3.3 EǆtƌaĐt phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt fƌoŵ tǁo ĐoŶĐepts 

Thƌough ĐoŵpaƌisoŶ of tǁo ĐoŶĐepts, ϮϬϰϬ phǇsiĐal ĐoŶtƌadiĐtioŶs ǁith ĐoŶteǆt ǁeƌe 

oďtaiŶed. The seleĐted phǇsiĐal ĐoŶtƌadiĐtioŶ should haǀe oŶe ĐoŶfliĐt aĐtioŶ 

paƌaŵeteƌ aŶd theƌe ǁeƌe ϭϲ ĐoŶtƌadiĐtioŶs ǁith oŶe ĐoŶfliĐt aĐtioŶ paƌaŵeteƌ. 

Hoǁeǀeƌ, the ĐoŶfliĐt aĐtioŶ paƌaŵeteƌ ǁas just oŶe aĐtioŶ paƌaŵeteƌ K“Ϯ ǁith 

diffeƌeŶt ǀalues ;KaŶďaŶ “ize of KaŶďaŶ ϮͿ; thus, K“Ϯ ǁas seleĐted as the phǇsiĐal 

ĐoŶtƌadiĐtioŶ. We Đhoose the ĐoŶteǆt that eŶsuƌes tǁo ĐoŶfliĐt states aƌouŶd the 

Paƌeto liŶe. Theƌefoƌe, ǁe Đhoose the ĐoŶtƌadiĐtioŶ that state K“ϭ = Ϯ, K“Ϯ = ϭ, KNϭ = 

ϭϬ, aŶd KNϮ = ϯ ǀeƌsus state K“ϭ = Ϯ, K“Ϯ = ϴ, KNϭ = ϭϬ aŶd KNϮ = ϯ shoǁŶ iŶ Figuƌe 

ϲϬ. This ĐoŶfliĐt pƌoǀides us a phǇsiĐal ĐoŶtƌadiĐtioŶ K“Ϯ=ϭ ǀs K“Ϯ=ϴ ǁith ĐoŶteǆt that 

K“ϭ=Ϯ, KNϭ=ϭϬ aŶd KNϮ=ϯ. 
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KS2

KS1=2,KN1=10,KN2=3

KS2=1

KS2=8

AS1=1 and AS2=1

SB1=1 and SB2=1

SB1=0 or SB2=0

Desired result

AS1=0 or AS2=0

GTC 1

GTC 2

 

Figuƌe ϲϬ: PhǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt 

5-2.3.4 IŶǀeŶtiǀe pƌoďleŵ solǀiŶg ďǇ usiŶg T‘I) 

IŶ this seĐtioŶ, ǁe foƌŵulated the T‘I) ŵodel foƌ solutioŶ theŶ list the T‘I) solutioŶs. 

Fiƌst, ǁe foƌŵulated the tǁo GTCs shoǁŶ iŶ Figuƌe ϲϭ. BeĐause of the pƌioƌitǇ of the 

seƌǀiĐe ďƌeakdoǁŶ, GTC Ϯ iŶ Figuƌe ϲϭď ǁas ĐhoseŶ as ouƌ iŶitial teĐhŶiĐal 

ĐoŶtƌadiĐtioŶ. IŶ GTC Ϯ, CoŶĐept Ϯ ŵade the seƌǀiĐe ďƌeakdoǁŶ satisfied ;“Bϭ = Ϭ aŶd 

“BϮ = ϬͿ. Hoǁeǀeƌ, it had a haƌŵful effeĐt oŶ the tǁo stoĐks. 

Concept 1

SB1 and 

SB2

AS1 and 

AS2

 

Concept 2

SB1 and 

SB2

AS1 and 

AS2

 

a. GTC ϭ ď. GTC Ϯ 

Figuƌe ϲϭ: Tǁo sides of taƌget GTC 

A‘I)ϴϱC[ϭ], [ϳϯ] ǁas peƌfoƌŵed aŶd soŵe details aƌe desĐƌiďed ďeloǁ: 

 OpeƌatioŶ zoŶe: stoĐk aŶd ŵaĐhiŶe  

 OpeƌatioŶ tiŵe: ǁheŶ pƌoduĐiŶg the iteŵs foƌ KaŶďaŶ Ϯ aŶd ǁheŶ KaŶďaŶ Ϯ iŶ 

the KaŶďaŶ stoĐk 

 Ideal fiŶal ƌesult: The X-eleŵeŶt, ǁithout ĐoŵpliĐatioŶ of the sǇsteŵ aŶd ǁithout 

haƌŵful side effeĐts, eliŵiŶates <Aǀeƌage stoĐk> duƌiŶg the < ǁheŶ pƌoduĐe the 

iteŵs foƌ KaŶďaŶ aŶd ǁheŶ KaŶďaŶ iŶ the KaŶďaŶ stoĐk > iŶside the <ŵaĐhiŶe 

aŶd stoĐk> aŶd keeps the tool s͛ aďilitǇ to pƌoǀide <iteŵs to Đustoŵeƌ 

ƌeƋuiƌeŵeŶts iŶ tiŵe>. 
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“eǀeƌal paƌtial solutioŶs ǁeƌe oďtaiŶed, ǁhiĐh aƌe suŵŵaƌized ďeloǁ: 

 “olutioŶ iŶdiĐated ďǇ ϳϲ iŶǀeŶtiǀe staŶdaƌds ;ϯ.ϭ.ϭ, FoƌŵatioŶ of ďi oƌ polǇ-

sǇsteŵsͿ: IŶdiĐated to use tǁo ŵaĐhiŶes to pƌoduĐe iteŵs. Although this solutioŶ 

ĐaŶ teĐhŶiĐallǇ solǀe ouƌ pƌoďleŵ, ďƌiŶgiŶg aŶotheƌ ŵaĐhiŶe is a laƌge ĐhaŶge 

that does Ŷot folloǁs the pƌiŶĐiple of ŵiŶiŵal ĐhaŶge iŶ T‘I) oƌ that Đould ďe 

ĐoŶsideƌed as too eǆpeŶsiǀe. Thus it Đould oŶlǇ ďe aŶ alteƌŶatiǀe solutioŶ iŶ Đase 

of Ŷo satisfǇiŶg solutioŶ.  

 Paƌtial solutioŶ fƌoŵ ideal fiŶal ƌesult ϭ ;IF‘ϭͿ: KaŶďaŶ foƌ iteŵ Ϯ, ǁithout 

ĐoŵpliĐatioŶ of sǇsteŵ aŶd ǁithout haƌŵful side effeĐts, eliŵiŶates <aǀeƌage 

stoĐk> duƌiŶg the < tiŵe ǁheŶ pƌoduĐiŶg the iteŵs foƌ KaŶďaŶ Ϯ oƌ ǁheŶ KaŶďaŶ 

Ϯ is iŶ the KaŶďaŶ stoĐk > iŶside the <ŵaĐhiŶe aŶd stoĐk> aŶd keeps the aďilitǇ to 

pƌoǀide <iteŵs to Đustoŵeƌ ƌeƋuiƌeŵeŶts iŶ tiŵe>.  OŶ the aŶalǇsis of this paƌtial 

solutioŶ, if ǁe ǁaŶt to ƌeŵoǀe the aǀeƌage stoĐk ďǇ KaŶďaŶ duƌiŶg <tiŵe ǁheŶ 

pƌoduĐiŶg the iteŵs foƌ KaŶďaŶ Ϯ aŶd ǁheŶ KaŶďaŶ Ϯ is iŶ the KaŶďaŶ stoĐk>, ǁe 

should deĐƌease the KaŶďaŶ size ǁheŶ pƌoduĐiŶg iteŵs foƌ KaŶďaŶ Ϯ oƌ ƌeduĐiŶg 

the iteŵs ǁheŶ KaŶďaŶ is at Đustoŵeƌ stoĐk. 

 Ideal fiŶal ƌesult Ϯ ;IF‘ϮͿ: The ŵaĐhiŶe has to <pƌoǀide iteŵ> ǁheŶ theƌe is 

<Đustoŵeƌ ƌeƋuiƌeŵeŶt>, aŶd ŵaĐhiŶe has to <pƌoǀide Ŷo iteŵ itself> <ǁheŶ 

theƌe is Ŷo Đustoŵeƌ ƌeƋuiƌeŵeŶts>. 

“ǇŶthesiziŶg of paƌtial solutioŶs: 

Thƌough aŶalǇsis of IF‘Ϯ the hiddeŶ ƌeasoŶ ǁhǇ the ŵaĐhiŶe ĐaŶŶot diƌeĐtlǇ 

ŵaŶufaĐtuƌe the iteŵ ǁheŶ the Đustoŵeƌ is ĐoŵiŶg, is that setup tiŵes aŶd ĐǇĐle 

tiŵe pƌeǀeŶt ŵaĐhiŶe fƌoŵ pƌoǀide iteŵ iŵŵediatelǇ ǁheŶ the Đustoŵeƌ Đoŵes. 

The solutioŶ of douďle ŵaĐhiŶe is just aŶ appƌoaĐh foƌ ƌeŵoǀiŶg of the setup tiŵe 

;eǆĐept iŶitial oŶeͿ. 

The solutioŶ sǇŶthesized fƌoŵ paƌtial solutioŶ KaŶďaŶ_Ϯ: if ǁe keep ĐoŶteǆt: K“ϭ=Ϯ, 

KNϭ=ϭϬ, K“Ϯ=ϴ, aŶd defiŶe KNϮ=ϯ, the ƌesult is shoǁŶ iŶ Taďle ϯϯ. ǁe also ĐaŶ fiŶd 

that, afteƌ ϭϬϬϬ tiŵe uŶits ƌuŶŶiŶg, the ŵiŶiŵuŵ stoĐk iŶ stoĐk_Ϯ is ϭϰ, ǁhiĐh ŵeaŶs 

theƌe aƌe ϭϰ iteŵs iŶ the stoĐk all the ϭϬϬϬ tiŵe uŶits. Thus, ǁe ĐaŶ ŵake KNϮ=Ϯ to 

ƌeŵoǀe ϴ iteŵs, the ŵiŶiŵuŵ stoĐk iŶ stoĐk_Ϯ ďeĐoŵes to ϲ. The folloǁiŶg pƌoďleŵ 
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is hoǁ to use KaŶďaŶ_Ϯ to ƌeŵoǀe the ŵiŶiŵuŵ stoĐk. If ǁe ŵake KNϮ=ϭ, although 

the ŵiŶiŵuŵ stoĐk ďeĐoŵes Ϭ, aŶd “BϮ iŶĐƌeases. 

 

Taďle ϯϯ: The ƌesult of state ;K“ϭ=ϮͿ;K“Ϯ=ϴͿ;KNϭ=ϭϬͿ;KNϮ=ϯͿ 

K“ϭ K“Ϯ KNϭ KNϮ A“ϭ A“Ϯ “Bϭ “BϮ 

Ϯ ϴ ϭϬ ϯ ϵ,ϳϭ ϭϴ,ϲϱ Ϭ Ϭ 
 

 

The stƌategǇ foƌ addƌessiŶg this pƌoďleŵ is to keep the suppleŵeŶt as tǁo KaŶďaŶ_Ϯ, 

ďut keep the stoĐk as oŶe KaŶďaŶ_Ϯ aŶd Ϯ iteŵs as shoǁŶ iŶ Figuƌe ϲϮ. 

 

Figuƌe ϲϮ: IllustƌatioŶ of supplǇiŶg stƌategǇ 

To ƌealize the solutioŶ aŶd keep the ĐoŶteǆt, ǁe ŵade ϭϬ iteŵs foƌ stoĐk_Ϯ duƌiŶg 

the ǁaƌŵiŶg up tiŵe, aŶd defiŶed KaŶďaŶ_Ϯ=ϭ. IŶ oƌdeƌ to keep the suppleŵeŶtaƌǇ 

ƌhǇthŵ, ǁhiĐh is to seŶd KaŶďaŶ to ŵaĐhiŶe afteƌ deliǀeƌiŶg eight iteŵs, ǁe let the 

KaŶďaŶ go to the ŵaĐhiŶe afteƌ deliǀeƌiŶg eaĐh eight iteŵs, aŶd keep tǁo iteŵs iŶ 

the stoĐk duƌiŶg the suppleŵeŶtaƌǇ tiŵe of pƌoduĐiŶg foƌ KaŶďaŶ_Ϯ. Thus, the 

ŵeĐhaŶisŵ is to ŵake KaŶďaŶ “ize_Ϯ = ϴ, aŶd theƌe is seĐuƌitǇ stoĐk = Ϯ, ǁheŶ the 

KaŶďaŶ_Ϯ ǁith iteŵs ƌetuƌŶ to stoĐk_Ϯ. KaŶďaŶ_Ϯ ŵust suppleŵeŶt the seĐuƌitǇ 

stoĐk if its iteŵs less thaŶ Ϯ. BǇ this appƌoaĐh, the siŵulatioŶ ƌesult ǁas “Qϭ = Ϭ, “QϮ 

= Ϭ, A“ϭ = ϵ.ϳϭ, aŶd A“Ϯ = ϰ.ϲϱ, ǁheƌeas the ďest siŵulatioŶ solutioŶ of oƌigiŶal 

ŵodel that ŵade “Qϭ = Ϭ aŶd “QϮ = Ϭ had a ƌesult of A“ϭ = ϭϭ.ϳ aŶd A“Ϯ = ϭϬ.ϲϱ. 

5-2.3.5 “Ǉsteŵ eǀolutioŶ fƌoŵ paƌtial solutioŶ 

IŶspiƌed ďǇ the paƌtial solutioŶ of KaŶďaŶ iŶ pƌeǀious seĐtioŶ, the siŵulatioŶ ŵodel 

eǀolǀed ďǇ addiŶg tǁo paƌaŵeteƌs; “eĐuƌitǇ_“toĐk_ϭ aŶd “eĐuƌitǇ_“toĐk_Ϯ. The 
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puƌpose of seĐuƌitǇ stoĐk ;“eĐuƌitǇ_“toĐkͿ is to keep deliǀeƌiŶg iteŵs to the Đustoŵeƌ 

eǀeŶ ǁheŶ all the KaŶďaŶ aƌe seŶt to the ŵaĐhiŶe. Hoǁeǀeƌ, ǁheŶ the iteŵs of 

KaŶďaŶ aƌƌiǀe iŶ the stoĐk, it ŵust fulfill the seĐuƌitǇ stoĐk fiƌst. 

 

IŶ ĐoŶtƌast to oƌigiŶal siŵulatioŶ ŵodel, aŶ oďǀious ĐoŶĐlusioŶ that ĐaŶ ďe dƌaǁŶ is 

that if seĐuƌitǇ stoĐk is eƋual to Ϭ, the eǀolǀed ŵodel is eƋual to the oƌigiŶal ŵodel. 

That ŵeaŶs that Paƌeto fƌoŶt of oƌigiŶal ŵodel ŵust ďe doŵiŶated ďǇ the eǀolǀed 

ŵodel. IŶ oƌdeƌ to shoǁ the optiŵal Paƌeto fƌoŶt of oƌigiŶal ŵodel, ǁe defiŶe the 

ƌaŶge of fouƌ aĐtioŶ paƌaŵeteƌs fƌoŵ ϭ to ϭϱ aŶd peƌfoƌŵ all the ĐoŵďiŶatioŶ of 

eǆpeƌiŵeŶts ;ϱϬϲϮϱ ĐoŵďiŶatioŶsͿ. IŶ ƌegaƌd to the eǆpeƌiŵeŶts of eǀolǀed ŵodel, 

the siŵulated aŶŶealiŶg ǁas peƌfoƌŵed oŶ the ŵiŶiŵizatioŶ pƌoďleŵ 

“Bϭ+“BϮ+A“ϭ+A“Ϯ. IŶ Figuƌe ϲϯ, ǁe oŶlǇ ƌeŵoǀed the ƌesults iŶ ƌegioŶ [Ϭ, ϭ]×[Ϭ, ϭϳ]. 

Hoǁeǀeƌ, the Paƌeto kŶoǁŶ fƌoŵ siŵulated aŶŶealiŶg ǁas Đoǀeƌed aŶd ǁeŶt ďeǇoŶd 

the optiŵal Paƌeto fƌoŶt of the oƌigiŶal ŵodel. Theƌefoƌe, the iŵpƌoǀeŵeŶt oŶ this 

ŵodel pushes the sǇsteŵ eǀolutioŶ, aŶd oǀeƌĐaŵe the Paƌeto fƌoŶt of the iŶitial 

ŵodel. UŶfoƌtuŶatelǇ theƌe ǁas Ŷo solutioŶ to aƌƌiǀe at ouƌ fiŶal goal as eaĐh EP ǁas 

ďeloǁ Ϭ.ϭ. 

 

 

Figuƌe ϲϯ: CoŵpaƌisoŶ of paƌtial Paƌeto fƌoŶt of eǀolǀed aŶd oƌigiŶal ŵodel 
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5-3 “olutioŶ fƌoŵ iŶǀeŶtoƌǇ eǆpeƌts 

The iŶǀeŶtoƌǇ eǆpeƌts also pƌoposed a solutioŶ aĐĐoƌdiŶg the aƌƌiǀiŶg tiŵe of 

Đustoŵeƌ_Ϯ ǁas faƌ ŵoƌe thaŶ Custoŵeƌ_ϭ. The solutioŶ ǁas to speĐifǇ a pƌoduĐiŶg 

pƌioƌitǇ foƌ KaŶďaŶ_Ϯ. That ŵeaŶs ǁheŶ KaŶďaŶ_Ϯ aƌƌiǀed to the ŵaĐhiŶe KaŶďaŶ 

ďuffeƌ, the ŵaĐhiŶe Đhose to pƌioƌitize the iteŵ foƌ KaŶďaŶ_Ϯ. Based oŶ this 

ŵeĐhaŶisŵ, ǁe ďuilt a Ŷeǁ ŵodel iŶ WitŶess aŶd ŵaiŶtaiŶed the otheƌ paƌaŵeteƌs. 

A seƌies of ϭϬϯϵ ƌaŶdoŵ eǆpeƌiŵeŶts ǁeƌe peƌfoƌŵed, aŶd a ĐoŵpaƌisoŶ of the 

ƌesults to the oƌigiŶal eǆpeƌiŵeŶts is pƌeseŶted iŶ Figuƌe ϲϰ. 

 

Figuƌe ϲϰ: KaŶďaŶ_Ϯ pƌioƌitǇ Paƌeto ǀs oƌigiŶal ƌaŶdoŵ FIFO Paƌeto 

Fƌoŵ Figuƌe ϲϰ, ǁe kŶoǁ that the tǁo Paƌeto iŶ the tǁo diŵeŶsioŶs ;“Bϭ+“BϮ, 

A“ϭ+A“ϮͿ aƌe siŵilaƌ, ǁhiĐh ŵeaŶs the liŵit states of tǁo sǇsteŵs aƌe siŵilaƌ. 

Hoǁeǀeƌ, ďǇ ĐoŵpaƌiŶg the solutioŶ iŶ a hoƌizoŶtal ǁaǇ, ǁe ĐaŶ fiŶd that the pƌioƌitǇ 

solutioŶ is ďetteƌ thaŶ oƌigiŶal solutioŶ oŶ the “Bϭ+“BϮ. 

