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Abstract 

This rrsoarcli (k�v(�lops iimtliciiiatical models for inventory and piocumiirii t 

maiiag(Mnoiit ui the IM.(�S(�IK(�of spot markets. More specifically. \v(�consider 

those inodrls by iiicorporatiiig difforoiit typos of supply contracls. Particular 

at tout ion is paid to tlu�（iiiaiitity (ioxihlo contracts. This r(�s(�ai,di is an a t t rmpt 

to iiiidrrstami lunv firms should adopt their operating policies in the prcsoiico of 

, Huctuatiiiji, {oiiiiiiodity i)i.i((�s. In this thesis. \v(�mainly consider th(�following 

tlu.(�(�models. 

Ill the first iiiodd. \v(�study th(�opt imal i)io( iu,(�im�iit strategy in a two-period 

iVamowork wlicni both the spot iiuu,k(�t and the forward coiitrac-.t arc (.()iisi(k�i(�(l. 

TIK; forward contract is agreed upon in the first period, and is then doliverod in 

the second period, when the spot market is also available. This is followed l)y 

• production and (leinaiid. The objective of the Iniyor is to iniiiimizc his (expected 

cost. \ \ v s t u d y ' t p r o b k M i i for two scenarios: the buyer cannot and can soli to 

the si)ot market. Tliroiigli our analysis, when the buyer can not soli to the spot 

market, there exists a threshold forward price, uiicler which the i)uyer will outer 

into the forward coiiti.act. This tliresliokl is lower than th(�oxpcctcxl spot p r i c e . � 

Furlhorinore, wc analytically show that the optimal order qumititirs via forward 

contrac:t increase in the mean of t h e spot price, but (k� (T(�as(� in the variability of 

the spot i)rico. However, the lmy(�r only si)eculatcs using tlio forward contract . 
« V 

WIKMI IK�call soil to spot market. . -
111 the SOC'.OIKI model, we considor a i)I.ol)K�iii in which a buyer iiiak(�s proc urc-

nient decisions when he faces periodic, random (leiiiaiid and two supply sourctes, 

‘ one is a long-toriii (contract supplier and tlie other is a spot market. When ho 

procures from the contract supplier, a fixed unit price is charged and a pio(ic- -

terniiiiod iiiiiiimuin quantity for each period must he cominittod, and when ho 
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procures from tl i(�spot mm.k(�t. a stochastic spot i ) i i ( (�plus n Hx(�d sr tup cost is 

( harmed. Tli(�spot i)i.i(.(�is only realized at th(�ho^iiiiiiii^ of oach period. W(�show-

that tlic optimal policy consists tliiXM�difloixMit (.s. .S') tvi)(�i)(>li(.i(�s. IU<)r(�iiiipoi.-

tant. \\，(、i(l(Mitifv (crtaiii conditions uiidcr which th(�r(�oxisl iiionotoiic proprrti(�s 
* 

hot\v('(Mi t l i (�policy i)aiaiii(�t(�is and tli(�ciirroiit spot i)i.i((�for a general Markov 

spot pi.i(:(�j)r()( ess. TIumi. \v(�can dividr Ui(�pi.i(,(�si)a(.(�into tliroo regions. (�a(:li of 

which c()rros])()iuls to a spocific policy, for each i)(�i i(Kl. \V(�also coiuluct nuiii(�H-

analysis to gain iiiorr iiisi'z;lits into how (ho spot iiiarkct impacts the buyor's 

IKM-foiiiiancc. \\V find the hiiyois Ixniofits from a more volatile market. 

TIK� las t model oxt(Mi(ls the s(�(.(m(l iiiodol i)v iiicorjunating an important f(�a-

turo t hat is widely seoii: i.(�.. the pi.()(:m.(�m(�iit from the contract supi)li(T should 

fiilKlI a total order (luaiitity coiiiiiiitiiKnit (TOQC). The TO Q C ro([\iiros t ho buyer 

to i)i()c;\UT no loss than tho i)r(�d(�t(�nuiii(�d coiinnitnioiit during t he contract p(�-

riod, which wo call (ho plaiiiiiiig horizon. Tims, in (�a(.li period, tho l)uyor t rades 

off l)(�t\v(�(�ii the ])()ssil)le lower cost now (hy procuring from the spot, market) and 

the i.(�diK.(�(l cost ill the future (by r(�(lu(.iii^^ the nniiaiiiiiig (•.oiiiiiiitiiioiit). Two 

types of cominitmeiit (.oiitracts ai.(�considered: a iiiiiiiiiial TOQC contract and 

a (lofiiiito (luaiitity contract. Our analysis clmractorizes an opt iiiial proc uromoiit 

policy which (loj)CMi(ls on the spot i) i .k(� in each i)(”.io(l and an optimal virt ual 

romaiiiiiig (ommitmont level. Such a structured policy can hv, vknvcd as a coiii-

hination of some policies of l)ase-st()(:k tyi)c\ each of which can he coiiiputod 

through an equivalent system without any comiiiitiiient. NIoi.(�()v(�i‘，some of tlicso 

equivalent systems are of simpk�iiiiiltii)k�-i)(Ti()(l lunvsvendor tvp(\ This ^rratly 

simplifies the ( ompiitatimi of the optimal policies. We also iiuiiierically analyze 

how tho T O Q C and tlio spot iimik(�t affects tho buyer's perfonuaiicc. « 
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Chapter 1 

Introduction 

l)r()(.iir(�ni(�nt IIMS ^oiic 1 liroiî li considcniblc (.han沖sincc t he 197()s. It used to 
l)r ；is n clerical iuiK-tion wit h t li(�objective of purcliasiiig n î̂ ()(>(l/s(�rvi(:(' 
Mt 1 lie l()\v(;sl Ilmvcvrr，1 lie 1973-74 oil crisis and n.'sultcMl raw iiiatorial 
short,a;;(�s (lr(�w sî iiificMiil alIxuitioii to its iiiii)()rlaii(:(； (FaniKT (1978)). POIICM" 

(1985), in his value; cliMiii fmm(�W(>i.k IIKKICJI t.lial hdps to analyze; specific m:t ivi-
t.ics tlirougli which linns can cicujtc VMIUC; and coiiiix;!.!! IV(； advMntngĉ .S, i(l�lUficd 
inventory control and |)r(>(:un�iii(;iit, activity as two of 1 IK; critical activil iĉ s. ]1i(�ii, 
t,h(，st.rMt(î i;i(： inijxH taiic.c of t‘li(; ])r()c;ur(;ni(;iit and iiivcMitory iiiaiiagcMiUMil. to t he; 
or̂ Mnizalion was to i()(:<�ivn rccognit ion in t‘h(�lit’(u.at,i,ii.(� This ti.(�ii(l 
contiiiiKis today and prociiroiiunit IXK-.OIIK^S more; and iiiorci import ant in t hr man-
agciiKyiit of supply chains. Moaiiwliih^, procuniiiKnil. cost always MCCOUHIS for a 

larji,(； i)()rt.i()ii of t in; total oiHual.inji, costs in many iiiduslrios. It is roporUul thai 
material costs comprise n nicdiaii half of U.S. plants' cost, of goods sold (Butc.lior 

(2()()G)), and (’v(”i ninch 00-70% lor s(>m(，.spncific industries (MKTDC (2007)). 
Thus, Mil (�[r(，(" iv(，irnxMUdiiiciil strategy c:aii iiicniasc; linns' profits by roducing 

. l)i(K.ui,(�iii(�iit‘ cost. Tli(，rd’(）i(，, pi<)(:ur(mK�iit, act ivity has Ixxni nic.ô îii/cKl as iiiak-

1 



ClIArTFM 1 hiUoducUoti ‘2 

iiig a si^iiilicniit conl rihiit ion to an orgniii/Ml ion's su(‘(:(，ss. 

UnlortuiiMtcly, in today's (lyiiaiiiic l)usiii(\ss (MivironnuMit., significant uiiccn urm-

1 i(is iwr prcsriit in cust.oiiicr (l(;inaii(l, supply availMbility tuid supply cost, which 

wuikr ])r()( ur(Mn(Mil Mcl ivil.y very diliicult. to 1KUI(11(� . Biji； loss has Ixuni r(!p(>I.會.（)（1 in 

. those (•()iii|)niii(!.s wit li poor procunjiiuiiit stjal(，gi(�s t hat can iiol well iiianng(； t licsn 

un(:(M l aiiiti(!S. For rxjmiplr, Co""川t,(，r aniiouiicod Mk; discoiiragiiifi, nr.ws , . 

of uiirx|M;(:t(!(l h'v^U iiirui()ry'|>ri(.义，s in Oclolxir 1999 and its stock pi.icc felt, by 7% in 

just oncsiii^k! 1 radiiij!； day (lit t,i)://in()ii(\y.(;iiii.(:(>ni/1999/l()/18/U;(-.lnK)l()gy/(l('ll/). 

According to Pciabody (2005), in first, half of 2005, St . Louis-hasc.d P�a lm( ly 

“ Energy Corp., ono of t he world's larg(\st- privatc-sc^ct.or coal coiiipaiiids, r(，p()i.t(，(i 

IJS$ iiiillion in loss due to conlmct, L)I(，a(:h by onv. of its suppliers. AIIOUKU- ease; 

caiiic (Voni Cisco, which r(")()rt.(!(l a US$2.5 billion iiiv(>nl()ry writ(卜(lown in Api." 

of 2001 (lu(； to a significant and uiK^xprcUnl drop in custoiinn' (hnnand for it s iict,-

working products (liUp://w(，isslui(，.(:(>iii/(:默/(:is(:(>_sy.st,(�ni_iii(:). Mom iicnvs alike 

has been n^portcKl r(»(:(，iiUy as tlio world (�(:oii(niiy gm，s to n dowiituni and Wiv. 
4 

price of Taw iiiaUnial is inon; volatile than r.vcv l)(�f(>r(!. As a i.(，siiltĵ >*<r>re and 

niorr attention, fi.oiii hol-li acacUunia and pi.act iti(>ii(�i.s，luus IKHMI paid to dcisigii 

M robust procunniKJiit and iiiv(”it(M.y st nit,(，gy to (leal with tli(\se un(:(;rUiiil ios to 

(MiluHico conipaiiicis's ()V(;nill pdrforinaiicos. 
t 

A t-raditional pro(:ui(;iii(5ii1 stra,1.(^^y t.()"s(;(:ur(̂  st al)l(^ supply MIKI iiisulat(�thciii-

•sdvos from input i)ri(:(，duct luil ion is to cntv.v into sovcn al loiig-Un iii supply con-

tracts, also (;fill(Kl forward buy or (IX(K1 (:oiiimit,m(mt, contracts. Tliast，contracts 

‘ sjK'cily M fixed (juaiitity to ho (l(，liv(u(�(l al. s()m(�point in the. futui.r, with fixed 

purchasiii^^ l)ri(x\s agr(;(;(l by t li(，supplier and iiiaiiufac.tiirrr. H()w(:v()r，siicli pro-

ciirciiiont niodd always rcist ricts the. inaiiufVu:tur(;rs' ability lo mspoiid quickly to 
«• 



. (IIAI'TEK I IntioducUon ‘ 

< 

coiidil/ions of l\\v. custoiiKM- dcnnand and t.h(、pmrurnurnt, cost. I'or v,x-

ajni)lc., if lli(�（l(;m⑴ 1(1 happriis to fall short of I h v , 化 n i n o u n t , s\u \\ a fixcul 

supply (|uanlity (-oinmil iiuMit n^sulls in a sî 2;iii(ic.Miit invcMit.ory buil(l-i">. IloUl- ‘ 

. in^ (;xc.(\ss invcMitory not only incurs sul)st,miUal li(>l(li叩 cost, but. also (，xpos(\s 

ih r iiivcMilory to 1 lie risk (>f ohs(>lcs(:(，n(:(wi i)r(>l>l(�iu t-liat. is jKii t icularly acut c for 

those short lir(M:y( l<: (:(>iiil)(⑴(Mit,s. All.cuativcly, if tin; (Idinaiid ‘spikes lii^zjinr tlian 

-(零，'(tol, such cont racts limit, ihv inaimfact.unMs' capability to satisfy cuslonuMS. 

This results in U"，loss of poUnil.ial pmfit.s and custoiiKirs' goodwill. On t li() ot iicr 

hand, a drop of I lir raw "mt(，i.ials prir(，in the iimrk(:t iuak<、s Ihv. 
* 

with Ihv price alrnmly lixvxl uiKiconoinical. This can 1)(、im,t,h(;r (!vid(、ii(:(Kl by l:li(、 

procioiis jmlladiuii) punch of Ford Motor (liM.|):j()liiili(;lni(!r.ii(^t.?i)=24 J). In 2002, 

l)y (5X|)(K:l.iiig M ill ( he pricc； of pallmliuiii diK； to t.li(，supply problem t hat. 

occurnHl in Hussia, MK; company decided to (mt,(、i. into forward ctoiillacts whon 

Mi(； ])v\v,v. si>ik(，(l to ovor US$1,()()() per (川"(:(、，to s(�(:um MK; piircluusiiig pric-c and 

(jiiaiitil.y. II()\V(，vm., hcr.AIISD of siic.h lii^li pv'wx), many US(MS cliosc to switch to 

plHiiiniin'rus M subst itute, nivcrsiiiK tlic prict; tnnid of palhuliuiii. The situat ion of 
I 

Ford Motor WM,S furt,h(，i. RIGF^ravat.ccLas thr. Russian supply.n^suinod normal and 
• I 

t he \n \v.v. of palladiiiiii pluiiiiiKtol. A loss of US$1 billion IK，(：謹(，of tli(，forward 

(•ontrMcts wa.s roc-ordcul according!； to the (:(>iiii)a‘iiy，s annual i.(”）（>i.t’ of that y(mi.. 

T1 �i.doi.e，for t hose, maiiufa(:t.ur(”.,s wlio n;ly on such a rigid inodo of supply, t he � 
f 

opt iiimlity of its i)i.()(:ur(mi(mt planning (Incision (l(”)()ii(ls sohily (m how accural,c^ly 

it couUi (istimate the. future (l(nimii(l and \mcA% and on its ability to l)HrgHiii a 
fnvora 1)1(5 price at tlio hegimiing of t li(； planning horizon. • » 

Due to tli(，nj!;i(lit,y of the. t raditional jmK unnnoiit mode by fix(�(l coniiiiit-iiKMit 

coiitract, ie(:(mt troiids in industry begin to oiiipluLsi/ci Ihv analysis and of 

參 

t 

% • ‘ 



X'HAPTEU 1 Introduction 4 

flexible supply coiit racth； in i)i()( ui(、iu(、iit. T l i ( 、 o f such Hoxihlo coiitracts 

is to i i ia i i i i factmors t l io desired Hoxihil i ty which is l i dp fu l to part ia l ly i i i i t -
V ' 

igatc、various micxutaintios t luit might occur in a supply chain. Among tli(、s(、 

a])i)i()a(lios. the quant i ty Hoxil)lo supply contracts an、j)r()bal)ly the most widcly 

k i iowi i and a(l()i)t(»(l. l i i these contracts, a ftxod procureii ieiit quant i ty coi imi i t -

i i ioiit is (letcnninocl when t he contract is signed, hut the aii iouiit actt ial ly i)n)(.ui(、d 

( lur ing the (•outrac.t horizon may (litter f rom th(、initial (•oi i i ini t iurnt w i th in a givr i i 

hound (Icterniiiied upon signing the contract. For example, the niaimfacturer can 

enter into a r i i i i i i inal tota l ord(、i. qiuinHty coni i i i i t i i ie i i t ( TOQC) cont ract, in which 

tl ie niaiiufactunu- coi i i ini ts to purchase at least a in i i i i i iu i i i i quai i t i ty ( lur ing the 

entire horizon, to periodical ly review their procureinciit plans and to adjust the 

l)roc:iirernoiit ([ i iai it i t ios according to the most u iJ- todato market situations. If 
, the customer (loiiiaiid happens to increase, such supply contract allows tlie iiiaii-

‘ . 

nfacturor to iiicrciase the qiuuitity to procure. On the other haiicl, if the demand 

happens to fall short of tlie initial forecast in some periods, this approach allows 

the rnamifactiirer to procure loss and wait for better 'market condition. Such 

minimal TOQC contracts arc common practices in the electronic incliistry. Other 

forms of quantity flexible contracts can also he observed in practice, i.e., the pcv 

riodic coininitrncnt contracts with flexibility, the supply contracts with buy/sell 

, options, etc. (see Tsay (1999), Aiiupindi and Bassk (1998)) Approaches that help 

manufacturers to manage price fluctuation arc always in a form of supply coii-

� t r a c t s with options giving buyer a lead-time flexibility, or incorporating price (taps 

or floors (Li and Koiivelis (1999)). With^these various approaches, manufacturers 

today can iiiaiiagc supply chain iiiicertaiiities better than ever before. 

