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Bu sayimizda yer alan ilk makale, Tugba Sarag, Kumsal Erten ve
Elif Yilmaz tarafindan yazilan “Kaynak Makinelerinin Vardiya
Bazinda Cizelgelenmesi Problemi Igin iki Asamali Bir Coziim
Yaklagim1” baslikli ¢alismadir. Makalede, beyaz esya fiireticisi bir
isletmenin bilinyesinde bulunan kaynak makinelerinde iiriinlerin
hangi makinelerde, hangi sirayla iiretilmesi gerektiginin belirlendigi
probleminin 6zel bir hali ele alinmistir. Literatiirde yer alan
calismalarda genellikle islerin sirasi belirlenmekte ancak islerin
hangi vardiyada iiretilecegi dikkate alinmamaktadir. Bu ¢aligmada
onerilen model hem islerin hangi makinada hangi siraya atanacagini

hem de iiretilecegi vardiyay1 belirlemektedir.

Ezgi Eroglu ve Meral Azizoglu tarafindan yazilan “Yénlii Iki
Objektifli Cinli Postaci Problemi Igin Kesin Céziim Yaklasimlar:”
baslikli ikinci makalede, iki toplamsal kriterli yonlii ¢inlipostaci
problemi ele alinmig ve tiim bastirilamayan objektif vektorlerini
yaratmak i¢in iki ¢6ziim yaklasimi gelistirilmistir. Birinci yaklagim,
klasik yaklasim, karmasik kesikli dogrusal programlarin optimal
¢ozlimlerini kullanmakta ve bastirilamayan objektif vektor setini
seri olarak yaratmaktadir. Ikinci yaklasim, dal ve sinir algoritmast,
dogrusal  programlama  gevsetimlerininoptimal  ¢dziimlerini
kullanmakta ve bastirilamayan objektif vektor setindeki ¢oziimleri

ayni anda yaratmaktadir.
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KAYNAK MAKINELERININ VARDIYA BAZINDA GIiZELGELENMESI
PROBLEMI iCIN IKi ASAMALI BiR GOZUM YAKLASIMI

Tugba Sara¢*, Kumsal Erten, Elif Yilmaz
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Bu ¢aligmada, beyaz egya tireticisi bir isletmenin biinyesinde bulunan kaynak makinalarinda iiriinlerin hangi makinalarda, hangi sirayla
uretilmesi gerektiginin belirlendigi » tiriin, m iligkisiz paralel makina ¢izelgeleme probleminin 6zel bir hali ele alinmistir. Literatiirde yer alan
calismalarda genellikle islerin sirasi belirlenmekte ancak islerin hangi vardiyada tiretilecegi dikkate alinmamaktadir. Oysa gercek hayatta vardiya
bazinda dikkate alinmasi gereken farkli kisitlar s6z konusudur. Bu ¢aligmada onerilen model hem islerin hangi makinada hangi siraya atanacagini
hem de iiretilecegi vardiyay: belirlemektedir. Boylece vardiyaya 6zel kapasite kisit1 gibi durumlar1 dikkate almak miimkiin olabilmektedir. Ele
alinan problemde, hazirlik siireleri ihmal edilebilecek kadar kiigiik olmasina ragmen, birbirine benzemeyen islerin art arda tiretilmeleri tiretim
siirecini zorlagtirmasi nedeniyle istenmemektedir. Uriinlerin farkliliklari, en, boy, marka gibi 6zelliklerine bagli olarak degismektedir. Bu calig-
mada oncelikle tiim irtinlerin ardigik tiretilmeleri durumunda benzemezlik diizeylerini temsil edebilecek bir farklilik katsayisi tanimlanmis ve
bu katsaymin hesaplanabilmesi i¢in bir yaklagim gelistirilmistir. Problemin amaglari son isin tamamlanma zamaninin ve farklilik katsayilariin
toplaminin en kiiciiklenmesidir. Cok amagl yapida olan ve siirece dzel kisitlar igeren problem i¢in bir hedef programlama modeli dnerilmistir.
Onerilen biitiinlesikmatematiksel model kiiiik boyutlu bir problem ve gergek hayat problemi kullanilarak test edilmistir. Gergek hayat problemini
biitiinlesik model ile ¢6zebilmek miimkiin olmamistir. Biiylik problemlerin ¢6ziimii igin biitiinlesik model yerine birbiri ard1 sira ¢alisacak iki
asamali bir ¢6ziim yaklasimi 6nerilmistir. Yontemin ilk agamasinda islerin atanacagi makinalar belirlenmekte, ikinci asamada ise, birinci agamada
belirlenen, makinalara atanmus islerin, siralarina ve vardiyalarina karar verilmektedir. Onerilen yaklasim gercek hayat probleminin ¢oziilebilmesini
miimkiin kilmigtir.

Anahtar Kelimeler: {liskisiz paralel makine ¢izelgeleme problemi, vardiya bazli gizelgeleme, hedef programlama, kaynak makineleri

A TWO STAGE SOLUTION APPROACH FOR THE SHIFT-BASED SCHEDULING PROBLEM ON
WELDING MACHINES

ABSTRACT

In this study, one of the special version of n product, m unrelated parallel machine scheduling problem is considered. This problem occursin
a firm which produces white goods and it is determining that which job produces at which welding machine and in what order. Generally, align-
ment of workload is determined on scheduling problems but the shifts of the workload are not considered. However, in real-life, there are some
restrictions that needs attention, in shift basis. Therefore, this study proposes a model both scheduling the jobs on which machine needs to be used
and align it correctly, also designates the shift of production. With this model, special circumstances such as specific capacity for a shift could be
considered. In this problem, there are preparations periods depending on alignment. These periods are changing depending on the weight, height
and brand of product. In this study first, a coefficient of variation has been identified that could represent their preparation time and an approach
has been developed to calculate these coefficients. In this way, measurement of setup time will consist of in case of sequential production of all
products requirements can be eliminated. Purpose of this problem is minimizing the sum of finishing period of the last assignment and discrepancy
factor. A goal programming model is developed for this multi-objective problem which includes special process constraints. This suggested mathe-
matical model is tested with small sized and real-life problems. A solution is obtained for the small sized problem but real-life problem could not
be solved with GAMS/CPLEX. Therefore, the two-stage approach which will work successively has been proposed instead of integrated models
for the solution of major problems. In the first stage of the procedure, Works are assigned to shifts. In the second stage, a mathematical model is
solved for each shifts. The real life problem can be solved by proposed solution approach.

Keywords: Unrelated parallel machine scheduling problem, shift-based scheduling, goal programming, welding machines

* Jletigim yazari
TUBITAK 2241/A (2209/B) - Sanayi Odakli Lisans Bitirme Tezi Destekleme Programi 2015 Y1l 5. Déneminde TUBITAK tarafindan destek almustir.



Kaynak Makinelerinin Vardiya Bazinda Gizelgelenmesi Problemi igin iki Asamali Bir Goziim Yaklagim

1. GiRi$
Bir iiretim sisteminde ¢alisanlarin ve kullanilan ma-
kinalarin etkinlik ve verimliligi iiretim siirecini 6nemli
derecede etkiler. Etkin ve verimli bir siirecin yaratilma-

sinda birgok faktor rol oynamaktadir. Bunlardan 6nemli
bir tanesi de ¢izelgelemedir.

Cizelgeleme fonksiyonu bir sirkette matematiksel
veya sezgisel teknikler yardimi ile islerin gergeklesti-
rilmesinde sinirlt kaynaklarin tahsis edilmesine olanak
saglar. Kaynaklarin uygun tahsisi ise sirketin amaglarini
eniyilemesine ve hedeflerine erismesine olanak saglar
(Baker, 1974: Eren ve Giiner, 2002).

Cizelgeleme problemleri; parametrelerin determi-
nistik (belirli) ya da stokastik (belirsiz) olmast iiretim
ortaminin tek makinali ya da ¢ok makinali olmasi, gelis
stirecinin duragan (statik) ya da dinamik olmasina gore
degistigi ¢esitli problem yapilarini kapsar (Eren ve Gii-
ner, 2002). Cizelgeleme problemlerinde genellikle sonlu
saylda makine oldugu kabul edilmektedir ve ig say1s1 n ve

makine sayisi ise m ile ifade edilmektedir (Pinedo, 2016).

Bir cizelgeleme probleminin en ¢ok kabul goren
smiflandirma bi¢imi a | B | y ¢l gosterimidir. Bu tiglii
gosterimde; o makine ortamini, 3 problemde ele alinan
kisitlari, y ise amag fonksiyonunu ya da fonksiyonlarini
gostermektedir. Bu calismada ele alinan problem, ilis-
kisiz paralel makine probleminin 6zel bir halidir. Lite-
ratiirde ¢izelgeleme problemleri i¢in kullanilan siniflan-
dirma bigimine gore, R | M, siirece ozel kisitlar | C,
ZSU. olarak gosterilebilir. Burada R, problemin iliskisiz
paralel makina gizelgeleme problemi oldugunu, M,
makina uygunluk kisitlarinin dikkate alindigini, siirece
ozel kisitlar, tagima sistemi kisiti gibi isletmenin tiretim
siirecinden kaynaklanan kisitlarin varligmi, C, , ve ZS,
problemin son igin tamamlanma zamanin ve farklilik
katsayilari toplaminin enkiigiiklenmesi olmak tizere iki
amacinin oldugunu ifade etmektedir.

Bir ¢izelgeleme problemi tek amagcli ya da ¢ok
amacli olabilmektedir. Literatiirde cogunlukla tek amaglt
problemler {izerinde ¢alisilmis olmasina karsin; gergek
hayatta ¢cok amagli olanlarla daha ¢ok karsilasilmakta-
dir. Bu sebeple ¢cok amaghi ¢izelgelemenin tek amaglt
cizelgelemeye kiyasla daha gercekci ve uygulanabilir

oldugu soylenebilir. Ayrica literatiirde paralel makine ¢i-
zelgeleme problemlerini ele alan ¢alismalarin 6nemli bir
kismi1 6zdes paralel makinalari ele almistir. Bu ¢aligmada,
iligkisiz paralel makine problemi iizerine ¢aligilmistir.

Iliskisiz paralel makine ¢izelgeleme problemini ele
alan caligmalar incelendiginde, Liaw ve ark. (2003)
toplam agirlikli gecikmeyi en kiigiik yapacak sekilde
bir ¢izelgeleme olusturmay1 amaglamislardir. Bu NPzor
problemin ¢éziimii igin dal sinir algoritmasi uygulamislar
ve ¢ozliim araligi i¢in alt ve iist sinirlar tretmislerdir.
Mokotoff ve Chretienne (2002) R // C

enb

problemi igin
kesme algoritmasini uygulamislar ve elde ettikleri ¢6-
ziimleri yaklasim algoritmalart ile desteklemiglerdir. Li
ve Yang (2008), Chen (2005) ve Rabadi ve ark. (2006)
yaptiklari ¢aligmalarda sezgisel yontemler kullanmislar-
dir. Pinedo (2016) ve Peyro ve Ruiz (2011) ise iligkisiz
makinelerin ¢izelgelenmesi lizerine gesitli arastirmalar
yapmislardir. Rocha ve ark. (2008) iliskisiz paralel ma-
kinelerin hazirlik siirelerini de dikkate alarak 6nerdikleri
tam say1li programlama modelini Cplex 9.0 ve dal—sinur
algoritmast ile ¢ozerek elde ettikleri sonuglari karsilastir-
mislardir. Martello ve ark. (1997) iliskisiz paralel makine
cizelgeleme probleminde son isin tamamlanma zamanini
enkiiciiklemek i¢in yaklagim algoritmalari 6nermislerdir.

Vardiya ¢izelgeleme problemlerine literatiirde ¢ok
yer verilmemistir. Vardiya ¢izelgeleme konusundaki
tam say1li matematiksel modellerden ilki 1954 yilinda
George Dantzig tarafindan, ikincisi ise 1979 yilinda Elb-
ridge Keith tarafindan gelistirilmistir (Thompson, 1999).
Bechtold ve Jacobs (1990), Aykin (1996), Thompson
(1999), vb. vardiya ¢izelgelemesi yapmak iizere tam
sayili matematiksel modeller gelistirmislerdir.