To ŵake a ĐoŵpaƌisoŶ to the eǀolǀed FIFO, ǁe pƌeseŶt the solutioŶ fƌoŵ eǀolǀed 

FIFO aŶd KaŶďaŶϮ PƌioƌitǇ sǇsteŵ iŶ Figuƌe ϲϱ. IŶ the ƌegioŶ [Ϭ, ϭ]×[Ϭ, Ϯϱ], Ŷo 

solutioŶ fƌoŵ KaŶďaŶϮ PƌioƌitǇ sǇsteŵ ĐaŶ doŵiŶate the Paƌeto liŶe the of eǀolǀed 

FIFO. That ŵeaŶs the eǀolǀed FIFO is supeƌioƌ to the KaŶďaŶϮ PƌioƌitǇ sǇsteŵ. 
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Figuƌe ϲϱ: KaŶďaŶϮ pƌioƌitǇ Paƌeto ǀs eǀolǀed ŵodel Paƌeto 

IŶ oƌdeƌ to deŵoŶstƌate the supeƌioƌ of eǀolǀed FIFO, ǁe seleĐted the eǆpeƌiŵeŶts 

ƌesults ďǇ “Bϭ<Ϭ.ϭ aŶd “B<Ϭ.ϭ foƌ eǀolǀed FIFO, KaŶďaŶϮ pƌioƌitǇ aŶd oƌigiŶal FIFO 

;full eǆpeƌiŵeŶtsͿ. We oŶlǇ ĐoŶsideƌed the ƌest tǁo eǀaluatioŶ paƌaŵeteƌ A“ϭ aŶd 

A“Ϯ, aŶd the Paƌeto of thƌee gƌoups of ƌesults aƌe pƌeseŶted iŶ Figuƌe ϲϲ. Fƌoŵ this 

figuƌe, ǁe ĐaŶ easilǇ see that ǁheŶ “Bϭ aŶd “BϮ is satisfied ;<Ϭ.ϭͿ, the eǀolǀed FIFO 

ĐaŶ pƌoǀide the ďest ƌesolutioŶs aŵoŶg thƌee sǇsteŵs. 

 

Figuƌe ϲϲ: The Paƌeto of A“ϭ aŶd A“Ϯ foƌ thƌee sǇsteŵs;“Bϭ<Ϭ.ϭ aŶd “BϮ<Ϭ.ϭͿ 
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5-4 CoŶĐlusioŶ 

IŶ this Đhapteƌ, fiƌst ǁe ƌeǀieǁed the geŶeƌal fƌaŵeǁoƌk of iŶǀeŶtiǀe desigŶ pƌoĐess 

as pƌoposed iŶ Chapteƌ ϭ. IŶ this pƌoĐess, the iŶǀeŶtiǀe desigŶ is peƌfoƌŵed iŶ the 

fifth step-ŵodel ĐhaŶge. Foƌ this step, ǁe pƌoposed a sǇsteŵatiĐ iŶǀeŶtiǀe pƌoĐess, 

ǁhiĐh iŶtegƌated GTC eǆtƌaĐtioŶ ;Chapteƌ ϮͿ, GPC eǆtƌaĐtioŶ ;Chapteƌ ϯͿ, EP/GTC-

ďased GPC eǆtƌaĐtioŶ ;Chapteƌ ϰͿ aŶd iŶǀeŶtiǀe pƌoďleŵ solǀiŶg ;T‘I)Ϳ. To illustƌate 

this ŵodel ĐhaŶge pƌoĐess, ǁe ŵade aŶ eǆaŵple of a douďle KaŶďaŶ, oŶe ŵaĐhiŶe 

supplǇiŶg tǁo tǇpes of iteŵs foƌ tǁo diffeƌeŶt stoĐks. Afteƌ aŶalǇsis, this ŵodel 

eǀolǀed ďǇ a Ŷeǁ suppleŵeŶtaƌǇ stƌategǇ. IŶ the eŶd, ǁe also ŵade a ĐoŵpaƌisoŶ 

agaiŶst the solutioŶ the eǆpeƌts pƌoposed. The ƌesults iŶdiĐated that the eǀolǀed 

sǇsteŵ had ďetteƌ peƌfoƌŵaŶĐe thaŶ the eǆpeƌts pƌoposed sǇsteŵ. UŶfoƌtuŶatelǇ, 

ouƌ eǀolǀed sǇsteŵ still did Ŷot aĐhieǀe the ideal fiŶal ƌesults as the fouƌ eǀaluatioŶ 

paƌaŵeteƌ loĐated iŶ [Ϭ, Ϭ.ϭ]. 

Hoǁeǀeƌ, iŶ the Đase studǇ, theƌe aƌe tǁo teĐhŶiĐal ĐoŶtƌadiĐtioŶs aŶd tǁelǀe 

geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs. This suppoƌts the aŶsǁeƌ to Qϭ, that GTC is 

ŵoƌe Ŷuŵeƌous thaŶ TC. It also pƌoposed to aŶsǁeƌ to Qϯ, ǁheƌe ĐhoosiŶg the GTC 

ďased oŶ the Ŷuŵďeƌ of assoĐiated eǀaluatioŶ paƌaŵeteƌs aŶd the Ŷuŵďeƌ of 

eǆpeƌiŵeŶts iŶ Eϭ aŶd EϮ. The solǀiŶg pƌoĐess of phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt 

of the douďle KaŶďaŶ iŶdiĐated to us that the phǇsiĐal ĐoŶtƌadiĐtioŶ should ďe solǀed 

ďǇ T‘I), aŶd the ĐoŶteǆt should ďe seeŶ as supeƌioƌ sǇsteŵ paƌaŵeteƌs duƌiŶg the 

iŶǀeŶtiǀe pƌoďleŵ solǀiŶg pƌoĐess. 
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Chapter 6  CoŶĐlusioŶ aŶd futuƌe pƌospeĐtiǀes 

The iŶtƌoduĐtioŶ Đhapteƌ iŶtƌoduĐed the pƌoďleŵatiĐ of ouƌ ǁoƌk ǀia teŶ ƋuestioŶs. 

The puƌposes of this Đhapteƌ aƌe to suŵŵaƌize the ĐoŶtƌiďutioŶs aŶd liŵitatioŶs of 

ouƌ ǁoƌk that leads us to disĐuss the aŶsǁeƌs to these ƋuestioŶs aŶd to pƌopose a 

pƌospeĐtiǀe foƌ futuƌe ƌeseaƌĐh. 

6-1 ‘eŵiŶdeƌ of the iŶitial ƋuestioŶs 

IŶ Chapteƌ ϭ, ǁe iŶtƌoduĐed the ďaĐkgƌouŶd foƌ ouƌ thesis aŶd ouƌ ŵotiǀatioŶs to 

eǆteŶd the ĐoŶĐept of T‘I) ĐoŶtƌadiĐtioŶ iŶ iŶǀeŶtiǀe pƌoďleŵ solǀiŶg iŶ oƌdeƌ to 

ďetteƌ foƌŵulate aŶd aŶalǇze the iŶǀeŶtiǀe desigŶ pƌoďleŵ. IŶ oƌdeƌ to oƌgaŶize ouƌ 

pƌoďleŵs aŶd pƌeseŶt ouƌ ĐoŶtƌiďutioŶs, Chapteƌ ϭ also pƌoposed teŶ geŶeƌal 

ƋuestioŶs that loĐate ouƌ pƌoďleŵatiĐ iŶ thƌee diffeƌeŶt leǀels. Let us ƌeĐall the teŶ 

ƋuestioŶs. 

The fiƌst leǀel of ƋuestioŶs ƌegaƌdiŶg the desigŶ theoƌǇ is ĐoŶĐeƌŶed ǁith the ĐoŶĐept 

of ĐoŶtƌadiĐtioŶ, ǁhiĐh is oŶe of the fouŶdatioŶs of T‘I): 

QuestioŶ ϭ: WheŶ Ŷo ĐlassiĐal teĐhŶiĐal oƌ phǇsiĐal ĐoŶtƌadiĐtioŶ eǆists, do the 

geŶeƌalized teĐhŶiĐal aŶd/oƌ phǇsiĐal ĐoŶtƌadiĐtioŶs eǆist aŶd aƌe 

theƌe a sigŶifiĐaŶt Ŷuŵďeƌ of those ĐoŶtƌadiĐtioŶs? CaŶ ǁe alǁaǇs 

eǆtƌaĐt the geŶeƌalized ĐoŶtƌadiĐtioŶs iŶtƌiŶsiĐallǇ the saŵe ǁaǇ as 

Paƌeto, foƌ eǆaŵple, fƌoŵ the ďehaǀioƌal ƌepƌeseŶtatioŶ aŶd the 

oďjeĐtiǀes of the sǇsteŵ? If so, theŶ ǁhat aƌe the ĐoŶseƋueŶĐes? 

QuestioŶ Ϯ: Hoǁ ĐaŶ the geŶeƌalized ĐoŶtƌadiĐtioŶs ďe eǆhaustiǀelǇ ideŶtified aŶd 

eǆtƌaĐted? 

QuestioŶ ϯ: OŶĐe all geŶeƌalized ĐoŶtƌadiĐtioŶs aƌe kŶoǁŶ, hoǁ ĐaŶ the ƌeleǀaŶt 

ĐoŶtƌadiĐtioŶs ďe ĐhoseŶ oƌ defiŶed? AlteƌŶatelǇ, hoǁ ĐaŶ a ƌeleǀaŶt 

ĐoŶtƌadiĐtioŶ ďe defiŶed iŶ a stƌaightfoƌǁaƌd ŵaŶŶeƌ? 
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The seĐoŶd leǀel of ƋuestioŶs ƌegaƌdiŶg the ŵethodologǇ ĐoŶĐeƌŶs the pƌaĐtiĐal 

ĐoŶseƋueŶĐes of the Ŷeǁ defiŶitioŶ of ĐoŶtƌadiĐtioŶs foƌ the iŶǀeŶtiǀe pƌoďleŵ 

solǀiŶg: 

QuestioŶ ϰ: OŶĐe the ĐoŶtƌadiĐtioŶs haǀe ďeeŶ ideŶtified aŶd eǆtƌaĐted, hoǁ ĐaŶ 

ǁe use theŵ iŶ the iŶǀeŶtiǀe pƌoďleŵ solǀiŶg pƌoĐess? 

QuestioŶ ϱ: Hoǁ ĐaŶ ǁe eǆtƌaĐt the ƌeleǀaŶt ĐoŶtƌadiĐtioŶs ǁithout eǆhaustiǀe 

ƌeseaƌĐh, ǁhiĐh is ofteŶ too eǆpeŶsiǀe aŶd tiŵe ĐoŶsuŵiŶg despite a 

posteƌioƌi filteƌiŶg? 

QuestioŶ ϲ: CaŶ ǁe use the ĐoŶĐept of a geŶeƌalized ĐoŶtƌadiĐtioŶ to eǆpƌess the 

iŵpliĐit kŶoǁledge fƌoŵ a sǇsteŵ eǆpeƌt? 

 

FiŶallǇ, the thiƌd leǀel of ƋuestioŶs disĐusses the eǆploƌatioŶ of the ƌelatioŶship 

ďetǁeeŶ optiŵizatioŶ ŵethods aŶd T‘I) iŶ oƌdeƌ to deǀelop Đƌoss-feƌtilizatioŶ fƌoŵ a 

theoƌetiĐal aŶd/oƌ a pƌaĐtiĐal poiŶt of ǀieǁ. 

QuestioŶ ϳ: CaŶ ǁe use ŵethods aŶd ĐoŶĐepts fƌoŵ the optiŵizatioŶ iŶ oƌdeƌ to 

faĐilitate the ideŶtifiĐatioŶ of geŶeƌalized ĐoŶtƌadiĐtioŶs? 

QuestioŶ ϴ: Is theƌe a ƌelatioŶship ďetǁeeŶ the Paƌeto ĐoŶĐepts aŶd the 

geŶeƌalized ĐoŶtƌadiĐtioŶs? 

QuestioŶ ϵ: If this liŶk eǆists, Đould it ďe used to ideŶtifǇ geŶeƌalized 

ĐoŶtƌadiĐtioŶs?  

QuestioŶ ϭϬ: AlteƌŶatelǇ, if this liŶk eǆists, Đould it ďe eǆploited to faĐilitate the 

optiŵizatioŶ pƌoĐess? 

6-2 CoŶtƌiďutioŶs ďǇ Đhapteƌs 

6-2.1 Chapteƌ Ϯ: EǆtƌaĐtioŶ of geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶ 

IŶ Chapteƌ Ϯ, ǁe pƌoposed a GTC ideŶtifiĐatioŶ aŶd eǆtƌaĐtioŶ ŵodel iŶ the foƌŵ of 

optiŵizatioŶ pƌogƌaŵs aŶd tǁo solutioŶ stƌategies. The fiƌst solutioŶ stƌategǇ is aŶ 

eǆhaustiǀe seaƌĐhiŶg algoƌithŵ that ĐaŶ ideŶtifǇ aŶd eǆtƌaĐt all GTC fƌoŵ aŶ 

eǆpeƌiŵeŶtal taďle ǁheŶ the Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌ is feǁeƌ thaŶ fifteeŶ. 

The seĐoŶd eǆtƌaĐts oŶe GTC ďǇ aŶ eǆistiŶg ďiŶaƌǇ pƌogƌaŵŵiŶg algoƌithŵ as a 

suppleŵeŶtaƌǇ stƌategǇ ǁheŶ the Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs is gƌeateƌ thaŶ 
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fifteeŶ. Hoǁeǀeƌ, to the ďest of ouƌ kŶoǁledge, theƌe is Ŷo poǁeƌful tool that ĐaŶ 

effeĐtiǀelǇ solǀe the ďiŶaƌǇ iŶtegeƌ pƌogƌaŵŵiŶg pƌoďleŵ foƌ the seĐoŶd stƌategǇ. 

The eǆhaustiǀe algoƌithŵ foƌ GTC eǆtƌaĐtioŶ pƌeseŶted iŶ this Đhapteƌ ŵakes it 

possiďle to aŶsǁeƌ QϮ ǁheŶ the Ŷuŵďeƌ of ǀaƌiaďles is feǁeƌ thaŶ fifteeŶ. With this 

algoƌithŵ, ǁe ĐaŶ also ĐoŶsideƌ aŶsǁeƌiŶg Qϭ foƌ teĐhŶiĐal ĐoŶtƌadiĐtioŶ ďǇ 

peƌfoƌŵiŶg appƌopƌiate eǆpeƌiŵeŶts. Fƌoŵ these eǆpeƌiŵeŶts, ǁe ŵade the 

folloǁiŶg ĐoŶĐlusioŶs: 

 The ŵoƌe aǀailaďle solutioŶs theƌe aƌe that ŵeet ŵultiple eǀaluatioŶ oďjeĐtiǀes, 

the sŵalleƌ is the possiďilitǇ of oďtaiŶiŶg a ĐlassiĐal teĐhŶiĐal ĐoŶtƌadiĐtioŶ. WheŶ 

oǀeƌ ϱϬ% of the taƌgets iŶ the eǆpeƌiŵeŶt taďle is satisfied, theƌe is ǀiƌtuallǇ Ŷo 

possiďilitǇ of oďtaiŶiŶg a ĐlassiĐal teĐhŶiĐal ĐoŶtƌadiĐtioŶ. This poiŶt eǆplaiŶs the 

diffiĐulties eŶĐouŶteƌed ďǇ huŵaŶ eǆpeƌts to foƌŵulate ĐoŶtƌadiĐtioŶs ďased oŶ 

the ĐlassiĐal ŵodel of T‘I) ĐoŶtƌadiĐtioŶ iŶ soŵe situatioŶs. 

 The Ŷuŵďeƌ of geŶeƌalized teĐhŶiĐal ĐoŶtƌadiĐtioŶs seeŵs to iŶĐƌease uŶtil the 

disappeaƌaŶĐe of the ĐlassiĐal teĐhŶiĐal ĐoŶtƌadiĐtioŶs; hoǁeǀeƌ, it also gƌaduallǇ 

deĐƌeases as ǁe iŶĐƌease the Ŷuŵďeƌ of satisfied taƌgets. Theƌe is alǁaǇs at least 

oŶe geŶeƌalized ĐoŶtƌadiĐtioŶ iŶ the data, uŶless the pƌoďleŵ is ĐoŵpletelǇ 

solǀed ;i.e. all taƌgets aƌe satisfied; theƌe is Ŷo PaƌetoͿ. 

The ĐoŶtƌadiĐtioŶs fƌoŵ the ƌeal Đase data did Ŷot fuŶdaŵeŶtallǇ diffeƌ fƌoŵ those of 

the ƌaŶdoŵ data oŶ siŵilaƌ ĐhaƌaĐteƌistiĐs. Thus, it seeŵs that ǁe ĐaŶ use ƌaŶdoŵlǇ 

geŶeƌated data to ĐoŶstƌuĐt aŶd ǀalidate the heuƌistiĐ ideŶtifiĐatioŶ of teĐhŶiĐal 

ĐoŶtƌadiĐtioŶs. The data pƌoďleŵ does Ŷot aƌise iŶ the eǆaĐt ƌesolutioŶ algoƌithŵ 

pƌoposed iŶ the thesis, ďut it ǁill aƌise foƌ the heuƌistiĐ algoƌithŵ desigŶed to solǀe 

the saŵe pƌoďleŵ foƌ sǇsteŵs that ĐoŶtaiŶ a laƌge Ŷuŵďeƌ of ǀaƌiaďles. 

The appliĐatioŶ of the ƌesults of this Đhapteƌ also pƌoǀides paƌtial aŶsǁeƌs to Qϰ aŶd 

Qϲ. As desĐƌiďed iŶ Chapteƌ Ϯ, the Đase studǇ foƌ the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ ǁas 

pƌoĐessed ďǇ GTC eǆtƌaĐtioŶ, aŶd the ƌesults ǁeƌe ǀalidated ďǇ eǆpeƌts. AŵoŶg ϭϭϳ 

GTCs, fouƌ ǁeƌe fouŶd aŶd iŶteƌpƌeted ďǇ eǆpeƌts, suĐh iŶteƌpƌetatioŶ esseŶtiallǇ 

helps eǆpeƌts eǆpƌess iŵpliĐit kŶoǁledge of the sǇsteŵ, aŶd ǁe defiŶe GTC as ouƌ 

oďjeĐtiǀe foƌ futuƌe iŶǀestigatioŶ. 
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6-2.2 Chapteƌ ϯ: EǆtƌaĐtioŶ of geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ 

IŶ Chapteƌ ϯ, ǁe pƌoposed a GPC ideŶtifiĐatioŶ aŶd eǆtƌaĐtioŶ algoƌithŵ, thƌough the 

eǆtƌaĐtioŶ of tǁo GPC ĐoŶĐepts, eaĐh of ǁhiĐh iŶǀolǀes ŵaŶǇ sǇsteŵ states. The 

ĐlassiĐal phǇsiĐal ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt ǁas pƌoposed iŶ this Đhapteƌ ďǇ 

ĐoŵpaƌiŶg the tǁo states iŶ eaĐh ĐoŶĐept. The ĐoŶĐept eǆtƌaĐtioŶ ǁas iŶitiallǇ 

tƌaŶsfoƌŵed iŶto a ďiŶaƌǇ iŶtegeƌ pƌogƌaŵŵiŶg pƌoďleŵ, aŶd theŶ ďeĐause its 

ĐoŶstƌaiŶt is a logiĐal eƋuatioŶ, ǁe pƌoposed a filteƌ ŵethod foƌ filteƌiŶg all possiďle 

ĐoŶĐept states. 