Although such a supply iiiode with flexible supply'contracts has been widely 

» 

‘ ‘ r. 
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CHAPTER 1 Introduction 5 

us(�d in i)ia( tk:(\ it cliaiigos ciiiite littlo of tlio way iii which supply is obtained. 

Mamifactmors st ill i(�lv on contract suppliers to s(»(.m’(�supply. One main pi()l)leiii 

aris(Mi ill such supply mode is t he iiiforniation asyiiiinctric h(�t\v(�(”i suppliers and 

manufaclurors. This may cause additional cost for iiiaiiufacturcrs to Hiid suitable 

suppliers. Besides. tli(�fi(�xil)ility i)i(A'i(k�(l by suppliers is always limited, and 

t h(�i.(�ai:(�some claiisos in thes(' contracts tliat restrict the iiianufactnrois' l)diavi()r 

to the supi)li(T.s interest. Tims, the porfoniiaiice of procureiiioiit strategy d(�i)eiKls 

largely on iiiaiiufactuiTrs' bargain power to solicit favorable contract teniis. 

The rapid growth of organized spot markets and the developiiioiit (if iiifor-

niation technology i^rosent significant oi)i)ortunities in the [)roc;\ireiiieiit of suj)-

plies. The organized exchanges, in which lots of traclitioiial commodities are 

traded, have lasted for couple of-centuries. London Coiiiiiiodity Exchange (LCE), 

Chicago Board of Trade (CBOT) are the prime markets for trading agricultural 

coiiiiiiodities such as coco, coffee, wheat, oat, corn and so on. Similarly. New York 
> 

Mercantile Exchange (NYMEX) specializes in trading of crude oil, natural gas 

and related coniinoclities. London Metal Exchange (LME) is one of the proiiii-, 
nent marketplaces to trade metals such as copper, aluminum, zinc etc.. Apart 

* 

from these exchanges for traditional comiiiodities, many new type of exchanges 

for industrial comiiiodities have been found traded in recent years. For oxaiii-

‘l)le，Converge and DRAM-Exchange are online spot markets that trade seiiiicon-

cluctors, electronic componeiits，computer products and networking (�quipnK�iit. 

Other similar markets for trading industrial commodities include E-stecl for stool. 

Iiiter-coiitiiieiital paper excdiange for papei. related products, etc. On the other 

hand, the advance in information technology has reduced the cost 'of putting 

spot markets together. Today, suppliers and inaimfacturers can trade with a 

•> • 
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vast variety of goods all (m�i. the world in a freowhcoling, fi.(�(iu(�ntly oloctroiiic. 

cnviromiioiit. 

Prico (lis(.()v(�ry is one main function of these spot markots. In geiioral. t lir spot 

prico of a coiiiinoclity ix�fl(x.ts the oxistiiig (lyiiaiiiics of supply and (k�maii(l in the 

market. Moreover, the inice (li(tat(、（l l)y the market contains more in format ion 

� oil (loiiiaiid/supply (lyiiainics than the iiifonnatioii held by individual buyers and 

sui)i)liers. As noted by Mr.iiddsoii mid Tuiica (2007), "just as t l u� s tock market 

siiiiiiiiarizes many i)i(�(:(�s of iiifoniiatioii about, 'the porformanc.c of a company. 

1 )iisiiiess-1()-business spot markets can provide up-to-date infoniiatioii about the 

availability of mW materials, the cost of produc tion, and coiisniiier demaiid for 

the end product. Boca use all of this happens much closer to the time that the 

011(1 product ships to the consumer, supply chain participants can update their 

plans to take into account real-time infoniiatioii …” 

Therefore, procurement managers can have a greater flexibility that cannot 

� bo obtaiiicxl through the use of long-term supply contracts or Hoxiblo supply con-

tract s by a(:(-essiiig to commodity spot iiiarkets. However, the pi.olifciation of 

, such commodities markets has also resulted in larger fluctuations of commodities 

prices, especially when the forces of inteiiiatioiial speculation are at work. F\ir-

tliennore, the more you tnick、，the more you drive the price against yourself. For 
•a 

example, a inaiiufactiiror may want to buy 10,000 coniputer cthips at $1 per chip. 

But trying to huy twice that ainouiit may force the iiiaimfactiirer to pay more 

per chip, as cheapcr supplies will 1)(�exhausted. So buying only from the spot 

market raises the risk that you're going to spend more than you would have in 

a fixed-1 )rice contract. Thus, no matter how efficient spot markets can bo, there 

will likely he a role for contract supplku.s, and an efiicieiit i^rocuroinent strategy 
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slunikl consider a conihinat ion of coiitiact suppliers and spot inarkots. 

Ill prac tice, spot iiiarktMs has already 1h、（.oiik�an important pr()( iu(�iii(�iit soiirco 

i l l addition to supply contracts. Fm. (、kami>l(、. it is estimated that T/X of cluMiiicals 

and st(�(�l sales, and up to of mommy chips sak\s arc procunHl from thv spot 

i i ia ikr t . while t he left volumes art、procuml thi()U«2;h supply coiit racts. Similarly. 

cvudv oil has hern i)n)( iir(�d via a coinhiiiatioii of iimrkot-hasrd and contract ar-

.rangoiiionts for (k、( ad(、s. Similar t ioiul is ()hs(Tv(、(l for a vai,k、ty of (.oiimi()diti(、s 

and industrial products ranging from natural gas (Haiiiioii (2005)) to im^tals (Ann 

and Maguirc (2005)). Howovor. many (ompaiiics still hesitate to participate in 

spot markets and they mainly us() spot markets in an ad hoc iiiHiiiier as opposed 

to viewing thvm as an intoftral part of their pr()cm.(、im、nt ,sti.at(、gy. One main 

roasoii for such situation is the lack of (iuaiititativ(； tools for decision making. As 

Kaplan and Sawhney (2000) rightly note: "The matching iiKxhanisiii works best 

when buyers and sellers are sophisticated enough to deal w i th (lynaiiik- pricing." 

Likewise, McKiiisey Company and CAPS Resoarcli (2000) identified the nved “to 
» 

(ieteniiiiie the appropriate coiitract-to-spot ratio for coiiiiiiodity purdiases" in a 

hroad survey on the impact of B2B e-inarket places. 

The purpose of this study is mainly to develop and analyze im)(:ui.(�m(�ut strate-

gies of a inanufactvirer in the presence of spot inarkots by incorporating supply 

contracts. Our main attention is paid to those supply contracts with qumitity 
% 

flexibility, Hewlett-Packard (HP), the largest technology conipaiiy in the world, 

is one example related to our research. It is estimated that the coiiipmiy invests 

50% of its proc.iireiiieiit cost in loiig-tcnu contracts. 35% in option contracts, and 

the rest to the spot market, see Carbolic (2001). Some metal (•oiiipanios tiavc 
* 身 、 

also pr()vkk�d certain (luaiitity ftexihk�contracts to their ciistoniors. For rxaiiipk、， 
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'Tally M(�tal Sales Inc.. a Chica圳 l)as(�(l s川>i)li(�r tor lum-fm.mis metals, pmvidrs 

a {onsigniiKMit stock pro以aiii which bills thr cnsloiiuns for only th (�qumi t i ty 

actually us(�(l with various prk.iiig s r l i ( � � ( � s . (m(�of whidi is fixed \n'uv srhrme. 

As \v(�iiK�iitkmr(l rarlirr. a l t ‘ s u p p l y contracts can keep the inaimfactiirrrs 

tVoin i)ri(.r Huctualion. th(�{lrxil)ility they pi,ovi(k�is limit(、（1 and th(�contract 

p i i ( (� i s always lii^lun- than t lu�ciirnuit spot pri((\ On t l i (�other haiul. althouji^h 

the spot niarkct can provide full flexibility to thr iimiiufactum.s, th(�volati l i ty 

of thr spot i)i.i(.(�brcoiiirs t l i (�main pi-(>l)l(�iu. Thus, how to st iat(�gi(.ally tTa(l(� 

off l>(�tw(�(�ii tlicsr two pr()cui(�m(�nt s()川,(.(�s in procnnniunit a(.tiviti(�s is a central 

problem the.s(�maimtactunns liavo to face. 

Our objective in this i,(�s(�m.di is to uiKlerstaiid how the iiitonial operational 

(Incisions of t he tiim should hv m()(lifi(�(i in tlio i)i(�s(m(.(�of spot niarkrts. The 

results of our work provick�(luaiititativr tools for niaiiufactiirors to (�ffi(.i(�iitly use 

the spot iiiarkot as an iiitogral part of their procunniKnit strategy while inMiiit aiii-

iiig a loiig-tonii contract supplier, to (l(�d(i(�how to take the advantages of the s])ot 

mm.k(�t，and to study the eftoc.t of the key spot iimrkct characteristics on optimal 

contract (luantitios and cost. Specifically, w(�consider th(�following three m()(l(�ls. • 

1. The first model is to study the optimal mix of the spot market and forward 
T 

> cont ract on i)ro( unniieiit docisioiis iiiider a two-pcn iod fmiii(»w()i.k. A for-

. ‘ w a r d contract is a hxvd coiiiiiiitiiient contract by which the buyer can buy a 

pi(�(iet(�i.min(�(l fixed aiiioiiiit of raw inatorials at a si)(�(.ifi(�(l point of tiiiio in 

the future at a specified pvicv.. In our model, the forward contract is cigivvxl 

, upon ill the first p(�ri()d，and is then dd ivmnl in the second period, WIKMI 

the spot iiuirkot is also available. This is followed by production and d(�-

niaiid. Wc study the piocmWmuit strategies for both scenarios under which 

- « ‘ 
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\\w iimuufa(."u(�i- can and can not sdl to the spot iiiarkrt, iTsp(�("ivrly. 

2. Th(�s(�(()u(l model (•(廳idris tho optimal procunMiuMit i)i.ohl(�川s in which 

the huyrr i.a((�s prriodic random (leiiiaiid and two supply s()ur(.(�s: iiaiiirly, 

thr loiig-t01111 contract suppluT and llir spot market. Whvn h ( � p m r i i m s 

IVoin colli ract suppl ie r�a fixed unit prirr is charfi.cd and a |)rr(l(,t(�i-iiiin(、（l 

ininiinuin ([uantity in (�m.h ixniod iinist IxMoniiiiit led; and \vh(�ii l i ( � p m r u n � s 

from thr spot inarkot. a spot pricr plus a fixed set ill) ("st is The 

spot pi.i(.(�is only i.riili'/(�(l at th(�hrgiiiiiiii只（>i. (�m h p(�i.i()(l. The object ivc of 

thr l)iiy<�i- is to find an optimal pr(Kun�iii(�iit stiMlc^y to iiiiiiiiiii'/r its total 

(»x])(H;tr(l cost. 

：].The third iiiodcl further (�xt(�n(ls th(�s(�(:(m(l iuo(l(�l hy iiicorporatiiig an 

iiiilKHtaiit fraturo that is wi(l(�ly siwu in practice- i.e., tiin proc-.uroincnt 

- {Voiii the contract ‘supplier should fulfill a total order (lumit ity coiiiiiiitiiiriit 

(TOQC). A TOQC contract is an agi,(i(mi(�iit: hcXwvvu the supplier and tli(� 

buyer in which the buyer guaraiite(\s that his cuiiiiilativc ()i.(l(�i- for t IK�W1I()1(� 

(coiitrac-t ) (liiratioii will h ( � a t l(�ast the TOQC. Two types of coiiiiiiitineiit 

contracts are coiisklcrod: a iiiiiiiiiial TOCJC cont ract and a ddiiiitc quantity 

c-oiitract. Thus, in. each i)(�i.i()d, the buy(�i. should trade ()H. l)(;two(ni tho pos-

sible low(�r cost now (by procuring from the spot market) and opportunity 

(tost ill the future (by reducing the coiiiiiiitiiioiit for fiituro i)(�ii()ds). 

Through IIK; analysis of the first iiiodd, Hud when t h (�buyer can not sdl 

back to the spot mm,k(�t. th(�i'(�（、xists a forward price threshold under which \hv 

buyer will enter the forward contract. This threshold is lower, than tho (�xp(�(:t(>(l 

spot prico. Tims, in a risk-iuMitral framework' in which the forward \mcv is vqual 



CUAriEK / Introduction 1() 

to .the (�xi>(�( tr(l spot \n'\ix\ t l i (�cost ininiini'/in^ \)\\\vv would not (MI^h^c in a 

forward contract. liow(�v(�r, when the I川y(�r can sdl back t l i (�spot market, li(� 

only siK'culatc usinji, thr iorwnrd coiit ract. Fiirt iKMinorc,. wci analytically show 

that t in�opt imal order (jiiaiit it ics vi;i Corward conlract and the IOIMI cost increase' 

ill th (� in ra i i of tlir spot pri(.(、，hut (l(�(T(�as(�ill tho variability of tlir ‘spot, \n '\ci\ 

'VUviu wv study the sccoiid 川(,(1H i\in\ show that tli(i optimal policy consists 

thr(�(�（liff(�i.(�iit i)()li( i(\s of (.s,‘S') typr. Morr important , \v(�iddiitiiy (rr tain condi-

tions iiiidcr which ihviv. exist inoiioloiic i)i.()i)(�i.t i(，s h(，t\v(u�ii Wic, policy paiaiiiotri.s 

and the (.iuT(;iit spot pricc; (or a 印、iirral Markov spot pricx; |>r(K:(�ss. Thcni, we (:mi 

divide the i)ii(.(�spm:(�into iUvvv regions, (uicli of which (.m.r()sp(m(ls to a si)(�dfi"l 

p o l i c y , for (iac.li period. To ihv. best of our knowledge, m low studies iiivcjst igat,(； 

such inoiiotoiir im)p(u,ti(�s when price procc^ss follows a ^^oneral Markov 

Fmtli(�rin(H.(、，w(�iiuiiHMic.Hlly show that tlui l)uy(u. pid(�ns a v()kt il(! market con-

dition. 

Our analysis on the tliird model shows that wluui Ihv curnjiit spot iM i(:(�is Umvx 

than the coiiiiiiitiiiciit i>i.i(:(，，t h(�buyer procures certain ainoniit IVom thv, (oiil ract 

supplier first (while (ld.(�iTiiig sonic coiiimitiiKMit to future periods), and then 

orders from th(�spot market. This differs from the tradit ional TOQC litcual un; 

with (letoniiiiiistic (uiviroiiiiiont, iii which thv buyer's optimal policy is always to 
• » 

fulfill thv. coiiiiiiiMiiont first. This fact coinplicatos our probloiii. N(�v(�i,thd(，ss, 

w(�pi•隱 tlic optiinality of a stnictiircd prociirciiKMit, policy wliicli can be viewed 

â s a (:oiiil)iiiati()ii of some policies of haso-stoc.k types, which iiulicalcs t hat th(� 

optimal values can hv (:al(:ulai(�d by some ii(，wsv(m(lm.-lik(�modds. l l i i s oiihaiK:(\s 

the pmct icality of our iiiodd. Our numerical analysis iinplios that in t li(，pms(ni(:(� 

of spot inarkot , the l)uy(�r l)(�udit‘s from tlK"mark(�t volKt ility. But such b(mdits 
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(IccrcMSc MS t he TOQC in(T(”is(�s. 

Tlir organizat ion of t his t licsis IS MS follows. Iti Chaptrr 2, lilcral urc t hat 

rrlf“（、（l to i)r()( ur(Mn(Mit pioblcins in 1 lie conlcxt of siij)j)ly chain niniiagcmcnl is 

r(:vir\v(、（l. \ \ c mainly i-(�vir\v Uir(、（、streams: ihc trndil.ioiuil stochast-ic inv(Mil()ry 

iiKxlcls; t he sui)i)ly coiil ract models ；uui I li(! pmcur(、川(”“，models in t he i)r(�s(�ii(.(� 

of s])()t iiim.krts. Ill Chai)((M- ；5. the first model is studied and stochastic (ni i i j )� . -

isoiis f".(�COIKIUCICHI to aiialy/c how t h(�spot mark(il afl.rct s 1 Ikj policy paniiiKiUirs. 

In Chapter 4, the SCHOIKI model is (.(>ii‘si(l(�R(Ml and CONDITIONS \m(\v.v which iiiono-

toiK^ i>iop(” t.i(，s hold an; (l('i.iv(，（l. M()r(H)V(;i\ iinincric.al analysis is coiiductcd WIkmi 
« 

tli(； spot pricc; follows a G(>(>m(itri(. Browniaii Mot ion pioccss. In Clmptx”’ 5, i\\c 

t hird model is (:(msi(l(�i.(，(l and iiuiii(u i(tal analysis is p(” f<)mm(l to •！.ct more； insights 

on how t li(�incorporation of spot iiiark(its can improve \hv. l>iiy(�r,s iMU.forimin(:(，. 