Literatiirde ¢izelgeleme problemleri i¢in gelistirilen
pek ¢ok farkli ¢oziim yontemi ve ele alinan pek gok
farkli siire¢ 6zelligi mevcuttur. Bu ¢alismada, simdiye
kadar yapilmis cogu ¢alismanin aksine vardiya bazinda
kisitlarin oldugu iliskisiz paralel makine ¢izelgeleme
problemi ele alinmustir. Erisilen literatiir incelendiginde
iliskisiz paralel makinelerde vardiya bazinda ¢izelgeleme
probleminin ele alindig1 bir ¢alismaya rastlanmamustir.

Sadece is sirasini belirleyen klasik cizelgeleme
yaklagimina gore bir problem ¢oziildiigiinde bu sonu-
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cun ger¢ek hayatta uygulanmasi genellikle miimkiin
degildir. Ciinkii isletmelerin her vardiyaya 6zel kapasite
ve uygunluk kisitlart mevcuttur. Cizelgenin bu kisitlara
uygun hazirlanabilmesi ise islerin hangi vardiya ya da
vardiyalarda tretileceginin kesin olarak bilinmesini
gerektirmektedir. Bu nedenle bu ¢aligmada vardiya
bazinda ¢izelgeleme yapilmistir. Bu durum literatiir-
de yer alan klasik uygunluk kisitlarindan farklidir.
Literatiirdeki kisitlar genellikle bir igin bir makinaya
atanip atanamayacagi yoniindedir. Ancak bu ¢alismada
ele alindig1 haliyle, islerin ayrica vardiya bazinda da
atanmalar1 gerekmektedir. Bu da problemi daha zor bir
yaptya doniistirmektedir. Bu calismada hem vardiya
bazinda uygunluk kisitlari (her vardiyada her makinanin
calisamamasi durumu) hem de vardiya bazinda kapasi-
te kisitlar1 (her vardiyada otomatik tagima sisteminin
ve sonraki stireglerin kapasiteleri vardir. Dolayisiyla
iiretim ¢izelgesi buna gore hazirlanmalidir.) mevcuttur.
Bu haliyle calisma erisilen literatiirdeki benzerlerinden
farklilik gostermektedir.

2. PROBLEMIN TANIMI

Problemin yasandig: iiretim isletmesinde ¢izelge-
leme, miimkiin oldugunca isleri geciktirmemeye 6zen
gostererek planlama sorumlusunun tecriibeleri dogrultu-
sunda sistematik bir yaklagim kullanilmadan yapilmakta-
dir. Isletmede siparis tipi iiretim yapilmakta ve 3200 gesit
tirtin tretilmektedir. Sik sik yeni siparisler geldigi i¢in
planlama periyodu 24 saat olarak belirlenmistir. Boylece
yeni siparisler gelmesi durumunda iretim planindaki de-
gisiklikleri en kisa siirede g6z 6niinde bulunduran, etkili
ve verimli bir planlama miimkiin olacaktir. Bir planlama
periyodunda 30 ¢eside kadar {iriin iiretilebilmektedir.

Isletmede 4 adet paralel kaynak makinesi bulun-
maktadir. Bu makinalarin farkli teknik 6zelliklere sahip
olmalar1 sebebiyle her iiriin her makinede iiretileme-
mektedir. Ayrica, her kaynak makinasi ayni tiriinii farkl
hizlarda tiretmektedir.

Kaynak makinalarinda bir isten digerine gegilirken
yapilacak hazirligin siiresi ihmal edilebilir diizeydedir.
Ancak birbirine benzeyen islerin ardisik ¢izelgelenmesi
islem kalitesini ve yasanacak iiretim problemlerini azalt-
maktadir. Bu nedenle firma miimkiin oldugunca benzer
islerin arka arkaya ¢izelgelenmesini istemektedir.

Ele alinan problemde, bir iirliniin hatve, yiikseklik,
derinlik, uzunluk ve marka olmak iizere bes karak-
teristik 6zelligi vardir. iki iiriniin bu bes 6zelligi de
ayni ise, ard arda iiretildiklerinde herhangi bir prob-
lem yasanmamaktadir. Cizelgeleme yapilirken birbiri
ardina ¢izelgelenen tiriinlerin miimkiin oldugunca ¢ok
ozelliginin ayn1 olmast istenmektedir. Ancak mevcut
uygulamada iirlin ¢esitliliginin ¢ok olmasi nedeniyle
bu her zaman miimkiin olamamaktadir. Birbirinden ¢ok
fakli tirtinlerin arka arkaya ¢izelgelenmesi, makinelerin
verimliliginin diismesine sebep olmaktadir. Bir baska
degisle, birbirine benzeyen iriinlerin ayn1 makinelere
atanmasi, bu miimkiin olamryorsa art arda tiretilecek
iriinlerin olabildigince az farkliliga sahip olmas1 ge-
rekmektedir. Isletmede, iiriinlerin isleme girme sirasi
sistematik bir yaklasimla belirlenmedigi icin dikkate
alinmasi gereken tiim segenekler tiretilemeyip gozden
kacirilabilmektedir. Bu durum, fazla fire olugsmasina
ve makinelerin iiretiminin yavaslamasina sebep ol-
maktadir.

Bir diger 6nemli konu da, uzman personelin her
vardiyada olamamasi nedeniyle, baz1 makinalari bazi
vardiyalarda ¢alismamasidir. Bu durum, vardiyaya 6zel
cizelgeleme yapilmasini gerektirmektedir.

Kaynak islemi tamamlanan paneller, panel tasima
askisina takilarak, otomatik tagima sistemi aracilig1 ile
boyahaneye taginmaktadir. Otomatik tagima sistemi sa-
bit bir hizla calismaktadir ve belli sayida tagima askisina
sahiptir. Her tasima askisina bir ya da birden fazla panel
takilmas1 miimkiindiir. Tagima askilarmin uzunlugu stan-
darttir. Bir tagima askisina, asilacak panellerin uzunluk-
lar1 toplami tagima askisinin uzunlugunu gegmemelidir.
Bir vardiyada ortalama 900 adet panel tagima askisinin
kullanilmas1 miimkiindiir. Isletme, kaynag: tamamlanmus
panellerin ara stok yapilmaksizin boyahane boliimiine
taginmasini istediginden, ¢izelgeleme yapilirken tagima
sisteminin kapasitesi géz dniinde bulundurulmalidir. Bir
askiya asilan ortalama panel sayis1 3’1 gectiginde islet-
menin paketleme boliimiiniin kapasitesi asilmaktadir. Bu
nedenle otomatik tasima sistemi yiiklenirken bir tagima
askisina diisen ortalama panel sayisinin 3’ gegmemesi
gerekmektedir.
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3. BUTUNLESIK MATEMATIKSEL MODEL

Bu g¢alismada, ¢ok amagcli yapida olan ve siirece
ozel kisitlar igeren iligkisiz paralel makine ¢izelgeleme
problemi i¢in bir hedef programlama modeli gelisti-
rilmistir. Amag, son isin tamamlanma zamaninin ve
farklilik katsayilar1 toplaminin, hedef degerlerinden
pozitif sapmalarmin toplamim enkiiciiklemektir. One-
rilen biitiinlesik matematiksel model ile biiyiik boyutlu
problemlerin ¢oziilebilmesi miimkiin gériinmemektedir.
Bu nedenle biiyiik boyutlu problemlerin ¢dziimii igin iki
asamali bir ¢6ziim yaklasimi Snerilmistir. Yontemin ilk
asamasinda igler vardiyalara bir matematiksel model
yardimi ile atanmaktadir. Tkinci asamada ise islerin
hangi makinalarin hangi sirasina atanacaklarini belir-
lemek {iizere, her vardiya i¢in bir matematiksel model
¢oziilmiistiir. Iki asamal1 yaklasim, biitiinlesik modelin
¢ozemedigi biiytikliikteki problemlerin ¢oziilebilmesine
imkan saglayabilecek ve boylece firmanin beklentilerini
karsilayan is gizelgeleri kisa siirede olusturulabilecektir.

3.1 Biitiinlesik Matematiksel Model

Bu béliimde, gelistirilen hedef programlama modeli
ve ¢ozlimilyle elde edilen sonuglar ayrintili bir sekilde
ele alimmistir. Hedef programlama yaklasiminda, hedef-
lerden istenmeyen yondeki sapmalar enkiigiiklenmeye
calisilir. Onerilen biitiinlesik modelin varsayimlari, pa-
rametreleri, karar degiskenleri, kisitlari, hedef kisitlari
ve amag fonksiyonu asagida verilmistir.

Varsayimlar:

+ lsci ve ara mamul kisitlar1 nedeniyle herhangi bir
vardiyada calismayan makinalar bulunabilir

* Makineler hiz bakimindan birbirinden farklidir.

* Tiim makineler ve isler sifir zamaninda hazirdir.

+ Bir makine ayn1 anda tek bir isi isleyebilir.

* Bir ige baslandiktan sonra o is bolinmeksizin veya
baska bir makineye aktarilmaksizin islenmelidir.

Kiimeler:

N=1{1,2,...,n} is kiimesi

M ={1,2,...,m} makine kiimesi
V=1{1,2,...,0} vardiya kiimesi
Indisler

i ve j € N belirli bir igi gostermek icin kullanilan
indislerdir.

k € N is sirasin1 gostermek i¢in kullanilan indistir.
| € M bir makineyi gdstermek i¢in kullanilan indistir.
v € Vbir vardiyay1 gostermek i¢in kullanilan indistir.

Parametreler:

n: i sayist

m: makine sayisi

o: vardiya sayist

ryiJ isin /. makinadaki birim islem siiresi

a:j. isin siparis miktari

Py isin / makinadaki islem siiresi (pﬂ= ry * a,)

Syt ig ile j. isin benzemezlik diizeyini gosteren
farklilik katsayist

e : bir vardiyanin ¢alisma siiresi

v, I. makine v. vardiyada tiretime elverisli ise 1,
diger durumlarda 0

bl_l: cgizelgelenecek islerin, hangi makinelerde tiretile-
bildigini gostermektedir. (j. is /. makinede yapilabiliyorsa
1, diger durumlarda 0).

g: cok biiyiik pozitif bir say1

h: planlama periyodu (C,_, i¢in hedef deger)

u:j. panelin uzunlugu
L bir tasima askisina j. panelden kag adet asilacagi
Karar Degiskenleri:

Wy . isten sonra j. isin lretilmesi halini gdsteren
karar degiskeni (i. isten sonra j. is iiretiliyorsa 1, diger
durumlarda 0)

Xyl isi / makinanin £. sirasina atadiysa 1, diger
durumlarda 0

Cj: J. isin tamamlanma zaman1

C ,: m makine iginde islem goren son isin tamam-
lanma zamani

4, J- isin hangi vardiyaya atandigini gosteren karar
degiskeni (j. is v. vardiyaya atandiysa 1, diger durum-
larda 0)

J?: Jj. isin tamamlandig1 vardiyay1 gdsteren karar
degiskeni

S,": hedeflenen farklilik diizeyinden pozitif yonli
sapma

S.: hedeflenen farklilik diizeyinden negatif yonlii
sapma

S,": Son igin tamamlanma zamani igin hedeflenen
degerden pozitif yonlii sapma

S,: Son isin tamamlanma zamani igin hedeflenen
degerden negatif yonlii sapma
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Kisitlar:
Gtg*(1—xu)= pi*a

Cit g *2 —xu1 —x ) 2 Ci + pir*a;
%Xy <1

2k lejlk =1

X < by

Sz (Cfe)

f<(Cle) +1

2 X=X i Xitk—1= 0
Conic > C;

L4y, 2/mg* (1-xu)

Zv qjl? Sﬁ+ g* (l‘lek)
St g*(l-xu) = v * g
) qjv > fifit 1 — g *(2- Xigr— Xjue)

v qjv <SSt 1+ g *(2- X r— Xjir)
i+ g *C-Xuer—Xxum) = v * g,

S8 * Q- Xir— X)) < v * gt g * (1- q)
€= gy

It 12 qpt Xy

wit g * (2 - Xigesm X)) > 1

i) Wij*Sij-Sﬁ*S[:O

Cenhfsz ++S2-:h

% (@) * uj x¢p/100) / (Z;(aj * uj) *3; (¢ * aj)/%; aj) < 3

L@+ aj))/IS 900

X, Wi, ;€ 0,1}

vj, k=1,1
Vi, k>1, 1
Vk,l

vj

V) k1

vj

vj

Vk>1,1

vj

V), k=1,1

V), k=1,1
Vjk=1,1v
Vi#, k>1,1
Vi#, k>1,1
ViZj, k>1,1 v
Vi#, k>1, 1 v
vj,v

Vi kv

Vi, j, 1, k>1

Vv

(1)
2)
()
(4)
(5)
(6)
(7)
(8)
©)
(10)
(1)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(1)
(22)
(23)