A possiďle use foƌ this algoƌithŵ, ǁhiĐh ǁas Ŷot eǆpeĐted at the ďegiŶŶiŶg of the 

studǇ, is the possiďilitǇ of ideŶtifǇiŶg the ĐlassiĐal oƌ geŶeƌalized phǇsiĐal 

ĐoŶtƌadiĐtioŶs iŶ the ĐoŶteǆt of settiŶg aĐtioŶ paƌaŵeteƌs. This alloǁs us to ĐoŶsideƌ 

ŵoƌe appliĐatioŶs as paƌt of the iŶǀeŶtiǀe desigŶ aŶd assistaŶĐe iŶ uŶdeƌstaŶdiŶg the 

ĐoŶtƌadiĐtioŶs. IŶdeed, iŶ the ĐlassiĐal appƌoaĐh, the ĐoŶtƌadiĐtioŶs pƌoǀided ďǇ 

eǆpeƌts Ŷeǀeƌ pƌoǀide eǆpliĐitlǇ the ĐoŶteǆt of ǀaliditǇ of ĐoŶtƌadiĐtioŶ ;the ǀalues of 

those ǀaƌiaďles Ŷot iŶǀolǀed iŶ the ĐoŶtƌadiĐtioŶͿ. Foƌ eǆaŵple, the ĐoŶtƌadiĐtioŶs 

fouŶd ďǇ eǆpeƌts Đould ďe uŶdeƌstood oƌ Đoŵpleted ďǇ defiŶiŶg the liŵits of theiƌ 

ǀaliditǇ, oƌ ǀiĐe ǀeƌsa, the siŵple GTC ĐoŶtƌadiĐtioŶs Đlose to the T‘I) ĐlassiĐal 

ĐoŶtƌadiĐtioŶs Đould ďe pƌoposed to the eǆpeƌt ďǇ addiŶg the liŵits of theiƌ ǀaliditǇ.  

“oŵetiŵes, seaƌĐhiŶg foƌ a saŵple of ĐoŶtƌadiĐtioŶs helps ideŶtifǇ the solutioŶs of 

the optiŵizatioŶ pƌoďleŵ. IŶdeed, it is possiďle that iŶ the set of eǆpeƌiŵeŶts, 

seaƌĐhiŶg CoŶĐepts ϭ aŶd Ϯ is sepaƌate, aŶd tǁo uŶ-ĐoŶfliĐtiŶg states Đould appeaƌ iŶ 

eaĐh ĐoŶĐept. IŶ this Đase, the ĐoŵďiŶatioŶ of the tǁo ĐoŶĐepts Đould ďe a poteŶtial 

solutioŶ foƌ the oƌigiŶal pƌoďleŵ, ďut this paƌt Ŷeeds ŵoƌe statistiĐal studies; ǁe do 

Ŷot fuƌtheƌ disĐuss this situatioŶ. 

IŶ this Đhapteƌ, QϮ is addƌessed ďǇ the GPC eǆtƌaĐtioŶ algoƌithŵ. The Đase studǇ foƌ 

the eleĐtƌiĐal ĐiƌĐuit ďƌeakeƌ has Ŷo TC, ďut GTC; ǁe peƌfoƌŵed GPC eǆtƌaĐtioŶ to a 

giǀeŶ GTC, tǁo ĐoŶĐepts ǁeƌe oďtaiŶed that Đould Đƌeate Ŷuŵeƌous phǇsiĐal 

ĐoŶtƌadiĐtioŶs ǁith ĐoŶteǆt, aŶd thus the ƌesult of the Đase studǇ paƌtiallǇ aŶsǁeƌs 

Qϭ. Foƌ the Đase studǇ of a siŵple KaŶďaŶ, ǁe eǆtƌaĐted GPC foƌ tǁo ĐoŶfliĐt 

eǀaluatioŶ paƌaŵeteƌs ;“eƌǀiĐe BƌeakdoǁŶ aŶd Aǀeƌage “toĐkͿ. Theƌe aƌe ϭϮ.ϳϲϴ 

phǇsiĐal ĐoŶtƌadiĐtioŶs ǁith ĐoŶteǆt, ǁe seleĐted oŶe aŶd foƌŵulated the sǇsteŵ of 
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ĐoŶtƌadiĐtioŶ. The situatioŶ of the ĐoŶtƌadiĐtioŶ ǁas aŶalǇzed ďǇ eǆpeƌts, aŶd thus 

the sǇsteŵ of ĐoŶtƌadiĐtioŶ oƌgaŶized the kŶoǁledge of eǆpeƌts foƌ the sǇsteŵ aŶd 

positiǀelǇ aŶsǁeƌed Qϲ. 

6-2.3 Chapteƌ ϰ: IdeŶtifiĐatioŶ of keǇ paƌaŵeteƌs  

The aiŵ of Chapteƌ ϰ ǁas to pƌopose heuƌistiĐs foƌ seleĐtiŶg ƌeleǀaŶt paƌaŵeteƌs aŶd 

theiƌ ǀalues foƌ seaƌĐhiŶg ƌeleǀaŶt geŶeƌalized ĐoŶtƌadiĐtioŶs. Foƌ doiŶg this, the 

ideŶtifiĐatioŶ of paƌaŵeteƌs, ǁhiĐh is to ĐlassifǇ disĐƌiŵiŶatiǀe paƌaŵeteƌs foƌ tǁo 

sepaƌate sets, ǁas addƌessed iŶ teƌŵs of ŵaĐhiŶe leaƌŶiŶg ŵethods iŶ aƌtifiĐial 

iŶtelligeŶĐe. We fiƌst shoǁed that the ideŶtifiĐatioŶ of paƌaŵeteƌs aŶd ǀalues used iŶ 

the ĐoŶĐept of geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ is siŵilaƌ to a seƌies of pƌoďleŵs 

kŶoǁŶ as the ͞featuƌe seleĐtioŶ͟ pƌoďleŵ iŶ soŵe aƌeas of ƌeseaƌĐh. AŵoŶg the 

ŵethods of ͞featuƌe seleĐtioŶ ,͟ those ͞sigŶed featuƌe seleĐtioŶ͟ seeŵ to ďest suit 

ouƌ Đase. Tǁo ŵethods ǁeƌe iŵpleŵeŶted aŶd tested: PeaƌsoŶ ĐoƌƌelatioŶ 

ĐoeffiĐieŶt aŶd “uppoƌt VeĐtoƌ MaĐhiŶe ;“VMͿ; the ďest ƌesults ǁeƌe oďtaiŶed ďǇ the 

“VM that ǁe adopted. We deǀeloped aŶ “VM-ďased ŵethodologǇ Đustoŵized to ouƌ 

pƌoďleŵs.  

IŶ additioŶ, the featuƌe seleĐtioŶ-ďased aĐtioŶ paƌaŵeteƌ seleĐtioŶ pƌoǀided a paƌtial 

solutioŶ foƌ Qϱ ďeĐause the seleĐtioŶ pƌoĐess ƌeŵoǀed ŵaŶǇ iƌƌeleǀaŶt paƌaŵeteƌs 

that did Ŷot paƌtiĐipate iŶ the ĐoŶtƌadiĐtioŶ foƌŵulatioŶ. IŶ Qϱ ǁe ǁaŶt to seleĐt the 

ƌeleǀaŶt ĐoŶtƌadiĐtioŶs fƌoŵ Ŷuŵeƌous ĐoŶtƌadiĐtioŶs, ďut thus faƌ, ǁe haǀe Ŷot 

fouŶd Đƌiteƌia that defiŶe the ƌeleǀaŶt ĐoŶtƌadiĐtioŶ. The pƌoposed seleĐtioŶ ŵethod 

helps us ŵake data pƌepƌoĐessiŶg foƌ filteƌiŶg a laƌge aŵouŶt of iƌƌeleǀaŶt 

ĐoŶtƌadiĐtioŶs aŶd ƌeduĐe ĐoŶtƌadiĐtioŶ size, ǁhiĐh iŶdiƌeĐtlǇ ĐoŶtƌiďutes to the 

ƌeleǀaŶt ĐoŶtƌadiĐtioŶ eǆtƌaĐtioŶ. 

6-2.4 Chapteƌ ϱ: PƌoĐess of ŵodel ĐhaŶge usiŶg thƌee diffeƌeŶt 

algoƌithŵs 

IŶ Chapteƌ ϱ, ǁe fiƌst ƌeĐalled the geŶeƌal fƌaŵeǁoƌk foƌ iŶǀeŶtiǀe desigŶ pƌoďleŵ 

solǀiŶg, aŶd theŶ a pƌoĐess foƌ oďtaiŶiŶg aŶ iŶǀeŶtiǀe solutioŶ fƌoŵ the eǆpeƌiŵeŶts 

ƌesults ǁas pƌoposed, that ĐoŵďiŶes the GTC eǆtƌaĐtioŶ algoƌithŵ ;fƌoŵ Chapteƌ ϮͿ, 

GPC eǆtƌaĐtioŶ algoƌithŵ ;fƌoŵ Chapteƌ ϯͿ aŶd paƌaŵeteƌ seleĐtioŶ stƌategǇ ;fƌoŵ 
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Chapteƌ ϰͿ. UŶdeƌ this pƌoĐess, ǁe ĐoŶŶeĐted the tǁo algoƌithŵs of geŶeƌal 

ĐoŶtƌadiĐtioŶ eǆtƌaĐtioŶ aŶd iŶǀeŶtiǀe solutioŶ. IŶ the illustƌatioŶ paƌt, a Đase studǇ 

foƌ douďle KaŶďaŶ ǁas iŶtƌoduĐed aŶd iŵpƌoǀed uŶdeƌ this iŶǀeŶtiǀe pƌoĐess, ǁhiĐh 

is a pƌoŵisiŶg ƌesult foƌ the pƌoposed iŶǀeŶtiǀe pƌoĐess. IŶ the paƌaŵeteƌ seleĐtioŶ 

step of douďle KaŶďaŶ, ǁe adopted EP-ďased GPC eǆtƌaĐtioŶ. We seleĐted aĐtioŶ 

paƌaŵeteƌs aŶd ǀalues oƌieŶted to satisfǇiŶg eaĐh eǀaluatioŶ paƌaŵeteƌ. The full 

faĐtoƌial eǆpeƌiŵeŶts oŶ the seleĐtioŶ ƌesults iŶdiĐated that this seleĐtioŶ ƌesult 

Đould help us oďtaiŶ a solutioŶ ďeǇoŶd the oƌigiŶal Paƌeto eǆpeƌiŵeŶts iŶ oƌdeƌ to 

iŵpƌoǀe the optiŵizatioŶ ƌesults. 

IŶ the Đase studǇ, ǁe pƌeseŶted hoǁ to use A‘I)ϴϱC to solǀe the geŶeƌal phǇsiĐal 

ĐoŶtƌadiĐtioŶ ǁith ĐoŶteǆt, aŶd fiŶallǇ oďtaiŶ the iŵpƌoǀed solutioŶ. This pƌoĐess 

uŶdouďtedlǇ suggests the aǀailaďilitǇ of the T‘I) solutioŶ oŶ the geŶeƌal 

ĐoŶtƌadiĐtioŶ oďtaiŶed ǁith ĐoŶteǆt; aŶd this is paƌtiallǇ ǁhat ǁe ǁaŶt to aŶsǁeƌ foƌ 

Qϰ. 

6-3 DisĐussioŶ ďǇ ƋuestioŶs aŶd pƌospeĐtiǀe 

IŶ this paƌt, ǁe suŵŵaƌize the eǆteŶt to ǁhiĐh ǁe aŶsǁeƌed the teŶ ƋuestioŶs, aŶd 

disĐuss ǁhat ǁe should do to atteŵpt to ĐoŵpletelǇ aŶsǁeƌ all teŶ ƋuestioŶs iŶ the 

futuƌe. Qϭ is paƌtiallǇ aŶsǁeƌed ďǇ the eǆpeƌiŵeŶts ĐoŶduĐted iŶ Chapteƌs Ϯ aŶd ϯ. IŶ 

the futuƌe, ǁe ǁould like to deǀelop a ŵulti-optiŵizatioŶ algoƌithŵ that ĐaŶ 

appƌoaĐh Paƌeto, ǁhile faĐilitatiŶg GTC eǆtƌaĐtioŶ. 

The ĐlassiĐal T‘I) ŵodel of ĐoŶtƌadiĐtioŶ is easieƌ to solǀe ďeĐause it is easieƌ to 

iŶteƌpƌet foƌ a huŵaŶ eǆpeƌt of the doŵaiŶ: it is ŵoƌe sigŶifiĐaŶt. OŶ the otheƌ haŶd, 

G“C is ŵoƌe diffiĐult to iŶteƌpƌet, aŶd thus to solǀe, ďut it eǆists iŶ aŶǇ pƌoďleŵatiĐ 

situatioŶ foƌ ǁhiĐh Ŷo solutioŶ is kŶoǁŶ. This ĐoŶtƌadiĐtioŶ is illustƌated iŶ Figuƌe ϲϳ. 
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Figuƌe ϲϳ: CoŶtƌadiĐtioŶ of ŵodel to ďe used foƌ iŶǀeŶtiǀe pƌoďleŵs 
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As ŵeŶtioŶed iŶ ϲ-Ϯ.ϭ aŶd ϲ-Ϯ.Ϯ, ǁe aŶsǁeƌed QϮ ďǇ the GTC aŶd GPC eǆtƌaĐtioŶ 

algoƌithŵ ǁheŶ the Ŷuŵďeƌ of eǀaluatioŶ paƌaŵeteƌs is feǁeƌ thaŶ fifteeŶ aŶd the 

ďiŶaƌǇ aĐtioŶ paƌaŵeteƌs aƌe feǁeƌ thaŶ tǁelǀe. Foƌ otheƌ situatioŶs, ďeĐause of 

ĐoŵputatioŶal liŵitatioŶ, ǁe Đould Ŷot seaƌĐh the ĐoŶtƌadiĐtioŶs eǆhaustiǀelǇ, ďut 

pƌoposed stƌategies to oďtaiŶ at least soŵe geŶeƌalized ĐoŶtƌadiĐtioŶs.  

IŶ oƌdeƌ to aŶsǁeƌ Qϯ, ǁe Ŷeed to defiŶe the ƌeleǀaŶt ĐoŶtƌadiĐtioŶ. The ĐoŶĐept of 

͞ƌeleǀaŶt͟ ŵaǇ diffeƌ ǁith the speĐifiĐ pƌoďleŵ. IŶ oƌdeƌ to ďeĐoŵe aǁaƌe of the 

diffeƌeŶt situatioŶs aŶd iŶteƌestiŶg seleĐtiŶg Đƌiteƌia, seǀeƌal pƌaĐtiĐal eǆpeƌiŵeŶts 

should ďe peƌfoƌŵed. WoƌkiŶg ǁith the aĐtual softǁaƌe Đould alloǁ this Ŷeǁ 

kŶoǁledge iŶ the futuƌe. As a staƌtiŶg poiŶt, ǁe pƌopose the folloǁiŶg optioŶs foƌ 

aŶalǇziŶg the set of ĐoŶtƌadiĐtioŶs: 

 FilteƌiŶg ;ǀaƌiaďles iŶǀolǀed iŶ GTC oƌ GPCͿ, ǁhiĐh is the goal of Chapteƌ ϰ. “oŵe 

aĐtioŶ paƌaŵeteƌs do Ŷot alǁaǇs haǀe aŶ effeĐt oŶ the eǀaluatioŶ paƌaŵeteƌ 

iŶǀolǀed iŶ GTC. Afteƌ ƌeŵoǀiŶg these aĐtioŶ paƌaŵeteƌs, ǁe ĐaŶ ƌeŵoǀe seǀeƌal 

phǇsiĐal ĐoŶtƌadiĐtioŶs.  

 “eleĐtiŶg ĐoŶtƌadiĐtioŶs ǁith speĐifiĐ ĐhaƌaĐteƌistiĐs ;EP set aŶd eǆpeƌiŵeŶt 

sizesͿ. Theƌe aƌe tǁo keǇ ĐhaƌaĐteƌistiĐs that aƌe iŵpoƌtaŶt foƌ desĐƌiďiŶg 

ĐoŶtƌadiĐtioŶs: eǆpeƌiŵeŶt aŶd eǀaluatioŶ paƌaŵeteƌ sizes foƌ G“C, i.e. the size of 

;Eϭ+EϮͿ aŶd that of ;Yϭ+YϮͿ. G“C eǆpeƌiŵeŶt size iŶdiĐates the aŵouŶt of 

kŶoǁledge aďout the pƌoďleŵatiĐ situatioŶ, aŶd thus ǁe pƌopose ĐhoosiŶg the 

G“C assoĐiated ǁith the laƌgest eǆpeƌiŵeŶt size. OŶ the otheƌ haŶd, solǀiŶg a 

ĐoŶtƌadiĐtioŶ also ŵeaŶs satisfǇiŶg all the eǀaluatioŶ paƌaŵeteƌs iŵplied iŶ the 

ĐoŶtƌadiĐtioŶ. Theƌefoƌe, the otheƌ faĐtoƌ ǁe Ŷeed to ĐoŶsideƌ is the size of the 

G“C eǀaluatioŶ paƌaŵeteƌ. We pƌopose ĐhoosiŶg the G“C ǁith the laƌgest size. 

 “eleĐtiŶg a GPC ǁith ĐoŶteǆt aŶd oŶe oƌ seǀeƌal ǀaƌiaďles; the ŶotioŶ of ĐoŶteǆt is 

pƌoposed iŶ Chapteƌ ϯ. 

With tiŵe, if soŵe speĐifiĐ outputs appeaƌed to ďe iŶteƌestiŶg, heuƌistiĐs Đould ďe 

ďuilt foƌ ǁoƌkiŶg oŶ ŵoƌe ǀaƌiaďles oƌ pƌoǀidiŶg the seleĐted set diƌeĐtlǇ ǁithout 

eǆpliĐitatioŶ of all geŶeƌalized ĐoŶtƌadiĐtioŶ.  

Foƌ Qϰ, ǁe ĐoŶduĐted tǁo tƌials oŶ the ƌesolutioŶ of siŵple KaŶďaŶ ;iŶ Chapteƌ ϯͿ 

aŶd douďle KaŶďaŶ ;iŶ Chapteƌ ϱͿ. Foƌ siŵple KaŶďaŶ, the ƌesolutioŶ ǁe oďtaiŶed 



Chapteƌ ϱ  
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fƌoŵ A‘I)ϴϱC ǁas to ĐhaŶge siŶgle KaŶďaŶ to seǀeƌal KaŶďaŶ ƌuŶŶiŶg iŶ the ŵodel; 

suďseƋueŶtlǇ, Paƌeto goes ďeǇoŶd the oƌigiŶal Paƌeto of siŵple KaŶďaŶ. Hoǁeǀeƌ, 

this pƌoposed solutioŶ oŶlǇ ƌeiŶǀeŶted the eǆistiŶg siŵple KaŶďaŶ sǇsteŵ. 