Finally, the conclusion of t his tlu^sis is made; in Cliapl.cu- G by suiiiiiiari/ing t in; 

major findings HIKI scioiitiHc- contrihutioiLsOf t his study. Possihk! direct,ions of 

fiirthcu' r(!s(!m.(:li ar(; also discussed. 

* 

• End of chapter. 

» 
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Literature Review 

Wit h t.li(�rapid (l(，vdoi)iii(�i“. oF spot nuirkdls for various (:(mim(Kliti(，‘s, inanufjic.-

(lucrs can now u s � s p o t purchasing as an nlt(;riiat,iv(! source of supply to t lu： 

t radit ional l(mjv“�i.ni contracting. The purposes of this study is to inv(»st î r̂itc; ihr. 
w 

procun^iiKUil- planning pr()l)l(5iii vvilli fl(;xil)l(! supply coiit iacls in l.lic of 

coiiiiiiodity spot inark(;t.s. In t his cliapUu-, vv(» first HII ()v(”,vi(�w of t radit ional 

inventory models in supply chain iiiaiiagc^inciit in Scc.tioii 2.1. Th(�s(�inodcils lo-

cus on (iit linr iiiaxiiiii'/iiig profit or iiiiiiiinizing cost. Part icular at.t.cMition is pnid 

to mult iple i)(;ri()(ls iiivcMilory pmhhmis, most, of wliicli assuiiK^ Ui(，i)m(:im”n(““. 

(tosl. to bo known l)(�fm,<，Ui(，i)lfiniliiî ^ liori/oii and tlic! only micditainty is cus-

tomer (loinaiul. Ext,(Misi()iis to tli(，multi])l(； supply soiirccis also (lis(:uss(’(l. 

� III S(�(:t,i()ii 2:2, wo iocus oii Ihv. imilt i-ixniod iiivc^nlory iiiodols wit h supply con-

tracts. Tlic original i)uri)()S(î  of Uk，s(，cont racts is to (toordinatt; supply chain to 

a(.hi(!v(�global opt iiiial i)(” f.(>i.iiiaii(:(，. But i,(，(:(、iit,ly (l(�vd()|)iii(mt 1)()只iiis to (miplia-

‘ tlios(，floxiblo ('.oiit ract s which providcis iiuKtlianisnis to doal with supply chain 

un(:ortaiiiti(»s. H(M.(), W(； mainly review thos(! Hcxihh^ qumit U,y cont i'Mct s wit h fl(ixi-* 

1)1(! coininitiiKnit. In S(K:t,i()n 2.3，wv. n^vidw t he jHocurcuiKMit planniii^j, probhnns in 

12 
o 
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1 \w |>r(�s(,ii(.r or.sjx)! i imrkrls，which is n CMSII mm.krt VVIKMC c o i i i i n o d i t y i)ri(:(，s arc 

s(Mll('(l ill cash on tli(�s|)()t M t he cuncnl iimrkrt i>ri(:<，s. SiKM-iril mI t cMil ion is paid 

lo ciirrcul (l(、vrl(>i)iii(、iits coinhini叩 spot mark(’t pur(:has(、wil li ])ur( has(;s mml(: in 

advMiicc. rrom a sixH ilic loii^-tcrm sui>j>li(T. Th(�comhinnt ion of (|uaiil,it.y flexible 

colli racls and spot markets is discussed. At last, n bridl" coiiipHrison l)(5tw(�rii our 

work nnd t li(、exist iii^ lit (M at.uic is (lis( uss(，（l. 

• 

2.1 An Overview of Inventory Models 

StocliMst.ic IIIV(!IIL()iy t linory is Ui(，applicat ion of (|imiit it at iv() III(，UI(K1S into 

tical iiiv(iiit()ry iiiaiiaf^diiKMil piohkuiis lo (�Hi(:i(mt ly in Mich customer (l(mmji(l with 

()1I-1imik1 iiivcMitory. The classical si叩Ir-pcHml n(，wsv(m(l()r iiiodc；! is n building 

block of stocliast ic invcnitory t heory. It was first proposed as early as HMO's, 

while; ihc. mi ly publications of this model (:mi (lat,(; back to thv, (larly 丨9厂)()、(Ar-

row (it. al. (1951); Dvoixit/ky (丄 al. (1952)). This iiiodd considers liow many 

ii('Wsi)ai)(M\s a iK^wsboy should ordor wlion faciii^i； a siiigl(； i)(u,io(l (l(Miiancl l)(�i()r(! 

(loiiiaiid is maJizcd. To inaxiinizo iiis v.xpv.vXv.d profk, l lic iicwsv(iiKl()r must match 

t:h(，()r(l(U(Hl (luaiiiity wit h Mio (knnaiKl as (:h)s(，ly as possible;. Himv. 

nn) iHuisliahlc products，if IK; too many copics, unsold iiowspapcrs can 

o n l y 1)0 sold at a low salvage) valuo or (�v(m IxH-.onic wortlihjss. On l li(； ot‘h(”. liaiid, 

if <)r(l(U(，（l too fbw, tli(? opportunity for gaining A hi片IKU. profit, is lost.. Thus, 

Mi(i optimal onhiiiiig (|uaiit il,y should tnuU) off the opportunity profits with t:li() 

possihki loss. To daU;, IHIIIKMOUS works on tlu; iKiwsvoiidor i)mhl(mi lmv(，b�(m n;-

port cnL All (!X(;(ill(Mit, r(，vi(�ws of tlu; chussical ii(，wsv(m(l()r prohkuii and it s various 

(!xt.(uisi()ns can hv, Ibuiid in Kliouja (1999). 

A GCIKM-ali/atioii of t his ii(，w.sv(m(lor iiiodd is to consider a multi-period in-



r 

ClhM'TIJn 2 I/UrniUirc licvu'w M 

vcntory conl rol problem WIKMO t lie selling horizon is cxlended (Voiii <>ii(�ixn iod to 

mult iple ix'iiods, mikI m (Icc.isioii on order c|uniitily in each period is inndr Ix'lorc 

ll“�（Iriiimul is r(�ali'/r(l. Th (�k(�y cliflorcncc hrtwr(�n I IK�singlc-jxTiod model HIKI 

t hv mult i-j)(M i()(l ukhUA is tliMt llic l;iU(�r lias r('i)l(Miish oppo.rt.miit i(�s Jiiid slock 

l(�n(>v(T‘s’ which iiuik(\s t lie optimal choice of (mla. ( |m"“it irs iiiorc! coinplicMU^d. 

It is (̂MKM-ally l>(�l(�ivir(l that, Arrow vl fil. (1!)厂)1) nrr, tin; first pul)li(:aU(m which 

‘ s t udies mult i-pcriod models wit h stochcist ic (l(�u»fm(l. In I hcir model, Ui(”.(； is a 

set up cost for cac.li procurciiicnt. They assiuiK'. t,li(�policy hav(； I\\v (.s, ‘S’）lorin MIHI 

(iiul the l)(\ST policy among this limited c.lnss (SCKI Arrow (2002)). ll()vv(;v(;r, th(�y 

do not show wh(�t hcr tli(； opt imal policy is of tli(； (.s, S) loriii. Two y(�ars lat er, 

Dvon^t'/ky (，t, al. (1953) sliow thai OIK; can find loss fuiict ions and (list ribut ions 

for which p(>li(:i(，s olhv.v Mian (.s, .S') an; optimal. Scarf (HKiO) furt her aimlyz(，s 

t his prohlcMii WIKMI t LU; (ixccss (loiiiand is LM(:kl()腳(1 in v.nvh period mid shows lor 

t h(! first t.iiiu; thai t he; (.s,.S') policy is optimal wluiii thu one poriod (沖(Ktal costs 

an; coiiwx. V(;iii()tt (1966) provc^s l h(； optimality of (.s, S) policy \UH\VA' aii()t h(T 

condition that t HO siiigU; I>(”.i()(L cost is qimsi-(:()UV(5X and the its ahsoluto IIIIIIIIIM 

of tlui one i)eii()(l costs is iiicixjasiiig (weakly) ()V(T tiiiKi. In all tlios(； works, the 

onhuiiig cost is simply liiKnir with a scl.ui) cost. The (:as(，whon the 

cost is coiicavo incn^asing with r(，si)(u:t, to tJio ()i.d()r (jiiaiitity is first sUulicd in 

Portxnis (1971). In his work, a g(ui(ualiz(!(l (.s, S) policy is shown to br opl iinal 

WIKMI t h(I I)n)l)al)ilit,y (L(msiU(，s of (haiiand is ()m，-si(l(xl Polya (l(msU.i(，s (Karliii and 

Rubin (195G); Karliii (1958)). A goiKM alizat ioii of the A'-coiivox and (|謹i-(:()nv(，x 

fuiic.tioiis to (iuasi-/\'-(:()iiv(^x fuucXioiis is introducxid. Portxnis (1972) costal)lish(\s 

a similar msiilt wli(m Mm (hniiaiid (iistributioii is uiiiforiii. Schal (1976) fiiicls 

iKjw conclit ioiis for ihv. optimality of an (.s, S) policy which gciiorali/c; tlios(； of 
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Sccu f (1900) and V(、iin>t t (19(j()). Moreover, as a sprr iM (:a.s(、, he obt ains m n^sult 

vrry similMr to lluil ol" Port (Mis (11)71) vvillioiil. any assuiiii)t ion on "i(�prohnhility 

(list rihiilion of (lriiu»ii(l. His ni in lysis is l)ns(;(l on a gni“�i.al coiicrpt. of nnwoxWy 

which iIK hides convex {IIIK t ions in 1 IK; USIIMI srns(;, and iiionoloiic funct ions as 

s])('( ial cases. Th<�（.nrn�s|>(>n(li叩 iiifiiiilc^ lioit/on i)ml)l(�iii has also IXHMI st udicd 

(l̂ RLCLIARL (19(I:i); ZIKMJ^ MIKI K(、(l(、r̂ I;riu、" (1991); CIKMI (2004)). VVIKMI t h(, sotuj) 

cost (Hjuals to /(no. (Ik; (.S, S) j)()li(;y is rcdiiaHl to tho bast; sl.oc.k policy, and the 

iiiallicniMtical (:on】i)l(,xhy is iiiiicli siiiiplcM- in tiiis ease;. Tlmsr works stiinulaUi a 

very lit(;nit‘ur<! on (lyiiaiiiic iiivcnilory policic^s, i.(、., CMKUI and Scitlii (1999), 

Oallcj-o and IIu (2004), CJalhigo MIKI Toklay (2()()3), (；(；!,. 

All (^xl.(!iisi()n of t h(\s(； tradit ional inult.i-|)(;ri()(l iii()(ld‘s is to include mult iple 

supply sourcc^s. Ilon^ w(，only int roduce the m()(l(，ls wit h (l(，t (u.ininisU(: cost st ruc-

ture, and t,hos(�with stochastic Icatiin^s will 1)(�r(，vi(，w(，(l in later sect ions. Such 

inodnls have; also hcuui oxtcMisivcly r(\s(,m.(.-h(ul in the opmitions inaimgcuiieiit lit-

(�mt ur化 Zhang (199G), Gallcgo and Zhang (2003) F(;iig (�t al. (2005, 2()()(i)' 

(:om:(�ni wi"i sysUniis with more Mum t wo coiiscciit ivo supply IIKKUJS with diflbr-

(nit l(”i(l-t.im(，s. For two supplier systems, we i.d<，r i.(，a(l�rs to Lawsoii and Portcnis � 

(2000)’ Moiii/a(l('li and Naliiiiia.s (1988), Sethi vl al. {2003), Fox ct al. (2005), 

S(tlirll(U'-W()lf v.t ill (2005) and papcns llionMii. Th(\so paixjrs differ iii thcnr coii-

si(l(uat.i()ii of oxiKidil-iiig options, lead-time, cost stnic.tuni (variabh? and scit-iip ‘ 

cost s) a.ssociatod with diliennit: iii()(l(，s of supply. VJc ix^coiiiiiKUid nuuhus to i,(，f(�r 

Miiinor (2003) for an (ixcellciit, reviow on thcsv, iiiodds. Most ix^sciarch in t his lino 

considers (liffcmnt inodt^s of supply wit li sinalk^r l(;ml-Um(，s in ()xdmng(�for an 
• t 

additional known cost,, Qxcv.pt that in Fox (;t, al. (2005). In Fox vX al. (2005), 

t LIN KUID-TIIIK^s for the; two supply m(>(l(，s AI(，the saiiio, hut, OIK; (:LIARG(is a higher 
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lixcd p(�r unit, cost and t lie ot li(;r one cliai 'i.ti.s a lowor per-unit cost " wit h a s(:t ui> 

cosL Tli(\v find t in�opUiiiMl policy also has a loriii of ^!;<�n(u.ali'/()(l (.s, .S') (yix; wlimi 

\\iv (|(Miiaii(i (knisily is 1()印:on(:fiv<:. Tli(! model (:(>usi(l(�rr(l in Port (Mis (1971) can 

also l)(、vi(、\v(、(l MS a nmlt i-.su|)ply i)ml>l(mi, which is more ^(nicral Miaii Fox al. 

(2(}()厂)）Imt. w i t h Stri(;l(!r ccniditions. 

2.2 Supply Contract Models 

The a(;a(loniic. lit,(uaUir(，on supply cont racts is quit(�r()(:(mt,. For reviews, s(k，Lar-
i » 

\v\vvi) ( 1 9 9 9 ) and Caclioii ( 2 ( ) ( ) 4 ) . Tli(�l“‘(�i.atui.(，can Iki classified into t wo main 

(:atc^g()ri(is. The first, category fociiscs on (kisigiiiii^^ the contracts so 

as to iiiiimm; supply chain coordinat ion. In a ralizrd siii>i)ly chain (iiiviioii-

iiioiit, only subopt.iinal i)�H.()i.iiiaii(:() of th(i whol(! ‘supply cJiaiii is a(:lii(，v(，(l l)(�caiis(� 

vnch party optimizes its own profit iiidqxnKlont|y. Thus, thv. supply contracts in 

tliis catx^gory ar(； to ac.hiov(； a globally optimized supply cliaiii while (rac.li party 

still ()i)t,iiiii'/cs its own profit. Various contracts and stnitogir's liav(^ hvxm proposed 

and extensively studied, i.e., buy-back coiitraci, (r)a‘st(，rmi(:k (1985)), vertical lutc-

gratiou (Alchian (1995); Hamlfidd and Nichols (2002)), jxjstPOIKIIIIOIIT ( B O W C M S O X 
• 

ct al. (2002); lyor (，t, al. (2003)) and rovcinu; shariiifi； contracts (Caclioii (2004); 

Cachon and Larivi(M(i (2005); Giaiiiioc.ctaro and Pontmiidolfo j2()04))%iii{l option 
». -

contracts (riariKis-ScliiisUn- (;t. al. (2002)). > 
等 » » . fc’ 

Aiiotliw category focusos on niplniiishiiKUit policies and (lotaik^l contract \m-

ram(化(，ns for a given type of contract. TIK; stiidy in this category focuses on 

optimizing tlu; buyer's pi.ociireimmt strat(^gy without (ioiisidcTiiig the, impact of ‘ 

t he (l(K:isi()ii oil tlm sdl(u.. Most of Mio contracts studknl in this e a t e r y an，fioxi-

l)lo supply contract s. Tho i)mp()s(�of fl(;xii)lc supply contracts is to sharo Mic risk 
• » 

» -

、 . 
% 
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rissociat.c with uncertainly in (hnnaiid, pricc; and knul-t iiiic (CUiclioii and Lariv'unc 

(2001)) l)(�t.w<�(�ii t.lic supplier and Uic l)iiy(�r. For ( � x a i i i p l ( � a (jiiaiitity flexible 

S U P P L Y colli ract can 1>(�us(、（l to (�iuil)l(: 1.1K; buyer to adjust, its on lor (juaiit it 

according to I h(� most, iijxlatcd inark(!l foixicast. The Jiiost obvious hcnuifil of a 

(jiuint,it,y fl(�xn)l(�supply conimcl. to th(，l)uy”r is thai, it providers mi iiistruiri(nit 

for uiK:(u t-Miiil iii both dcunaiid mikI i)r()(;iir(Mii(nit cost. 