(24)
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f= 0 ve tamsay
q,SIJr, SI-, S2+;S2-’ Cenbz 0

enkz= S1++ Sg+

(1) numarali kisit, her makinada ilk siraya atanan
islerin tamamlanma zamanlarini hesaplar. (2) numarali
kisit, ikinci ya da daha biiytik bir siraya atanan islerin
tamamlanma zamanlarint hesaplar. (3) numarali kisit
herhangi bir makinede herhangi bir siraya en fazla bir
is atanmasini saglar. (4) numarali kisit her isin herhangi
bir makinenin herhangi bir sirasinaatanmasini garanti
eder. (5) numaralt kisit, teknik 6zellikler sebebiyle
iirtinlerin tiretilmedikleri makinalara atanmasini engel-
ler. (6) ve (7) numarali kisitlar bir isin tamamlandigi
vardiyay1 belirler. (8) numarali kisit islerin makinelerin
sira atlamadan atanmasini saglar. (9) numaralt kisit
son isin tamamlanma zamaninin (C, ;) hesaplanmasini
saglar. (10), (11) ve (12) numarali kisitlar herhangi bir
makinede ilk siraya atananiglerin baglangi¢ ve bitis
vardiyalar1 arasinda islem gormesini saglar. (13), (14),
(15) ve (16) numarali kisitlar ikinci ya da daha biiyiik
siraya atanmis olan islerin baslangi¢ ve bitis vardiya-
lar1 arasinda hangi vardiyalarda islem gérmeye devam
ettiginin belirlenmesini saglar. (17) numarali kisit resmi
bayram ve tatil gibi durumlarda ¢aligma yapilmayacak
vardiyalara is atamasini engeller. (18) numarali kisit,
iglerin caligmaya elverisli olmayan makinelere atama-
sini engeller. (19) numarali kisit 7 iginden sonra j isinin
iiretilecegi bilgisini tasir. (20) numarali kisit miimkiin
oldugunca benzer islerin ard arda tiretilmesini hedefle-
mektedir. Kisittaki S "degiskeni hedeflenen degerden
pozitif yonlii sapmay1 temsil eder. Pozitif yondeki bu
sapma istenmeyen bir durum oldugu i¢in bu deger amag
fonksiyonunda enkiigiiklenmek istenir. (21) numarali
kisit ile son isin tamamlanma zamaninin planlama do-
neminin toplam siiresine esit olmasi hedeflenir. Kisitta
yeralan, §," degiskeni hedeflenen degerden pozitif yonlii
sapmay1 temsil etmektedir. Pozitif yondeki bu sapma
istenmeyen bir durum oldugu icin bu deger amag fonk-
siyonunda enkii¢iiklenmesi istenir. (22) ve (23) nolu
kisitlar isletmenin otomatik tagima sisteminin kapasitesi
ile ilgili kisitlardir. (22) nolu kisit, her vardiyada askilara
takilan ortalama panel sayisinin 3’ gegmemesini saglar.

vj (25)
(26)

@7

(23) numarali kisit ise her vardiyada en fazla 900 adet
askinin kullanilmasini garanti eder. (24), (25) ve (26)
numarall kisitlar matematiksel modelde yer alan karar
degiskenlerine ait isaret kisitlaridir. (27) matematiksel
modelin amag fonksiyonunu belirtir. Amag fonksiyonu
hedef degerlerinden pozitif yonlii sapmalarin toplaminin
enkiiciiklenmesidir.

Biitiinlesik modelin kisit sayisi; 4n’m+n’m (o+1)+
nm (1-0)+5n+no+20’dur.

3.2 iki Asamali Coziim Yaklasimi

Biiyiik boyutlu problemlerin ¢6ziimii i¢in iki asamali
bir ¢ézliim yaklasimi dnerilmistir.Birinci agamada isle-
rin atanacagi makinalarin belirlenmesi hedeflenmistir
(M1). ikinci asamada da, birinci asamada belirlenen,
makinalara atanmuis islerin, siralarina ve vardiyalarina
karar vermek hedeflenmistir (M2).

MI:

Karar Degiskenleri:

XX, ] is / makinaya atandiysa 1 diger durumlarda 0
TP,: I makinadaki toplam iiretim siiresi

TPenb: en biiyiik toplam tiretim siiresi

Senb, : |. makinanin en biiyiik farklilik katsayisi

TP=Y; Pjl * xx; \7) (1.1)
> xxji=1 vj (1.2)
XXj1 < bj[ V],l (13)
TP,.,> TP, vl (1.4)

Senbs;- g * (2 - xx;- xx3) Vi#j, [ (1.5)

enkz/=TP,,,+ Y, Senb (1.6)

M1’de (1.1) numarali kisit, /. makinaya atanan iglerin
toplam iiretim siiresini verir. (1.2) numaral kisit, her isin
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bir makinaya atanmasini saglar. (1.3) numarali kisit isle- M2:

rin Giretilmedikleri makinalara atanmasini engeller. (1.4)

Parametreler:

numaralt kisit son igin tamamlanma zamanini hesaplar.

(1.5) numarali kisit her makinanin en biiytik farklilik
katsayisin1 hesaplamaktadir. Pozitif yondeki bu sapma

istenmeyen bir durum oldugu i¢in bu deger amag fonk-

siyonunda enkiigiiklenmek istenir. (1.6) toplam {iretim
stiresiyle, makinalara atanan islerin 6ncelik degerinin

Karar Degiskenleri:

toplaminin enkiigiiklenmesi istenir. M 1’in kisit sayist :

m’mtnm+n+m’dir.

Gtg* (1 —xu) = py

Ctg*(2 —xu1—xp )2 Ci +py
Yklksd, Xjk =1

Zj|xxle=1 Xjk = 1

f= (Cilsure)

J=(Cf sure) +1

Co> G

Yo qjp2 S8 * (1- xu)

Yo qjp =St &* (1-x3)

St g (-0 =2 v * gjy

o Qv 2 S fit 1 = g*(2- Xir— )
v djv <SSt 1+ g% (2- Xier— Xp)

it & Q- Xa—xp) Z v * gy,

Vj, k=1, k<d, xxx;=1,1

Vi#j, k>1, k < dyxxx;=1xxx,7=1, [,
Vj, I, xxx;

Vk<d, |

A

vj

vj

V), k=1, xxx;=1,1

Vj, k=1, xxx;=1,

Vi k=1, xxx;=1, 1, v

Vi#f, k>1xxx; =1 xxx;=1, k<d;
Vi, k>1x0x =1 xxx;=1, k< d;

Vi, k>1 00, =1 0xx,=1, k< d, [

S &5 (2- Xy x) S VEqptsayi *(1- qp)ViF, kB> xo =1 x0x=1, k< d, 1

ezq

vt 1= gpt xp

Wit g*(2- Xi.1- Xi) = 1
XXy wij * 58S, +S=0

Cenb_ S2++ 527: h

vj,v
Vi k L v xxx;=1,k<d

Vi, jk>1, Lxxxy=1xxx;=1,k<d,

XXX, is / makinaya atanmissa 1 diger durumlarda O.

d,: I makinaya atanan is say1si Z/xxﬂ:dl

X isi k. sirasina atadiysa 1, diger durumlarda 0.

(2.1)
(2.2)
(2.3)
(2.4)
(2.5)
(2.6)
2.7)
(2.8)
(2.9)
(2.10)
(2.11)
(2.12)
(2.13)
(2.14)
(2.15)
(2.16)
(2.17)
(2.18)

(2.19)
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Zj(aj * Uj *¢;,/100 )/(Z]-(aj *uj) * % (tj * aj)/ 2 aj)<3 Wy

Yi(qjp * aj)) /t; <900 Vv
x;€{0,1} vj, k
w;€40,1} Vi, j
g €{0,1} vj, v
=0 ve tamsay vj
C> 0 vj

S, 87 8,85, Cou> 0

enkz=S,"+ S,

M2’de (2.1) numarali kisit, ;. i /. makinaya atanmis
isej isine ait tamamlanma zamaninin, iglem siiresi top-
lamindan biiyiik ya da esit olmasini saglar. (2.2) numa-
ral1 kisit, j isi bir makinada ikinci ya da daha biiyiik bir
siraya atanirsa, tamamlanma zamaninin bir nceki isin
tamamlanma zamani ve ilgili isin islem siiresi toplamin-
dan biiyiik ya da esit olmasini saglar. (2.3) numarali kisit
her isin atandig1 makinada herhangi bir siraya atanmis
olmasini garanti eder. (2.4) numarali kisit / makinaya
herhangi bir siraya en fazla bir is atanmasini saglar. (2.5)
ve (2.6) numarali kisitlar bir igin tamamlandig1 vardiyay1
temsil eden karar degiskeni degerinin, o isin tamamlan-
ma zamaninin vardiya ¢alisma siiresine oranlanmasiyla
ortaya ¢ikan degerden biiyiik en kiigiik tamsay1 olmasini
saglar. (2.7) numarali kisit C_, degiskeni degerinin tiim
igler arasinda tamamlanma zamani en biiyiik olan de-
gerden biiyilik ya da o degere esit olmasini saglar. (2.8)
ve (2.9) numarali kisitlar ¢izelgenin ilk sirasinda yer
alan bir isin islem gordiigii toplam vardiya sayisinin o
isin tamamlandig1 vardiya degeri kadar olmasini saglar.
(2.10) numaral1 kisit ise ilk siraya atanmis olan isin ta-
mamlandig1 vardiyadan sonraki vardiyalara atanmasini
engelleyerek o isin baslangi¢ ve bitis vardiyalar1 arasin-
da hangi vardiyalarda islem gérmeye devam ettiginin
belirlenmesini saglar. (2.8), (2.9) ve (2.10) numarali
kisitlar herhangi bir makinada ilk siraya atanacak olan

(2.20)
(2.21)
(2.22)
(2.23)
(2.24)
(2.25)
(2.26)
(2.27)

(2.28)

herhangi bir isin baslangic ve bitis vardiyalar1 arasinda
islem gdrmeye devam ettiginin belirlenmesini saglar.
(2.11), (2.12), (2.13) ve (2.14) numarali kisitlar ikinci
ya da daha biiyiik siraya atanmis olan islerin baslangi¢
ve bitis vardiyalar1 arasinda hangi vardiyalarda islem
gormeye devam ettiginin belirlenmesini saglar. (2.15)
numaral1 kisit resmi bayram ve tatil gibi durumlarda
calisma yapilmayacak vardiyalara is atamasinin yapil-
masini engeller. (2.16) numarali makina ve siirece 6zel
birtakim sebeplerle bazi makinalarin bazi vardiyalarda
calismaya elverisli olmadig1 durumlarda, iglerin bu ma-
kinalara atamasini engeller. (2.17) numarali kisit ayar i
den sonra j nin tiretilmesiyle ayar siiresi arasinda iligki
kurmayi saglar. (2.18) numarali kisit her bir igin hedefle-
nen farklilik katsayisindan sapmalarini hesaplamaktadir.
Kisittaki §," degiskeni hedeflenen degerinin pozitif
yonlii sapmay1 temsil eder. Pozitif yondeki bu sapma
istenmeyen bir durum oldugu i¢in bu deger amag fonk-
siyonunda enkii¢tiklenmek istenir. (2.19) numarali kisit
ile son isin tamamlanma zamaninin planlama déneminin
toplam siiresine esit olmasi hedeflenir. Kisitta yer alan,
S," degiskeni hedeflenen degerden pozitif yonli sapmay1
temsil etmektedir. Pozitif yondeki bu sapma istenmeyen
bir durum oldugu i¢in bu deger amag fonksiyonunda
enkiicliklenmek istenir. (2.20) ve (2.21) nolu kisitlar
isletmenin otomatik tasima sisteminin kapasitesi ile
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ilgili kisitlardir. (2.20) nolu kisit, her vardiyada askilara
takilan ortalama panel sayisinin 3’ii gegmemesini sag-
lar. (2.21) numarali kisit ise her vardiyada en fazla 900
adet askinin kullanilmasini garanti eder. (2.22)-(2.27)
numaralt kisitlar matematiksel modelde yer alan karar
degiskenlerine ait isaret kisitlaridir. Amag fonksiyonu
(2.28) her is i¢in hedeflenen sifir 6ncelik degerinden
olan pozitif yonlii sapmalar toplaminin ve son isin
tamamlanma zamani i¢in hedeflenen degerden pozitif
yonlii sapmanin enkiiciiklenmesidir. M2’in kisit sayisi:
n(6n’m+5m+4) + v(n*m+nm+n+2)’dir.