Neǀeƌtheless, the solutioŶ ŵight ďe Đheapeƌ, ďeĐause it takes fƌoŵ the eǆistiŶg 

solutioŶs oŶlǇ that ǁhiĐh is ƌeƋuiƌed foƌ the speĐifiĐ situatioŶ. IŶ oƌdeƌ to adǀaŶĐe 

aŶd test the pƌaĐtiĐal pƌoďleŵ of Qϰ, ŵoƌe Đase studies haǀe to ďe peƌfoƌŵed. At the 

saŵe tiŵe, foƌ aŶsǁeƌiŶg Qϲ, ǁe Ŷeed to iŶƋuiƌe the eǆpeƌts, aŶd deteƌŵiŶe 

ǁhetheƌ theǇ ĐaŶ ǀalidate the oďtaiŶed ĐoŶtƌadiĐtioŶs oƌ leaƌŶ aďout the sǇsteŵ s͛ 

ďehaǀioƌ.  

Foƌ Qϱ, Chapteƌ Ϯ pƌoposed a ďiŶaƌǇ pƌogƌaŵŵiŶg ŵodel foƌ siŶgle GTC eǆtƌaĐtioŶ, if 

ǁe ǁeƌe to tƌaŶsfoƌŵ ouƌ ƌeƋuiƌeŵeŶts iŶto a ĐoŶstƌaiŶt foƌ the ďiŶaƌǇ pƌogƌaŵ 

ŵodel, ǁe ǁould ĐhaŶge ouƌ ƌeleǀaŶt GTC eǆtƌaĐtioŶ pƌoďleŵ to a ďiŶaƌǇ 

pƌogƌaŵŵiŶg pƌoďleŵ, ǁhiĐh ǁould pƌoǀide us ǁith the oppoƌtuŶitǇ of solǀiŶg suĐh 

pƌoďleŵ ďǇ the ďiŶaƌǇ pƌogƌaŵŵiŶg algoƌithŵ, siŵilaƌ to ďƌaŶĐh aŶd Đut ŵethod. IŶ 

additioŶ, ǁe ǁaŶt to deǀelop a heuƌistiĐ algoƌithŵ that diƌeĐtlǇ seaƌĐhes foƌ GTC iŶ 

the eǆpeƌiŵeŶt ƌesults. Foƌ GPC filteƌiŶg, ǁe ǁill pƌogƌessiǀelǇ deǀelop a utilizatioŶ of 

the featuƌe seleĐtioŶ algoƌithŵ iŶ GTC-ďased GPC eǆtƌaĐtioŶ; the ideal situatioŶ is to 

diƌeĐtlǇ use the ƌesults to foƌŵulate a geŶeƌalized phǇsiĐal ĐoŶtƌadiĐtioŶ ǁithout 

peƌfoƌŵiŶg Ŷeǁ eǆpeƌiŵeŶts.  

Foƌ Qϳ, the aŶsǁeƌ is oďǀious: GTC oƌ GPC eǆtƌaĐtioŶ is a seaƌĐhiŶg pƌoďleŵ; ǁe 

pƌoposed usiŶg the optiŵizatioŶ ŵodel to fiŶd, GTC aŶd GPC iŶ Chapteƌ Ϯ aŶd ϯ, aŶd 

pƌoposed aŶ “VM ŵodel ;ǁheƌe the leaƌŶiŶg pƌoĐess is aŶ optiŵizatioŶ pƌoĐessͿ foƌ 

aĐtioŶ paƌaŵeteƌ seleĐtioŶ, ǁhiĐh is to faĐilitate GPC eǆtƌaĐtioŶ. 

Foƌ iŶǀestigatiŶg Qϴ, as ŵeŶtioŶed iŶ Chapteƌ Ϯ, if ǁe ǁeƌe to defiŶe aŶ aĐĐeptaďle 

ƌaŶge, the ƌeal Paƌeto Đould ďe ĐhaŶged iŶto ͞ďiŶaƌǇ͟ Paƌeto. The ƌelatioŶship 

ďetǁeeŶ the ĐoŶĐept of Paƌeto aŶd geŶeƌalized ĐoŶtƌadiĐtioŶ Đould ďe ĐoŶŶeĐted ďǇ 

ďiŶaƌǇ Paƌeto. Fƌoŵ the GTC peƌspeĐtiǀe, ďiŶaƌǇ Paƌeto iŶǀolǀes the eŶtiƌe GTC set. 

Fƌoŵ the GPC peƌspeĐtiǀe, ǁith the appƌoaĐh of Chapteƌ ϰ, ǁe ĐaŶ eǆtƌaĐt soŵe 

ǀalues of aĐtioŶ paƌaŵeteƌs to help us loĐate the Paƌeto poiŶts. IŶ the futuƌe, ǁe ǁill 

atteŵpt to fuƌtheƌ iŶǀestigate the ƌelatioŶship ďetǁeeŶ Paƌeto aŶd ďiŶaƌǇ Paƌeto. 

Qϵ Đould ďe paƌtiallǇ aŶsǁeƌed ďǇ ďiŶaƌǇ Paƌeto ďeĐause the latteƌ iŶǀolǀes all GTCs. 

Thus, iŶ the futuƌe, ǁe ǁill atteŵpt to use a ŵulti-oďjeĐtiǀe optiŵizatioŶ algoƌithŵ 
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to ŵaǆiŵize the eǀaluatioŶ paƌaŵeteƌs of ouƌ sǇsteŵ aŶd output the ďiŶaƌǇ ǀalue, 

siŵilaƌ to the tǁo-oďjeĐtiǀe pƌoďleŵ shoǁŶ iŶ Figuƌe ϲϴ. UŶlike the ƌeal ǀalue 

output, the solutioŶ falls iŶ the saŵe aƌea that has the saŵe ďiŶaƌǇ outputs. This 

ǁaǇ, ǁe ĐaŶ deteƌŵiŶe ǁhetheƌ the optiŵizatioŶ algoƌithŵ ĐaŶ help us effeĐtiǀelǇ 

aŶd effiĐieŶtlǇ oďtaiŶ ďiŶaƌǇ Paƌeto, ǁhiĐh faĐilitates GTC eǆtƌaĐtioŶ. Fƌoŵ this figuƌe, 

ǁe also kŶoǁ that, afteƌ ďiŶaƌizatioŶ of the eǀaluatioŶ paƌaŵeteƌs, the GTC 

eǆtƌaĐtioŶ is oŶ the ďiŶaƌǇ ƌesult of eǆpeƌiŵeŶts, ďut the ďiŶaƌǇ ƌesult ;ďiŶaƌǇ PaƌetoͿ 

ĐaŶŶot ďe the poiŶts oŶ Paƌeto. Theƌefoƌe, GTC eǆtƌaĐtioŶ, afteƌ defiŶiŶg the 

aĐĐeptaďle ƌaŶge, does Ŷot tƌulǇ Ŷeed the ƌeal Paƌeto. 

 

Figuƌe ϲϴ: BiŶaƌǇ output foƌ ŵulti-oďjeĐtiǀe optiŵizatioŶ 

With ƌegaƌd to QϭϬ, the EP-ďased GPC eǆtƌaĐtioŶ stƌategǇ shoǁed that it iŶteŶsifies 

the eǆtƌeŵe poiŶts foƌ aŶǇ ĐoŵďiŶatioŶ of those eǀaluatioŶ paƌaŵeteƌs Ŷot oďtaiŶed 

ďǇ the optiŵizatioŶ pƌoĐess. Thus, ǁe suppose that the GTC-ďased GPC eǆtƌaĐtioŶ 

stƌategǇ iŶ Chapteƌ ϰ ĐaŶ also help us ƌeǀeal the eǆtƌeŵe poiŶt foƌ Yϭ aŶd YϮ ;the tǁo 

sides of GTCͿ as ǁell as Yϭ+YϮ ;ĐaŶdidate solutioŶͿ. Theƌefoƌe, this stƌategǇ Đould 

assist the ŵulti-oďjeĐtiǀe optiŵizatioŶ to seaƌĐh foƌ oďjeĐtiǀe Yϭ+YϮ. This ŵeaŶs that 

afteƌ optiŵizatioŶ, ǁe Đould use the aĐtioŶ paƌaŵeteƌ ǁith ǀalues fƌoŵ the EP-ďased 

GPC eǆtƌaĐtioŶ to oǀeƌĐoŵe the Paƌeto of optiŵizatioŶ.  
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AppeŶdiǆ ϭ: Eǆaŵple foƌ illustƌatiŶg tǁo stƌategies 

  
AĐtioŶ Paƌaŵteƌ Yϭ YϮ 

Aϭ AϮ Aϯ  Aϰ  Aϱ  Aϲ Aϳ  Aϴ  Aϵ  AϭϬ  EPϭ EPϮ EPϯ EPϰ 

Eϭ 

eϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ 

eϮ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϯ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϰ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϱ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ 

eϲ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϳ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ 

eϴ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϵ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ 

eϭϬ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ 

eϭϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ 

eϭϮ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϭϯ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϭϰ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϭϱ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϭϲ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϭϳ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϭϴ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ 

eϭϵ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ 

EϮ 

eϮϬ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϮϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϮϮ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϮϯ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϮϰ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϮϱ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϮϲ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϮϳ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϮϴ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϮϵ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϯϬ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϯϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϯϮ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϯϯ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϯϰ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϯϱ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϯϲ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ 



AppeŶdiǆ 

ϭϳϲ 

eϯϳ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϯϴ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϯϵ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϰϬ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϰϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϰϮ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϰϯ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϰϰ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϰϱ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϰϲ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϰϳ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϰϴ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϰϵ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϱϬ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ 

eϱϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ 

eϱϮ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ 

EϬ 

eϱϯ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϱϰ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϱϱ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϱϲ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϱϳ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϱϴ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϱϵ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϬ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϮ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϯ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϲϰ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϱ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϲ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϲϳ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϴ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϲϵ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϳϬ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϳϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϳϮ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϳϯ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϳϰ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϳϱ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϳϲ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϳϳ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ 

eϳϴ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϳϵ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ 

eϴϬ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϴϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ 



RĠsuŵĠ eŶ fƌaŶçais 

ϭϳϳ 

eϴϮ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϴϯ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ 

eϴϰ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϴϱ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϴϲ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϴϳ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϴϴ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϴϵ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ 

eϵϬ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ 

eϵϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ 

eϵϮ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ 

eϵϯ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ 

eϵϰ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ 

eϵϱ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ 

eϵϲ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ 

eϵϳ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϵϴ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϵϵ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϬ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϭ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϮ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϯ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϰ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϱ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϲ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϳ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϴ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ 

eϭϬϵ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϬ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϮ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϯ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϰ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϱ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϲ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϳ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϴ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϭϵ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϮϬ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ 

eϭϮϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϮϮ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϮϯ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϮϰ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϮϱ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϮϲ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 



AppeŶdiǆ 

ϭϳϴ 

eϭϮϳ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϮϴ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϮϵ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϬ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϮ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϯ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϰ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϱ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϲ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϳ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϴ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϯϵ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϬ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϮ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϯ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϰ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϱ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϲ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϳ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϴ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϰϵ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϬ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϮ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϯ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϰ Ϭ ϭ Ϭ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϱ Ϭ ϭ Ϭ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϲ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϳ ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϴ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϱϵ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϬ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϮ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϯ Ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϰ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϱ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϲ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϳ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϴ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϲϵ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϬ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 



RĠsuŵĠ eŶ fƌaŶçais 

ϭϳϵ 

eϭϳϮ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϯ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϰ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϱ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϲ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϳ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϴ Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϳϵ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϬ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϭ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϮ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϯ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϰ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϱ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϲ ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϳ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϴ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϴϵ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϬ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϭ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϮ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϯ ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϰ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϱ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϲ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϳ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϴ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϭϵϵ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϬ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϮ Ϭ Ϭ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϯ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϰ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϱ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϲ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϳ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϴ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϬϵ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϬ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϮ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϯ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϰ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϱ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϲ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 



AppeŶdiǆ 

ϭϴϬ 

eϮϭϳ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϴ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϭϵ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϬ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϮ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϯ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϰ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϱ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϲ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϳ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϴ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϮϵ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϬ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϮ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϯ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϰ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϱ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϲ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϳ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϴ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϯϵ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϬ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϮ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϯ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϰ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϱ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϲ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϳ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϴ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϰϵ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϬ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϭ Ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϮ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϯ Ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϰ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϱ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϲ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϳ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϴ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϱϵ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϬ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 



RĠsuŵĠ eŶ fƌaŶçais 

ϭϴϭ 

eϮϲϮ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϯ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϰ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϱ Ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϲ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϳ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϴ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϲϵ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϬ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϮ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϯ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϰ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϱ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϲ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϳ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϴ ϭ Ϭ Ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϳϵ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϬ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϮ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϯ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϰ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϱ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϲ ϭ Ϭ Ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϳ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϴ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϴϵ ϭ ϭ ϭ ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϬ ϭ ϭ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϭ ϭ ϭ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϮ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϯ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϰ ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϱ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϲ Ϭ Ϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϳ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϴ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϮϵϵ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϬ Ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϭ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϮ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϯ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϰ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϱ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϲ ϭ Ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 



AppeŶdiǆ 

ϭϴϮ 

eϯϬϳ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϴ Ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϬϵ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϭϬ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϭϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϭϮ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϭϯ ϭ Ϭ ϭ ϭ ϭ Ϭ ϭ ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϭϰ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϭϱ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ Ϭ Ϭ Ϭ Ϭ Ϭ 

eϯϭϲ ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ Ϭ Ϭ 
 

 

 



 

ϭϴϯ 

Résumé en français 

MĠthodes d’optiŵisatioŶ pouƌ la ĐoŶĐeptioŶ iŶveŶtive 

 

Ce teǆte ƌĠsuŵe eŶ fƌaŶçais le ĐoŶteǆte et les ƌĠsultats des tƌaǀauǆ de Lei LiŶ daŶs le 

Đadƌe de ses tƌaǀauǆ de thğse. 

1. IŶtƌoduĐtioŶ 

1.1. CoŶtexte de la thğse 

Les tƌaǀauǆ pƌĠseŶtĠs daŶs le ŵĠŵoiƌe s͛iŶsĐƌiǀeŶt daŶs les ƌeĐheƌĐhes ŵeŶĠes 

depuis uŶe ƋuiŶzaiŶe d͛aŶŶĠe au LGECO daŶs le Đadƌe des appliĐatioŶs de la thĠoƌie 

de ƌĠsolutioŶ des pƌoďlğŵes d͛iŶǀeŶtioŶ ;T‘I)Ϳ et de soŶ eǆteŶsioŶ daŶs diǀeƌs 

doŵaiŶes. La T‘I) est uŶ eŶseŵďle de ŵĠthodes oƌgaŶisĠes eŶ sǇstğŵe, ĠlaďoƌĠes 

paƌ G. Altshulleƌ daŶs le ďut de faĐiliteƌ l͛iŶǀeŶtioŶ d o͛ďjets phǇsiƋues. La thĠoƌie 

sous-jaĐeŶte à Đes ĐoŵďiŶaisoŶs de ŵĠthodes ƌepose suƌ uŶ eŶseŵďle d͛hǇpothğses 

foŶdaŵeŶtales issues de la dialeĐtiƋue et de l a͛ŶalǇse de l͛ĠǀolutioŶ des sǇstğŵes 

teĐhŶiƋues. La ŵajoƌitĠ des tƌaǀauǆ «d͛iŶŶoǀatioŶ» ŵeŶĠs daŶs Đe doŵaiŶe soŶt 

d͛oƌdƌe iŶĐƌĠŵeŶtal; ils oŶt pouƌ ďut d͛aŵĠlioƌeƌ les diǀeƌses ĐoŵposaŶtes des 

dĠŵaƌĐhes eǆistaŶtes. Coŵŵe ĐeƌtaiŶs foŶdeŵeŶts de la T‘I) tels Ƌue la ƌĠfleǆioŶ 

dialeĐtiƋue soŶt tƌğs gĠŶĠƌiƋues, ƋuelƋues tƌaǀauǆ oŶt teŶtĠ uŶe dĠŵaƌĐhe aŶalogue 

à Đelle d A͛ltshulleƌ pouƌ d͛autƌes doŵaiŶes d͛appliĐatioŶ tels Ƌue le ŵaŶageŵeŶt, la 

puďliĐitĠ, la logistiƋue etĐ. “i tous Đes tƌaǀauǆ ĐoŶŶaisseŶt uŶ ĐeƌtaiŶ suĐĐğs, des 

diffiĐultĠs ƌĠĐuƌƌeŶtes appaƌaisseŶt daŶs la ŵise eŶ œuǀƌe de la foƌŵulatioŶ des 

pƌoďlğŵes paƌ leuƌ ĐoŶtƌadiĐtioŶ sous-jaĐeŶte ; Đe fut ĠgaleŵeŶt le Đas loƌsƋue le 

laďoƌatoiƌe s͛est eŶgagĠ daŶs uŶe ƌeĐheƌĐhe suƌ l͛eǆploitatioŶ des ŵodğles 

ŶuŵĠƌiƋues de ĐoŵpoƌteŵeŶt de sǇstğŵes pouƌ ideŶtifieƌ paƌ uŶ ĐalĐulateuƌ les 

ĐoŶtƌadiĐtioŶs sous-jaĐeŶtes auǆ liŵites du sǇstğŵe. Ce faisaŶt, il est ĐlaiƌeŵeŶt 

appaƌu Ƌue la dĠfiŶitioŶ du ĐoŶĐept de ĐoŶtƌadiĐtioŶ tel Ƌue dĠfiŶi paƌ la T‘I) Ġtait 

tƌop ǀague pouƌ ġtƌe utilisĠ Đoŵŵe tel paƌ des outils iŶfoƌŵatiƋues, ǀoiƌe Ƌu͛elle 

pouǀait ŵġŵe ġtƌe à l͛oƌigiŶe des diffiĐultĠs ƌeŶĐoŶtƌĠes paƌ les gƌoupes 

d͛utilisateuƌs huŵaiŶs pouƌ dĠfiŶiƌ les ĐoŶtƌadiĐtioŶs. Ces ƌaisoŶs pƌatiƋues et 

thĠoƌiƋues Ŷous oŶt aŵeŶĠ à ƌeǀoiƌ la dĠfiŶitioŶ de la ĐoŶtƌadiĐtioŶ et à pƌoposeƌ la 

ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe. Cette Ŷouǀelle ĐoŶtƌadiĐtioŶ est eŶĐoƌe plus diffiĐile à 
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ideŶtifieƌ pouƌ l͛huŵaiŶ ; eŶ ƌeǀaŶĐhe elle est suffisaŵŵeŶt pƌĠĐise pouƌ ġtƌe tƌaitĠe 

paƌ uŶ oƌdiŶateuƌ dğs loƌs Ƌu o͛Ŷ dispose de doŶŶĠes suƌ le ĐoŵpoƌteŵeŶt d͛uŶ 

sǇstğŵe. L͛oďjet pƌeŵieƌ Đette thğse est de pƌoposeƌ des ŵoǇeŶs d͛ideŶtifieƌ Đes 

ĐoŶtƌadiĐtioŶs à paƌtiƌ de doŶŶĠes eǆpĠƌiŵeŶtales ou de siŵulatioŶ de sǇstğŵes eŶ 

ǀue de leuƌ utilisatioŶ pouƌ la ĐoŵpƌĠheŶsioŶ des pƌoďlğŵes et leuƌ ƌĠsolutioŶ. DaŶs 

uŶ seĐoŶd teŵps, Đes Ŷouǀeauǆ outils peuǀeŶt ġtƌe utilisĠs pouƌ teŶteƌ d a͛ŶalǇseƌ et 

d͛eǆpliƋueƌ ĐeƌtaiŶes diffiĐultĠs pƌatiƋues ƌeŶĐoŶtƌĠes paƌ l͛huŵaiŶ loƌs de 

l͛ideŶtifiĐatioŶ des ĐoŶtƌadiĐtioŶs. EŶfiŶ, les ƌeĐheƌĐhes ŵeŶĠes pouƌ la ĐoŶstƌuĐtioŶ 

de la ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe Ŷous oŶt ĐoŶfoƌtĠs daŶs l͛idĠe Ƌu͛il Ǉ a uŶ lieŶ eŶtƌe la 

thĠoƌie de l o͛ptiŵisatioŶ et la T‘I) au tƌaǀeƌs du ĐoŶĐept de ĐoŶtƌadiĐtioŶ. Les outils 

dĠǀeloppĠs daŶs Đette thğse ǀiseŶt ĠgaleŵeŶt à eǆploƌeƌ le lieŶ eŶtƌe la thĠoƌie de 

l͛optiŵisatioŶ et Đelle de la ƌĠsolutioŶ des pƌoďlğŵes d͛iŶǀeŶtioŶ ǀia les ĐoŶĐepts de 

ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe et d e͛Ŷseŵďle de Paƌeto. AfiŶ de ŵoŶtƌeƌ la poƌtĠe 

gĠŶĠƌale de l a͛ppƌoĐhe, les eǆeŵples d͛illustƌatioŶ pƌis daŶs la thğse soŶt tiƌĠs aussi 

ďieŶ de la ĐoŶĐeptioŶ d͛oďjets Ƌue Đelle des pƌoĐessus de logistiƋue iŶteƌŶe. Les 

paƌagƌaphes suiǀaŶts de Đette iŶtƌoduĐtioŶ pƌĠĐiseŶt pƌogƌessiǀeŵeŶt ;eŶ ƌĠsuŵĠͿ le 

ĐoŶĐept de ĐoŶtƌadiĐtioŶ, l͛eŶseŵďle des ƋuestioŶs auǆƋuelles ǀeut ƌĠpoŶdƌe la 

thğse, l͛oƌgaŶisatioŶ de la ƌeĐheƌĐhe pouƌ Ǉ aƌƌiǀeƌ et l͛oƌgaŶisatioŶ de la ƌestitutioŶ 

des tƌaǀauǆ daŶs le ŵĠŵoiƌe. 

1.2. BaĐkgƌouŶd 

La ƌĠsolutioŶ de pƌoďlğŵes oĐĐupe uŶe plaĐe pƌĠpoŶdĠƌaŶte daŶs les aĐtiǀitĠs de 

ĐoŶĐeptioŶ ;BoŶŶaƌdel ϮϬϬϬͿ. DiffĠƌeŶtes ŵĠthodes et outils soŶt pƌoposĠs pouƌ 

foƌŵuleƌ et ƌĠsoudƌe les pƌoďlğŵes de ĐoŶĐeptioŶ. Paƌŵi les diffĠƌeŶtes appƌoĐhes, 

uŶe ĐlassifiĐatioŶ possiďle est de distiŶgueƌ les ŵĠthodes d͛optiŵisatioŶ de Đelles 

d͛iŶǀeŶtioŶ. UŶe fois le pƌoďlğŵe ŵodĠlisĠ, l͛optiŵisatioŶ ĐoŶsiste à ƌeĐheƌĐheƌ des 

ǀaleuƌs pouƌ uŶ eŶseŵďle fiǆe de ǀaƌiaďles, saŶs ƌeŵise eŶ Đause de Đe ŵodğle. Les 

ŵĠthodes d͛optiŵisatioŶ oŶt pƌouǀĠ leuƌ effiĐaĐitĠ daŶs de Ŷoŵďƌeuses situatioŶs 

ŵais Ŷe soŶt pas ĐoŶçues pouƌ ƌĠsoudƌe les pƌoďlğŵes ŶĠĐessitaŶt de tƌaŶsfoƌŵeƌ le 

sǇstğŵe à optiŵiseƌ eŶ ajoutaŶt de Ŷouǀelles ǀaƌiaďles et de Ŷouǀelles ƌelatioŶs 

eŶtƌe les ǀaƌiaďles. DaŶs la thğse, les pƌoďlğŵes Ƌui Ŷe peuǀeŶt ġtƌe ƌĠsolus paƌ les 
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ŵĠthodes d͛optiŵisatioŶ et Ƌui ŶĠĐessiteŶt des tƌaŶsfoƌŵatioŶs plus pƌofoŶdes des 

ŵodğles seƌoŶt ĐoŶsidĠƌĠs Đoŵŵe des pƌoďlğŵes d͛iŶǀeŶtioŶ. 

La ĐoŶĐeptioŶ iŶǀeŶtiǀe se ďase suƌ des pƌiŶĐipes spĠĐifiƋues de ƌĠsolutioŶ de 

pƌoďlğŵes afiŶ de pƌoposeƌ de Ŷouǀelles solutioŶs ĐƌĠatiǀes ƌĠpoŶdaŶt au Đahieƌ des 

Đhaƌges. Paƌŵi Đes ŵĠthodes, la T‘I) ;aĐƌoŶǇŵe ƌusse pouƌ ThĠoƌie de ‘ĠsolutioŶ 

des Pƌoďlğŵes d͛IŶǀeŶtioŶͿ ƌepose suƌ l͛appƌoĐhe dialeĐtiƋue des pƌoďlğŵes 

;Altshulleƌ ϭϵϴϴͿ. L͛ uŶ des aǆioŵes de la T‘I) stipule Ƌue l Ġ͛ǀolutioŶ des sǇstğŵes 

teĐhŶiƋues passe paƌ l͛ideŶtifiĐatioŶ puis la ƌĠsolutioŶ de ĐoŶtƌadiĐtioŶs. Ces 

ĐoŶtƌadiĐtioŶs ĠŵaŶeŶt de l a͛ppaƌeŶte iŵpossiďilitĠ à satisfaiƌe les ďesoiŶs 

d͛ĠǀolutioŶ daŶs uŶ ĐoŶteǆte spĠĐifiƋue ; elles se ŵaŶifesteŶt paƌ des ĐoŶflits de 

ǀaleuƌs eŶtƌe les paƌaŵğtƌes des sǇstğŵes teĐhŶiƋues. La T‘I) pƌopose diffĠƌeŶts 

Ŷiǀeauǆ de foƌŵulatioŶ des ĐoŶtƌadiĐtioŶs doŶt seuls deuǆ soŶt utiles à la ƌĠsolutioŶ 

du pƌoďlğŵe : la ĐoŶtƌadiĐtioŶ teĐhŶiƋue et la ĐoŶtƌadiĐtioŶ phǇsiƋue. OT“M-T‘I) 

;KhoŵeŶko et al. ϮϬϬϳͿ, Ƌui a ĠtĠ dĠǀeloppĠ daŶs le ďut d͛appliƋueƌ les aǆioŵes de la 

T‘I) pouƌ ďâtiƌ des ŵĠthodes de ƌĠsolutioŶ de pƌoďlğŵes d͛iŶǀeŶtioŶ appliĐaďles auǆ 

sǇstğŵes ŶoŶ teĐhŶiƋues, pƌopose eŶ outƌe uŶ sǇstğŵe de ĐoŶtƌadiĐtioŶs Ƌui lie les 

deuǆ Ŷiǀeauǆ pƌĠĐĠdeŶts de ĐoŶtƌadiĐtioŶ. La ĐoŶtƌadiĐtioŶ teĐhŶiƋue eǆpƌiŵe 

l͛oppositioŶ eŶtƌe deuǆ paƌaŵğtƌes d͛uŶ sǇstğŵe, et le fait Ƌue l͛aŵĠlioƌatioŶ de l͛uŶ 

des paƌaŵğtƌes eŶtƌaiŶe la dĠgƌadatioŶ du seĐoŶd. La ĐoŶtƌadiĐtioŶ phǇsiƋue dĠfiŶit 

deuǆ Ġtats ĐoŶtƌadiĐtoiƌes ƌeƋuis pouƌ uŶ seul et ŵġŵe paƌaŵğtƌe. Le sǇstğŵe de 

ĐoŶtƌadiĐtioŶs ƌelie uŶe ĐoŶtƌadiĐtioŶ phǇsiƋue à deuǆ ĐoŶtƌadiĐtioŶs teĐhŶiƋues Ƌui 

eǆpƌiŵeŶt pouƌƋuoi les deuǆ Ġtats ĐoŶtƌadiĐtoiƌes soŶt ƌeƋuis. Les deuǆ 

ĐoŶtƌadiĐtioŶs teĐhŶiƋues soŶt ĐoŵplĠŵeŶtaiƌes et ĐoƌƌespoŶdeŶt à l͛aŵĠlioƌatioŶ 

d͛uŶ pƌeŵieƌ paƌaŵğtƌe Ƌui eŶtƌaiŶe la dĠgƌadatioŶ du seĐoŶd, et ƌĠĐipƌoƋueŵeŶt, à 

l͛aŵĠlioƌatioŶ du seĐoŶd paƌaŵğtƌe Ƌui eŶtƌaiŶe la dĠgƌadatioŶ du pƌeŵieƌ. DaŶs 

;Eltzeƌ aŶd De Guio ϮϬϬϳͿ les deuǆ paƌaŵğtƌes iŵpliƋuĠes daŶs les ĐoŶtƌadiĐtioŶs 

teĐhŶiƋues oŶt ĠtĠ ŶoŵŵĠs paƌaŵğtƌes d͛ĠǀaluatioŶ, Đaƌ ils paƌtiĐipeŶt à la 

dĠfiŶitioŶ de l͛oďjeĐtif du pƌoďlğŵe à ƌĠsoudƌe, taŶdis Ƌue le paƌaŵğtƌe ĐaƌaĐtĠƌisaŶt 

la ĐoŶtƌadiĐtioŶ phǇsiƋue dĠfiŶit uŶ ŵoǇeŶ d͛agiƌ suƌ la situatioŶ, il est ŶoŵŵĠ 

paƌaŵğtƌe d͛aĐtioŶ. NotoŶs Ƌue daŶs l Ġ͛ǀolutioŶ de la T‘I) la ĐoŶtƌadiĐtioŶ teĐhŶiƋue 

est appaƌue eŶ pƌeŵieƌ aǀeĐ des ŵĠthodes de ƌĠsolutioŶ adaptĠes, puis plus d͛uŶe 

dizaiŶe d͛aŶŶĠe apƌğs est appaƌu le ĐoŶĐept de ĐoŶtƌadiĐtioŶ phǇsiƋue aĐĐoŵpagŶĠ 
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d͛uŶe Ŷouǀelle faŵille de ŵĠthodes. Pouƌ Altshulleƌ la ĐoŶtƌadiĐtioŶ phǇsiƋue 

tƌaduisait uŶe ĐoŶtƌadiĐtioŶ plus pƌofoŶde ;au seŶs de la dialeĐtiƋueͿ. L͛ hǇpothğse 

Ġtait Ƌue deƌƌiğƌe toute ĐoŶtƌadiĐtioŶ teĐhŶiƋue se ĐaĐhait uŶe ĐoŶtƌadiĐtioŶ plus 

foŶdaŵeŶtale, la ĐoŶtƌadiĐtioŶ phǇsiƋue.  

 

Figuƌe ϲϵ: sǇstğŵe de ĐoŶtƌadiĐtioŶs ĐlassiƋue de la T‘I) 

 

Nos ŵotiǀatioŶs pƌiŶĐipales de l͛utilisatioŶ des appƌoĐhes ďasĠes suƌ la dialeĐtiƋue 

soŶt douďles : d͛uŶe paƌt, ideŶtifieƌ les ĐoŶtƌadiĐtioŶs afiŶ de ŵieuǆ ĐoŵpƌeŶdƌe, 

eǆpƌiŵeƌ les pƌoďlğŵes de la ĐoŶĐeptioŶ iŶǀeŶtiǀe, et, d͛autƌe paƌt, d a͛ďoƌdeƌ la 

ƌĠsolutioŶ de Đes pƌoďlğŵes aǀeĐ des appƌoĐhes de ƌĠsolutioŶ des ĐoŶtƌadiĐtioŶs. 

Les ĐoŶtƌadiĐtioŶs doiǀeŶt ġtƌe ĐlaiƌeŵeŶt dĠfiŶies et ĐoŵpƌĠheŶsiďles au dĠďut du 

pƌoĐessus de ƌĠsolutioŶ afiŶ de pouǀoiƌ Đhoisiƌ Đelle;sͿ peƌŵettaŶt de ƌĠsoudƌe le 

pƌoďlğŵe. EŶ effet, la pƌatiƋue a ŵoŶtƌĠ Ƌu͛uŶ  ŵauǀais Đhoiǆ de la ĐoŶtƌadiĐtioŶ 

peut ĐoŶduiƌe à diŵiŶueƌ l͛effiĐaĐitĠ du pƌoĐessus de ƌĠsolutioŶ de pƌoďlğŵe. D o͛ù le 

ƌôle esseŶtiel de l͛eǆtƌaĐtioŶ et l͛iŶteƌpƌĠtatioŶ des ĐoŶtƌadiĐtioŶs daŶs l͛appƌoĐhe 

dialeĐtiƋue. La T‘I) Ŷe ƌĠsout pas la ƋuestioŶ du Đhoiǆ peƌtiŶeŶt de la ĐoŶtƌadiĐtioŶ. 

Notƌe hǇpothğse eǆpliƋuaŶt Đe pƌoďlğŵe pƌatiƋue Ġtait ŶotaŵŵeŶt Ƌue le ĐoŶĐept 

de ĐoŶtƌadiĐtioŶ de la T‘I) doit ġtƌe ƌetƌaǀaillĠ et pƌĠĐisĠ. 

Les tƌaǀauǆ passĠs oŶt peƌŵis de souligŶeƌ uŶe laĐuŶe daŶs la dĠfiŶitioŶ et 

l͛utilisatioŶ des ĐoŶtƌadiĐtioŶs dites « ĐlassiƋues ». Paƌŵi les liŵites oŶ Ŷoteƌa 

l͛iŶeǆisteŶĐe aǀĠƌĠe daŶs ĐeƌtaiŶes situatioŶs de ĐoŶtƌadiĐtioŶs ĐoƌƌespoŶdaŶt à la 

dĠfiŶitioŶ doŶŶĠe paƌ la T‘I) ĐlassiƋue daŶs les ƌelatioŶs dispoŶiďles eŶtƌe les 

ǀaƌiaďles d͛uŶ sǇstğŵe, et l a͛ďseŶĐe de dĠfiŶitioŶ eǆpliĐite du ĐoŶteǆte de ǀaliditĠ des 

ĐoŶtƌadiĐtioŶs daŶs les ŵĠthodes de ƌĠsolutioŶ. Pouƌ Đoŵďleƌ Đes liŵites la 

ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe a ĠtĠ pƌoposĠe. La stƌuĐtuƌe de la ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe 

est aŶalogue à Đelle de la T‘I) ĐlassiƋue ;Figuƌe ϲϵͿ eŶ ƌeŵplaçaŶt les paƌaŵğtƌes paƌ 

Paramètre d’Action
(d’un élément)

doit être dans l’ETAT 1
mais cela dégrade le PARAMETRE d’EVALUATION 2

pour améliorer le PARAMETRE d’EVALUATION 1

doit être dans l’ETAT 2
pour améliorer le PARAMETRE d’EVALUATION 2

mais cela dégrade le PARAMETRE d’EVALUATION 1

RESULTAT

DESIRE

CONTRADICTION TECHNIQUE 1

CONTRADICTION TECHNIQUE 2CONTRADICTION PHYSIQUE
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des ĐoŶĐepts ;Figuƌe ϱͿ. Les ĐoŶĐepts soŶt des ĐoŵďiŶaisoŶs logiƋues de ǀaƌiaďle et 

de ǀaleuƌs. Le paƌaŵğtƌe d͛aĐtioŶ et ses deuǆ Ġtats de la T‘I) ĐlassiƋue est ƌeŵplaĐĠ 

paƌ deuǆ eŶseŵďles de paƌaŵğtƌes d͛aĐtioŶ et leuƌs Ġtats assoĐiĠs ŶotĠs CoŶĐept ϭ 

et CoŶĐept Ϯ daŶs la Figuƌe ϱ. Les paƌaŵğtƌes d Ġ͛ǀaluatioŶ ϭ et Ϯ de la Figuƌe ϲϵ soŶt 

ƌeŵplaĐĠs paƌ des eŶseŵďles de paƌaŵğtƌes d Ġ͛ǀaluatioŶ Yϭ et YϮ ƌespeĐtiǀeŵeŶt 

daŶs la Figuƌe ϱ. AiŶsi, loƌsƋue les paƌaŵğtƌes d͛aĐtioŶ ƌĠpoŶdeŶt au CoŶĐept ϭ,  

l͛eŶseŵďle des ǀaleuƌs pƌises paƌ les paƌaŵğtƌes d͛ĠǀaluatioŶ Yϭ est satisfaisaŶt aloƌs 

Ƌue l͛eŶseŵďle des ǀaleuƌs pƌises paƌ les paƌaŵğtƌes d͛ĠǀaluatioŶ YϮ est 

iŶsatisfaisaŶt et ǀiĐe ǀeƌsa. NotoŶs Ƌue la ĐoŶtƌadiĐtioŶ de T‘I) ĐlassiƋue est uŶ Đas 

paƌtiĐulieƌ de ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe.  