Bassok and Aiiupindi an! probably t lu! pioiuuMS in 1 li(i r(\s(，ardi of. (piaiit ity 

flexible contracts (Aiiupimli (1993), Anupindi and Akcvlln (1993); Bassok and 

,Aiiui)ii i(l i (1997);Bassok and Aiiiipindi (2008)). Anupindi (1993) is t,h(�ftrst. to 

“ analy/() (|iuuitity conimitiiKnit contracts with fi(!xil)iliti(;.s in which Mio (kKtisioii 

iiiakcn- iiiakcis a coininitirKMit for ()adi ixn iod to purchase^ (xn l aiii ([uaiititicis (luring 

t;h(i hori'/oii -and c.fiii adjust, t,h(，coinmit iilwa within some pi(，-sp(:dfi(�(l limit s in 

that pcM'iod. and Aiiupiiidi (1997) analyzes a supply contrax't. wit h n iiiiii-

iiiniin total onhniiig (:()iiiniiUii(”it,’ uii(l(?r which tlin huycn- agro(^s to i)ur(:lia.so a 

- t o t a l amount no smaller than AGNHID-upoii (|uaiiU\y ()V(JI. a iiiulti-iKn iod plaiiniiig 

horizon, wliilo orders 出.(：placcd p(，i.io(li(:ally. Bassok and Aiuipindi (2008) study 

a rolling-horizon fl(;xihility (RIIF) contracts, in which Ui() hiiyor luus a liiiiitxul ' 

floxihility to piircluuse (luaiitit ics^difi'croiit from the original coiniiiitiiKnii.s and -

is aflf)W(Kl to update Ui(，i)i.(，viou.sly iiiM(le coiiiniitiiioiits, within a giv(”i bound. 

Bassok ct al. (1997) study n type of qiumUty Hqxibh^ supply contract, with p(�i.i-

()(li(: coiiiinitiiioiits and wit h a flexibility U) updates t lio i(，quii.r(i qimiit;iH(，s. Their 

work is in()tivat.(Ml by the pnictia，in tlu; IBM PriiiUir Systoin Company wliicli 

wa«s (:(m(:mi�(l wit h tlu) soiirciiig of coinpomuits for jModuc.tioii (>v(n, a. iiiulti-ixn iod 

tiiii(» horizon. Cli(;n and Ki.ass (2001) fiirtliei' <)xt,(”i(l the inodol of Ba^ssok and 

Aiuipindi (1997) to M,丨IIOI.(�general situation with tlio iioii-st al ionary (Iciiiaiid (lis-

. \ 

. -
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triljiitioii and difforcnt cost structuro. Aiiupiiidi and Bassok (1998) iiiako a review 

on those quaiitity Hcxiblo iiiodols with coiiiinitiiiciit. For rec.eiit dcvd()l)iii(�ut of 

these models, wo refer readers to Moiiizadch and Naliiiiias (2()()()), van Delft and 

Vial (2001), Li and Ryan (2004) and Tibben-Lcmbke (2004). 

Flexible supply contracts with options have also an active research topic re-

cently. Such (contracts are designed by incorporating traditional long-tenii con-

tracts with various options that prevailing in financial literature. Supply contracts 

with (quantity c)j)tioiis are stuclicxl l)y Agrawal et al. (1998). Tsay (1995)，Tsay 

(1999), Tsay and Lovejoy (1999), Sethi et al. (2004)，MiliuT and Rosenblatt 

(2002) and Wu (2005). Contracts with both (luantity flexibility and time fiexibil-

, ‘ i t y are studied in Li and Koiivelis (1999) with the assviniptioiis of deteniiiiiistic 

(loinaiid and uncertain procmremeiit price. Capacity reservation options are in-

vest iga ted in Tan (2002). In Das and Abdc4-Malek (2003), contracts with both 

quantity flexibility and lead-time flexibility are considered. T h e value of quantity 

flexibility and time flexibility is studied in Milner and Kouvelis (2005) under threes 

different demand models. � 

2.3 Procurement from Spot Markets 
• 

Spot markets provide flexibility for market participants by allowing tlieiri to fine 

’ tune their stocking and production policies under uncertain deinancl and supply 
« -f' 

environment. As ()bserv(id in Haksoz and Soshadri (2007), spot markets can he 

used more effectively axicl profitably for three main purposes: (1) procuienieiit 

of products (raw materials, components, both customized and commodities); (2) 

trading, in the market under different circurnstances (such as low/high doinaiid 

realizations, favorable price differentials, etc.); (3) design of supply chain contracts 
X 

f 

r 
r « 
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ill which both i)uy('rs and sellers can conduct opcmtioiis in the spot market. 

In this soc.tioii. the litoraturo related to optimal procuroiiunit plaiiiiiiig in the 

l)i.(�s(m((�of the spot inarkot will h(�i.(�vi(nv(xl. There are two iiiain streams of 
« 負 

research that are relevant. Tho first stream is the work that coiisidcr.s inventory 

prohl(�iiis when buyers procure solely from the spot inarket with Huctnate spot 
pi.i(:(�. Tho second on(> is the study of the supply chain i)rocuroiiieiit strategies ‘ « 

coiiibiiiiiig s]K)t market pui'(.has(�with purchases made in advance from a ！specific 

long-term supplier. 

Fal)ian et al. (1959) present a solution to the problem of (Ictonniiiing in-

v(3iitories of raw material when the prices of this raw material fluctuate and arc 

iii(lci)encleiit from period to period. They show tlie optiiiiality of price-depeiideiit 

base stock ordering policy. Kalyinoii (1971) extends Scarf 's (1960) inventory 

iiiodcl to incluclc stochastic prices. He proves that the pricodcptnideiit (.s, S) pol-

icy is optimal. Kiiigsman (19G9) considers a finite horizon coiniiiodity-purchasiiig 

. piobleiii under stochastic prices so as to minimize its total costs over the horizon 

during which the buyer has many opportunities to make a purc:ha«c. He suggests 

the optinmlity of a price-dependent base stock policy, whicli was later proved by 

Golabi (1985) for the stationary and nonstatioiiary price clistribution cases. How-

ever, the clem and for eacli period in their works is deterministic and known at 

the beginning of the planning horizon. Magirou (1982) considers a similar model 

with more general setting than Golabi (1985) where the price process is Marko-

viaii and the quantities can also be sold to spot market (see Magirou (1987)). 

Sha,stry (1993) studied the procureiiient problem of iiiaimfactured goods whose 
/ 

prices change in discrete juriips. Timing between two successive price jumps is a 

random variable with a known probability density function. Wang (2001) iiives-

/ -
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• » 

tigatos inventory rei)lciiishiiieiit policy iiiider tlio influence of dec reasing priccs, 

and stochastic deiiiaiKl in a nnilti-poriod model. H(�i)i.()v(�s myopic policy to 

ho optiiiuil and characterizes the optimal i)r()(ur(�mcmt policies for the lost sales. 

Guzel (2004) proposes a new mode of analysis to inventory inanageiiient systems 

wheu the unit-punthasiiig cost is allowwl to be a general stochastic process, the 

(leiiiaiid is (Ivimiiik. but clcterministic and there is a constant lead-time. Arnold 

et al. (2006) present a cleteniiiiiistic optimal control approach optimizing thv 

procmdiicnt and inventory policy for an enterprise that is i)rocessing raw mate-

rial continuously when the purchasing price, liokling cost, and the (Iciiiand rate 

fluctuate in time. 

Recently, researchers have explored the optimal iiiix of long-teria and short-

term contracts to recluce cost and cnhaiice flexibility in supply chains. In this 

regards, Ritchkcii and Tapieio (198G) are perhaps the first to employ c-oiitiii-

geiit claim analysis to niitigate price and (leiimiicl risks in designing inventory 

inanagenieiit policies. Cohen and Agrawal (1999) evaluate the trade-ofi" between 

^ long-term and short-terin contracts by developing a bi-iiomiiml model of prico 

variation. They conclude that there is no single (loiiiiiiant strategy of procuring 

contracts. Gurnani and Tang (1999) obtain an optinial ordering policy for a vc-

tailer who orders a seasonal product from a iiiaiiufacturor in two stages. In tlioir 

model, a retailer faces the trade-off between a fixed price and uncertain deiiiaiid 

in a stage versus a stochastic price and inipi.oved deinand iiifonnatioii in a second 
A 

. stage. Akella et al. (2002) model the optimal allocation of supply capacity bdoi.t� 
J 

observing the realization of a random ‘demand. In their model, if the realized 

(lernand is greater than the allocated capacity then the residual demand gets sat-

isfied from the spot market at the niarkct price. The buyer is risk-neutral and 

/ 

« 

« 
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scoks to ininiinizo its total expect(Hl cost. Their model has two jxTiods. In period 

1. boforo sooiiig the (hniiaiuL thv buyer has to ( l ( � d ( k � t h e capacity reservation 
% 

lovol from the contract supplier. And tlion, the (k�iiimi(l is roali/cd and has to 

i)(> filled (:()mi)let(�ly through both the contract supplier and spot mm.k(�ts. Klciii-

(lorfor a,11(1 Wn (2003) perform a survry on thv undorlyiiig theories and practices 

ill using options on both capacity and output in the B2B niarkots. S(�it(n.t vt 

al. {2004) (�xi)l()i,(�the procurcuioiit and soiling policies when pmxhasiiig both via 

forward c-.oiitracts with fixed pii(:(�and spot markets uiidor Hiictuatiiig pric(�s to 

iiiiniiiiizc the mean-variance of t l i (� to ta l cost. Goel and Gutierrez (2006) further 

extend this work to a multi-period sotting in which priccs evolve in coiitiimoiis 

time. Martiiioz-cie-Alb(»iiiz and Siiiichi-Levi (2005) present the optimal roploii-

ish policy in a iiiulti-poriod environment with a portfolio contract combined by 

convex contracts mid spot market. Similarly, Fu ot al. (2006) design an optimal 
* 

portfolio of optimal contracts for a single-period portfolio procuromeiit probkmi , 

wluni (leinand is uncertain and prices are stochastic. Meiidelsoii and Tuiica (2007) 

propose an endogenous model of interaction betwooii a single supplier and mult i-

plo manufacturers where soiirciiig is done through a fixed price contract and spot 

procuroiiieiit, and describe the strategic interac tion amongst the playcis and its 

influence on the foniiiilatioii of fixcd-jM ictc contract and the supply chain efficiency. 
* 〜 

Socoiiiaiidi (2008) charac:terizc the optimal policy for storage of natural ga,s as a 

two price state variable (lci)en(leiit base stock levels. Yang and Xia (2008) study 

a coiitinuous-review acquisition problem, in which the raw material pi.icc，follows 

a discrete-state Markov process and demand is coiiipouiid Poissoii and show that 

an optimal policy is of the order-up-to type. Haksoz and Sesliadri (2009) study 

a procureinerit problem of a com modi ty producer who sells via a long-tciriii fixe 



} 
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pv'iv.v contract and spot ii'iarkot. They propose an opHiiial production policy and 

spot tradiiij]； policy in th (�pr rs rucx�of inoduction friction. 

As an ciiKM-giiig topic in this strcain, the opt imal procurrinciit policy under 

tho coiiibiiiatioii of quantity fl(�xibl(�contracts and spot iimi.k(，ts will discnssod 

ill (lotail hero. I3()US(T and Wu (2001) explicitly incorporate spot pr()(:iu.(�ui()iit 

into a quantity flexible loiig-tenii supply (contract in a fuel pi,()(:ur(mi(�m pi.oh-

Iciii. Tli(�y study the fuol pi.(>(.m.(�iii(�iit plainiiiig i)i.()bk�iii for (�k�(:tTi(.ity com pa-
* » 4 

iiics facing uncertain doiiiaiid and market price. D m � t o tlu; tciiiis ‘s(�t out in 

sucli a loiij^-trnii supply contract, the decision maker has the (luantity Hoxihil-

ity houiided by a miiiinimii annual coininitiiioiit and a maximum aiiiiiial com-
» 

initiiient. Spot procuroiiioiit is us(ul as an alternative source of supply to fulfil 

iiioiitlily (leiiiands. They first foniiulatr tlic optimal fuel procurcmoiit prohkmi as 

a multistage stochastic program. With the awareiiess of the difficulties in solv-

ing sudi a largc-scalc iiiultistagc stocluustic. program, they (Icvclop a two-phase 

(lynanik： liouristk; to formulate plans for optimal proc.uroiiioiit. Yi and Sclielkn*-

Woli. (2003) model procurciiiciit under two supply iiiodos wjieic ()ii(�is a regular 

supplier, and tho other is a spot market. The contract with the regular supplier 

si){K;ifies constrains on i^rocurciiient volume for o^acli period and a, predctcniiiiKKl 

price, while the spot market has uiiliinited supply hut a varying price. There is 

a setup cost when ciitoriiig into tho spot mai.k(�t. They show that tho optimal 

policy is similar to the classic (.s, S) policy. Soitli et al. (2004) formulate a multi-

period niodcl to study procurcniiciit strategy under a quantity flexible contract 

with spot market i)urchasing oppoi'tmiity. The (luaiitity flexible contract is very 

similar to a call option. Feng and Sethi (2008) invest igate a prociireniont prob-

lem with flexible contracts and spot iiiarkots. Tho Hcxiblc contract they coiisidor 

t 

I 
r 



CHAPTER 2 LitrniUirr Rrvirw 23 

contains a i)ii((�-()iily conlract for loiig-tei.iii order and an adjustiiuMit cont ract 

for sliort-tcnin orders. Th(;r(�exists a capacity on the adjust incMit (|uaiitity from 

t li(�supi)li(n\ Tli(\v (.<msi(l(�r two types of (•a])a(:ity ai rangeiiiciit: (k�di(:at.()(l capac-

ity and ovrrall capacity, and discuss THR optimal P I ( ) ( . U R ( � N I ( � N T st RATEGIC^s MIKI t LIO 

• criteria for capacity a Hoc at ions vvlion tli(�i(�- is no setup cost, for procuring IVoiii 

t lie si)()t market. Indcnfurt li and K()ll(�(2008) study a similar limit,i-pcriod pro-

curement problem wit h a ( apacity r(\sci vat,i()n cont ract in t ho pr(�s(m(.(�of spot, 

iimi.krt. Th(�y consider a simi)l(�r (H, S) policy wli(u.(�1.1 ic optiinal paraincUns can 

he (l(Tiv(Hl analytically. • 

Tho lit(Tatui.(�has not paid much at t(Mil ion to t li(，tiiii(�Hexihility provided by 

spot markets in procurcMiiciit (l(，dsioiis. In this ('.oiitcxt, Li and K()uv(»lis (1999) 

study supply contracts to satisfy a (Irtcniiiinistic (Iciiiaiid under prociiroiiieiit 

price uncert ainly, and (evaluate opt imal procuroinriit policies for t iiiuvflcxiblc and 

ti 1110-illfioxihlc coiitracts. They illustrates that ml(�(iimt(�ly struct iinnl risk-sharing 

contrac^ts provide opportunities for profit tlirougli soiircing from volatile; price 

(niviroiiiiKMits. 

< 

2.4 Comparison with Existing Literature 
» 

Our work in this thesis is to (-onskku. optimal procureiiioiit and iiivoiitory planiiing 

prol)lonis by iiic.orj)oi atiiig long-t(?riii supply contracts. More, w(! hriefiy company 

our work with the (existing literature. Moix; dot ailed discussions will (l(，f(�IT(!(l « 

to corresponding dmpU^rs. 

The first iiicxlel considered in Chapter 3 is nmiiily l)as(Kl on Sdf(Tt, cX al. (2004). 

In their work, tho spot pr()c-,uroiii(3iit is used to satisfy (!xc.(\ss (kniiand after doinaiid 

realizes, and the objective of buyer is to iniiiiiiii/(» t lie iiKiaii-variaiico of his 

ft 
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total cost. 11()W('V(M% ill our model, \vv. consider a more realist ic sit.uat ion in which 

l)uy(T pr(K.ur(�s th(� raw iiintxn ials Ixifon^ i\\v rcnli/at ion of (hniiaiid to luinimi'/c its 

(�xp(�(.t(，(l cost. Flirt li(M iii()i(% w(�analytically study how t h(�spot imirk(!t adncts 

t he policy |>amiii(�t(Ts. 

Tli(; second in()(i(�l in C'liMptcr 4 is an cxttnision of Fox (；! al. (2006) to u 

fiu(.tuat,(�(•-()st st,ni( tur(�（>v(，r tiinc. This flu(:tmit.(: cost s t r u c t u r � i s causcul by 

iiicorporat in^; 1 \\v pio(.ui.rin(�iit via spot inarkrl. MorcHmM', th(�coiil ract. provided 

by t ho coiitracl suppli(T sj)(M;ifi(!s a i)r<�-<l(!t(Tiiiinwl ininiinuiii (|iiaiit ity for 

|)(U'i()(i. \V(j identify crrt aiii iiionotonc i)rop(�rt i(�s when pri(:(，s IK丄w()(m periods 

ai.(�(le])cii(l(nit and follow i\ Markov procciss. This is didenMit IVoiii t lic (!xist iiiji； 

lit eral lire, which always assumes t he priccs h(;t,vv(;eii periods ar(; in(l�i>(�n<l(mt, wluui 

analyzing iiioiiotoiK* |)mp(Ttii，s. 