4. DENEYSEL SONUCLAR

Gelistirilen biitiinlesik matematiksel modelin ve iki
asamal1 ¢oziim yaklagimimin basarisint gdsterebilmek
icin oncelikle kii¢iik boyutlu bir problem tiiretilmis-
tir. Daha sonra bir ger¢ek hayat probleminin ¢oziimii
aragtirilmigtir. Tiim testler Intel (R) Core (TM) i7-
4790 CPU@3.66 GHz islemcisi, 16 GB bellegi olan
bir bilgisayarda yapilmistir. Matematiksel modeller
GAMS 24.1.3 ile kodlanmig ve ¢oziicli olarak Cplex
kullanilmigtir.

4.1 Kiiciik Ornek Problem

3 adet kaynak makinesi vardir. Isletme tek cesit
hatve, tek ¢esit marka, 2 ¢esit derinlik, 3 ¢esit yiikseklik
ve 4 ¢esit uzunlukta iiriin {iretebilmektedir. Uriinlerin
ozellikleri Tablo 1’de verilmistir.

Tablo 1. Ana Uriin Tablosu

Nf{;::‘am Hatve | Marka | Derinlik | Yiikseklik | Uzunluk
1 1 1 1 3 1
2 1 1 1 3 3
3 1 1 1 3 4
4 1 1 2 2 1
5 1 1 2 2 3
6 1 1 1 3 1
7 1 1 1 3 3
8 1 1 2 1 4
9 1 1 2 1 3
10 1 1 1 1 2

Tablo 1°de her farkli 6zellik bir rakamla ifade edil-
mistir. S6zgelimi birinci satirda 8. {irliniin, 1. hatvede,
1. markada, 2. derinlikte, 1. yiikseklik ve 4. uzunluktaki
ozellikte tiretilmesi gerektigi goriilmektedir. Derinlik,
yiikseklik ve uzunluk degigsmesi durumunda farklilik
katsayisint hesaplamakta kullanilan degerler sirasiyla
Tablo 2, Tablo 3 ve Tablo 4’de verilmistir. Yikseklik,
derinlik ve uzunluk degisimleri zorluk derecelerini
temsil edecek sekilde farkli dlgeklendirilmistir. Ornek
problemde, yiikseklik doniistimii en zor doniistim oldugu
i¢in [500,600] araliginda, derinlik dontisiimii ikinci zor
degisim oldugundan [200-300] araliginda ve uzunluk
doniistimii en kolay doniisim oldugundan [1-10] ara-
liginda deger alacak sekilde tasarlanmgtir. Uriinlerin
farklilik katsayilar (sl:]_), ilgili doniisiim degerlerinin
toplanmastyla elde edilmis ve Tablo 5’de verilmistir.

Tablo 2. Derinlik Dontigiimii

Derinlik 1 2
1 - 250
2 250 -

Tablo 3. Yiikseklik Dontistimii

Yiikseklik 1 2 3
1 - 550 600
2 550 - 500
3 600 500 -

Tablo 4. Uzunluk Dontigiimii

Uzunluk 1 2 3 4
1 - 3,5 4 8,5
2 3.5 - 1 5,5
3 4 1 - 5
4 8,5 5,5 5 -

Tablo 5’ten de goriildiigii gibi 3. {irtinden sonra 4.
iiriiniin iiretilmesi halinde derinlik 1. gesitten 2. ¢esi-
de gegecek ve 250 degeri atanacaktir. Aynit zamanda
ylkseklik 3. gesitten 2. ¢eside gececek ve buna karsilik
500 degeri, uzunluk 6zelliginde de 1. ¢esitten 3. ¢eside
gegilecek ve 4 degeri atanacaktir. Toplamda 3. tirlinden
sonra 4. iirlinlin dretilmesi 759 gibi bir degere karsilik
gelecektir. Ornek probleme iliskin diger parametreler
Tablo 6-9°da verilmistir.
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Tablo 5. Farklilik Katsayis1

s, 1 2 3 4 5 6 7 8 9 10
1 4 8,5 750 | 754 600 604 | 2585 | 254 3,5
2 0 5 754 | 750 604 600 255 250 1

3 8,5 5 0 759 | 755 608.5 605 250 255 5,5
4 750 754 759 0 4 800 804 509 504 754
5 754 750 755 4 0 804 800 505 500 751
6 600 604 | 6085 800 | 804 0 4 858,5 854 | 6035
7 604 600 605 804 | 800 4 0 855 850 601
8 2585 | 255 250 509 | 505 858.5 855 0 5 2555
9 254 250 255 504 | 500 854 850 5 0 251
10 3,5 1 5,5 754 | 751 603.5 601 2555 251 0

Tablo 6. Mevcut islere Ait Islem Siiresi  Tablo 7. Parametre Degerleri Tablo 8. Is-Makine iliskisi Tablo 9. Makine-Vardiya

r, 1 2 3 w | ot a, b, | 1] 23 Hligkisi

1 1620 | 925 9,26 100 3 480 1 1 1|1 w12 3
2 | 21,73 18,3 18,4 150 2 400 2 1 1|1 1 1 1
3 32,81 | 23,08 | 23,09 200 2 250 3 1 1|1 2 1 1 1
4 0 10,1 10,2 100 4 180 4 0 1|1 1 1 1
5 0 183 18,4 150 2 350 5 0| 1 |1

6 0 8 9 100 4 100 6 0| 1 |1

7 0 18,3 18,4 150 2 140 7 0 1 |1

8 0 23,08 | 23,09 200 1 250 8 0| 1 |1

9 0 18,3 18,3 150 2 170 9 0| 1 |1

10 | 2081 18,2 18,2 140 2 200 10 | 1 1 |1

Tablo 6°da islerin makinelere gore islem siireleri verilmis-
tir. Buna gore 10. isin 6zelliklerinde bir iiriiniin 1. makinede
tiretilmesi durumundaki islem siiresi 20,81 birim saniye, 2. ve
3. makinede iiretilmesi halinde ise 18,2 birim saniyedir. Tablo
7.de de gizelgelenecek islere ait tiretim adedi (aj), uzunlugu
(uj) ve bir tasima askisina ka¢ adet panel asilabilecegi (t/.)

verileri yer almaktadir.

Tablo 8’de islerin hangi makinalarda iiretilebilir oldugu
bilgisi bulunmaktadir. Tiim isler tiim makinalarda iretileme-
mektedir. Tablo 9’da ise hangi makinalarin hangi vardiyalarda
calisabilir durumda oldugu verilmektedir. Ornek problem i¢in

tiim makinalarin tiim vardiyalarda ¢alisabildigi varsayilmustir.

Ornek problem, biitiinlesik modelile 21 dakikada ¢oziilmiis

ve eniyi ¢oziim elde edilmistir. Elde edilen ¢6ziimiin Gantt

Semas: Sekil 1°de, karar degiskeni degerleri ise Tablo 10 ve
11°de verilmistir.

Tablo 10°da islerin hangi makineye hangi sirada atandig:
yer almaktadir. Ornegin 8 numarali is, 2 numarali makineye 1.
sirada atanmustir. Tablo11” de iglerin hangi vardiyalara atandig1

bilgisi verilmektedir.

Ornegin 3 numarali is 1. ve 2. vardiya islem gormiistiir.
Amag fonksiyonu (z) 3,852 degerini almistir. Amag fonksiyo-
nunda yer alan hedefler incelendiginde hedeflenen sifir farklilik
diizeyinden pozitif sapma (S,") 523,500 degerini almaktadir.

Daha sonra drnek problem gelistirilen iki agamali ¢6ziim
yaklagimiyla ¢oziilmiistiir. Elde edilen ¢oztimiin Gantt Semast
Sekil 2’de, karar degiskenlerinin degerleri ise Tablo 12 ve

13°de verilmistir.
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N w

0 20.000 40.000 60.000 80.000

Sekil 1. Biitiinlesik Model ile Elde Edilen Coziimiin Gantt Semast

Tablo 10. Sira / Makine iliskisi

Sira/Makine | Makine 1 | Makine 2 | Makine 3
1 3 8 6
2 10 9 7
3 2 5
4 4

Tablo 11. Is / Vardiya Iliskisi

g, 1 2 3
1 1

2 1

3 1 1

4 1
5 1
6 1

7 1 1 1
8 1

9 1 1
10 1

Tablo 12. Sira / Makine iliskisi

Sira/Makine | Makine 1 | Makine 2 | Makine 3
1 2 6 5
2 10 7 9
3 3 8
4 1
5 4

12

100.000
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Tablo 13 . Is / Vardiya Iliskisi

q, 1 2 3
1 1

2 1 1

3 1

4 1 1

5 1

6 1

7 1

8 1
9 1 1

10 1

0 10.000 20.000

30.000

40.000 50.000 60.000 70.000

Sekil 2. iki Asamali Coziim Yaklasimiyla Elde Edilen Coziimiin Gantt Semasi

Tablo 12’de islerin hangi makineye hangi sirada atandigi
bilgileri yer almaktadir. Oregin 6 numaral is, 2 numaral
makineye 1. sirada atanmistir. Islerin atandig1 vardiyalar Tablo
13°de verilmistir. Buna gore 1. is 1. vardiyaya atanmistir, 4.
ig ise hem 1. vardiya hem de 2. vardiyalarda islem gormiistiir.

Ornek problemin amag fonksiyonu (z) 1873,500 degerini
almistir. Amag fonksiyonunda yer alan hedefler incelendiginde
hedeflenen sifir farklilik diizeyinden pozitif sapmalar toplam1
da (") 1873,5 degerini almaktadir. Biitiinlesik model ile z =
3,852 bulunmus ve problemin ¢oziimii 21 dakika siirmiistiir. iki
asamali model ile ise z=1873,5 bulunmus ve ¢6ziimii 0,109 da-
kikada elde edilmistir. Biitiinlesik model amag fonksiyonunun
aldig1 deger agisindan daha basarili olurken, iki agamali ¢6ziim
yaklagimi ise ¢dziim siiresi agisindan avantaj saglamstir.

4.2 Gerg¢ek Hayat Problemi

Gergek hayat probleminde, 4 adet iliskisiz paralel kaynak
makinesi ve bu makinelerde iiretilebilecek 34 is ele alinmustir.
Bu islere ait farklilik katsayilari (s[j), islerin marka, yiikseklik,

derinlik, hatve ve uzunluk 6zellikleri dikkate alinarak Excel’de

hesaplanmistir.

Gergek hayat problemi biitiinlesik model ile ¢6ziileme-

mistir.

Onerilen iki asamali yaklasim ile son isin tamamlanma
zamani (C, ) 66.856,52 saniye ve hedeflenen sifir farklilik
diizeyinden pozitif sapma (S,*) 4459,500 degerini almaktadur.

Mevcut durumda son isin tamamlanma zamani (C, ,)
68.528,68 saniye ve hedeflenen sifir farklilik diizeyinden
pozitif sapma da (S,*) 1921 degerini almaktadur.