 

Figuƌe ϳϬ: “Ǉstğŵe de ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes 

 

1.3. PƌoďlĠŵatiƋue 

DaŶs la pƌatiƋue aĐtuelle le sǇstğŵe de ĐoŶtƌadiĐtioŶs est ƌeĐheƌĐhĠ paƌ iŶteƌǀieǁ 

d͛eǆpeƌts. DaŶs Ŷos tƌaǀauǆ de ƌeĐheƌĐhe pƌĠĐĠdeŶts, Ŷous aǀoŶs dĠŵoŶtƌĠ Ƌu͛il 

eǆiste des Đas où auĐuŶe ĐoŶtƌadiĐtioŶ de la T‘I) ĐlassiƋue Ŷ͛eǆiste et pouƌtaŶt les 

pƌoďlğŵes Ŷe peuǀeŶt pas ġtƌe ƌĠsolus paƌ l͛optiŵisatioŶ. De Đe fait, le ĐoŶĐept des 

ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes a ĠtĠ iŶtƌoduit. Ces ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes Ŷe soŶt 

pƌatiƋueŵeŶt pas ƌeĐheƌĐhĠes Đaƌ leuƌ eǆpƌessioŶ est diffiĐile à pƌĠĐoŶĐeǀoiƌ pouƌ 

l͛espƌit huŵaiŶ. EŶ effet, uŶ eǆpeƌt huŵaiŶ peut assez faĐileŵeŶt ǀalideƌ uŶe 

ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe, ŵais il est ďeauĐoup plus diffiĐile pouƌ lui de la dĠfiŶiƌ. De 

plus, ŵġŵe loƌsƋu͛oŶ ƌeĐheƌĐhe des ĐoŶtƌadiĐtioŶs phǇsiƋues ou teĐhŶiƋues siŵples 

;seloŶ ŵodğle de la T‘I) ĐlassiƋueͿ, le pƌatiĐieŶ huŵaiŶ peut ġtƌe ĐoŶfƌoŶtĠ à ses 
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pƌopƌes liŵites d͛eǆpeƌtise loƌsƋue le sǇstğŵe est tƌop Đoŵpleǆe ou s͛il Ŷ͛a pas 

d͛eǆpeƌtise suƌ le sǇstğŵe ĐoŶsidĠƌĠ.  

Cette thğse ĐoŶtƌiďue à ƌĠpoŶdƌe à uŶe pƌoďlĠŵatiƋue se situaŶt à plusieuƌs Ŷiǀeauǆ. 

Les paƌagƌaphes suiǀaŶts pƌĠĐiseŶt Đes Ŷiǀeauǆ et les ƋuestioŶs assoĐiĠes. 

Le pƌeŵieƌ Ŷiǀeau de ƋuestioŶs de l͛oƌdƌe de la thĠoƌie de la ĐoŶĐeptioŶ ĐoŶĐeƌŶe le 

ĐoŶĐept de ĐoŶtƌadiĐtioŶ l͛uŶ des foŶdeŵeŶts de la T‘I) :  

QuaŶd auĐuŶe ĐoŶtƌadiĐtioŶ teĐhŶiƋue ou phǇsiƋue ĐlassiƋue Ŷ͛est dispoŶiďle les 

ĐoŶtƌadiĐtioŶs teĐhŶiƋues gĠŶĠƌalisĠes et les ĐoŶtƌadiĐtioŶs phǇsiƋues gĠŶĠƌalisĠes 

eǆisteŶt elles et soŶt-elles Ŷoŵďƌeuses ? Peut-oŶ toujouƌs à paƌtiƌ de la 

ƌepƌĠseŶtatioŶ ĐoŵpoƌteŵeŶtale d͛uŶ sǇstğŵe et d o͛ďjeĐtifs dĠteƌŵiŶeƌ ses 

ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes de ŵaŶiğƌe iŶtƌiŶsğƋue ;au ŵġŵe titƌe Ƌu͛uŶ Paƌeto paƌ 

eǆeŵpleͿ. Quelles soŶt les ĐoŶsĠƋueŶĐes ? 

DaŶs Đe Đas, ĐoŵŵeŶt les ideŶtifieƌ et les eǆtƌaiƌe de ŵaŶiğƌe eǆhaustiǀe ?  

UŶe fois ĐoŶŶues, ĐoŵŵeŶt Đhoisiƌ ;dĠfiŶiƌͿ Đelles Ƌui soŶt peƌtiŶeŶtes ? Ou eŶĐoƌe, 

ĐoŵŵeŶt dĠfiŶiƌ uŶe ĐoŶtƌadiĐtioŶ peƌtiŶeŶte ? 

Le seĐoŶd Ŷiǀeau d͛oƌdƌe ŵĠthodologiƋue ĐoŶĐeƌŶe les ĐoŶsĠƋueŶĐes pƌatiƋues 

d͛uŶe Ŷouǀelle dĠfiŶitioŶ des ĐoŶtƌadiĐtioŶs pouƌ la ƌĠsolutioŶ des pƌoďlğŵes 

iŶǀeŶtifs :  

UŶe fois les ĐoŶtƌadiĐtioŶs ideŶtifiĠes et eǆtƌaites, ĐoŵŵeŶt pouǀoŶs-Ŷous les utiliseƌ 

daŶs la ƌĠsolutioŶ des pƌoďlğŵes iŶǀeŶtifs ?  

CoŵŵeŶt eǆtƌaiƌe des Ŷoŵďƌeuses ĐoŶtƌadiĐtioŶs Đelles Ƌui soŶt peƌtiŶeŶtes de 

ŵaŶiğƌe effiĐaĐe et effiĐieŶte saŶs ƌeĐheƌĐhe eǆhaustiǀe souǀeŶt tƌop Đouteuse eŶ 

teŵps de ƌeĐheƌĐhe et de filtƌage a postĠƌioƌi ?   

PouǀoŶs-Ŷous utiliseƌ le ĐoŶĐept de la ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe pouƌ eǆpƌiŵeƌ la 

ĐoŶŶaissaŶĐe iŵpliĐite d e͛ǆpeƌts d͛uŶ sǇstğŵe ?  

EŶfiŶ, le tƌoisiğŵe Ŷiǀeau des ƋuestioŶs ĐoŶĐeƌŶe l͚eǆploƌatioŶ du lieŶ eŶtƌe les 

ŵĠthodes d͛optiŵisatioŶ et la T‘I) pouƌ faiƌe uŶe feƌtilisatioŶ ĐƌoisĠe d͛uŶ poiŶt de 

ǀue thĠoƌiƋue et/ou pƌatiƋue a ĠtĠ aďoƌdĠ.  

PouǀoŶs-Ŷous utiliseƌ les ŵĠthodes et les ĐoŶĐepts d͛optiŵisatioŶ afiŶ de faĐiliteƌ 

l͛ideŶtifiĐatioŶ des ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes ? 

Y-a-t-il uŶ lieŶ eŶtƌe le ĐoŶĐept de Paƌeto et la ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe ? 
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“i Đe lieŶ eǆiste, peut-il ġtƌe ŵis à pƌofit pouƌ ideŶtifieƌ les ĐoŶtƌadiĐtioŶs 

gĠŶĠƌalisĠes 

IŶǀeƌseŵeŶt si Đe lieŶ eǆiste, sa ĐoŶŶaissaŶĐe peut-elle ġtƌe ŵise à pƌofit pouƌ 

faĐiliteƌ les pƌoĐessus d͛optiŵisatioŶ ? 

Le ďut de Đette thğse est ƌĠpoŶdƌe paƌtielleŵeŶt ou eŶtiğƌeŵeŶt auǆ ƋuestioŶs 

pƌĠĐĠdeŶtes. La stƌatĠgie de ƌeĐheƌĐhe adoptĠe pouƌ Ǉ ƌĠpoŶdƌe est dĠĐƌite daŶs la 

seĐtioŶ suiǀaŶte. 

1.4. DĠŵaƌĐhe de ƌeĐheƌĐhe 

Pouƌ ƌĠpoŶdƌe à Đes ƋuestioŶs il a ĠtĠ dĠĐidĠ de ĐoŶstƌuiƌe daŶs uŶ pƌeŵieƌ teŵps 

uŶ outil d͛eǆtƌaĐtioŶ eǆhaustiǀe des ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes teĐhŶiƋues puis 

phǇsiƋues à paƌtiƌ de doŶŶĠes. Pouƌ Đe faiƌe, les pƌoďlğŵes d͛ideŶtifiĐatioŶ des 

ĐoŶtƌadiĐtioŶs teĐhŶiƋue et phǇsiƋues gĠŶĠƌalisĠes oŶt ĠtĠ ŵodĠlisĠs paƌ des 

pƌoďlğŵes d͛optiŵisatioŶ ĐoŵďiŶatoiƌe, puis uŶ algoƌithŵe de ƌĠsolutioŶ a ĠtĠ 

pƌoposĠ pouƌ ĐhaƋue Đas. UŶe fois Đes algoƌithŵes ƌĠalisĠs, ils oŶt pu ġtƌe utilisĠs 

pouƌ tƌaiteƌ les ƋuestioŶs ;QϭͿ et ;QϮͿ de Ŷotƌe pƌoďlĠŵatiƋue paƌ des Ġtudes 

eŵpiƌiƋues ĐiďlĠes. Ils oŶt ĠgaleŵeŶt peƌŵis de faiƌe des hǇpothğses suƌ les 

ƌĠpoŶses auǆ ƋuestioŶs ;QϰͿ et ;QϲͿ. De fait, Ŷous aǀoŶs ƌĠpoŶdu positiǀeŵeŶt à la 

ƋuestioŶ ;QϳͿ. 

Les ŵĠthodes eǆhaustiǀes oŶt leuƌs liŵites : d͛uŶe paƌt, elles Ŷe peuǀeŶt ġtƌe ŵises 

eŶ œuǀƌe Ƌue pouƌ des sǇstğŵes au Ŷoŵďƌe de ǀaƌiaďles liŵitĠs ;teŵps de ĐalĐul 

ĐhƌoŶophageͿ, et d͛autƌe paƌt, Đoŵŵe le ŵoŶtƌe les ƌĠpoŶses auǆ ƋuestioŶs ;QϭͿ et 

;QϮͿ Đes ĐoŶtƌadiĐtioŶs soŶt eǆtƌġŵeŵeŶt Ŷoŵďƌeuses. Cette liŵite se fait suƌtout 

ƌesseŶtiƌ au Ŷiǀeau des paƌaŵğtƌes d͛aĐtioŶ. Pouƌ ƌeĐuleƌ la liŵite liĠe au Ŷoŵďƌe de 

ǀaƌiaďles, Ŷotƌe stƌatĠgie a ĐoŶsistĠ à aŶalǇseƌ les doŶŶĠes de soƌte à ideŶtifieƌ les 

ǀaƌiaďles d͛aĐtioŶ et leuƌ ǀaleuƌs iŵpliƋuĠes daŶs les ĐoŶĐepts des ĐoŶtƌadiĐtioŶs 

phǇsiƋues gĠŶĠƌalisĠes saŶs aǀoiƌ à dĠteƌŵiŶeƌ les ĐoŶĐepts euǆ-ŵġŵes, puis 

d͛utiliseƌ l͛algoƌithŵe eǆhaustif suƌ le sǇstğŵe ƌĠduit auǆ ǀaƌiaďles ideŶtifiĠes. La 

dĠŵaƌĐhe peƌŵettaŶt le pƌĠtƌaiteŵeŶt et la ƌĠduĐtioŶ des ǀaƌiaďles d͛aĐtioŶ eŶ ǀue 

de l͛ideŶtifiĐatioŶ des ĐoŶtƌadiĐtioŶs a ĠtĠ ƌĠalisĠe eŶ teŶtaŶt d͛appoƌteƌ des 

ƌĠpoŶses auǆ ƋuestioŶs ;QϴͿ et ;QϵͿ. UŶe alteƌŶatiǀe à Đette sĠƋueŶĐe, Ƌui Ŷ e͛st pas 

dĠǀeloppĠ daŶs Đette thğse, seƌa la ĐoŶĐeptioŶ d͛heuƌistiƋue de ƌeĐheƌĐhe diƌeĐte de 
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ĐoŶtƌadiĐtioŶs peƌtiŶeŶtes à paƌtiƌ de doŶŶĠes saŶs ƌeĐheƌĐhe eǆhaustiǀe de Đelles-

Đi. La ŵise au poiŶt de Đes algoƌithŵes suppose l͛ideŶtifiĐatioŶ de pƌopƌiĠtĠs pƌopƌes 

auǆ ĐoŶtƌadiĐtioŶs « peƌtiŶeŶtes ». La ƌeĐheƌĐhe de Đes pƌopƌiĠtĠs peut se faiƌe paƌ la 

ƌĠalisatioŶ de Đas aǀeĐ des eǆpeƌts de ĐoŶĐeptioŶ iŶǀeŶtiǀe ĐouplĠe à l a͛ŶalǇse des 

ƌĠsultats des doŶŶĠes eǆhaustiǀes ;iĐi Ŷous pƌeŶdƌoŶs uŶ Đas d͛ĠĐole aĐadĠŵiƋue du 

doŵaiŶe de la logistiƋueͿ. Nous espĠƌoŶs aiŶsi ƌĠpoŶdƌe à la ƋuestioŶ ;QϱͿ. 

DaŶs le Đadƌe de la thğse Ŷous Ŷe peŶsoŶs pas pouǀoiƌ doŶŶeƌ uŶe ƌĠpoŶse Đoŵplğte 

à la ƋuestioŶ ;QϰͿ ŵais Ŷous peŶsoŶs pouǀoiƌ Ǉ ĐoŶtƌiďueƌ eŶ eǆpĠƌiŵeŶtaŶt les 

heuƌistiƋues pƌĠĐĠdeŶtes suƌ des Đas aĐadĠŵiƋues et ƌĠels loƌsƋue le Ŷoŵďƌe de 

ǀaƌiaďles s͛Ǉ pƌġte. La ƋuestioŶ ;QϭϬͿ est disĐutĠe au ǀu de la sǇŶthğse des ƌĠsultats 

auǆ ƋuestioŶs pƌĠĐĠdeŶtes. 

1.5. OƌgaŶisatioŶ du ŵĠŵoiƌe 

AfiŶ de ƌestitueƌ Đes tƌaǀauǆ et les ƌĠpoŶses à la pƌoďlĠŵatiƋue Đi-dessus, les 

Đhapitƌes suiǀaŶt l͛iŶtƌoduĐtioŶ du ŵĠŵoiƌe soŶt oƌgaŶisĠs de la ŵaŶiğƌe suiǀaŶte. 

Les Đhapitƌes Ϯ et ϯ tƌaiteŶt ƌespeĐtiǀeŵeŶt de l͛ideŶtifiĐatioŶ des ĐoŶtƌadiĐtioŶs 

teĐhŶiƋues et phǇsiƋues. Ils foƌŵuleŶt le pƌoďlğŵe d͛optiŵisatioŶ, pƌoposeŶt uŶ 

algoƌithŵe de ƌĠsolutioŶ Ƌui est eŶsuite utilisĠ pouƌ ƌĠpoŶdƌe auǆ ƋuestioŶs Đi-

dessus. Le Đhapitƌe ϰ aďoƌde le pƌoďlğŵe de l͛ideŶtifiĐatioŶ des ǀaƌiaďles paƌtiĐipaŶt 

auǆ ĐoŶtƌadiĐtioŶs phǇsiƋue, pƌopose uŶe heuƌistiƋue de ďase Ƌui est ĠǀaluĠe, 

pƌopose uŶe des dĠŵaƌĐhes d͛ideŶtifiĐatioŶ à paƌtiƌ de Đette heuƌistiƋue puis disĐute 

les ĐoŶtƌiďutioŶs auǆ ƋuestioŶs de la pƌoďlĠŵatiƋue. Le Đhapitƌe ϱ pƌopose uŶe 

ŵaŶiğƌe de ĐoŵďiŶeƌ les outils dĠǀeloppĠs daŶs les Đhapitƌes pƌĠĐĠdeŶts au seiŶ 

d͛uŶe ŵĠthodologie de ƌĠsolutioŶ de pƌoďlğŵes d͛iŶǀeŶtioŶ. Cette pƌopositioŶ est 

illustƌĠe à l a͛ide d͛uŶ pƌoďlğŵe suƌ uŶ sǇstğŵe de KaŶďaŶ. Le Đhapitƌe ϲ pƌopose uŶe 

disĐussioŶ de sǇŶthğse suƌ les ĐoŶtƌiďutioŶs et les liŵites des ƌĠsultats des Đhapitƌes 

pƌĠĐĠdeŶts pƌis daŶs leuƌ eŶseŵďle. Il pƌopose ĠgaleŵeŶt des peƌspeĐtiǀes à la 

ƌeĐheƌĐhe pƌĠseŶtĠe daŶs le ŵĠŵoiƌe. 

2. EǆtƌaĐtioŶ des ĐoŶtƌadiĐtioŶs teĐhŶiƋues gĠŶĠƌalisĠes 

Le pƌoďlğŵe d͛ideŶtifiĐatioŶ est d͛aďoƌd dĠĐƌit et ƌefoƌŵulĠ sous la foƌŵe d͛uŶ 

pƌogƌaŵŵe d͛optiŵisatioŶ eŶ Ŷoŵďƌe eŶtieƌ ;ďiŶaiƌeͿ ;CheŶ et al., ϮϬϭϬͿ doŶt la 

ƌĠsolutioŶ est oƌgaŶisĠe eŶ sous pƌoďlğŵes. Ce pƌoďlğŵe ĐoŵďiŶatoiƌe se ƌĠǀğle NP-
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diffiĐile. Les solutioŶs à Đe pƌoďlğŵe soŶt les ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes. UŶ 

algoƌithŵe doŶt l͛oďjeĐtif est l͛ideŶtifiĐatioŶ des toutes les solutioŶs à Đe pƌoďlğŵe 

d͛ideŶtifiĐatioŶ et d͛eǆtƌaĐtioŶ des ĐoŶtƌadiĐtioŶs teĐhŶiƋues gĠŶĠƌalisĠes est 

pƌoposĠ. Il utilise Đoŵŵe doŶŶĠes d͛eŶtƌĠe les doŶŶĠes issues de plaŶ d e͛ǆpĠƌieŶĐes 

suƌ des sǇstğŵes phǇsiƋues ou suƌ des siŵulateuƌs. “a ĐoŵpleǆitĠ et ses liŵites soŶt 

pƌĠseŶtĠes et ĠǀaluĠes suƌ l͛eǆeŵple d͛uŶ disjoŶĐteuƌ ĠleĐtƌiƋue.  

L͛ espaĐe de ƌeĐheƌĐhe des ĐoŶtƌadiĐtioŶs teĐhŶiƋues gĠŶĠƌalisĠes est dĠfiŶi paƌ le 

Ŷoŵďƌe des paƌaŵğtƌes du sǇstğŵe et paƌ le Ŷoŵďƌe d͛eǆpĠƌieŶĐes iŵpliƋuĠes. 

L͛ algoƌithŵe pƌĠseŶtĠ daŶs Đe Đhapitƌe peƌŵet doŶĐ de ƌĠpoŶdƌe à la ƋuestioŶ ;QϮͿ 

loƌsƋue le Ŷoŵďƌe de ǀaƌiaďles est liŵitĠ à ϭϱ. 