T l i (� th i rd inodd in C h a p t o 5 (^xtcnids t lici inodols in Basse)k and Anuphidi 

(1997) and Clioii and Krass (2001) to an (Miviroiiiiiciit wh(u.(，Ui(�i.(j is a spot inarkct 

with fliKttuato spot pricx .̂ riow(rv(u., in contrast to B^ussok and Aiiupiiidi (1997) 

and Chen and Krass (2001), in wliich the biiyor always fulfills Ihv. (toniiiiitiiKUil 

first, the incorporation of spot niarkot allows the 1 川y(�r to deafer soiiio coiiiiiiitiiKiiit 

to future poriods, aiul to p i o c u n � v i a the, spot mark(^t in curmit period. This 

makes the inohknii more intcin^stiiig. 

• End of chapter. 



Chapter 3 

Procurement Decision with a 

Forward Contract and Spot 

Market 

3.1 Introduction 

Tli(，purpose of t his (:lia])tcr is to st udy the optiiiinl pnx uroni(»iit st,nit<，gy in t he 

pi.()js(m(:(’ of tlic spot, iiiarkot. by iiic.()r])()ral iiig a forward in a t wo-period settling. A 

forward ('.ontract is an agi(K�iii(Mit. l)ct,w(;(m two part i(is to I川y or sdl an a,ss(;t at, M 

specified point of tiiiio in t,h(，iulure. In reality, huycus always sign Mich (•.oiit racts 

to fix t heir iii])UT i)ri(:(，s Ixifon; product ion l)c;j;ins. In t his (:hai)t(，I.’ w(； III(K1(，1 t hat 

huyoi. is a pi.i(:(�takor and is aim to clioosc^ an appropriate mix sUat<�^^y of 

forward buy and spot prociinniicnt, to iiiiiiiiiiizo l,h(； (!x|)(!(:t’（xl c.ost. Wv, (:()iisi(l(!r 

two (:as<，s, ill t he first ca.sc, t he biiyor is not allowed to msdl tlui raw iiiat(;rials 

hack to the .spot market, as in Mm,Hn(，z-(l(，-Alb(�niz and Sini(:hi-L(，vi (2005); and 

in s(Kt()ii(l, tliis r(\sl,ri(:ti()ii is rclax(?(l. • 

‘ • 25 
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Through our Miiiilysis, w(� f ind when 1 \\v buyer can not sell l)a(.k to 1 he spnl, 

niai kct, t licrc exist s a t hreshold Forward i)ri(:(>, under which t IK; buyer <Mit(M's t he 

lor ward cont ract. Th is 1 l ircshold is lower t.iiMii expect (K1 spot. i>ri(:(>. I'urt l icr-

iiiorc, l)()t li t lie I lircshold and 1 he opl iinnl order qufiiiUUos via forward coiit rnct, 

in(.n、a,s(、ill 1 he IIICMII ot" spol pricc, but (L(、(:r(、as(、in t.lu; var iabi l i ty of T he spot-

])ric.(；. llow(�v(T，when (he buyer can sell to Ui(’ s])()l. im"k<’t, lie sp(�(.ulat(，s iis-

in^ (lie forward conlract.. Thai is, if t he (�x|>r(:t.(:(l spot pricr is higher t haii 1 h(� 

contiMcl piicc, I ii(； buyer ordcis as much as possible via lor ward cont,ract.; ol licr-

vvis(\ li(、only procures (Voiii t h r spot niarkel. In hot h (:a,s(\s, th(! spot, VMi iahi l i ty 

benefits t.h() l)uy(”. in t he s(m‘sr (>f (，xi)(，(:t,(�(l tot al cost,. Thn n.'siills of our analysis 

( MIL IK; US(H1 by decision iiiakors l.O (l(",(U.iiiin(、Ui(、(IH'CHM of t IK; k(;y spot iiiarkdl, 

(tluu ac.tcrist icH on t.h(； opt imal si'/<，of t he forward cont ract and I.IK! coi n^spondiiig 

cost, MILD to (l(K:i(l(! how t,() Irikv. I.IK; advantage; of the; spot inarkciL 

This (:lmpt,(;r is organi/cul as follows. Sec t ion 3.2 i.(，vi()ws some rdat.rd lit.(;r-

atui (\ Sec t ion 3 .3 foniiulatc^s our nmt h(mm.t i(:al mode;! and dcn ivo lli(i opt i inn I 

procureinciit, policy. S e c t i o n 3 . 4 coiiduc-ts stochast ic comparisons. S e c t i o n 3 . 5 

(̂ x 1(51 ids thv. above iiuxlol to allow tlici l)uy(T to r(，sdl to tli(i spot, niarkcit.. And 

S e c t i o n 3.6 concli idos w i th discussion of s()iii(、(^xt.cnisions. 

3.2 Related Literature 

Our ci i r roi i t work is an <、xt,(msi(m of t he chussical ii(，wsv(，n(l(>r jMobkuii into a 

f luctuat ion (invironinont. Akel la ot al. (2()()2) and Sdi.(、rt. ol al. (2()(M) (，xt,(m(l 
• 

the; iK^wsvciidor i i i()( ld by incorporat ing a long-Uirin (tout ract supplier mi(l t he; 

spot mai,k(";. In the m()( ld of A k d l a et al. (2002), t in; l>uy(T is r isk- iuiutral 

and s(H;ks to i i i in i iu i /o its tota l oxpoctcKl cost. T lunr model lias two periods. 
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. In i)(M"i()(l 1， before S(M山ig l.hc (ICIIIMIHI, t.h(�l>uy(>r has to (l(K:i(l(i 1 UV capacity 

niscrvat ion l(>v(’l fVoiii t,h(； contrncl supplku.. And Iluui, dcMiiaiid r(;aliz(;s and has 

to IM: (illcd (•()iiii)l(M,('ly 1 lirou^li t in; coiitracl supplier or t lu; ‘spot, market. Tliorn 

is a iiiaxiiiiuiii ([uaiil ity t luil can Ix; procuiXKl from the spot iiiarkcl,. TIK; Miitliors 

show t hat a iiiix(�(l i)n>( ui.(�ni(�iit, st,rat(^gy coinprisiiiii, both t he l()iig-t,(�rni coiit iMC-t 

Mild the spot mfu.knt i>m(:un,iii(，nt is opt iiiial. In Soifnrt. (it, al. (2004), (IK; huy(T 

liMs 1 vv() options ol" pr<>(.ur(�m(,nt. Th(，first is n forward cont .met. with known 

hiad t iiiK^ and {ix(;(l unit, pricc. The scjc.ond option is to purcluusr (Voiii l.h() spot 

ni{irk(^t wit li n(�gligil)l(�lead-time and at. a stochastic spot, p r i c� . Tli(，objcct 

of 1 h(» buyer is to iiiiiiiini/c; I lie iiuian-variance of Uir t.ot.al cost . Tli(，y COIICIikIc 

that sigiiificaiit. profit, iinpnmuiKMits c.aii Ix; ac.liitivcKl if a (;(!rlaiii i)(u.(:(mt.ag(，of 

coiiiniodit i()s is pm(:川.(�(1 via t IK; spot iiiarkcl.. H()w(;v(�r, bot h thrsr two works 

M.ssuiiK； 1 h(； spot prociircinciil. is iis(，（l to ‘sat isfy (ixccss (l(”uaii(l af.t:(”.（l(”naii(l is 

realized, and only iiuiii(uic:al aiirilysis is COIKIUC.UKI to show how llic spot niark(;t 

{iffccts Uir ()])tiiii<il (hicision. Spiiiki (U a I. (2003) iij) a fraiiK^work, in wliic.li 

t.li(，buyer and tlio sdl(u’ aro to niaxiiiii'/(^ t.hdr (;xp(，(tal utility, for t lu; valuation 

of options cont ract.s wit h physical dolivory. In t lieii. work, tli(，spot mai.kot is also 

used to satisfy iiiiiiiot (l(mmu(l after (l(miaii(l nuili/cs. In ill is cliaptcr, w(； iiio(l()l n 

more nialistic. sit uation in which t he raw inalcu ials should \h) procured Ixiforci t he 

n^alizat.ioii of thv. (lomaiid. Furt.lioniion;, w(； analytically show how Ihv. ium.k(，t: 

paraiiiclcirs a J f e t I Iki i)ai.miid,(，rs of optimal policy. 

Our work is also r(!la,t(、（l to the; liUuatuni dealing wit h optiiiuil licdgci |)()li(:i<)s 

by futiin^s (SCO Holtliauscii (1979), LajKUi cl al. (191)1), Algluilil.li (2006), vlv..). 

Most of t:h(，s(，works focus on hedging t.li(，out put i)H(:(，unccrt aiiity by fussuiiiiiig 

all output can he sold to custoiiKirs. Tli(u,(，is no (l(uiiaii(l unc(nt,aiiity. Our iiiodol 
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\ 、 \ . 

(lillcrs froiii IIk^sc works. Mrsl., w(�coiisuhu- the IkhI^o of input pi.icr by lor ward 

(out ract wit h pliysK-nl (k'livcuy; and scutoiul, t IK; (l(�iimii(l is uiiccrl aiii, and may 
\ 、 

not 1)(�fully sat isn(，(l. 

\ \ \ 
3.3 Model Formulation \ 

- \ 

、、、 
VV(�coiisick；!" t he sit uat ion wli(n,(: n firm can (inter into a forward cont nicT； wilJi 

\ 、 

its suppliers at. 1 iiiic 0 lor t hr j川i.(’lui‘s(、of a (xu t ain aiiiouiit of raw iiiaUu ial for 、 、 

In lure producl ion. This forward conl ract makers (l(;liv(!ry at, t iiiic 1. TIkui, at 

t.iiiK； 1, accordiiifi； to t Ik; (:un(，iit. spot pi i(:(，r mikI his oii-liaiid iiivcnitory l(，vd，t’li(i 

buyer IKKKIS to ckicidc t li(，procurdiiieiit quant ii.y froiii the spot iiiarkct to adjust 

his l aw iiiai(!rial iiiv(mt.()iy. TIk^u, I Ik; pi.()(lu(;t‘i()n Ix^^ins and the (IciiiMiid r(;aliz(�‘s 

at, l-iiiKi 2. DqxMidin^ on l h(； i.dat ivc siz(，ol" (loiiiaiid, a holding cost / / ( " ) = = ( � " . � ， 

or a sliortago cost, "(//) = <v"— occurs. Tlir objective of th(，I川y(T is to cliooso an 

appropriates mix of loiig-tenii contracts and spot; buying to iiiiiiiniizc his (�}q)(»(:t,(�d 

cost. Without loss of g(»iirrali(,y, I I K ; (�X(:(，S‘S inventory is H S S U U H K I to bo discardcHl 
wit h o i i t any salvager value and all bac.kloggcHl (Iciiiaiid is lost afl(T thm) 2. T I k ) 

、 

decision j)r()(;(iss is illustratcxl in Figure 3.1. 

Kiit<!r into a l''<>rwar<l (*(>iilract (Jiihloiiuji l)”iriuii<l 

,丨 V 
1 1 1 > 

0 I 2 

St;iK<' I Stanr 2 

"Hivcry “I" tlio l.��rwjir<J floiitrm't 
Spfit l*ro< ur('iiMuit 

Figiin^ 3.1: Tw()-stag() (l()dsi()ii pi.occss 

t 

* r 
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Tli(�ii, t his piohl(”ii (tan IK; scpmatcd iiito two stag(^s. At first stagey tlu^ 

l)uy(;r (l(�(:i(l(�s 1 lie size of Ui(，forward contract, Q, wit h contract |)ri(:c c " , and 

t 1K;II, <\i t he l)(;j»;iiiniiig of iho sccond stage;, ait.(，r 11m Ibrward cont.ract is (Idivonnl 

and 1 lie spot imirkrt. prirr c mv<，als, t l)uy(”. should (l�(:i(L(�Uk�optiiiial inventory 

posit ion to maint ain to satisfy lut,m.(�(IcinaiKl. 

()tli(�r Mssuini)! ions a r ( � a s follows. TIK; (;uiiiulal.iv(； pmlmbilky (list rihution 

lunct ion and probability (l(;nsil.y In net ion for tlu; spot pric.c in time 2 arc assumed 

to !)(' (-)(() and "( ( ) on a posit iv() support, [Z, A/], “�spcct iv(�ly. Its mean is //,,.‘ W � 

fnrl.h(?r l(�t. r^ > Z and c , � > ""，wliich avoid thv. opt iiiiality of no procnirciiKMit.. 

The- (l(mmii(l (list ribul ion is assumed to iii(lq)(�n(k�iit, on tlu; spot prk :� . L(，t 

and 0(//) be 1 cuiimlaiivc pi.olmhility dist ribul-ioii fiuicHoii and probability 

density function for 1 IKI (l(�iimii(l (listril川Uoii. The l)iiy(;r is not allowed to sdl 
、 - _ _ 

to t,li(，spot mm.kot,, t hat is, t,h(，i)i.�s(m(:(，of sixunilalors is not, all(Av(’(l into our 

ni()(l(^l, which is (l()ul)tl(\ss a good proxy for indust rial iiiarkc^ts (s(、(； Spiiilcn- (�t, al. 

(2003)). The cas(，wli(m soiling is alh)w(，(l will b(，disciissod later. 

W() first, consider the. probkiiii for the S(K:()11(1 st,ag(\ The decision of the biiydr 

is to find the optimal inventory \vw,\ //，which is tlu; solution for I.IK; following 

I)i.()bl(，m: 
fiQ;c) = unnlcnQ + (" — Q)r-+ 厂⑷]， （:i.l) 

y>Q 

where L{y) = ./;广 仆 / + 广 " ( "一众 This is a classic news vendor * 

pi.obkuii. D(;n()tc Ss((') as tlio opt imal solution for the iion-ctoiistraiiit variat ion of 

the above model when tJio spot 丨)i.i(:() is c. 

Then, the optimal order (iiiantities are 

, � （()々)’ Q > . 

= . (3.2) 
、 (SS-CIQ), SS>Q， 

V , 
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\vli(n(�(js and f"; m,(�t h(，（>i(l(�i. (iuant.it,ios fioin th(，l.(>iwm.(l (:()iit lart, and MK; spot 

inarknt,, i,(，sp(，(.t,iv(，ly. 

Some results ahoul ihv proixut.ies of .S's arc as follows. 

Lemma 3.3.1 dancascs in c\ 

This is a (lii,(�(:t application of t,h(�iiows-vendor solution, which is intuitive. 

Thus, w(�can (iiid m r„ such t,liat .S'.,(r„) = Q. (r„ 二 hi or r„ 二 Z if is outsido 

l.h(�support.) Flirt,hcM iiioni, w(� lmv(� t he following result coiicoriiiiig ihv proixn t ios 

of t\ii) valiKi fiiiK-t ion. 

Lemma 3.3.2 / ( Q , r ) innv.asc.s in c and rmwax in Q. Moreover, f{Q,c) is 

concave in c for jixad Q. 

P r o o f . The opt imal valu(; imict imi …has t he following iorii i. i 

riiQ+L{Q). <• > O)； 
f{(l<-)= 

. c„Q + c(S,,(c) - Q) + M.S'.“。•))，r < ro. 
、 

Thus, Wiv. convex proixnty is siraighlJorward, w(，iKiglcct the detailed analysis 

and focus on the concavity of / ( Q , c) in (:. 

Note that when c > ^ ^ ^ 二 ()• When r, < r ( ,， ^ ^ 二 .S;(r:) - Q > 0 and 

丨 ) ' , ’ ' : ) < (). Flirt iKUiiion., = ^ U - j . The concavity is 

straightforward. • 

〜、、、、-This loiiiiiiy iiicaiis t.lin marginal value of Uin spot pricc (l(K:r(，ases as Uio spot 
、.--'〜. V 

imci) iiicrcaisc^, siiicd the biiyor cairhcdgc tlio spot iiiarkot. by nKliidiig the. order 

ciuaiitity tVoin it. 

Now w() move backward to the first st ag(\ Tho optimal decision is to clioosc; 

a suitable Q to minimi'"，the hiiycu's expoc.txHl cost,，thai, is, -
i i i iu7r (y ) = EJ(Clc). 
Q>o 

_ « 

• * 
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W(�lmv() t hn following r(，sult on 丨 liis opt imal 丨)r�l)l(”ii. 

Theorem 3.3.1 n{Q) is convex. The optimal size of fmward contract Q*, i's “ � 

follows: ‘ 

Qi. (11 < z； 

Q*, oUi.c.rwisc. 
\ 

where Q] is the soluHon to the followrnfj equation 

/•A/ 
/ (c + L'{Q)ync)dc + c„ - //, = (), (3.3) 

JrM) 

and Q* 二 m . � { � / / + L'{Q) = ()}. Fur"wrm.(m�IJ{Q*) < (). 