Son isin tamamlanma zamanini temsil eden C,, degeri
isletme tarafindan hazirlanan ¢izelgede 68.528,68 saniye de-
gerini alirken 6nerilen modelle elde edilen ¢izelgede 66.856,52
saniye degerini almaktadir. Sonuglar karsilastirildiginda
onerilen modelle elde edilen ¢izelge ile son isin tamamlanma
zamani i¢in %2,44’luk bir iyilestirme saglanmistir. Ayrica her

iki hedef degerine de ulasilmistir.
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5. SONUG VE ONERILER

Bu caligmada n is m makinenin oldugu iliskisiz paralel
makine ¢izelgeleme problemi ele alinmistir. Caligsmada siire¢
ozelliklerine ve vardiya gizelgelemesine yer verilmistir. Ger-
¢ek hayatta cizelgeleme yapilirken vardiyalara ait bilgilerin
dahil edilmesi kaginilmazdir. Onerilen model bunu miimkiin
kilmaktadir. Ele alinan problemin ¢oziimii i¢in bir hedef
programlama modeli gelistirilmistir. Gelistirilen hedef prog-
ramlama modeli ile isletmeden alian verilere dayali bir 6rnek
problemin ¢oziimiine ulagilabilirken, biiyiik boyutlu gergek
problem igin ise ¢oziim elde edilememistir. Biiyiikk boyutlu
problemlerin ¢6ziimii i¢in iki asamali bir ¢6ziim yaklagimi
gelistirilmistir. Gergek problem iki agsamali ¢6ziim yaklagimi
ile ¢oziilmiis ve isletmenin ¢izelgesine kiyasla %2,44’luk bir

iyilesme saglanmistir.
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ABSTRACT

In this study, we consider a directed bi-objective Chinese Postman Problem with two additive objectives (like total cost and
total distance) and propose two solution approaches to generate all non-dominated objective vectors. The first approach, namely
classical approach, uses the optimal solutions of the mixed integer linear programs and generates the non-dominated objective
vectors’ set sequentially. The second approach, namely branch and bound algorithm takes its spirit from the optimal solutions
of the linear programming relaxations and generates the non-dominated objective vectors’ set simultaneously. The results of our

extensive computational study show that our approaches are capable of solving large-sized problem instances in reasonable times.

Keywords: Bi-objective Programming, Chinese Postman Problem, Mixed Integer Linear Programming, Classical Approach,
Branch and Bound Algorithm

YONLU iKi OBJEKTIFLI GiNLi POSTACI PROBLEMI iGiN KESIN GOZUM YAKLASIMLARI
0z
Bu ¢alismadaikitoplamsalkriterli (toplammaliyetvetoplammesafegibi) yonliiginlipostaciproblemielealinmisvetiim-
bastirilamayanobjektifvektorleriniyaratmakiginiki¢coziimyaklasimigelistirilmistir. Birinciyaklasim,klasikyaklagim,
karmasikkesiklidogrusalprogramlarin optimal ¢éziimlerinikullanmaktavebastirilamayanobjektifvektorsetiniseriola-
rakyaratmaktadir. Ikinciyaklasim, dal vesiniralgoritmasi, dogrusalprogramlamagevsetimlerinin optimal ¢oziimleri-

nikullanmaktavebastirilamayanobjektifvektorsetindekicdziimleriayniandayaratmaktadir. Deneyselgaligmamizinsonug-
lartyaklagimlarimizinbiiyiikboyutluproblemlerimakulsiirelerdeg6zdiigiiniigostermektedir.

Anahtar Kelimeler: iki-objektifli programlama, ¢inli postaci problemi, karmasik tam sayil1 dogrusal programlama,
klasik yaklagim, dal ve sinir algoritmasi
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INTRODUCTION

The arc routing problems entail determining a
minimum-cost traversal of a specified subset of arcs on
a graph. The earliest study on the arc routing problems
is the Konigsberg Bridge Problem that is concerned
with the existence and determination of a closed walk
traversing each of the seven bridges once and exactly
once. The bridges of Konigsberg are represented as
arcs and each arc joins a pair of the four junction points
(nodes) that can be considered as islands and shores. The
Konigsberg Bridge Problem was solved by the Swiss
mathematician Leonhard Euler in 1736. The Chinese
Postman Problem (CPP) deals with the situations where
a closed walk does not exist and determines a minimum
length walk covering each arc at least once. The CPP
was initially posed by Guan (1962) and stated as follows:
Leaving from his post office, a postman needs to visit
the households on each block in his route, delivering and
collecting letters, and then returns to the post office. He
would like to cover this route by traveling the minimum
possible distance.

A wide range of applications relevant to transpor-
tation, urban planning and manufacturing have been
mentioned in the literature.

Some noteworthy transportation and urban planning
applications of the CPP addressed in the literature and
are of interest for many countries include postal delivery,
parcel services, garbage collection, milk delivery, snow
clearance, street sweeping services, parking meter coins
collection, meter reading, routing of salt trucks and ins-
pection of streets for maintenance and airline scheduling.

Amine and Djellab (2013) show the meaningfulness
of the CPP concepts in a wide range of manufacturing
applications. Dewill et al. (2011) and Han & Na (1999)
discuss the laser or water cutting technology that use
water or laser to cut materials and follow Chinese walks
for efficiency concerns.

Amine and Djellab (2013) discuss the use of CPP
walks in programming automatic arm in the surface
painting, like in cars manufacturing, especially in auto-
motive car body painting. The task consists of using an
atomizer over a painting surface using a back and forth
movement so called CPP walk, above materials.
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Manber & Israni (1984) introduce the Cutting Path
Determination Problem to solve a flame torch paths
problem of material cutting. The problem was modeled
as a dynamic rural postman problem, where the graph can
be changed each time a piece is cut out. Imabhori et al.
(2008) and Rodrigues & Ferreira (2012) study the cutting
hard materials addressing both packing and cutting path
problems. They note that their problem motivates an arc
routing modeling as the cutter head requires more time
to cut each piece.

The classical CPP assumes that each arc is represen-
ted by a single weight and the objective is to determine
the tour with the minimum total weight. The bi-objective
CPPs assume that each arc is defined by two weights, like
cost and distance, distance and priority, cost and time.
Many practical implications might require consideration
of two weights, thereby two objectives. For example, the
total distance of the route should be minimized subject
to the constraint that its total cost is below a threshold
value. Some other concern might be minimizing the total
cost subject to the constraint the total travel distance is
below a specified level. Moreover, the decision maker
may like to see the solutions over which he/she could
make trade-offs among two objectives. For example one
may like to see the amount of compromise that should
be made on the total distance to reduce the total cost to
some specified level.

Despite its practical importance, the literature on
the bi-objective CPP is quite scarce. To the best of our
knowledge, there is a unique study by Prakash et al.
(2009) that is limited to the complete enumeration of
all feasible solutions among which the non-dominated
ones are selected. Recognizing this important gap in the
literature, we study a bi-objective CPP with two additive
objectives (total cost and total distance) and propose
two solution approaches: a classical approach and a
branch and bound algorithm. The classical approach,
uses the optimal solutions of the mixed integer linear
programs. The branch and bound algorithm generates
all non-dominated (efficient) points and benefits from
the optimal solutions of the Linear Programming Rela-
xation (LPR) to define our branching scheme and lower
and upper bounds.
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The rest of the paper is organized as follows: In
Section 2, we review the related literature. Section 3
defines our problem and presents related mathematical
models. In Section 4, we first define the efficient so-
lutions together with their properties and then state the
classical approach that sequentially generates all non-
dominated objective vectors. In Section 5 we first settle
the complexity of the problem and discuss the branch
and bound algorithm that simultaneously generates all
nondominated objective vectors. Section 6 discusses the
results of our extensive computational experiment and
Section 7 concludes the study.

2. BASICS AND THE RELATED RESEARCH

The CPP is an arc routing problem in which a single
postman serves a number of streets from a post office.
The classical CPP finds the minimum cost tour passing
through every arc of graph at least once. This problem
is firstly studied by Guan (1962). To find minimum
total cost tour, the concept of unicursality is used by
Ford and Fulkerson (1962). A directed graph is said to
be unicursal (Eulerian) if for each node, the number of
entering arcs is equal to the number of leaving arcs. An
undirected graph is said to be universal if even number
of arcs are incident to each node. To make a graph Eu-
lerian a minimum weight perfect matching is defined
and optimal solution to the CPP is found. The problem
is solved by a polynomial time algorithm developed by
Edmonds and Johnson (1973).

Eiselt et al. (1995) give two mathematical models for
the undirected CPP. The first model is based on a perfect
matching idea that converts a nonunicursal graph into
a unicursal one by using the shortest paths. The second
model, on the other hand, is based on Edmonds’ blossom
inequalities (see Edmonds, 1963) and it depends on the
density of arcs.

In the directed case, the problem has a feasible
solution provided that the graph is strongly connected,
i.e., there exists a directed path between every pair of
nodes. The optimal solution is found by a polynomial
time algorithm as proposed in Eiselt et al (1995). It
is shown that a minimum cost unicursal graph can be

constructed using the transportation model where the
decision variables represent the number of times each
arc has to be traversed.

Windy graphs are undirected graphs in which the cost
of traversing an arc depends on the direction of travel.
Windy postman problem (WPP) was firstly introduced
by Minieka (1979). Brucker (1981) shows that the
WPP is strongly NP-hard and Win (1989) shows that
the problem is polynomially solvable when the graph is
unicursal. Grotschel and Win (1992) describe the cutting
plane algorithm to solve the WPP.

Mixed graphs contain both undirected and directed
arcs and consist of determining a least-cost traversal thro-
ugh every arc of the graph at least once. Papadimitriou
(1976) shows that finding the minimum cost solution to
the mixed CPP is strongly NP-hard and Edmonds and
Johnson (1973) show that the problem is polynomially
solvable when the graph is unicursal. To find the optimal
solution, some authors, including Christofides et al.
(1984) and Nobert and Picard (1991), have used integer
linear programming formulations. The branch and cut
algorithm is proposed by Corberan et al. (2012) to solve
large size Mixed CPP instances.

Prakash et al. (2009) consider two additive objectives
for the CPP and presents a heuristic procedure that finds
a set of feasible solutions giving higher priority to the
first objective. The performance of Prakash et al. (2009)’s
procedure depends on the choice of the priorities and
the procedure may return a single nondominated point
or a subset of all nondominated points or a set of all
nondominated points.

The biobjective arc routing problems with multi
postmen have also been studied in the last decade. La-
comme et al. (2006), Mei et al. (2011) and Grandinetti
etal. (2012) propose heuristic approaches that return the
approximate set of nondominated points with respect to
the total cost and maximum cost criteria.

In this study, we propose two approaches each returns
the set of all nondominated points for the CPP. To the
best of our knowledge, our study is the first attempt
for the exact solution of the bi-objective arc routing
problems.
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3. PROBLEM DEFINITION AND THE RELATED
MODELS

Consider a directed graph G = (N, A) that consists of
a set of A arcs and a set of N nodes. Arc (i,j) establishes
a connection between nodes i and j and is characterized
by two weights, ¢; and d;.cij may stand for the cost of
traversing arc (i,f) whereas d,; is its travel time or distan-
ce. The main decision of the problem is explained via
the variable X as follows:

X,=number of times arc (i,j) is traversed

The objective of the classical CPP is to minimize the
total cost that is expressed as

Minimize cy X (1)
(i,j)eA

The constraint sets are stated below:

1. Each arc should be traversed at least once:

X; = land integer V (i,j) € A 2)

ii. The flow to a node should be conserved that is
for each entering arc, there should be a departing co-
unterpart.

X
J1(j)eAa

= Z Xji ViEN (3
Jj1(,i)eA
We simply refer to the above CPP model that mi-
nimizes (1) while satisfying (2) and (3) as P.P, is the
another CPP model that minimizes (4) below while

satisfying (2) and (3).

Minimize Z dl] Xl]
(ij)eA

“)

Solution Procedures for the classical CPP

Eiselt et al (1995) show that the classical CPP can
be represented by a transportation model, hence can be
solved in polynomial time. The decision variable set of
the transportation model, X;, is as defined below:

X, _number of times the shortest path between (i)
is traversed

Thetransportation model uses the following definitions:

. _ {number of incoming arcs to node i
¢ 7 lindegree of node i

- {number of outgoing arcs from node i
© 7 loutdegree of node i

Node iis called balanced if di = d; .

ii. The sets below are defined for the unbalanced nodes:
I= Set of supply nodes = {i |d;}t > d;}
J = Set of demand nodes = {i |d]” < d;’}

iii. S, =df — di viel
D =di - d Vi€l
iv. SP; = length of the shortest path between nodes i and j
Viel, Vj€jJ
The model is as stated below:
Minimizezz SP; Xi; + z Cij
ieljel (ij)eA
subject to
Z Xy =S Viel
j€Jl
ZX” = D Vji€e]
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X;; =0 and integer Viel je]
An optimal objective function value of the above

transportation model gives the optimal total cost of the
classical CPP.