DisposaŶt de Đet algoƌithŵe Ŷous pouǀoŶs eŶǀisageƌ de ƌĠpoŶdƌe ĠgaleŵeŶt à la 

ƋuestioŶ  ;QϭͿ pouƌ les ĐoŶtƌadiĐtioŶs teĐhŶiƋues eŶ ƌĠalisaŶt des eǆpĠƌieŶĐes 

adaptĠes. De Đes eǆpĠƌieŶĐes, il ƌessoƌt les ĠlĠŵeŶts suiǀaŶts : 

Plus oŶ dispose de solutioŶs ƌĠpoŶdaŶt à des oďjeĐtifs d Ġ͛ǀaluatioŶ ŵultiples, ŵoiŶs 

il Ǉ a de ĐhaŶĐe de pouǀoiƌ foƌŵuleƌ uŶe ĐoŶtƌadiĐtioŶ teĐhŶiƋue ĐlassiƋue. LoƌsƋu o͛Ŷ 

ƌĠpoŶd à plus de ϱϬ% des oďjeĐtifs il Ŷ͛Ǉ a pƌatiƋueŵeŶt plus de ĐhaŶĐe de tƌouǀeƌ 

uŶe ĐoŶtƌadiĐtioŶ teĐhŶiƋue ĐlassiƋue. Ce poiŶt eǆpliƋue les diffiĐultĠs ƌeŶĐoŶtƌĠes 

paƌ les eǆpeƌts huŵaiŶs pouƌ foƌŵuleƌ des ĐoŶtƌadiĐtioŶs seloŶ le ŵodğle de la T‘I) 

ĐlassiƋue daŶs ĐeƌtaiŶes situatioŶs. 

Le Ŷoŵďƌe de ĐoŶtƌadiĐtioŶs teĐhŶiƋues gĠŶĠƌalisĠes seŵďle Đƌoitƌe jusƋu͛à la 

dispaƌitioŶ des ĐoŶtƌadiĐtioŶs ĐlassiƋues, il diŵiŶue ĐepeŶdaŶt ĠgaleŵeŶt eŶsuite au 

fuƌ et à ŵesuƌe Ƌu o͛Ŷ augŵeŶte le Ŷoŵďƌe d o͛ďjeĐtifs atteiŶts. Il eǆiste toujouƌs au 

ŵoiŶs uŶe ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe daŶs les doŶŶĠes sauf si le pƌoďlğŵe est 

totaleŵeŶt ƌĠsolu ;i.e. tous les oďjeĐtifs soŶt atteiŶts, il Ŷ͛Ǉ a pas de PaƌetoͿ. 

Les ĐoŶtƌadiĐtioŶs issues de doŶŶĠes de Đas ƌĠels Ŷe se distiŶgueŶt pas 

foŶdaŵeŶtaleŵeŶt de Đelles des doŶŶĠes alĠatoiƌes aǇaŶt des ĐaƌaĐtĠƌistiƋues 

seŵďlaďles. Il seŵďle doŶĐ Ƌu͛oŶ puisse utiliseƌ des doŶŶĠes gĠŶĠƌĠes alĠatoiƌeŵeŶt 

pouƌ ĐoŶstƌuiƌe et ǀalideƌ des heuƌistiƋues d͛ideŶtifiĐatioŶ des ĐoŶtƌadiĐtioŶs 

teĐhŶiƋues. Le pƌoďlğŵe des doŶŶĠes Ŷe se pose pas pouƌ l͛algoƌithŵe de ƌĠsolutioŶ 

eǆaĐte pƌoposĠ daŶs le ŵĠŵoiƌe, ŵais il se poseƌa pouƌ des heuƌistiƋues Ƌui ǀiseŶt à 

ƌĠsoudƌe le ŵġŵe pƌoďlğŵe pouƌ des sǇstğŵes ĐoŶteŶaŶt uŶ gƌaŶd Ŷoŵďƌe de 

ǀaƌiaďles. 
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L͛ appliĐatioŶ des ƌĠsultats de Đe Đhapitƌe peƌŵet ĠgaleŵeŶt de doŶŶeƌ des ƌĠpoŶses 

paƌtielles auǆ ƋuestioŶs ;QϰͿ à ;QϲͿ. Pouƌ la ƌeĐheƌĐhe eǆhaustiǀe aǀeĐ l͛algoƌithŵe 

pƌoposĠ Ŷous soŵŵes liŵitĠs paƌ ϭϱ paƌaŵğtƌes d͛ĠǀaluatioŶ. 

 

3. IdeŶtifiĐatioŶ des ĐoŶtƌadiĐtioŶs phǇsiƋues gĠŶĠƌalisĠes 

Pouƌ foƌŵeƌ uŶ sǇstğŵe de ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes Đoŵŵe Đelui de la Figuƌe ϱ, 

oŶ peut assoĐieƌ plusieuƌs ĐoŶtƌadiĐtioŶs phǇsiƋues gĠŶĠƌalisĠes à uŶe ĐoŶtƌadiĐtioŶ 

teĐhŶiƋue gĠŶĠƌalisĠe. Ce Đhapitƌe tƌaite de la ƌeĐheƌĐhe de toutes les ĐoŶtƌadiĐtioŶs 

phǇsiƋues assoĐiĠes à uŶe ĐoŶtƌadiĐtioŶ teĐhŶiƋue gĠŶĠƌalisĠe, pƌopose uŶ 

algoƌithŵe, disĐute ses liŵites, ses ĐoŶtƌiďutioŶs à la pƌoďlĠŵatiƋue de thğse et ses 

appliĐatioŶs poteŶtielles. 

La ƌeĐheƌĐhe de ĐhaƋue ĐoŶĐept d͛uŶe ĐoŶtƌadiĐtioŶ phǇsiƋue gĠŶĠƌalisĠe est 

d͛aďoƌd dĠfiŶie Đoŵŵe la ƌeĐheƌĐhe de ĐoŶĐepts disĐƌiŵiŶaŶts suƌ des eŶseŵďles 

dĠfiŶis paƌ la ĐoŶtƌadiĐtioŶ teĐhŶiƋue gĠŶĠƌalisĠe. EŶ effet, uŶe ĐoŶtƌadiĐtioŶ 

teĐhŶiƋue gĠŶĠƌalisĠe paƌtitioŶŶe l e͛Ŷseŵďle l͛espaĐe des aĐtioŶs E eŶ tƌois 

eŶseŵďles : l͛eŶseŵďle de l͛espaĐe d͛aĐtioŶ Ƌui satisfait les paƌaŵğtƌes d͛ĠǀaluatioŶ 

Yϭ Ƌue Ŷous ŶotoŶs Eϭ, Đelui Ƌui satisfait les paƌaŵğtƌes YϮ Ƌue Ŷous dĠŶoŵŵoŶs EϮ 

et le tƌoisiğŵe Ƌui Đoŵplğte Eϭ et EϮ pouƌ foƌŵeƌ E Ƌue Ŷous ŶotoŶs EϬ. ‘eĐheƌĐheƌ 

uŶ ĐoŶĐeptϭ ƌeǀieŶt à ƌeĐheƌĐheƌ uŶe foŶĐtioŶ Ƌui disĐƌiŵiŶe Ƌui ƌeĐoŶŶait des 

ĠlĠŵeŶts de Eϭ et les disĐƌiŵiŶe de EϮUEϬ. IŶǀeƌseŵeŶt, ƌeĐheƌĐheƌ uŶ ĐoŶĐeptϮ 

ƌeǀieŶt à ƌeĐheƌĐheƌ uŶe foŶĐtioŶ Ƌui ƌeĐoŶŶait des ĠlĠŵeŶts de EϮ et les disĐƌiŵiŶe 

de EϭUEϬ. Le pƌoďlğŵe de ƌeĐheƌĐhe est dĠfiŶit sous la foƌŵe d͛uŶ pƌoďlğŵe de 

pƌogƌaŵŵatioŶ ďiŶaiƌe eŶ Ŷoŵďƌes eŶtieƌs doŶt oŶ utilise les pƌopƌiĠtĠs pouƌ le 

ƌĠsoudƌe. Ces ĐoŶtƌadiĐtioŶs peuǀeŶt ġtƌe tƌğs Ŷoŵďƌeuses et iŵpossiďles à listeƌ 

daŶs uŶ teŵps ƌaisoŶŶaďle. Pouƌ pallieƌ Đe pƌoďlğŵe Ŷous ŵoŶtƌoŶs Ƌu͛uŶe 

ĐoŶtƌadiĐtioŶ phǇsiƋue gĠŶĠƌalisĠe spĠĐifiƋue peut ƌĠsuŵeƌ toutes les ĐoŶtƌadiĐtioŶs 

phǇsiƋues gĠŶĠƌalisĠes possiďles. La ƌeĐheƌĐhe de Đette ĐoŶtƌadiĐtioŶ spĠĐifiƋue peut 

ġtƌe faite eŶ ajoutaŶt uŶe foŶĐtioŶ oďjeĐtiǀe à l͛eŶseŵďle des ĠƋuatioŶs à satisfaiƌe 

daŶs le pƌogƌaŵŵe ďiŶaiƌe, Đe Ƌui ƌeǀieŶt à ƌĠsoudƌe le pƌoďlğŵe d o͛ptiŵisatioŶ 

eŶtieƌ ďiŶaiƌe.  



RĠsuŵĠ eŶ fƌaŶçais 

ϭϵϯ 

DaŶs Đe Đhapitƌe, l͛algoƌithŵe est illustƌĠ à l͛aide d͛eǆeŵples ĐoŶĐƌets ŶotaŵŵeŶt le 

Đas du disjoŶĐteuƌ ĠleĐtƌiƋue Ƌui ŵoŶtƌe le Ŷoŵďƌe tƌğs iŵpoƌtaŶt des sǇstğŵes de 

ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes Ƌui peut ġtƌe tƌouǀĠ.  

La ĐoŵpleǆitĠ de l͛algoƌithŵe est dĠfiŶie et les liŵites pƌatiƋues d͛utilisatioŶs de 

l͛algoƌithŵe soŶt doŶŶĠes : paƌ eǆeŵple le Ŷoŵďƌe des paƌaŵğtƌes d͛aĐtioŶ du 

sǇstğŵe à tƌaiteƌ est liŵitĠ ;les Đas d͛Ġtude ŵeŶĠs ŵoŶtƌeŶt Ƌue l͛eǆtƌaĐtioŶ 

eǆhaustiǀe foŶĐtioŶŶe si ŵoiŶs de ϭϮ paƌaŵğtƌes d͛aĐtioŶ du sǇstğŵe aǀeĐ au 

ŵaǆiŵuŵ deuǆ Ŷiǀeauǆ de ǀaleuƌs à tƌaiteƌ suƌ les oƌdiŶateuƌs à Ŷotƌe dispositioŶͿ.  

L͛ utilisatioŶ de l͛algoƌithŵe a ĠgaleŵeŶt peƌŵis d͛appoƌteƌ uŶe ƌĠpoŶse paƌtielle à la 

ƋuestioŶ ;QϲͿ eŶ ĐoŵpaƌaŶt les ĐoŶtƌadiĐtioŶs foƌŵulĠes paƌ des eǆpeƌts 

iŶdĠpeŶdaŶts et Đelles dĠfiŶies paƌ les algoƌithŵes pƌĠĐĠdeŶts. 

UŶe eǆploitatioŶ possiďle de l͛algoƌithŵe et iŶatteŶdue au dĠpaƌt de l͛Ġtude est la 

possiďilitĠ d͛ideŶtifieƌ des ĐoŶtƌadiĐtioŶs phǇsiƋues ĐlassiƋues ou gĠŶĠƌalisĠes daŶs 

uŶ ĐoŶteǆte de ƌĠglage des paƌaŵğtƌes d͛aĐtioŶ. CeĐi peƌŵet d͛eŶǀisageƌ de 

ŵultiples appliĐatioŶs daŶs le Đadƌe de la ĐoŶĐeptioŶ iŶǀeŶtiǀe et de l͛aide à la 

ĐoŵpƌĠheŶsioŶ des ĐoŶtƌadiĐtioŶs. AiŶsi paƌ eǆeŵple, oŶ peut ĐoŵpƌeŶdƌe ou 

ĐoŵplĠteƌ des ĐoŶtƌadiĐtioŶs Ġŵises paƌ des eǆpeƌts eŶ dĠfiŶissaŶt leuƌ liŵite de 

ǀaliditĠ, ou iŶǀeƌseŵeŶt pƌoposeƌ auǆ ĐoŶĐepteuƌs des ĐoŶtƌadiĐtioŶs siŵples se 

ƌappƌoĐhaŶt de Đelles de la T‘I) ĐlassiƋue eŶ Ǉ ajoutaŶt les liŵites de ǀaliditĠ.  

La ƌeĐheƌĐhe des ĐoŶtƌadiĐtioŶs suƌ uŶ ĠĐhaŶtilloŶ peƌŵet paƌfois d͛ideŶtifieƌ des 

solutioŶs au pƌoďlğŵe d͛optiŵisatioŶ. EŶ effet, il se peut Ƌue suƌ l͛eŶseŵďle 

d͛eǆpĠƌieŶĐes, les ĐoŶĐepts ϭ et Ϯ tƌouǀĠs sĠpaƌĠŵeŶt Ŷe soieŶt pas ĐoŶtƌadiĐtoiƌes. 

DaŶs Đe Đas, la ĐoŵďiŶaisoŶ de Đes ĐoŶĐepts est uŶe solutioŶ poteŶtielle au 

pƌoďlğŵe iŶitial Ƌui Ŷ͛est peut-ġtƌe pas uŶ pƌoďlğŵe d͛iŶǀeŶtioŶ. 

 

4. IdeŶtifiĐatioŶ des paƌaŵğtƌes paƌtiĐipaŶt auǆ ĐoŶtƌadiĐtioŶs phǇsiƋues 

Coŵŵe pƌĠĐisĠ au Đhapitƌe Ϯ, l͛utilisatioŶ des algoƌithŵes de ƌeĐheƌĐhe eǆhaustiǀe 

des ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes a ses liŵites ƋuaŶt au Ŷoŵďƌe de paƌaŵğtƌes 

pouǀaŶt ġtƌe tƌaitĠs aǀeĐ uŶ oƌdiŶateuƌ. Pouƌ l͛algoƌithŵe de ƌeĐheƌĐhe des 

ĐoŶtƌadiĐtioŶs teĐhŶiƋues gĠŶĠƌalisĠes Ŷous Ŷe pouǀoŶs tƌaiteƌ Ƌue ϭϱ paƌaŵğtƌes 

d͛ĠǀaluatioŶ et daŶs le Đas de l͛algoƌithŵe de ƌeĐheƌĐhe des ĐoŶtƌadiĐtioŶs phǇsiƋues 
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gĠŶĠƌalisĠes Ŷous Ŷe pouǀoŶs tƌaiteƌ Ƌue ϭϮ paƌaŵğtƌes d͛aĐtioŶ aǀeĐ Ϯ ǀaleuƌs 

ĐhaĐuŶ. EŶ ƌeǀaŶĐhe, le tƌaiteŵeŶt des ƌĠsultats oďteŶus aǀeĐ Đes algoƌithŵes daŶs 

les Đas ƌĠels, Ŷous aŵğŶe ǀeƌs l͛hǇpothğse Ƌue daŶs la plupaƌt des Đas, seuleŵeŶt 

ƋuelƋues paƌaŵğtƌes d a͛ĐtioŶs soŶt iŵpliƋuĠs daŶs les ĐoŶtƌadiĐtioŶs phǇsiƋues 

gĠŶĠƌalisĠes. UŶe solutioŶ seƌait doŶĐ de Ŷe pas ĐoŶsidĠƌeƌ tous les paƌaŵğtƌes 

d͛aĐtioŶ et toutes leuƌs ǀaleuƌs pouƌ dĠfiŶiƌ et ideŶtifieƌ les ĐoŶtƌadiĐtioŶs. L͛oďjeĐtif 

de Đe Đhapitƌe est de pƌoposeƌ des heuƌistiƋues peƌŵettaŶt de sĠleĐtioŶŶeƌ des 

paƌaŵğtƌes peƌtiŶeŶts et leuƌs ǀaleuƌs peƌtiŶeŶtes pouƌ la ƌeĐheƌĐhe des 

ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes. Pouƌ Đela l͛ideŶtifiĐatioŶ des paƌaŵğtƌes peƌŵettaŶt de 

Đlasseƌ les ĠlĠŵeŶts daŶs deuǆ eŶseŵďles distiŶĐts est aďoƌdĠe sous l͛aŶgle des 

ŵĠthodes d͛appƌeŶtissages eŶ iŶtelligeŶĐe aƌtifiĐielle. Nous ĐoŵŵeŶçoŶs paƌ 

ŵoŶtƌeƌ Ƌue l͛ideŶtifiĐatioŶ des paƌaŵğtƌes et de ses ǀaleuƌs eŶtƌaŶt daŶs les 

ĐoŶĐepts des ĐoŶtƌadiĐtioŶs phǇsiƋues gĠŶĠƌalisĠes s͛appaƌeŶte à uŶe sĠƌie de 

pƌoďlğŵes ĐoŶŶus sous le ǀoĐaďle de « featuƌe seleĐtioŶ pƌoďleŵ» daŶs ĐeƌtaiŶs 

doŵaiŶes de ƌeĐheƌĐhe ;Liu & Motoda, ϭϵϵϴͿ. Il s͛agit de tƌouǀeƌ l e͛Ŷseŵďle optiŵal 

des ĐaƌaĐtĠƌistiƋues d͛uŶ eŶseŵďle de doŶŶĠes afiŶ d͛aŵĠlioƌeƌ la pƌĠĐisioŶ d͛uŶ 

Đlassifieuƌ, d͛aĐĐĠlĠƌeƌ les algoƌithŵes d͛eǆploƌatioŶ des doŶŶĠes et de fouƌŶiƌ uŶe 

ŵeilleuƌe ĐoŵpƌĠheŶsioŶ de ses ƌĠsultats. DaŶs la pƌeŵiğƌe paƌtie de Đe Đhapitƌe, 

l͛Ġtat de l͛aƌt et le Đhoiǆ d͛algoƌithŵes de featuƌe seleĐtioŶ adaptĠ à Ŷotƌe oďjeĐtif 

soŶt pƌĠseŶtĠs ; Ŷotƌe oďjeĐtif ĠtaŶt de ĐheƌĐheƌ l͛eŶseŵďle des paƌaŵğtƌes d͛aĐtioŶ 

Ƌui oŶt uŶ effet positif sigŶifiĐatif suƌ les paƌaŵğtƌes d͛ĠǀaluatioŶ. Paƌŵi les 

ŵĠthodes de « featuƌe seleĐtioŶ » Đelles de « sigŶed featuƌe seleĐtioŶ » seŵďleŶt les 

plus adaptĠes à Ŷotƌe Đas. Deuǆ ŵĠthodes oŶt ĠtĠ iŵplĠŵeŶtĠes et testĠes : PeaƌsoŶ 

CoƌƌelatioŶ CoeffiĐieŶt et “uppoƌt VeĐtoƌ MaĐhiŶe ;“VMͿ ; les ŵeilleuƌs ƌĠsultats soŶt 

oďteŶus aǀeĐ la “VM Ƌue Ŷous aǀoŶs adoptĠe et doŶt Ŷous pƌĠseŶtoŶs l a͛ppliĐatioŶ à 

Ŷotƌe situatioŶ daŶs Đe Đhapitƌe. La ŵĠthode “VM tƌaŶsfoƌŵe uŶ pƌoďlğŵe ŶoŶ-

liŶĠaiƌe eŶ uŶ pƌoďlğŵe liŶĠaiƌe Đ͛est-à-diƌe fouƌŶit uŶe ĐlassifiĐatioŶ liŶĠaiƌe daŶs 

l͛espaĐe de ƌeĐheƌĐhe des ĐaƌaĐtĠƌistiƋues ŶoŶ-liŶĠaiƌe eŶ foŶĐtioŶ des poids de Đes 

ĐaƌaĐtĠƌistiƋues. Plus la ĐaƌaĐtĠƌistiƋue ;le paƌaŵğtƌe d͛aĐtioŶͿ a du poids daŶs la 

ŵĠthode “VM plus il a de l͛iŶflueŶĐe suƌ l͛eŶseŵďle ĠtudiĠ ;le paƌaŵğtƌe 

d͛ĠǀaluatioŶ et sa ǀaleuƌ oďjeĐtiǀeͿ. UŶ autƌe aǀaŶtage de la ŵĠthode “VM est Ƌue 
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Ŷous pouǀoŶs ĐoŶsidĠƌeƌ ĐhaƋue paƌaŵğtƌe d͛ĠǀaluatioŶ Đoŵŵe ƌĠsultaŶt des 

ĐoŵďiŶaisoŶs des paƌaŵğtƌes d͛aĐtioŶ.  