Proof. Th(�formulat ion of n{Q) is 
/ 

- /-A/ rMQ) 
7r{Q) = / / ( r "Q + r ( ,S:“ f : ) -⑶ + /小S.、⑷ 

•IroiQ) 

and its Hrst m.(l(�i. and second order condit ions an: 

/Y)、 /-A/ rruiQ) 
二 / ((.,, + lJ(Q))()(c)dc + / {cu — c)0(<¥r = (), and 

(^Q JcM) 
二 广(L'\Q))mdc > 0 

Thus, the convexity of (3.3) is obtaiiuxl. Lot. Q\ br UK�s(;hit,i(m to t he first order 

condition. Now, wc disc.uss the optimal policy by tli(�,f(>ll()whui； throe (:aM(，s， 

• Case 1: (." > /f'c — j : ” ( ( : — ( � ) � , ) • : . wiim卜g = ()，cn(Q) = Z + Cs from the -
< ' 

, f o r m of Ss{c). Thus, substitut ing Q = () into t lio first, order condition, w(； 

find cii = if Q] = (). As Q] (l(xtroasos in (proved in 

Lemma 3.4.2), wliicli implies Q] < () if ( ii > ”c — (f 一 (•s)0(c)dr, thus, • - * 
Q* = 0 in this c.a.sc. 

- 产 

• • 
« 
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/ 

• Casci 2: Cfi < Z. As in Case 1, substituting Q = Q^ into the first order « " " 

condit ion yields c " = Z if Q* 二（/】. Tlms, Q* = when cn < Z. 
i » 

- A, 
- • Case 3: Z < cu < He - J : � ( r - c^)0{c)d(\ In this (.as(、，Q\ exists forii (3.3). 

“ thus. Q* = g;. 

\\’e next prove h'(Q*) < 0. Define Q = m^^fjiZ + L'{Q) = 0}. Tlicn. siiico 

(LI > Z, w” lmv(，Q] < Q. And Z > (), so wo liavo L'{Q]) < 0. • 

This thoorein (•.harac:t(nizcs tho coiulitioiis when tho forward contract and the * 

spot market should or HIIOVIICI not bo used. It mainly a^ssociatt^s with th(�corn par-

isoii between the spot pik.c and t ho forward pii('(�. It also shows that 

the threshold forward price below which tlie buyer enters the (contract increases 

in the shortage pcnmlty cost c,. The optiinal forward contract size is finite. Thus, 

if the coiiiiiuKlity iiiarkot is risk-neutral, i.e., tho forward i^rk-c is ecjiial to the 

exp(K;ted spot price, tlieii the buyer docs not enter a forward contract. •� 

Remark 3 .3 .1 In this see:tion, we assume all unmet deinancl is lost. This as-
} 

.. sumption can be further relaxed, i.e., the cxccss (lomaiid can be satisficKl by the ^^^^ 

spot market. The analysis rorriaiiis aliiiost the same. : � 
V -• 

{ 

3.4 Stochastic Comparisons 
7 

Wc begin this section by reviewing some (Icfiriitions from the theory of stcxdiastic 

么 coiii})arisoiis. To avoid triviality, in the following part, we always assuiiio Z < 

('II < - f : / - CsMc)dc. 

‘ Define 

, ‘ rM • 
IF — /^c — / (c — cs)0{c)dc. 
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Then, //., iiieaiis the threshold forward price iiiidcr which the buyer is willing 

to enter tho forward contract. 

Def in i t ion 1 If A and B arc raiuloiii variables and E/( .4) < E / ( / i ) for all 

iiondcc Teasing functions f for which tlu; expect at ion exist. then A is stochastically 

siiiallor than IJ，i.e.. A <si /i. 

Def in i t ion 2 If A and " ai,(�raiidoiii variables and E / ( / l ) < E / ( / i ) for all 

(:oiiv(�x functions f for whicli the (expectation exist. then .4 is smaller than B 

according to the convex order, i.e., >4 B. � 

It can be shown that if /I < , , /i, then E(/l) < E(/ i ) : if .4 H. Mien 

.E(.4) = E ( " ) and Var(/1) < Var(/i) . ’ 

As discussed previously, B is the (iistributioii of the spot price c at time 1. 

� In this section, we concern what happens when the spot i)i,i(:(; is alt(T(�(l to c 
\ * 

with clistribution 6 . Denote hy tt* = maxQ 7r(Q)，n* = uiaxc^ 亓（Q) the optimal 

forward sizes corresponcling to (-) and (-)，msi)e(:tivcly. From L e m m a 3.3.2, we 

know that when c <st c, 7t(Q) < N(Q), and wlion c c, NIQ) > 亓(（力.Thus , 

. � we have the following result. 

L e m m a 3.4.1 If c <st c, then tt* £ 亓*. Finihennore, if c <cx c, then tt* 2 亓 . 

This lemma shows that stochastically larger spot price iiicrciLsos tho buyer's ‘ . • -

cost； This is intuitive. However, the second part implies that liigher price variabil-

ity always gives lower expected cost. For many commoir distributions iiichiding 

unifonn,' gaiiiiiia, Wcibull, lognoiiiral and l>eta distributions, Mullor and Stoyaii 

(2002) provide examples to identify an ordering of tlieir parameters that is eciiiiv-

aloiit to a convex order. Witliiii each of these families, if two distributions have 
t 

the same irieaii, then, the one with the smaller variance is smaller in the convex 

order. Thus, if the spot price is assumed to be Geoiiietri(" Browiiiaii motion, a 

4 
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large prico volatility benefits the buyer. This is inaiiily bccausc; thv buyer can 

hedge the i>H((�volatility by operationally controlling the iiivciitory. 

If c can \)c, (Iciioted in a form c = //,. + \vh(�r(�c is a randoin variahlo wit li 

inran 0 and variance 1. L(�t f.s CDF and PDF be 补)ami !/,(•), n�sp(�(:tivdy. Wo 

liavx* the.following result. 

Lemma 3.4.2 Q* decrmsts in r,,. Moreover. Q* and //., increase in /v. 

Proof. According to the first-ordor condition 3.3, lake its total derivative 

> with resi)e( t to c// and g(»t 

^ 广 L"{Cmc)dc=-l. 

Thus, Q* clccTeases in c//. For the second i)art, substituting c = //,. -f- a^s into 3.3 

and taking derivative with respect to /,。，w(�get 

‘ ^ / L"(Q)il>{E)de = 1 + — / 

The right-hand side of the above ec[uation is greater than 0 when paying attoiit ioii 

to the fact that M + L'{Q) > 0. Thus, Q* increases in //(’. Analogous analysis 

shows that //.，incroases in / /� . • 

This lemma tells us that the higher the expectc^d future spot price compared 

to tlie contract price is, the more the buyer procures via forward contract, and 

the higher the threshold forward price //,’，which means tlie buyer is more willing 

to use the forward buy. Again', thes(，results are intuitive. 

Lemma 3.4.3 If c c, then Q* > Q本，and /厂 > //.-. 

Proof. Define a new function g{c) as follows. 

c+L'iQ). c > Q){g)； “ 
r ; ( c , Q ) = < , 

. 0， c < co(Q). ‘ 
、 

\ 



CHAPTER 3 Optinml Policy with n Forward Coiitmrt 35 

Thru, (；((：, Q) is coiivox in c. Thus, when c <(.x for fixed Q. E,.ry(r, Q) < 

Q)- H()w()v(�i,, E(r/) = E(乙•)，thus, to insure E,..ry(r-. Q) — E " / ( � ) . \\v. 

have Q* > Q* since Q) iii( i,(�rts().s in Q. Thr ‘s(、（:oiid part can be aiialyzed 

similarly. • 

This Iciiiiiia is interesting as it imj^lics that a laig(； variable spot price (k?(-r(�as(�s 

botli the order ([uaiit ity via forward cont ract and the tliresliold forward pric.c //.,. 

‘ Thus, wc can fs(�c�that for a risk-iioutral decision maker who can not sell to t he 

spot market. the motivation to (�rit()r into tho forward contract is to h(�(lg(�tli(� 

volatility of the spot price, hut is to t ak(�advantages of lower forward price than 

th(�exi)(Ktte(l spot ])ri(:c\ 

3.5 Extension: When Reselling is Allowed 

In previous analysis, w(�assume the buyer can not resell raw materials to the spot 

market. Here, wc further ratciid thv. al)()ve analysis to the case when the l)uy(�r 

can sell to the spot market freely and other settings are the saiiio. 

In this case, the optimal problem is 

/ ( Q ; c ) = iiiiii[c//Q + {y - 厂(")] . (3.4) y 

And the optimal order (luaiitities are 

((“,…,）=(‘％-Q,Q), (3.5) 

where a negative value of r/., means selling to tho spot market. The optimal 

docisioii at tho first stage is to choosc an optimal Q to iiiiriimi/o the })iiyer's 

expect(^(1 cost, that is, 

iiiiii7ri(g) = E,./(Q,c). 

\V(�give the following result'concerning T^\(Q) without proof. 
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Theorem 3.5.1 7ri(Q)=(广“—fi,.)Q + E,.[r‘‘V“r) + L{S,,(c))]. Furtharniora, if 

c <c:r than t^\{Q) > 元i((«?). 

This tli(�m�(�m iiupli(�s that the optimal forward contract size only depends on 

c// — //(.. That is, if the buyer's oxixKttatioii on the spot pricc is liighcr than the 

contract ])rico, t lu; bviyer onh^rs as iiiiicli as i)()‘ssil)l(�l)y forward contract in tiiiic * 

1； otliorwiso, h(； orders via tlir spot inarkct only in tiiiio 2. Tims, wli(�ii the buyer 

is risk neutral and can fi.(K，ly sell to the spot iiiark(;t, he s])(K:ulHtcs to use tlu; 

forward cont ract. In this ease, the variability of the spot pdcc has no (^ftcct on 

the contract size. 

We define 

靖）二 t t (⑵-兀丨 (Q) 

to be the value of selling to the spot markcit WIKMI the buyer has Q forward 
〜 、 » 

contract on hand, and A(Q) he the (•.ouiitcr-party for j)ri(x; distribution c. We 

characterize; the property of A(Q) by the following i.(，siilt. 

Lemma 3.5.1 A(Q) increases and i.s convex. If c <cx then A(Q) < A(Q). 

Proof. A(Q) can bo fomuilatod as, 

I'M 
MQ) = / [lAQ) + r-Q — cS,{c) - l^s,,{c))]0(c)dc, 

-fcoiQ) � ^ 

Taking its first aiicl the second dcrivativo with rcsixjct to Q pi.ov(?s the first part. 

Now, dofiiie a new furic：tion ry(c) as follows. 

"((:，Q) = { 

Since Q — *S's(c) > 0 when c > co(Q), then, g{c, Q) is ( onvox in c. Thus, wlioii 

c <cx C, for fixed Q, Ecfj(c, Q) < E(.(j(c, Q). This pixm^s t he !S(K:OII(1 part. o 
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This lemma intuitivdy moans that th(，valu�of sdliiig to the spot iiiarkot is 

higher VVIKMI t h (�buye r has a size of forward coiit racl. Fuit h(TIN(>I,()，ihv 

iiunginal value of r(�sdliiig to t he spot iiiark(;t is also incn^asc^ in t lu; cont ract, size;. 

Wc also iiotr that [\u) value of i.(�‘sdling to tlir spot iiiarkct is when tlu; 

spot pricc is more variable. 

3.6 Summary 

The chapter sets up a model to study thv cfioct of tlir spot, mm k(�t and Uic forward 

contract on i)n>cur(mi(mt dcdsioiis in a tw()~p(u.i(Kl fraiiiowork. Tlu; ()l)j(K:tivc of 

tho buyor is to choose an appropriate mix stratogy of the forwmd buy and tho spot. 

pr()(:ur(�iii(mt, to iiiiniinize his c^xpcctxxl cost. W(； study tho procuromeiit stratogic^s 

for both situations iindcir which tho buy(u- can and can not sĉ li to th(，spot market, 

respoctivdy. Furthermore，we show analytically how tho spot iiiark(it paraiiK^tcus 

affcct the policy j)aram(jtors and how irmch the value of soiling to th(，spot‘ iiiark(»t-

is from the buyer's 丨)(，i.sp(�(:tiv(). 

As an (ixteiisioii of our iiiodol, future rosc^arch should take? the risk iiK^asurc 

into coiisidoration. Tlio (，xp(K:t.(�(l value critxn ioii us(�(l in this cliaptor is criticized 

for iK^glecting the oxtrcirio risk in the total cost, hecauso in n^ality, a snddoii big 

loss can bring the firm into bankrupt. Thus, pro(:iir(mi(nit st rat(^gi(is undor now 

objective functions incorporating (xutaiii risk critcrioiis, such â s iiKjaii-variaiico, 

CVaR, ctc,., should hv, more hdpfiil for buyers. 

• End of chapter. 



Chapter 4 

Optimal Inventory Policy With a 

Long-term Supplier and Spot 

Market 

4.1 Introduction ‘ 

The ol)jc(:tiv(: of this study is to analyz(； a pnx urriiKuit iiiodol by incorporating 

traditional contract, procunirnont with spot market operations. An (txmiiple of • 

our model is t lio proc ureiiient practice of iiicitals or iron ores. Esp(H:ially lor iron 

ores, it is woll-kiiowii that at tlio hogiiiiiiiig of (’a(:h yrar，tho iiiaiii ()n! solku's 

and iron pi.(Kiu(:(�i.s (mtxu, a loiig-tcnii contract that sjxK'.iHos thv. coiit ract pi.i(:(， 

and proc.iinurieiit c|uantiti(iK (luring that y(，m.. This contract, pricc is nrg()t/mt(;(l 

l)y these two pariti(\s with i,d.(u,(ma，to t,li(，cuirnuit spot‘ pric.o and t heir forecasts 

about iiia.rk(;t trends (wliicli is r(\siilt(;(l by estiiiiating fut ure (hmiaiid and supply). 
I 

Besides th(； long-tcnii contract, the l)uy(ns caii also adjust tluur (>r(\s’ iiivoiitory « 

all y(，ar around by prcKturiiig from the spot; iiiaikd . How(，v(�i.，t he spot, pricc is 
i 

< -

38 
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(l(�tmnin(�(l by market, lorc.cs thus is volat iki (lurhi^j^ that y(�ar. A snapsliot. of 

t h(，Cliin(^s(' iiiii)()rt,(Kl iron on; s])()l is illusl ral.od in F i g u r e 4.1, whil(� t he 

loiig-lcnii conl racl pricti during t his period is $1)1 p(”. TOIIIK; ficc.ordiiig to M(!t al 

Bulkit ill. 

VTcme ^ 
^ (CFR) S Toniie 
85 . J 

… . 80. ,、 、 」 〉 、 

65 \ ^ 广 

60 、^ ~ ‘ 
55 

- 叨(» Si c5 S S 5 ST" 

Dec Jan Feti Vay Apr May Jun July 

CFR Cost and Frsighf 

Figiin; 4.1:-Spot prictc lor ChiiKJso import ed iron om 

I 

spcicHically, wo analyzes situation in which t li(，lMiy(”，has two supply 

sources, immdy, the contract suppli(n- and ihv. spot iiim.k(�t,. WIKMI t he; l)uy(u. 

|)1()( nr(5s from tli(5 contract supplh”,，ho pays a fix(�(l pen- unit, cost but ikhkI to 

fulfill A iiiininmin (luaiit.ity (•oininit.iiiont � ( : h p(�H()d. H()w(，v(，r，whon IK; procmrs 

‘ froin spot iiiark(^T, ho IKHKIS to pay a fixcul S D up cost L)C‘si(l(，s T.lm spot I)I.i(:(，’ 

which is only known hoforo (mdi pi.(Kmi.(mi(mt.. Tlu; buytn- is not all(>w(，(l to sell t.h(， 

(^xc.css iiiv(mt (>i,y to tlir sjx)! iimrkd;，（lu(，to some c-oiistraint s assodatcd with i.ral-

world purchasing praclicos, such a,s cither contractual agrcHMiKnits t hai, restrict ihv. 

buyer U) mscll to 1 1 � spot niarkot, or operational liinitat.ioiis, r.g., tlio final form of 
‘ • 

the product supplied is custoini/cKl (sudi jus micro-chips). This typ(; of constraint, 

iini)lics that it is difficult or cost ly for tli() buyer to r(�sdl the iiuitcuials hack to 

iiiarkc^t. -

Through our analysis, we learn tlio following about t.lir huycM 's pi(>riii.(�iii(mt. 