The Constrained Chinese Postman Problem

Consider the following constraint that imposes an
upper bound k& on the second criterion, i.e., total distance
travelled:

Z d; X

(i,j)EA

ijSk

®)

Minimizing (1) subject to the constraint sets (2), (3)
and (5) is a single constrained CPP model. We hereafter
refer to the single constrained CPP as Pc,k.

Figure 1 illustrates the feasible and optimal solutions
of the P, and P,k problems via a 25 nodes and 43 arcs
instance taken from Malandraki and Daskin (1993).
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Figure 1. The Example Instance

The arc weights, i.e. (¢;, d; ) values are given in Table 1 below.

i

Table 1. The Arc Weights of the Example Instance
(i,j) (CijJ dij) (i, }) (Cij' dij) (i, J) (Cij' dij) (i,j) (Cij' dij)
(1,2) (40,40) (8,4) (50,50) (12,7) | (90,90) (18,17) | (30,30)
(2,3) (30,30) (8,7) (30,30) (12,11) | (20,20) (19,13) | (40,40)
(2,4) (40,12) (8,9) (60,60) (13,8) | (70,70) (19,14) | (70,70)
(3,9 (40,40) 9,4) (70,70) (13,14) | (70,21) (20,18) | (30,30)
4,3) (40,12) (9,10) | (60,60) (14,21) | (20,80) (20,19) | (30,30)
4,5) (30,30) (10,8) | (60,60) (14,22) | (40,40) (21,20) | (20,70)
4,7) (50,50) (10,13) | (60,9) (15,12) | (40,20) (22,23) | (30,30)
(5,1 (50,50) (10,14) | (30,36) (16,12) | (40,60) (23,24) | (30,30)
(6,5) (50,15) (11,7) | (80,80) (16,15) | (40,20) (24,25) | (80,20)
(7,5) (50,50) (11,8) | (70,70) (17,16) | (40,40) (25,20) | (70,20)
(7,6) (30,9) (11,13) | (30,30) (17,19) | (30,30)
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The optimal solution to the P¢ problem is stated below:
X*1,2 =5, X*2,3 =4, X*5,1 =5, X*7,5 =3 X*3,9 = 5:X*9,10 =5, X*12,11 =3 X*16,12 =3
X*10,14 =3 X*13,14 =2, X*17,16 =4, X*18,17 =5, X*20,18 =5, X*21,20 =5, X*14,21 =5

and all other X*;; values are equal to 1.

The optimal total cost Z¢ = ¥ jyea Cij X

Z; =40Xx5+30%x4+40x1+--+30x1+80x1+70x1=23700

The optimal solution to the Ppproblem is stated below:
X*l,Z =5, X*2,4 =4, X*4,3 =4, X*5,1 =5, X*6,5 =3 X*7,6 =3 X*3,9 = 5:X*9,10 =5, X*12,11 =3 X*15,12 =
3, X605 =3, X'1013=3, X'1314 =4 X'1716 =4 X'1817 =5 X218 =5 X'2223=5 X'142, =5

* —_— * —_— * —_
X"2324 =5, X 2425 =5 X 2520 =5

and all other X*;; = 1.

The optimal total distance Zj = ¥ jyea dij Xij
Zp=40%x5+30x14+--+30x54+20%x54+20x5= 3755
Now assume 4 is 3890.
The constraint Y,; jyeq d;; X;; < 3890 is not satisfied since }.; jyeq dij X;; =3917.
The (P¢, k) problem with & value of 3890 returns the following optimal solution:
X'12=5 X3=4 X'51=5 X'5=3 X'76=3 X'39=5 X910=5 X'1211=3 X'i612=3
X014 =3, X"1314 = 2, X"1716 =4 X"1817 = 5, X"2018 = 5, X"2120 =5, X"1421 = 5 where all other X*;;
values are equal to 1.
The optimal total cost, which is denoted by (Z., k)*, is equal to:
Z¢y = Z CUX{; =40%x54+30x4+40x1+4+--4+30x1+80%x1+4+70= 3760
(i,j)eA
The travel distance constraint is also satisfied:
dl-jX{;- = 3865 < 3890
(i,j)eA

Note that (Z, k)" is bigger than Z¢, i.e.,Z¢ = 3700 < 3760 = Z¢,

20
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The steps our study can be summarized as follows:
We first define the properties of the efficient solutions
and use them in our mixed integer linear model and its
linear programming relaxation. We use mixed integer
linear model in classical approach for sequential gene-
ration of all nondominated objective vectors. We use the
linear programming relaxation of the model in branch
and bound algorithm for simultaneous generation of
all nondominated objective vectors. The final step of
the study evaluates the performances of the classical
approach and branch and bound algorithm.

4. NONDOMINATED OBJECTIVE VECTORS
AND THE CLASSICAL APPROACH

A solution u is called efficient if there is no other
solution v, having Z¢ < z¢ and Z} < Zz§ with strict
inequality holding at least once. The resulting objective
function vector (Z¢,Zp) is said to be nondominated and
we say objective vector (Z¢,Zp) dominates the objective
vector (Z¢,Zp).

In subsection 4.1 we define the properties of the effi-
cient solutions. In subsection 4.2 we define a way to find
a single nondominated objective vector and subsection
4.3 we discuss the procedure that finds all nondominated
objective vectors.

4.1 Properties of the Efficient Solutions
We present three properties of the efficient solutions.

Property 1. In all efficient solutions, for any node i

=1, x; =

whose indegree is 1, i.e.,d;r ) X = d; where arc

(J, ©) is incident to node i.

Proof. There are at least d; inflows to node i; hence,
at least d; outflows from node i. The only way of rea-
lizing outflows is traversing arc (j, 7), at least d; times.
It follows that in all feasible, hence efficient, solutions,
X = d; .

Property 2. In all efficient solutions, for any node i
whose outdegree is 1, i.e. d; =1, x;; = d; for the arc
(i, j) incident to node i.

Proof. Similar to that of Property 1; hence, it is
omitted.
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Property 3. In all efficient solutions, an arc incident
to node r is traversed exactly once if node 7 is not on
any shortest path that connects ie/ to jeJ.

Proof. An optimal solution to the transportation
problem (discussed in Section 3) that is equivalent to
the P problem (P, problem) with arc weights ¢; (arc
weights d) traverses any incident arc to a balanced node
rexactly once. This follows that if any balanced node is
not on any shortest path between i€/ to jeJ, relative to
botharc weights, i.e., ¢;andd;then it is traversed exactly

J
once in all efficient solutions.

Using the result of Property 3, if node 7 is not on
any shortest path between i€/ to jeJ, relative to both
arc weights we set the flows of all arcs incident to node
rto 1, and call node r as eliminated node. We define

A, = {ilarc (r,i) exists}

B, = {j | arc (j,r) exists}

We thereafter refer set E as the set of eliminated nodes
and redefine Nas N/ E.

As X, =X forall (j, ) and (; i) the flow conservation
relations are rewritten as:

gl + D Xy = > X+ |By|
J j

Vr €E, Vi, jincident to r

Using the results of Property 1 and Property 2, the
following constraints are added.

X, = df

Vild, =1
X = df vildf =1
4.2 Finding A Nondominated Objective Vector

Consider the following modified P, model.

Minimize Z i Xij (5)
(i)ea
subject to
Xy 21 (6)
Xy = df vildg=1  (7)
Xy = d; vildf =1  (8)
ZXUZZXJ” vien 9

J J
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|4z | + in,j = ZX” + |B]r|
Jj J

Vr €E, Vi jincident tor

(10)

We hereafter refer to constraint sets (6) through (10)
asxeX.

Let Z¢ be the its optimal Z_value. Z is a valid lower
bound on the Z_values of all efficient solutions. Any
optimal solution to the P problem may not be efficient
since there may exist alternative optimal solutions having
smaller Z,, values.

Among the alternative optimal solutions to the P
problem, the one having the smallest Z,, value requires
the solution of the following problem.

Minimize Z dUXU
(ij)eA
x €X

Z Cinij = ZZ*

(@ij)eA

subject to

We hereafter refer to the above model as (Pp, Z().
Note that (Pp, Z¢) requires solving the P problem. In
place of solving the P_problem and then the (P, Z¢)
problem, one may solve the following problem:

Minimize ( Z cijXij) +€p ( Z di; Xi;)

(i,j)eA (i,j)eA
subject tox € X

The value of €, should be small enough that the
smallest Z(i,j)eA Cij Xl-j value should not increase
even for the largest possible value of Z(i,j)eA dij Xij 5
Accordingly,

Ze+€p Doy < Ze+1+€p Dy, (11)

and D, _are the smallest and largest possible

max

where D,
value of the total distance, respectively. The inequality
(11) follows that

€p (Dmax - Dmin) <1

1

€Ep <
b (Dmax - Dmin)
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D, . is the optimal Z,, value of the P, problem. D, is

an upper bound on the Z,, value of all efficient solutions;

hence, it is the (Z(i,j)eA d;j X;j) value of the (P.) prob-

lem. In other words, first we solve the P problem and

obtain optimal X} values, then by using those X} values

in equation of (X.(; j)ea dij Xij ), we obtain theD,, value.
1

In our experiments, we set €, to —————
(Dmax = Dinin )+1

4.3 Finding the Set of All Nondominated
Objective Vectors

An optimal solution to the following constrained
problem, P, k, gives a nondominated objective vector
and a corresponding efficient solution (see Haimes et

al., 1971).
MinimiZeZC + ED ZD

subjectto x € X

Z, <k

This follows, all nondominated objective vectors
and corresponding efficient solutions can be generated
by solving (P, k) forall kin [D,,,, D,,,.]. The following
procedure systematically varies the value of £ and returns
the set of all nondominated objective vectors.

Procedure 1. The Classical Approach (CA)

Step 0.Solve (P;) MinimizeZ subject tox € X

Let D,,.x be the Zj value of the P,

Solve (Pp) MinimizeZ) subject tox € X

Let Dy;, be the Zj, value of the Pp

1

Letep = Y

(Dmax

Step 1. Solve(Pg, k) Minimize Z, + € Z)
subject tox € X
Zp <k

Let (Z¢, Zp) be the solution.

Setr =r+1

Step 2. IfZy = Dy, then stop, all » nondominated

objective vectors are generated.

Else set k = Z;, — 1 and go to Step 1.
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Note that each iteration Procedure 1 generates a
nondominated objective vector. When the procedure
terminates, the set of all nondominated objective vectors
are generated.

The number of nondominated objective vectors, 7, is
atmostD__-D

max

+ 1. Hence, the Procedure 1 iterates

min

pseudo polynomial number of times.

5. COMPLEXITY AND THE BRANCH AND
BOUND ALGORITHM

In this section, we first settle the complexity of the
constrained CPP, i.e., P, k and then present a Branch
and Bound algorithm for its exact solution.

Theorem 1. The constrained CPP is strongly NP-hard.

Proof. Recall that the CPP reduces to the following
‘Transportation Problem’ (see Section 3).

MinimizeZZSPinU + Z Cyj

ieljel (i,j)eA

ZXU: ; Viel

j€J

inj= b, Vi€l

i€l

X; =0 and integer Viel je]

Hence, our constrained CPP problem is equivalent
to a ‘Capacitated Transportation Problem’ with the fol-
lowing capacity constraint.

ZZdinL-j < DwhereD =k —

ieljel

(@ij)ea

When all supply and demand amounts are ‘1°, the
‘Capacitated Transportation Problem’ reduces to the
Generalized Assignment Problem (GAP). It follows that
the P, k problem reduces to the GAP. The GAP is NP-
hard in the strong sense (see, Martello and Toth, 1990),
so is the P, k problem.

The problem of generating a single nondominated
objective vector is strongly NP-hard as the constrained
CPP is strongly NP-hard. It follows that the problem
of generating all nondominated objective vectors with
respect to two objectives is strongly NP-hard.
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Attributing to the complexity of the problem, Proce-
dure 1 that generates all nondominated objective vectors
is likely to fall into computational burden. To dispel the
burden to some extent, we present an implicit enumera-
tion technique —a Branch and Bound (BAB) algorithm.
Our aim is to attain optimal solutions to the large sized
instances in reasonable solution times.

Our BAB algorithm generates one nondominated
objective vector at a time. It starts with an initial upper
bound (incumbent solution) and updates it whenever a
complete solution with a better objective function value
is reached.