Deuǆ dĠŵaƌĐhes à ďase de l͛utilisatioŶ ƌĠpĠtĠe d͛algoƌithŵes de tǇpe “VM soŶt 

pƌoposĠes. La pƌeŵiğƌe s͛appuie suƌ les faŵilles d͛eǆpĠƌieŶĐes dĠfiŶies paƌ uŶe 

ĐoŶtƌadiĐtioŶ teĐhŶiƋue gĠŶĠƌalisĠe ; la seĐoŶde s͛appuie suƌ les faŵilles dĠfiŶies paƌ 

les peƌfoƌŵaŶĐes atteiŶtes ou ŶoŶ de ĐhaƋue ǀaƌiaďle d Ġ͛ǀaluatioŶ.  

Pouƌ Ġǀalueƌ l͛algoƌithŵe ĐeŶtƌal ĐoŶçu à ďase de “VM, uŶ eŶseŵďle de Đas doŶt oŶ 

ĐoŶŶait la ƌĠpoŶse ;le ĐoŶĐept à ideŶtifieƌͿ est ĐoŶstƌuit. Les ƌĠsultats de l a͛ppliĐatioŶ 

de l a͛lgoƌithŵe à Đette ďase de Đas soŶt fouƌŶis et disĐutĠs. 

L͚ eǆploitatioŶ des ƌĠsultats oďteŶus Ŷous aŵğŶe ĠgaleŵeŶt à ƌĠflĠĐhiƌ à l e͛ǆploƌatioŶ 

du lieŶ eŶtƌe la dĠŵaƌĐhe d͛ideŶtifiĐatioŶ des paƌaŵğtƌes et les ŵĠthodes 

d͛optiŵisatioŶ, ŶotaŵŵeŶt suƌ la ƌeĐheƌĐhe des ǀaƌiaďles ĐlĠs pouƌ tƌouǀeƌ le Paƌeto.  

 

5. PƌoĐessus de ƌĠsolutioŶ de pƌoďlğŵe d’iŶveŶtioŶ 

Le Đhapitƌe ĐoŵŵeŶĐe paƌ positioŶŶeƌ les aĐtiǀitĠs de ƌĠsolutioŶ de pƌoďlğŵe ĐiďlĠes 

daŶs la ďoite « ŵodel ĐhaŶge »  du pƌoĐessus de ĐoŶĐeptioŶ ƌĠsuŵĠ Đi-dessous.   

 

La figuƌe Đi-dessous ƌĠsuŵe la dĠŵaƌĐhe pƌoposĠe à paƌtiƌ de doŶŶĠes oďteŶues paƌ 

l͛eǆpĠƌiŵeŶtatioŶ phǇsiƋue ou paƌ la siŵulatioŶ.  
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Puis Ŷous aǀoŶs illustƌĠ le pƌoĐessus de la ƌĠsolutioŶ des pƌoďlğŵes iŶǀeŶtifs suƌ uŶ 

eǆeŵple de sǇstğŵe logistiƋue à douďle KaŶďaŶ. Ce pƌoĐessus iŶtğgƌe l͛eǆtƌaĐtioŶ 

des ĐoŶtƌadiĐtioŶs teĐhŶiƋues gĠŶĠƌalisĠes ;Đhapitƌe ϮͿ, l͛eǆtƌaĐtioŶ des 

ĐoŶtƌadiĐtioŶs phǇsiƋues gĠŶĠƌalisĠes ;Đhapitƌe ϯͿ, l͛ideŶtifiĐatioŶ des paƌaŵğtƌes 

paƌtiĐipaŶts auǆ ĐoŶtƌadiĐtioŶs phǇsiƋues et fiŶaleŵeŶt la ƌĠsolutioŶ ďasĠe suƌ les 

pƌiŶĐipes de T‘I) de la ĐoŶtƌadiĐtioŶ Đhoisie. L͛eǆeŵple ĐoŶsiste d͛uŶe ŵaĐhiŶe 

faďƌiƋuaŶt deuǆ tǇpes de pƌoduits et appƌoǀisioŶŶaŶt deuǆ stoĐks diffĠƌeŶts. A 

tƌaǀeƌs l͛eǆpĠƌiŵeŶtatioŶ suƌ Đe Đas d͛Ġtude Ŷous aǀoŶs illustƌĠ l͛utilisatioŶ des 

diffĠƌeŶts algoƌithŵes pƌoposĠs daŶs la thğse pouƌ pouǀoiƌ ƌĠpoŶdƌe auǆ ƋuestioŶs 

posĠes daŶs la pƌoďlĠŵatiƋue de Ŷotƌe tƌaǀail de ƌeĐheƌĐhe et auǆƋuelles Ŷous aǀoŶs 

ƌĠpoŶdu daŶs le Đhapitƌe ϲ. 

 

6. DisĐussioŶ ĐoŶĐlusive et peƌspeĐtives 

Notƌe dĠŵaƌĐhe de ƌeĐheƌĐhe Ŷous a eŵŵeŶĠ à pƌogƌessiǀeŵeŶt ŵettƌe eŶ plaĐe 

des outils/algoƌithŵes/eǆpĠƌiŵeŶtatioŶs pouƌ pouǀoiƌ ƌĠpoŶdƌe auǆ ƋuestioŶs 

ĐlassĠes à diffĠƌeŶts Ŷiǀeauǆ de Ŷotƌe pƌoďlĠŵatiƋue de ƌĠsolutioŶ de pƌoďlğŵe daŶs 

la ĐoŶĐeptioŶ iŶǀeŶtiǀe. AfiŶ de ƌĠpoŶdƌe au pƌeŵieƌ Ŷiǀeau de ƋuestioŶs ĐoŶĐeƌŶaŶt 

le ĐoŶĐept de la ĐoŶtƌadiĐtioŶ daŶs la T‘I) Ŷous aǀoŶs pƌoposĠ des algoƌithŵes 

eǆhaustifs d͛eǆtƌaĐtioŶ des ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes ďasĠs suƌ les pƌoďlğŵes 
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d͛optiŵisatioŶ ĐoŵďiŶatoiƌe ;ĐoŵŵeŶt eǆtƌaiƌe les ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes de 

ŵaŶiğƌe eǆhaustiǀe QϮͿ et Ŷous aǀoŶs ŵeŶĠ des Ġtudes eŵpiƌiƋues. Les ƌĠsultats 

ŵoŶtƌeŶt Ƌue si le Đas où auĐuŶe ĐoŶtƌadiĐtioŶ teĐhŶiƋue ou phǇsiƋue ĐlassiƋue Ŷ e͛st 

dispoŶiďle est assez ĐoŵŵuŶ et Đƌoit aǀeĐ le Ŷoŵďƌe des solutioŶs dispoŶiďles, au 

ŵoiŶs uŶe ĐoŶtƌadiĐtioŶ gĠŶĠƌalisĠe eǆiste toujouƌs, et, daŶs la ŵajoƌitĠ des Đas, 

Đelles-Đi soŶt eǆtƌġŵeŵeŶt Ŷoŵďƌeuses ;ƌĠpoŶse à la ƋuestioŶ ;QϭͿͿ. DaŶs Đe Đas, la 

ƋuestioŶ ĐoŵŵeŶt Đhoisiƌ/dĠfiŶiƌ les ĐoŶtƌadiĐtioŶs peƌtiŶeŶtes se pose ;QϯͿ. Nous 

essaǇoŶs d͛Ǉ ƌĠpoŶdƌe eŶ eǆploitaŶt et utilisaŶt les lieŶs eŶtƌe les ŵĠthodes et les 

ĐoŶĐepts d͛optiŵisatioŶ et la T‘I), tel Ƌue le ĐoŶĐept de Paƌeto. EŶ ŵġŵe teŵps le 

fait de gĠŶĠƌeƌ ďeauĐoup de ƌĠsultats liŵite les ŵĠthodes eǆhaustiǀes d͛eǆtƌaĐtioŶ 

des ĐoŶtƌadiĐtioŶs eŶ teƌŵes de Ŷoŵďƌe de paƌaŵğtƌes pouǀaŶt ġtƌe pƌis eŶ Đoŵpte 

daŶs les algoƌithŵes. Pouƌ faiƌe faĐe auǆ liŵites des ŵĠthodes eǆhaustiǀes, Ŷotƌe 

stƌatĠgie a ĐoŶsistĠ à ŵettƌe eŶ plaĐe des heuƌistiƋues Ƌui ǀiseŶt à ƌĠsoudƌe le ŵġŵe 

pƌoďlğŵe pouƌ des sǇstğŵes ĐoŶteŶaŶt uŶ gƌaŶd Ŷoŵďƌe de ǀaƌiaďles. UŶe 

eǆploitatioŶ possiďle de l͛algoƌithŵe est la possiďilitĠ d͛ideŶtifieƌ des ĐoŶtƌadiĐtioŶs 

phǇsiƋues ĐlassiƋues ou gĠŶĠƌalisĠes daŶs uŶ ĐoŶteǆte de ƌĠglage des paƌaŵğtƌes 

d͛aĐtioŶ. CeĐi peƌŵet d͛eŶǀisageƌ de ŵultiples appliĐatioŶs daŶs le Đadƌe de la 

ĐoŶĐeptioŶ iŶǀeŶtiǀe et de l͛aide à la ĐoŵpƌĠheŶsioŶ des ĐoŶtƌadiĐtioŶs. AiŶsi paƌ 

eǆeŵple, oŶ peut ĐoŵpƌeŶdƌe ou ĐoŵplĠteƌ des ĐoŶtƌadiĐtioŶs Ġŵises paƌ des 

eǆpeƌts eŶ dĠfiŶissaŶt leuƌ liŵite de ǀaliditĠ, ou iŶǀeƌseŵeŶt, pƌoposeƌ auǆ 

ĐoŶĐepteuƌs des ĐoŶtƌadiĐtioŶs siŵples se ƌappƌoĐhaŶt de Đelles de la T‘I) ĐlassiƋue 

eŶ Ǉ ajoutaŶt les liŵites de ǀaliditĠ. 

“uite à la ŵise eŶ plaĐe suĐĐessiǀe des algoƌithŵes et des heuƌistiƋues Ŷous aǀoŶs 

ĠtĠ eŵŵeŶĠs à tƌaiteƌ les ƋuestioŶs ĐoŶĐeƌŶaŶt les ĐoŶsĠƋueŶĐes pƌatiƋues des 

Ŷouǀelles ĐoŶtƌadiĐtioŶs pouƌ la ƌĠsolutioŶ des pƌoďlğŵes iŶǀeŶtifs ;QϰͿ. L͛ utilisatioŶ 

de l͛algoƌithŵe a ĠgaleŵeŶt peƌŵis d͛appoƌteƌ uŶe ƌĠpoŶse paƌtielle à la ƋuestioŶ 

;QϲͿ eŶ ĐoŵpaƌaŶt les ĐoŶtƌadiĐtioŶs foƌŵulĠes paƌ des eǆpeƌts iŶdĠpeŶdaŶts et 

Đelles dĠfiŶies paƌ les algoƌithŵes pƌĠĐĠdeŶts. Au fuƌ et à ŵesuƌe de Ŷos tƌaǀauǆ de 

ƌeĐheƌĐhe Ŷous soŵŵes de plus eŶ plus aŵeŶĠs à ƌĠflĠĐhiƌ suƌ la ŵaŶiğƌe de 

ĐoŵďiŶeƌ les algoƌithŵes et les heuƌistiƋues pƌĠĐĠdeŶts daŶs uŶe dĠŵaƌĐhe 

gĠŶĠƌale d͛eǆtƌaĐtioŶ des ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes peƌtiŶeŶtes de ŵaŶiğƌe effiĐaĐe 

et effiĐieŶte saŶs ƌeĐheƌĐhe eǆhaustiǀe ;QϱͿ. 
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Il s͛agit d͛aŶalǇseƌ les doŶŶĠes de soƌte à ideŶtifieƌ les ǀaƌiaďles d͛aĐtioŶ et leuƌ 

ǀaleuƌs iŵpliƋuĠes daŶs les ĐoŶĐepts des ĐoŶtƌadiĐtioŶs phǇsiƋues gĠŶĠƌalisĠes saŶs 

aǀoiƌ à dĠteƌŵiŶeƌ les ĐoŶĐepts euǆ-ŵġŵes, puis d͛utiliseƌ l͛algoƌithŵe eǆhaustif suƌ 

le sǇstğŵe ƌĠduit auǆ ǀaƌiaďles ideŶtifiĠes. La dĠŵaƌĐhe peƌŵettaŶt le pƌĠtƌaiteŵeŶt 

et la ƌĠduĐtioŶ des ǀaƌiaďles d͛aĐtioŶ eŶ ǀue de l͛ideŶtifiĐatioŶ des ĐoŶtƌadiĐtioŶs 

peƌtiŶeŶtes est ƌĠalisĠe eŶ eǆploƌaŶt le lieŶ eŶtƌe les ŵĠthodes d o͛ptiŵisatioŶ et la 

T‘I) Đe Ƌui peƌŵet d͛appoƌteƌ des ƌĠpoŶses auǆ ƋuestioŶs ;QϳͿ, ;QϴͿ et ;QϵͿ. 

L͛ ideŶtifiĐatioŶ des ǀaƌiaďles et ǀaleuƌs iŵpliƋuĠes daŶs les ĐoŶtƌadiĐtioŶs peƌŵet 

d͛appoƌteƌ uŶe ŵeilleuƌe ĐoŵpƌĠheŶsioŶ ǀoiƌe l͛ideŶtifiĐatioŶ des ĠlĠŵeŶts 

;ǀaƌiaďlesͿ ĐlĠs pouƌ ĐheƌĐheƌ le Paƌeto ;QϭϬͿ. 

Le Đhapitƌe se teƌŵiŶe paƌ uŶe disĐussioŶ pƌospeĐtiǀe. 
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‘ĠsuŵĠ 

La thğse tƌaite des pƌoďlğŵes d͛iŶǀeŶtioŶ où les solutioŶs des ŵĠthodes d͛optiŵisatioŶ Ŷe satisfoŶt pas auǆ 

oďjeĐtifs des pƌoďlğŵes à ƌĠsoudƌe. Les pƌoďlğŵes aiŶsi dĠfiŶis eǆploiteŶt, pouƌ leuƌ ƌĠsolutioŶ, uŶ ŵodğle de 

pƌoďlğŵe ĠteŶdaŶt le ŵodğle de la T‘I) ĐlassiƋue sous uŶe foƌŵe ĐaŶoŶiƋue appelĠe «sǇstğŵe de 

ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes ». Cette ƌeĐheƌĐhe iŶstƌuŵeŶte uŶ pƌoĐessus de ƌĠsolutioŶ ďasĠ suƌ la ďouĐle 

siŵulatioŶ-optiŵisatioŶ-iŶǀeŶtioŶ peƌŵettaŶt d͛utiliseƌ à la fois des ŵĠthodes d͛optiŵisatioŶ et d͛iŶǀeŶtioŶ. 

Plus pƌĠĐisĠŵeŶt, elle ŵodĠlise l͛eǆtƌaĐtioŶ des ĐoŶtƌaĐtioŶs gĠŶĠƌalisĠes à paƌtiƌ de doŶŶĠes de siŵulatioŶ 

sous foƌŵe de pƌoďlğŵes d͛optiŵisatioŶ ĐoŵďiŶatoiƌe et pƌopose des algoƌithŵes doŶŶaŶt toutes les 

solutioŶs à Đes pƌoďlğŵes. De plus, elle pƌopose des heuƌistiƋues pouƌ sĠleĐtioŶŶeƌ les ǀaƌiaďles et les ǀaleuƌs 

peƌtiŶeŶtes iŶteƌǀeŶaŶt daŶs les ĐoŶtƌadiĐtioŶs gĠŶĠƌalisĠes et/ou utiles pouƌ l͛optiŵisatioŶ. Les ĐoŶtƌiďutioŶs 

ĐoŶĐeƌŶeŶt la thĠoƌie et la pƌatiƋue de la ĐoŶĐeptioŶ iŶǀeŶtiǀe. La thğse eǆploƌe ĠgaleŵeŶt la feƌtilisatioŶ 

ĐƌoisĠe eŶtƌe l͛optiŵisatioŶ et la T‘I). 

Mots ĐlĠs : T‘I), CoŶĐeptioŶ iŶǀeŶtiǀe, OptiŵisatioŶ, Featuƌe seleĐtioŶ. 

 

 

AďstƌaĐt 

The thesis deals ǁith pƌoďleŵs of iŶǀeŶtioŶ ǁheƌe solutioŶs optiŵizatioŶ ŵethods do Ŷot ŵeet the 

oďjeĐtiǀes of pƌoďleŵs to solǀe. The pƌoďleŵs pƌeǀiouslǇ defiŶed eǆploit foƌ theiƌ ƌesolutioŶ, a pƌoďleŵ 

eǆteŶdiŶg the ŵodel of ĐlassiĐal T‘I) iŶ a ĐaŶoŶiĐal foƌŵ Đalled "geŶeƌalized sǇsteŵ of ĐoŶtƌadiĐtioŶs." This 

ƌeseaƌĐh dƌaǁs up a ƌesolutioŶ pƌoĐess ďased oŶ the loop siŵulatioŶ-optiŵizatioŶ-iŶǀeŶtioŶ usiŶg ďoth 

solǀiŶg ŵethods of optiŵizatioŶ aŶd iŶǀeŶtioŶ. Moƌe pƌeĐiselǇ, it ŵodels the eǆtƌaĐtioŶ of geŶeƌalized 

ĐoŶtƌaĐtioŶs fƌoŵ siŵulatioŶ data as ĐoŵďiŶatoƌial optiŵizatioŶ pƌoďleŵs aŶd offeƌs algoƌithŵs that offeƌ all 

the solutioŶs to these pƌoďleŵs. IŶ additioŶ, it pƌoǀides heuƌistiĐs to seleĐt ǀaƌiaďles aŶd its ƌeleǀaŶt ǀalues 

iŶǀolǀed iŶ geŶeƌalized ĐoŶtƌadiĐtioŶs aŶd/oƌ useful foƌ optiŵizatioŶ. The ĐoŶtƌiďutioŶs ĐoŶĐeƌŶ theoƌǇ aŶd 

pƌaĐtiĐe of the iŶǀeŶtiǀe desigŶ. The thesis also eǆploƌes Đƌoss-feƌtilizatioŶ ďetǁeeŶ optiŵizatioŶ aŶd T‘I). 

KeǇǁoƌds: T‘I), iŶǀeŶtiǀe desigŶ, optiŵizatioŶ, featuƌe seleĐtioŶ. 

 

 