• V 
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policy: 1) l,li(； opMinal policy i liat inininii/(\s the total discoinitcd pn>(:ur(nu(�iU, 

iiivcuit.ory costs consist s <>l t hr(M�didbnMit policies of (.s, .S') type: a standard bas(卜 

stock policy hy |)r(>(.ui inp; from t lir, cont,ract supplier; an (.s, S) policy by |)i (K:ui.iii只 

from t he spot.. inark(M; a }i,(ui{'rali/cHl (.s, S) policy in whicli l lnnc; is a 1 lin^sliold 

inventory l(�v(，l to switch l>(�t,w(�(m th(\s(i two supply sources; 2) tlu; policy parain-

(;t(MS (<�.g.，th(i r(u>i.(l(�i. point, tin* ordcn-up-lo \v,vv\) ai(，inonotoiiously changing 

wit h 1 he ‘spot pi.icr lor a Markov i)i i(:(�proc.c^ss wlnni it sal.islic^s a plaiisil)l(: 

Hssuiiipt ioii. Such a property iiHlu( (\s t.lu) <�xi‘st<m(:(! of t lir(�e spot ])ri(:(； rogioiis, 

each of which corn^spoiuls to m sprcific invcnitory policy. W(; also c-.oiKluct niiiiKM-

ic.al analysis to gain inoni insights into how 1 he spot inarkot, inipmrts t he; buyer 's 

pcrlbriiiaiic.c. 

Tho ixist of tho chapUu- is mgmdz(、（l ns follows, lii Sec t ion 4.2, i(;lat (!(l lilcra-

t.iuo is i.(�vi(�we<l. In Sec t ion 4.3, tho iii()(ld is fbrniulat.cd, and the corresponding' 

opt imal iiivontory policios and inoiiotoiic pi.oi>(Tt i(�s aro oxplonul. In Sec t ion 4.4, 

imiiKuical rxi)(Tiin(mt,s arc (:o"(lm:t(、(i. Tlui chapter is (:oii(:lu(l()(l with hmnarks iii 

Sec t ion 4.5. All proofs an^ iii(:lud(，(l in A p p e n d i x . 

4.2 Literature Review 

Tli(i litonituro iiK-orporating spot, inarkc^t. oixnatioii into long-Uu'in c-.oiitract pr(>-

(uroiiKiiit is (|uitc i.(;(:(mt,，MS pointed out, l)y Ilaksoz and S(\slia(lri (2007). S(�t,lii 

a.l. (2()()4) F o r m u l a n ninlt i-ix^rioll model to study prociinniicnt. st ratc^gy u u d � . a # 

qumiUt.y flexible coiiti act with spot iiiark(;t piirchrusing opimi.tuiiity. The; ((uaiitit.y 

flcxihlo contrax：!. is very similar to n call option. FcMig and Sd hi (2008) inv(nsti^fil,(! 

a procurciiKUit. probUnii by incorporat ing the spot iimikd. to discuss t IK; optimal 

procunuiKUit and capacity allocations st ral,(»gi(\s when thv. flexible; cont racts con-
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tMill <) pri((、一oiily cont lact lor long-term (>id(T aii(l an adjustiiKMil ((ml.rnc.t for 

sliort -tcnii orders. Our ( unriit. work also considers t,h(�opt iinal iiivdit.ory iiio(l(�l 

by iiicorporat inji, ‘spot iiiark(;l. ojXMat ion inl.o a l(mj;-U，mi cont rac.l. One (oat uixi 

of our m(Ml(�l is I h(�inclusion of a p(�ri()(lir minimal (>r(l(，r (|iunil ity (tout ract. 

Yi Mild Sclicllcr-Woir (2()(K{) is t he most, relevant to our iu(k1(�1. In t heir paper, 

th(�y aiialy/c M invcMitory pr(>l>l(;iii in which buyer can procure 

IVoiii hot li i\ cont ract sup|)li(T wit h a fixed oi,(l(�r cost and t hr. spot. iiuu.k(�t wit h 

a S(M ii|) cost in addit ion to a random (>nl()r cost.. is a ( apacity WIKMI 

procui iii^ IVoiii t he coiil i nci supplier. Tli(，y show t hat t li(，opt iinal policy is of 

ail (.s，S) stm(.t,ur�’ in which t,h(�（ml()i.-ii|>-to level IVoiii t,h(�（ (mtmd .supplirr is 

iiiv(!iit()ry (l(�i)�ml(mt. However, they do not sj)(K;ify what, this statc-dcpciKhuit, 

value should 1 ) 。 ， a n d Uioir analysis c.Jin not. hv. ( ， x t , ( ” K l � d to l\\v. cast! of lost-sales. 

Our HHKICI may Ixi r(�GAR(l(，(l as A sp(K:ial CMSC; of (.heir in(>(ld l>y rdaxiiig th(� 

capacity const raint,. H()w(，v(”.’ our work c.oiitains t wo significant (kipnrtiirrs from 

t lunrs. First., wc (1ml wit h the lost-sales (:as(，，whilo t lunrs (loes not allow lost-sales 

(i.(i.’ an extension to such a (•儿s(， in their fraiiK^work apjxiars unlikely, bccausc Ui(， 

valuo function is no loiigcir K-vxmvv.x in t his c.a.se). Sccoiid, although wc sm:i,ifi(:(: 

soiiio gciHuality in the capacity const raint, W(； obt ain a full characlcn i/atioii of t : h (�“ 

optimal policy. In tli(； Summary (Scclion 5) and Iho. Appendix , w(’ highlight, 

siicli a possible (ext ension of our curnMil. inodd. 

Wit hill th(� l i t eratiin^ considrriiig inventory problems in tlu? pnisonco of th(� 

•spot, market,，Fabian (�t al. (1959), t o ihv. best. oF our knowledge!, are t li(5 first, to 

pmsont a solut ion to (l("(，niiiii(' iiivontorios of raw iiiatci ial WIKMI ( IK; ])ric.(； of t his 

i M.w mat,dial fluc.( uat(\s (Voiii ixniod to period. KMlyiiion (1971) rurt h(�i- stiidirs an 

iiivoiitdry model in which future ])urdKLsiiig pric.es are (ICUUIIUIKKI L)y a Markov 
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l)r()(:(\ss and th(�i(, is a sot uj) cost for (�a(.li i)r(K:ui.(”ii(�iit. In Ihc^sc two papers, -

the a I It liors conducl inonotoiu; analysis when pi.k:(�‘s l>(�t‘w(,(m periods m.(，iiuhv 

jKMidcMit. Ki叩snm" (1969) and Ciolabi (1985) considcM- opt iiiial iiivcuit.ory policies 

with stocliMst ic i)ri(.(�|mH (�ss, nnglî i;il)l(�s(，t,u|> cost, and (l()t:midnist,i(: hut vnriahlc 

(Icinaiul. Ma|!,ir()u (19cS2) considers m similar model with a more g(�ii(u.al settiiiji； . 

wlunxi thr price proccss is Markov and Uic (|uanl.iti('s can also Ixi sold to th(i spot, 

iiifu.krt . The pai>(�rs dealing wit h inoiiotoiKi proport irs when prices arr geiunnl 

Markov pi,(>(:(�ss an; f(�w. Yang and Xia (2009) st.udy a (:<mtiim()us-n�vi(�w acciiiisi-

t ion i)ml)l(”n, in whi('li UH�(Iciiiaiid disl ributioii is coiiipoimd Poissoii, and prove? 

t lie ()i)t iiuality of a policy of onUu-up-to typo. Tli(;y ickniUfy s(mi(�coiKlitioiis 

uii(l(;r which t he onkn-up-to l(�vds (l(u i.(�a,s(，in t he spot pricc. S(，(:(mmmli (2009) 

(•.()nsi(l(;rs an optimal (:(>miii()(lity t rax ling prohlriii with r.apacihitcd storage^ and 

shows t hat, t he optiiiml l>as(�-st,<>(:k t argots docn^aso in t\\v spot. pi,ir(，uiulrr (:(�i t aiii 

fUSsuHiptioiis. lIow(�vcr, in Ui(\s(�papers, spot, iiuu'kot is the only prociiroiiioiit 

source. The long-term contracts, csp(K:ially (|iiaiitity flexible c.ont rac.ts, arci not, 

(:oiisi(l(�i.(�(l. . 

Qmiiitity (•.oiiuiiitiiioiil. contracts with flcxihilitios m.(，fbriiially first aiialy/cul 

l)y Aiiui)iii(li (1993). In his work, t.lio decision iimk(u. iiiak(»s a (•.oiniiiilinciit, to 

purc.luisc cert ain qmuit it i(，s in each jxn iod of the i)lainiiiig horizon； The coiiiniit-

iiirnt. (luaiitity in any givni pcniod is allowed to adjust, within soiiu; ])r(vsi)(H:ifir(l 

limits and Uir l>iiy(，r is iiot, allowed to u])(la.t() (•.oiniiiil.IIK^nts for futur(�pci.i-

(KIS. Ainipiiidi and Akolla (1993) iiivostigatc^ a HiiiUvhorizoii i)ori()(Ii(； coiniiiitnioiit 

in()(l(»l wit h M rosi)()iis(i t ime to tho adjustinoiit s in t ho onhn- qua,lit ity. Anupiiifli 

. and Bassok (1998) provide a general rraiiuiwork for t h (�s tudy of supply contrac t s 

and pn̂ scMit a brief ov(，rvi(，w of supply contrax-ts with (|uaiitit.y coiniiiitiiKMits. 
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ll()w(、v(，r, t li(\s(> lit.(、mt im、ignon^s (.lie spot inarkrt. , 

Th(�cliaract cri'/al ion of our m()(l(�l is r(�lat.(�(l to t lu�lit cu al urn of p(u.io(li(.-mvi(�w 

inventory problcMiis with stochastic (leiiiaiid, which lmv(i extensively stud-

ied {v.^.. Scarf {1962), Vtniiolt (19()G), PorKnis (1971), Wang (2001), Fox al. 

(2006)). \lvvv w(� (lisciiss those most i.(�l(rvfiiit, to ours. PortcMis (1971) aiialy/(is 

iiiv(>nt()iy � ( K i d s wit h <m(�supplier wit h concave onUn- costs, and shows tlic opl i-

iiiality ()!' n g(�n(�raliz()(l (.s, .S') policy whrii tlui (Uniiaiid distrihut ion is a (m(�-‘si(lc(l 

l)olya (list rihiit ion. Portcus (1972) ext.(Mits t li(�n^sults to Ihv uniform clcinaiul dis-

trihut ion. Although both pa pens (l(’al with the. siiigk; supplk”- ease, it. can bo (lasily 

(，xU�ii(l�(l to th(； iinilt山)1(�suppliers case in which suppli(Ts luiv�（賺uxmt liiu^ar 

and sct uj) costs. Fox (U, al. (2006) (.(>iisi(l(u. M lost sale, but one that is cxteiidabk^ 

to A hack-order, inventory pi.(>hl(�m in which the huy(u. fac.cs two supply S(HU.( : (�S: 

one with a higliri. variahk? cost l)ut: no s(，t up cost: and one with both va i iabk�and ^ 

sr tup cost s. Thoy i)r(>v(�that a siiiiplihcul form of a (,s，S) policy is 

optimal when the (Inisity function of (leiiiand distrihut ioii is log-coiic.avc;. Miiiiun-

(2003) gives an (extensive review on tlio iimlti-supplior i)ro(mr(mi(uit. liUnaturo. 

ll()w(�v(u.，variabk^ order c.osts in all the alxm^ iiioclols ai.(，（Idrniiiiiistic. 

Our work (^xtoiids thv. results in Fox d. al. (200(3) to a fiuc.tuatiiig cost (mvi-

roiiiiKuit. Ill particular, w(，allow tlio variahk^ cost, of the scc.ond supply sourer to 

1)0 uncertain - to follow t,li(�spot m a r k ( 化 . w c . go fui.t li(u. and ident ify 

suflicuuit conditions (sco A s s u m p t i o n 4.3.2 in Soc.tioii 3.2) on tlio Markov spot 

prico i)r()(:css, iiiidor which the policy paraiuotcMs arc iiioiiotoiio with i.(，sp(�ct to 

l.lio spot, pi ica Wit h t,h(，s(，rofiiiciiHUits, wc arc able to i(l(�iitiiy three si)()t. pricc 

iiit(n-vals, within which a s])0(:ilic polic.y api)li(\s. Tliis is a significant ciiliaiic-einciil 

to Fox (化 al. (2006) mid Yi and S(tlioll(;r-W()lf (2003). 
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4.3 Model Formulation 

The s(�t.t,iii^^ of our imxld can \H) (U^scrilxnl as follows. A buyer iiiaiiagc^s his 
• 

raw malarial iiiv(�i“.(>ry for a Mnit.(�hori/on to sat isfy iinc(M taiii custoiiKT (Icinaiid. 

There a n � N JXM'iods during t.li(�jilaniiiiig liorizon. Tli(，(UUIIMIKI occurs in each 

j)(Mi()(l and tlie l>uy(�i. can only replenish his iiivcuitory at tho l)rgiiiniug of 

t hat ixn iod. iii(l(�x the p(�ii()ds in a backward tVushioii, i.e., period n means that： 

t h(�i.(�m.(�?/ jxM iods Mi. Tli(�i.(�m.c two supply sources during the i)laiiuiiig horizon: 

a contract supplku. and a s])()(. inarkc;!.. Whcui the buyer procums froiii the, c-ontract 

sui)i)licr, a fixed unit pricc r , , is diai,g(�(l and a pixxkMci iiiiiKHl iiiiiiiiiiiini (luaiitity 

I)” for (，ach period n must- bo coiiiiiiitted. When lu; procures IVoiii the spot 

iiiarkoi, a spot, pricc plus a. fixed setup cost.八’is cliargcHl. Such sd up cost, 

includes transportation, pajxuwork, iiisi)(x:t,i()ii cost, (，t(:. However, those costs 

m.(�negligible when pi.()(mi.iiis from the contract suppliers Ixntaiiso in i)ra(:ti(:(、， 

the Hiipi)li(ns pi.()vi(l(，(tcrtaiii coiisigiiiiioiit stock program to sav(，on these costs 

(h t tp : / /www. ta l ly i iK^ ta l . co i i i / 1a 1 ly3.ht,inl). 

assiuno tho (leiiiands in (liffcreiit jKuiods axe iii(l(，peii(l(uit‘ and idcnitic.ally 

(listril)ul.(Hl wit h ciiiniilativo ((l(msi’y) distribiition <I>(() and t he spot, pric.o 

follows a Markov ])i()('.ess. The Markov i)r()p(u.ty of the spot i)ri(:c is a roasoii-

ahlc ri.ssinii])ti()ii, bccaiisc tho coiiiplotc niarkc^t hypothesis widely accepted in 

the Hiiaiicial literature gnaraiit.o(^s that tho ciirroiit. spot i)ricc coiitaiiis all mar-

ket. iiiforiiiatioii t ill now. Spec.ifictally, in our im)dd, tho dist ribut ioii of the spot 

pri('.(), (k，i)(mds on tho sj)()t. prkxi (•„+1 with probability distribution function 

and (hiiisity fuiic.tioii iiic.orporation of the stochastic 

pricc proccss into inventory problems re])re.s{nits one major (loi)artiiro from Fox 

ct al. (2006). � 
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Th(�s(�(iu(�u(:(�oi'(�v(mt s in cncli jKu iod is as follows. At. t lu; hcgiiiiiiiig of prriod 

".，t h(i hnyvv first ohscM vos his on-liand iimMit.ory \C,VQ\ and thv, ‘spot. i>ri(:(，r.,, 

belong ()r(l(�ring. Th(�ii，ai.t (�r lulfilling t lio commit U)(l (jiunit ity / � , , h n d(K:i(l(\s 

which supply s(mi.r(, to proc.un; tVoiii and iii what additional (ju ant ity (if any). 
I 

W(; assuiiKi })()tli (>r(l(�is arrives iinin(KUat(�ly, i.e., t h(�k，a(l-t im(，‘s for both supply 

sourccs iwv, /(TO. L(;t. Ix! (he oii-hand iiivinitory aft,(�i, on lens arrives (The 

n^siilts ill scKiud ii(，v(�rt,hcl(�ss hold as long a,s t he load-tinias lor t hese t wo typ(�s of 

re])l(niishiiiriit- arc ihv. sam(), and in t his (•儿so, ：/:„ should hv the iiw(�’nt.(ny position 

at. the hogiiiiiiiig of jxii iod ".) Then, (loiiiand n^alizcs, and (loponding on its sizo, 

(�x(:(�ss iiivoiitory u is t;ak(ui (>v(，i, to the next, i)(u.i()(l with a holding cost //("), or 

uiisatisHcHl (loinaiid u is lost, wit h a shortages cost /;(//). In this dmptei•，w() assuiiu^ 

//(") and p{u) to t,ak(，the linear form, i.e., " ( " ) 二 (./iU+, /,(") = c^u". Moreover, 

> c//, wliic.li ml(，s out the trivial (遍、in which t he buyer d()(，s not buy from 

t lie contract TIK; iussiiiiipt.ion of linear lioldiiig/sliortagr cost is (toiiiiiioii 

ill the literature, the relaxation of wliicdi will also b(，(lisc.iisscHl in A p p e n d i x . 

Without loss of g(niorality, wc assuiiK^ the excess iuvcnitory is discankxl without, 

any siilvag(，value at the cud of the planning hori/on. 