We solve the Linear Programming Relaxation (LPR),
i.e., first relax the integrality constraints on the X values
and then solve the resulting problem to optimality. We
benefit from the optimal solution of the LPR to find an
initial upper bound on the Z, value. Below is the stepwise
description of our upper bounding procedure.

Procedure 2 - Finding an Initial Upper Bound
Step 1. Solve the LPR.

Step 2. Let ct be a cycle that resides all fractional va-
riables. Let XX be the smallest fractional variable in ct.

Step 3. Let X = [x rLS—| and update the fractional vari-
ables around ct so as to preserve the flow conservation
relations.

Step 4. 1£X, = [ XL | gives a feasible solution, then

S
go to Step 5.

Else let X, = L XL | and update the fractional vari-
ables around.

Step 5. If all variables are integers, stop.
Else go to Step 2.

At each node of the BAB tree, we solve the LPR
and explore the tree using the fractional variables of the
optimal LPR solution. We let X be the maximum frac-
tional value and generate the following two child nodes:

Child Node I. Add constraint X,, >[ X%
Child Node II. Add constraint X, <| XL

We use the optimal solution value of the LPR model
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Zyp (X))

Figure 2. The BAB Tree

as a lower bound. We select the node having the smaller
lower bound. For the selected node, we find an upper
bound using the upper bounding procedure. Figure 2
illustrates our BAB tree.

Nodes 1 and 2 are generated based on the optimal
solution of the LPR solved at Node 0. Node 2 is selected
for further branching as Z7» < Z}». The child nodes
of Node 2, i.e., Node 3 and Node 4, use the additional
constraints X2 > [X%]and X% < |XZ|, respectively.

The tree explores either from Node 3 if Z 3 < Zhor
from Node 4 if Z3p > Z}p.

A node is fathomed if one of the following condi-
tions holds:

i. The resulting LPR leads to an infeasible solution.

ii. The resulting LPR gives all integer decision variab-
les. In such a case, the solution
(ZL, ZL) isupdated if Z, < ZL or Z; = Zk andZ,, < Z5,.
iii. The objective function value of the resulting LPR
is no better than the incumbent solution. That is,
ZEP > 7zl or ZEP = ZL and ZEP > Z)).
We employ a depth first strategy due to its relatively
low memory requirements. According to the strategy, we
start form the root node and explore branching from the
node having smaller Z.value or smaller Z, value when
the Z. values are equal.
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If both nodes are fathomed, we backtrack to the
previous level. We stop when we backtrack to Level 1.
The best solution at termination, i.e., incumbent solution
is the optimal solution.

We illustrate our branching scheme on example
instance I. The optimal solution of the LPR at the initial
level is 4211 when k = 3794. The initial upper bound is
found as 4400.

The BAB tree of the instance is presented in Figure 3.

The figures on the nodes indicate the order at which
they are created. At each node, the lower and upper
bound values are reported. At Node 1, the following
LPR is solved:

Minimize Z; + €p Zp

Subjectto x € X

X1 =4

The optimal objective function value of the associa-
ted LPR is found as Z. , = 4250 for k= 3794. We update
the upper bound at that node. According to the optimal
solution of the LPR, the cycle that resides the fractional
variables is given in Figure 4.

We choose the smallest fractional variable in the
cycle, i.e., X5 = 1.5. We letX), ;; =2 and update the frac-
tional variables around the cycle as shown in Figure 5.
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Figure 4. The Illustration of the Upper Bounding Procedure

The upper bounds for the total cost and total distance

are found as:

UBL = 4250 + 0.5 (60 — 30 + 70) = 4300

UB} = 3794+ 0.5 (9 — 36 + 21) = 3791

Then, we update the best upper bound from (UB,,

UB,) = (4400, 3794) to (4300, 3791). At Node 2, we
solve the following LPR model:

Minimize Z; + €p Zp
Subjectto x € X

Xiap1 <4 Xip1a <2

The upper bound in terms of total cost and total

distance is then equal to:

UBL = 4250 + 0.5 (60 — 30 + 70) = 4300

UBL = 3794 + 05 (9 — 36 + 21) = 3791

Then, we update the upper bound from (UB, UB,)

= (4400, 3794) to (4300, 3791).

At Node 2, we solve the following LPR model:
Minimize Z, + €p Zp
Subjectto x € X

X421 <4, X014 <2
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The optimal solution of the above LPR is found
Z,=4275 for k=3794. The upper bound is not updated
as it is no better than the one found in Node 1. Accor-
ding to the solution of the LPR at Node 2, the cycle
that resides fractional variables are X,;=1.5, X,,=3.5,
X,;=3.5. We choose the smallest fractional variable in
the cycle, i.e., X,; = 1.5. Then, at Node 3, we solve the
following LPR model:

Minimize ZC + ED ZD

Subjectto x € X

Xiap1 <4 Xip1a <2, Xp3 <1

The optimal solution of the above LPR is found as
Z,=4294 for k=3794.

According to the solution of LPR at Node 3, X}, ,,=
2.85, X 5.1,= 1.15, X|,5=2.85 resides fractional cycle. We
choose the smallest fractional variable in the cycle, i.e.,
Xi61, = 1.15. Then, at Node 4, we solve the following
LPR model:

Minimize Z; + €p Zp
Subjectto x € X
Xuupr <4 X014 <2, X3 <1, X612 <1

The optimal solution of the LPR is found as Z, =
4296,538 for k=3794. According to the solution of LPR
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at Node 4, the cycle that resides fractional variables are
X,5=2.885, X,,=1.115, X, ;= 2.885.

At Node 5, when we solve the following LPR by
choosing the smallest fractional variable in the cycle,
the optimal solution is equal to the updated upper bound
value at Node 1, i.e., (LB, LBj) = (4300, 3791). Since
the resulting LPR gives all integer decision variables, we
stop branching and continue to explore from the other
node at the same level.

Minimize Z; + €p Zp

Subjectto x € X

Xiap1 <4 Xioas <2, Xp3 <1, X612 <=1, X795 <1

Nodes 6, 7, 8 and 10 are fathomed since the objective
functions of the resulting LPRs are greater than or equal
to those of the incumbent solution. Nodes 11 and 12 are
also fathomed as their since the resulting LPRs leads to
an infeasible solution. The best solution at termination

The networks with 100 nodes are from http://www.
ing.unibs.it/~orgroup/instances.html. The networks with
300 and 500 nodes are from http://www.uv.es/corberan/
instancias.html. We generate the arc weights (c; and d;
values) from discrete uniform distributions in [1, 100].

All experiments are carried out on an Intel(R)
Core(TM) 15-3317U and clocked at 1.70 GHz with 4
GB RAM. The BAB algorithm is coded in Java, Eclipse
Luna version 4.4.0.

For each (N, M) combination, we generate 10
problem instances. Hence, our experiment resides 60
problem instances. For each instance, we generate the
set of all nondominated objective vectors; hence solve
many combinatorial optimization problems.

We set a termination limit of 3600 seconds for the
BAB algorithm and CA.

Table 3. The Number of the Nondominated Objective Vectors

is optimal and it is found at Node 5. Number of nondominated objective
vectors
6. COMPUTATIONAL EXPERIMENT N M Average Maximum
We design an experiment to evaluate the performan- 100 200 43 150
ces of our algorithms. The number of nodes and number 100 400 237 425
of arcs used in our experiment are tabulated in Table 2. 300 600 106 152
Table 2.The (N, M) Values 300 750 426 904
N | 100 | 100 | 300 | 300 | 300 | 500 | 500 200 1200 _— 294
M 200 400 600 675 750 1200 | 1300 500 1300 355 503
= 500
L »
E3 400
£ 3
g3 300
2
g = 200
52 100 '
S =
s% 0 [ '
Q@ Q@ N 6® N N
» S N W >
Q- Q- - \} N N
S S > > S N
Q Q C e R R
(N, M) values

Figure 5. The Average Number of the Nondominated Objective Vectors
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The number of nondominated objective vectors is
reported in Table 3. The table includes the average and
maximum number of nondominated objective vectors
for each problem combination.

The average number of the nondominated objective
vectors for each combination is also represented in
Figure 5. The figure shows the effect of the problem
size parameters on the number of the nondominated
objective vectors.

Note from Figure 5 that the number of the nondo-
minated objective vectors is highly dependent on the
problem size. Note from the figure that for N = 100, the
average number of the nondominated objective vectors
increases from 43 to 237 as M increases from 200 to
400. For N = 300, these increases are from 106 to 426
when M increases from 600 to 750. For N = 500, the
average CPU times increases more than two times when
M increases by 100.

Table 4 reports the average and maximum CPU times
in seconds and the number of nodes generated BAB
algorithm in generating a nondominated objective vector.

We observe from Table 4 that as N or M increases,
the CPU time to find a nondominated objective vector
increases significantly. Finding a nondominated ob-
jective vector takes 0.382 seconds on average for the
networks with 100 nodes and 200 arcs, while it reaches
to 1.854 seconds for the network with (N, M) values of
(500, 1200). When N =100 and M = 200, the average
number of nodes generated is 16 and the average CPU
time to find a nondominated objective vector is 0.382
seconds. For N = 100, when M increases to 400, the
average number of nodes and CPU time rise to 141
and 1.243 seconds, respectively. The increases in the
complexity of the solutions with increases in N or M
can be attributed to the increases in the complexity of
the LPR models.

Table 4. The Performance of the BAB and CA-per Nondominated Objective Vector

CA CPU Time BAB CPU Time BAB Nodes
N M Average Maximum Average Maximum Average Maximum
100 200 0.298 0.490 0.382 1.069 16 27
100 400 0.287 0.311 1.243 1.613 141 197
300 600 2.593 3.115 1.01 1.319 70 96
300 750 2.292 2.993 2.779 3.765 177 235
500 1200 5.183 5.727 1.854 2.431 187 384
500 1300 5.286 5.696 4.224 5.563 152 202
Table 5.The Performance of the BAB and CA-per Nondominated Objective Vector
CA CPU Time BAB CPU Time BAB Nodes
N M Average Maximum Average Maximum Average Maximum
100 200 11.448 33.43 8.543 19.097 848 3138
100 400 67.179 118.23 306.863 634.37 35030 70660
300 600 267.643 352.9 107.245 182.76 7505 13478
300 750 1017.37 2210.95 1254.83 2812.6 79855 175564
500 1200 833.533 1506.47 306.508 561.688 24377 32992
500 1300 1879.3 2604.95 1528.88 2716.86 54747 93794
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Table 5 reports on the performance of generating the
set of nondominated objective vectors.

Note from Table 5 that when N or M increases, the
number of nondominated objective vectors and time to
generate a single nondominated objective vector increase
significantly. These in turn, increase the time to generate
the set of all nondominated objective vectors. For the
(N, M) values of (100, 400), (300, 750) and (500, 1300),
the average CPU times are about 307, 1255 and 1539
seconds, respectively. The CPU times are almost tripled
when the problem sizes are increased from (100, 400)
to (500, 1300).

Tables 4 and 5 also report on the performance of the
CA. We observe that as N or M increases, the CA finds
the exact nondominated objective vector set in consi-
derably higher CPU times. The significant increases in
the CPU times can be attributed to the increases in the
complexity of the integer models that return a single
nondominated objective vector and increases in the
number of nondominated objective vectors.

The differences between the performances of the
BAB algorithm and CA increase as N increases. Note
from Table 4 that when N =300 and M = 600, the average
CPU times per nondominated objective vector are 2.593
and 1.01 seconds for the CA and BAB algorithm, respec-
tively. As another notable example, for (N, M) values of
(500, 1200), the average CPU times are 5.183 and 1.854
seconds for the CA and BAB algorithm, respectively.

We also observe that the BAB algorithm behaves
more consistent than the CA. Note from Table 5 that,
for (N, M) values of (500, 1200), the average and ma-
ximum CPU times by the BAB algorithm are 306.508
and 561.688 seconds, respectively. For the CA, the res-
pective average and maximum CPU times are 833.533
and 1506.47 seconds.

7. CONCLUSIONS

In this study, we consider a bi-objective CPP with
two additive objectives, like total cost and total distance,
total distance and total priority, total cost and total time.
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We propose two algorithms to generate the exact set
of all nondominated objective vectors. The Classical
Approach uses the optimal solutions of the mixed integer
programs and BAB Algorithm uses the optimal soluti-
ons of the linear programming relaxations. The BAB
Algorithm returns the set of all nondominated objective
vectors for problem instances with up to 500 nodes and
1300 arcs in less than one hour and is superior to the
Classical Approach.

To the best of our knowledge, our study is the first
attempt for the exact solutions of the bi-objective arc
routing problems. Our results derived for the CPP can
be extended to more general arc routing problems with
more than one postman.
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Etkinlik

X1. ENDUSTRI VE iSLETME MUHENDISLIGI KURULTAYI SONUG BILDIRiSi
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akabinde de ITU de
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ikinci 6gretim olmak
iizere toplam 105 Endiistri ve Isletme Miihendisligi
Bolimi bulunmaktadir. Bunlarin 68’1 devlet, 37’si
vakif iiniversitesidir. Bu rakamlar, endiistri ve isletme
mithendisliginin birgok iiniversitede kolayca agilabilen
miihendislik boliimlerinden biri haline geldigini gos-
termektedir. Kasim 2017 itibariyle odamiza kayitli en-

diistri ve isletme miihendisi sayis1 8.050’yi bulmustur.

Endiistri ve isletme miihendislerinin imza yetkisi
olmasi i¢in iki uzmanlik alani tanimlanmis ve Stratejik
Planlama ve Yatirim Hizmetleri Y 6netimi Miihendis Yet-
kilendirme yonetmelikleri Resmi Gazete’de yayimlan-
mistir. Bunlardan ilki olan stratejik planlama uzmanligy;
iilkeyi yonetenlerin heveslerinin ve hayallerinin ger¢ek-
lestirilmesi i¢in degil iilke olanaklar1 ve kabiliyetleri
ile diinyadaki firsatlar ve tehditler géz ontine alinarak
stratejik planlar hazirlanmasi ve bu plana ulagsmak i¢in
tiim iilke ekonomisinin ve sanayisinin ortak bir istikamete

yonlendirilmesi amacina yoneliktir.

Yatirim Hizmetleri Yonetimi ise mevcut kaynaklari
en uygun ve en etkili sekilde kullanmamiz i¢in gereken
mesleki bilgi birikiminin iilke ve toplum yararina kul-
lanilmasia yoneliktir. Ancak bu sayede ilerlemek ve
halkimiz i¢in fark yaratacak degerleri ortaya ¢ikartmak
miimkiin olabilecektir.

31

Kurultayimizda gelisen ve degisen teknolojiye uyum-
lu, insani tiim {iretim ve hizmet sektorlerinin odaginda
tutabilecek bir vizyonun endiistri ve isletme mithendisligi
acisindan dnemi iizerine degerlendirmeler yapilmis ve
iniversiteler ile sanayi arasinda isbirligi ¢ergevesinde
kamusal degerlerle gerceklestirilmesinin 6nemine vurgu

yapilmustir.
Kurultayimiz;

- Endiistriyel doniisiimde enddistri igletme miihendis-
leri olarak sistemin insan odagini ve sistem ¢evre ile

uyumunu optimum diizey de degerlendirmek,

- Teknolojik ilerlemenin zorunlulugu ile olusacak
yararlari, meslektagimizin biiyiik fotografin nere-
sinde oldugunu ve ilerleyen siiregte nerede olacagini
ongormek,

- Stratejik Planlama ve Yatirim Hizmetleri uzmanlik
alanlarmin, belgelendirmeye iliskin yoniiniin endiist-
riyel doniistime adaptasyonu ve uygulanabilirligini

incelemek,

- Teknolojik ilerlemede toplumsal yararlarin 6nem-
senmesini saglamak, sirketlere ve kamu tarafindan
igsellesmesine katki saglamak,

- Universitelerin egitim programlarina endiistriyel
doniisiim ve toplumsal kazanimlari igeren derslerin

dahil edilmesini saglamak,

- Ogrencilere TMMOB gelenegi, Makina Miihen-
disleri Odas1 bakis agis1, 6grenci iiyelik ve orgiitlii
yapinin gerekliliginin 6nemini aktarabilmek, vb.
degerli amaglarin dile getirilmesi yani sira giinii-
miizde yaygin olarak konusulan dijital doniisiim/
Endiistri 4.0’1n yalnizca iiretim ve hizmet sunma
acisindan degil, kamusal-toplumsal yarar ve insan
odakl1 bir yaklasim ile birlikte ele alinmasi gerektigi

vurgulanmistir. 44

TMMOB Makina Miihendisleri Odast



ENDUSTRi MUHENDISLiGi DERGISI YAYIN POLITIKASI

Endiistri Mtihendisligi Dergisi, TMMOB-MMO tarafindan i¢ ayda bir yayim-
lanan streli ve hakemli bir yayindir.

Hedef Okuyucu Kitlesi

Endistri Mihendisligi (EM) ve Yéneylem Arastirmasi (YA) konularinda arag-
tirma yapan, egitim veren, egitim géren ve bu alanlarda calisanlardan olusur.
Yayin Amaclari

EM ve YA alanlarindaki gelismeler, calismalar ve araclarla ilgili akademik
nitelikli yayin yapar.

EM ve YA alanlarindaki bagarili uygulamalarin yayginlastirimasi ve dene-
yimlerin paylasiimasi i¢in yayin yapar.

Meslek ile ilgili goruslerin aktariimasini ve tartisiimasini saglar. EM ve YA
alanlarinda ortak bir dilin olusmasina katkida bulunur.

Yayin ilkeleri

EM Dergisi, Yayin Kurulu (YK) tarafindan yayina hazirlanir. YK yazilarin
secimini hakem goruslerini alarak yapar.

Yazarlara, okurlara ve kurumlara tarafsiz yaklagir.

Konu zenginliginin korunup gelistirimesini tegvik eder.

!gerik, dil ve bigim agisindan nitelikli yayin yapar. Yayin dili Tiirkge ve
Ingilizce’dir.

Yazinin EM Dergisine gdnderilmesi,

. yazinin herhangi bir yayin organinda yayimlanmamis oldugunu,

. EM Dergisindeki degerlendirme streci boyunca bagka bir yayin orga-
ninin degerlendirme sirecinde yer almayacagini,

. yazi kabul edildiginde yazinin basim haklarinin EM Dergisine gegtigini
ve baska bir dilde ve/veya ortamda, yayincinin onayi olmaksizin ya-
yimlanamayacagini

gosterir.

Yazi Tiirleri ve Degerlendirme

EM Dergisi, yayin amaglari ve ilkeleri dogrultusunda hedef okuyucu kitlesini
ilgilendiren Makale, Uygulama, Teknik Not, lletisim, Dokiora Tez Ozeti ve
Odiil Almig Galisma gibi farkli tiirde yazilara yer verir.

Makale, literatire katki sadlayan 6zgiin yazidir.

Uygulama, mesleki pratije katki sadlayan ve mesleki bir konuda tutarl,
rasyonel ve basarili uygulamalari anlatan yazidir.

Teknik Not, Makale'ye gére dar kapsaml, literatiire katki saglayan 6zgin
yazidir.

iletisim, egitime, meslegin icrasi ve uygulamalarina genel anlamda katki
saglayan; meslege yonelik felsefi tartismalar baslatma ve meslege yeni
aciimlar kazandirma potansiyeli tasiyan yazidir. Meslek ve alanla ilgili eser,
kitap ve yazilimlari tanitan ve degerlendiren yazilar da bu kapsamdadir.

Doktora Tez Ozeti, doktorasini son iki yil igerisinde tamamlamig aragtirma-
cilarin doktora tez zetidir.

Odiil Almig Galisma, (bilinen) bir 6dl igin juri tarafindan belirli litlere gére
degerlendirilmis ve ddule layik bulunmus yazidir.

Makale, Uygulama, Teknik Not ve iletigim yazilarn EM Dergisi yayin amaglari
ve ilkeleriisiginda YK tarafindan 6n degerlendirmeye alinir, hakemlik stirecinin
baslatiimasina ya da yazinin ret edilmesine karar verilir. Hakemlik strecine
alinan yazi en az iki hakem tarafindan degerlendirilir. Bu stirecte adlar iki
taraftan da gizlenir. YK, hakemlerin gérisleri dogrultusunda yaziyi kabul
veya ret eder veya yazinin revize edilmesini ister. Degerlendirme sirasinda
tm haberlesme iletisim yazari ile yapilir.

Doktora Tez Ozeti ve Odiil Aimis Galisma tilrii yazilar YK tarafindan deger-
lendirilir. Gerekirse hakem gorisu alinir.

Ayrica, EM Dergisinde tanitim yazisi, haber, s6ylesi, ani ve geviri gibi farkli
yaz tirleri YK degerlendirmesi ile yayimlanabilir.

Yazi Gonderme

EM Dergisi Yazi Kurallar’'na uygun bir sekilde yazilmis yazilar, elektronik or-
tamda http://omys.mmo.org.tr/endustri/ adresinden génderilir. lletisim yazarinin
e-posta ve posta adresleri, faks ve telefon numaralari agikga belirtilmelidir.

JOURNAL OF INDUSTRIAL ENGINEERING EDITORIAL POLICY

Journal of Industrial Engineering (EMD) is a refereed periodical which is publis-
hed quarterly by TMMOB-MMO (Turkish Chamber of Mechanical Engineers).

Target Audience

The targeted audience of the journal comprises researchers, educators
and practitioners in the fields of Industrial Engineering (IE) and Operations
Research (OR).

Objectives of Publication

It publishes academic manuscripts on the developments, processes, and tools
in the fields of IE and OR.

It publishes for the purpose of extending the successful practices in IE and
OR and enabling the sharing of experiences.

It provides a ground to transfer different views on the profession and discuss
these viewpoints.

It promotes the formation of a common professional language in the fields
of IE and OR.

Principles of Publication

EMD is prepared for publication by the Editorial Board. The Editorial Board
selects the material to be published by consulting the referees.

It holds an objective attitude towards authors, readers, and institutions.
It ensures and encourages variety in topics.

It publishes manuscripts which are qualified in terms of content, language
and form.

Publication language is Turkish and English.
The fact that a manuscript is sent to EMD indicates that:

. The relevant manuscript has not been published previously in another
journal.

. It will not be under the editorial evaluation of another journal as long
the evaluation process in EMD continues.

. Once it has been approved for publication, EMD acquires the right to
publish the manuscript and the manuscript cannot be published in a
different language or domain without the approval of the publisher.

Types of Publication and Evaluation

In accordance with its publication objectives and principles, EMD gives place

to a diversity of studies that are of interest to its readers such as manuscripts,

applications, technical notes, communication articles, dissertation abstracts,
and works which have received an award.

A manuscript is an original work which contributes to the relevant literature.

An application is an article that describes the consistent, rational and suc-
cessful applications related with a professional topic, and thus, contributes
to the practice of the profession.

Atechnical note is an original article which contributes to the relevant literature
but which is limited in scope compared to a manuscript.

A communication article is an article which contributes to the practice and
applications of the profession and which has a potential to initiate philosophical
discussions and bring in new developments regarding the profession. Reviews
of anarticle, a book or software related with the field are treated in this category.

A dissertation abstracts is the summary of the dissertations of the researchers
who completed their PhD within last 2 years.

A prize-awarded work is an article which has been evaluated according to
certain criteria by a jury and deemed worthy for a prize (that is acknowledged).

Manuscripts, applications, technical notes, and communication articles are
first taken under pre-evaluation by the Editorial Board in accordance with the
EMD objectives and principles of publication and a decision is made whether
to initiate the process of referee evaluation or to reject the work. In the process
of referee evaluation, the work is evaluated by at least two referees. The
names of the both parties are kept anonymous in this process. The Editorial
Board approves or rejects the articles in accordance with the comments of the
referees or it asks for further revision of the articles. Throughout the evaluation
process, all the communication is carried out with the contact author.

Dissertation summary and prize-awarded articles are evaluated by the Editorial
Board. If needed, referee opinion can be asked.

In addition, works as diverse as reviews, news, interviews, and memoirs can
be published in EMD as long as they are evaluated by the Editorial Board.

Manuscript Submission

The manuscripts complying with the norms of publication in EMD are sent
electronically to http://omys.mmo.org.tr/endustri/. E-mail and postal addresses
and fax and telephone numbers of the contact author should be clearly stated.