A s s u m p t i o n 4.3 .1 The contract supplier fias no capacity Hunt. 
t 

This fussmiiption is in ado lor VAXSV of exposition, tlio relaxation of which will 

rosult. in additional complexity in l)otli notation and optimal policy s tnict i in� . 

This will be dis(mss(xl in thv. Summary . 

Do^Kiie /,,(:/、,，) to ho t lui miiiiiiiuiii cxpcxttod (lisc.ouiited cost of iiiaiiagiiig 
• 

inventory ov(u. ixn iods n, n —'1, • • •，1，starting with the iiivoiitory l(w(�l :/:„ and 

the spol. pri('o f v As iiioiit ioiuul (�mli(u.，/(>(:/•(,,"<)) 二（). ‘ 

* 
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Let 

roo roc 
声 (人卜山力,，(.,,）=L{y,,) + a[ / /,, —i((/A, - 0十 . r k M O外 (4.1) 

be the c()st-t()-g() fnnctioii, which is a suiiiiiiatioii of th() cxpe(.t(xl holding aiicl 

shortage cost in the current period n and the opt iinal (�xp()(:t"(、（l di‘s(:ouiit(�(l cost 

ovor the next " — 1 periods, where 厂("„) = ./;广[/>>(",,—《）+ fi(fjn —()]")(《)"《， 

and a is the discount factor (0 < a < 1). Then, tho g(�n(，ral (lyiiaiiiic (�quatioii 

governing the 77-porio(I i)r()blciii is . 

• 产 

. . - ft,(而"(•”) = mill { Jl (xj, , c„), J I, {xu, c-,,)}, (4.2) 

. w h e r e . -

'hX^'n^(-n) = LLIILL [K^ilh - -rn — Pv) + -工n，厂")丨)u + I ( / A , , ) . 
Y’I>XN+/)U 

‘ ‘ (4.3) 
» 

山 A 工”，(:n) = . m in [c"(2/ , , ""X„)+、 (7„_ i("„，c„) l， • ‘ . (4.4) 
YN>XN+PN 

and 6(2) == 1 if : � 0 ， ； 0 otherwise. Note tliat c„) corresponds 
* » 

to ca‘s() in which the buyer jHocurcs from the spot market after fulfilling the 
f # 

^ miniriml commitment size, wliile 力 ( ' o n . e s p o i ^ l s to th(!'(:as(i in which the 

buyer procures only from tlio contract supplier. 
• ‘ , 

Before ending this section, wo introduce several definitions that will be used 

i l a t e r . ' ‘ 

Def in i t ion 1 A function g(x) is quasi-convex if (/(A.t+(1—A)/y) < max{//(.T), (j{ij)} 

for all X, y G H and A € [()，1]. ‘ ’ 

Def in i t ion 2 A function (j{x) is K-cmivex if for any x < y and 入 G [0,1], 
； \ ‘ 

+ (1 - \)y) < X<j(x) + (1 - X)(fj{y) 士 K). 



/ 

CHAPTER 4 Inventory PoUcics with a Loiif^-tcnn Contmct 47 

Def in i t ion 3 A (list ribut ion F is stromjly un'nnodal if F is coiitiiiiious and its 

density f is log-coiicavo. That is. for any A G [0, I], 

If a distribution function is strongly uiiiiiiodal, tlioii." its convolution with a 

([Ufisi-coiivcx fmict ion i)r(�:scrv(»s the (luasi-coiivcx pr()i)(;rty (Dhariiiadhikari and 

.Ioag-(icv (1988)). In our work, to oiisuro the tra(;tal)ility of our iiiodol, we assume . 

the (kaiiaiid (Iistributioii to i)0 strongly iiiiimodal, as in Fox et al. (2006). Most of 

the coiiiiiioiily seen (loinand distributions belong to the class of strongly iiiiiinoclal 

(listrihutioiis, e.g., the iionnal distribution, ox])()iioiitial (Iistributioii, and uiiiforiii 

(Iistributioii. , 

111 tiic following analysis, we first prove that the optimal iiivciitory policy con-

sists of tliix^o different polices of (.s, .S') type. Then, we identify certain conditions 

oil the ])rico j)rocess, iincler which there are inoiiotonc properties between the 

policy parameters and the spot price. To simplify the not at ion, we drop the 

subscript n of .T„ and /y„ wlieii no confusion arises. 

4.3.1 Optimal Inventory Policy 

For of analysis, vvc first derive structured results by sotting /)„ = () for all "， 

and we later show that the incorporation of iion-zcro I ' s does not change the 
一 * 

structure of the optimal policy traiisforniatioii (sec R e m a r k 4.3.1) . 

Define 

{cu) = arg iiiiii{r://(/y - x) + (//, c„)}， 
y>x . 

‘SY，„(c„) = max arg miii{c„(// — x) + (7„_i(//，（:,,）}， and 
y>x . 

fiL,n{(hi) = iiiax{argiiiiii{r|c„7- + (/„—i(r，c„) = + —i � , ， , , ） + A'}}. 
r 
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Note that .S'//„(r;„) is a miniini/or to the unconstiMiiit prohkim of (4); „(c„) 

is a iiiiiiiniizcr to tho uiiconstrainccl problem of ⑶；and ,,（r„) is the m)i(l()r 

point to the uncoiist raiiiod problem ()f (3). Furth(;riiiorc, .S'//.„(<"„) > ()• Tlies(i an^ 

proven 1 ill A p p e n d i x L e m m a A 3 and L e m m a A4) . Tlieii, the optimal 

policy for J n i x , c„) is a base-stock policy with an ordor-up-to level ‘S，//.„((.„), and 

tluit for ,/山.,。,,）is an (.、‘厂’”⑷,policy. 

Iiit\iitively, w(�can image that when the ‘spot price r;„ is higher t haii the con-

tract price c//, the buyer should p r o c u n � f r o m thr contract supi)lier by adopting 

a l)as(vsto(:k policy with an order-up-to lovel Wluni <?„ is l()w()i, than C//. 

the buyer should trade off between the cost saved by pi,()(:iii.iiig at a lower spot 

price and the setup cost K saved by procuring from tlie contract supplier. Thus, 

to characterize tlie optimal policy, for r:„ < r:,,，wc further define tlu; following 

value: 

( � _ l< + <vSY’„(c.,,) + (7，„一1 (�/;’„(。„)“•”）- (://'S’//，„(f,„) - 6'„-i(.S'//,„((•„),(•„) 

(4.5) 

Then, .So,n(<"n) is the tliroshokl iiivtuitory level at which there is no difteroiicd on 

the costs hotwocn spot market prociiroirient and contract supplier procunniioiit. 

This is because, when initial inventory level is .So，„(c„), the cost by procuring from 

the spot market at < c " , K + c„(‘V/�,,(c„) — .So’,,(c„)) + (/„-丨(‘V,一,(�„),c„)，is 

equal to that from the contract supplier, Cn(Sii^u(('ti) ~~ + (<"»)• 

For siiiiplidty, wo drop the time subscript n out of .So,«(<''»). .Sf”,t(/:n), {('n) 

and Sn^u[(-n) and svipi)mss tlioir (lepoiideiice on , i.e., w(» writ(^ thoiii as s….s/, 

Sl and .S'//, r(，spt�ctivdy. With tlie assistance of thoso values, w(? can obtain the 
a 

. following theorem coiiceniiiig the optimal inventory policy for the wliole planning 

horizon. 

c 
) 
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Theorem 4.3.1 r;„) is l\ -convcx in x and (""�;•’�•) > —c". Furthcrrn.(mi. 

tfie optinKil invrjitoTij policy is (mr of the followiiuj tinrx' types, dcpc/tidimj on the 

IhTcsfwld Vdlaa��,. 

(a) If ( � > Cii or s„ < 0. the buyer pTor/ums froiii tha contract supplier with a 

base-stock policy of an order-up-to lfiv(d S". 

(h) If < ( II and .s^ > S"，tfia buyer procures from the sjjot market with an 

(、•/,，、'/」policy. 

(c) Otherwise (cn < ('H (md 0 < < Su), an ( . v .S'//”S'/J policy is optiniaL 

, i.e., the buyer ordars up-to .S'/,(> Su) from the spot rnavkei if x < .s。，or 

up-to Su frorn the contract supplier otherwise. 

An illustration of the optinml iiiveiitory policy is dc^pictccl in Figure 4.2. N()t(� 

that v^heii c„ < <?//，the line with slop(i —c丨丨 is midcr the, gi.apli of _i (x, ) 

with a tangent point .S'//, and the lino with slope —c„ starts from th(i inner of 

the gmph of (x, c；,) with .S'/. > Su, thus, have < Si, Furt hmii(m，， 

SO and SL are on the same side of S". Then, for Figure 4.2(a), i.e., H() < 0 or 

c„ > c//， the cost hy procuring from the spot market is always higher t han thai 

hy the contract supplier for any x > 0，thus, it is optimal to order up-to Su from 

the contract supplier if x < Su, or order nothing ot herwise. For Figure 4.2(b), 

i.e., > Su, tho? cost by procuring from the sjmt iiiarkc^t is always lower than 

that by the contract supplier for any x > (), thus, it is opt iiiuil t o oi^cu' iip-to .S^ * 

from the spot iriarkot if x < or order nothing otherwise. For Figure 4.2(c), 

i.e., 0 < < »S'//, thv, cost hy procuring from the spot riiark(^t is higlior than that, 

from the; contract siipplioi. for 0 < x < s(” and lo\v(，r than that from the contract 

supplier for x > .s�, thus, it is optimal to order up-to SiX> ,S'//) ii'oiii the spot 
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“ lias卜sl.ock policy “ (•s/.,.S'/-) policy («"’.""’ .S'/J policy 
^ Hlo|)«>=r —r// \ Sl<)|)('= -(‘11 ^ Slf»|)<!= -t.ll 

sl()|)<;=： J ^yA ) I ‘ sl<i|M，= — f.,, J 

• • • . . . • . • • 

； • • ； • , . ： . • • I ^ 

fii.Sn Sî  J- .S'//.So.s/, .s'/, ：,： So-s/̂ .S'// .S'/̂  r 

(a) (•„ > r" or .s,, < 0 (I)) r„ < r" mi(l .s„ > .S'// (c) f„ c' r" and 0 < h“ < ‘S’� 

Fi|2;\ire 4.2: An illustration of t lie optimal iiivoiitory policy 

iiiarkot if x < .s(” or up-t() S " from t lio cont ract supplier if “ < x < Sn, or ()i-(l()i. 

nothing otluirwiso. 

The proof of this th(M)i.(uii is similar to the comiliupart of Fox (�t. al. (2000). 

However, wc II(H，(1 to oxtoiid thdr analysis to handle tlio iiiicertaiii variable^ costs 

(s(;(； Remark 4.5.1 in Appendix). 

All iiituitivo result assodatcxl with i)n)(:ui,()iii(mt ((iiaiitities when tlK^n; is no 

(liffcroii(:(i ill tlio costs by procuring from th(，s(i two soiircxis is giv(”i as follows. 

‘ Corollary 4.3.1 In any period n, if < cn, then S/) — < . < .S'/.— 

This lornrna says tlmt when x = s,,, i.e., when tluno is no (liffoi.(m(:(，in buying 

from th(\S(； t wo .sour(;(\s, the quantity bought from t he; cont ract supplku' is always 

loss than that from tlu; spot market. 

Remark 4.3.1 The analysis al)()v(，is conduct wl under tii(�rLssuiiiption t hat — 

‘ 0. When /)„ ^ 0, wc. (lofiiio a luiw state variabki = j�, + J)’, with state transition 

equation 卜！ 二 — €)+ + " " - I WIKTC; "„ > 二As the values of .s/,, ‘V/,, .S'// and 

.So (Iqxmd only on the; spot price in p(u.i()(l n, the whol(; pr(K:(，diu.(�abovr can 

he rcpli(:at(Kl and (^sscnitially the saiiK^ optimal iimnilory policy structure can be 
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ohtaiiKHl. 

4.3.2 Monotone Properties and Bounds 

According to thn al>()v<�analysis, th(�optimal inventory i)()li<:y is ouv of tlir tlir(M� 

polices of (.s, S) t,y|)(�. H(”.(、，w(�arc iiitrrcst cul in how t,li(，choicĉ  of tJi(�s(�t.lir(、(： 

I)()lic;ics (IcjxMids oil thv spot price in each jxniod ai'tx r̂ the spot j)ric.o has been 

realized. For coiiipulational purposes, w(�would likr to obtain the boiuids for .s、， 

.s_/” SL and Sii MS w(，ll. 

This s(i(;t,i()ii is organized as follows. First,, wv. (�x|)l()r(，t nioiiotoiK； pr()i)(u't,i(\s 

of .s/广 Sl�Su and s^, with r(�.si)(，ct to spot pricc r„ if th(，pricti proc.css follows a * 

goiKual Markov procc^ss t hai, satisfies cm.taiii coiidil ions. By applyiiiji； t he inono-

toiio ])r()i)crtics, \v(�identify three pi icxi iiit(M'vals, within cadi of which a ‘sp(�(:ific 

iiiv(mtoiy policy Mi)])lies. Filially, w(? develop the l(>\v(�i-aiKl-ui)p(T bounds of Su 

and Si,. 

f 
Monotone Properties 

For a g(niora.l Markov pric.c j)r()(;(;ss, w(�can writ(̂  the n^latioiiship of ])ric.(is h(，tw()(m 

two periods in t lu; following form: 

‘ � - I = / / (广”） +V / ( " ” ) 二 

H(u.(，，£ is a random variabk^ defined on [—/I, ”], witli a mean of /a，i(), variaiKx; 

of oiKi, (listrihulioii function of 中（e)’ and prohahility (huisity funct ion of if(e). 

Il(('r,) Mild V(('-,,) aro two positive functions t hat stand for t li(�moan and st andard 

ck^viatioii of tho spot priro in period n — 1，i,(，‘sp()(iivdy，d(，i>(ni(liiig on spot 

l)ri(x) ill p(Tio(l ?/,. Assuiiu; f:„_i > 0 for all e, i.(；., A < inin,. This form of 
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price ])i()( (\ss is g(�ii(�i.al, (�.g., t he Browniaii Mot ion typ(�pr(K:<�sscs belong to t his 

fori 11 (s(Mi CJil)S()n nnd Schvvarl / (1990), Sell wart/ (1!)97)). 

Before f.urt hrr MiiMly/ing th(� monotone propcrl i(;s, we iiiakc ( lie (ollowiiiji, hs-

suiiipt ion on //(。•）and V{c). Tliis assiiinpt ioii i>i.()i>o.s(�s a su(li( i(Mit, coiidit ion lor 

(l(Tiving 1 he nionotonc i>r<)i)(�rt i<!‘s of policy pnraiiHM.ors. 

A s s u m p t i o n 4.3.2 H'{<:) + > 0 for cach e, and (\ ll'(r) < 1. 

Th(�first i)ai l of t his assunii)t ion iiicaiis that. lli(’ sjx)!, price ("or ihv n(，xt p(Ti(>(l 

stochasl ic iiicrcasrs in t h(�curnMil spot prirc. That is, n lii^licr currciit, spot 

is more likdy to k^ad to high(�i. pricx^s for t h (�nex t jxiriod. This coiHlitioii is 

(;()iisist(Mit wit h t IK，(tontiimity projxn t.y in Yaii^ and Xia (2()(M)). (Tli(�stocluhsl ic 

incix^asiiij]； prop(�i.ty can bo v(Tifi(Kl ns Follows. Let 广„ and r„ be two pri(:(，s sucli 

(hat Cj, > r„, and L(»t IF MI id ¥ IK; tin; (list rihutioii fuiict ions lor L.lu; II(，xt ixniod 

pricx; r„_i, (:()n(，si)(>ii(liiig to f � , and mspcctivdy. For any c > 0, vjv. find 

( a n d ^ which satisfy (• — //(r„) + V{('n)^ and r = II(r„) + Thus, 

ll(?n) + V{cnK = r = H{ru) + > / / ( r„) + which follows IVoin 

// '(c) + V'{c)e > (). Tluiii, 1 > which kuids to ¥{(•) = ^1/(0 < 屮(f)= 
H 〜 

F(r;). This implies tiie stocluLstic, incn^asiiig pi-()p(ut‘y.) Thv, s()(:mi(l part of t his 

- a.ssiiiiiptioii indicates t hat t IK* change of (�xi>(，(:t(�(l discounted i>rir(; lor t li(�next 

l)(�i,i(Kl’ iiidiiccd l)y th(，ciirniiit |)ric,o cliaiigc, is j(，ss than thai, of 1 IK; (:un.(�nt. 

l)i i('(，. The serially iiKk^pnidoiit pri(:<，})r()(-c;ss and tlir G(M>iiid ri(: Browiiiaii Motion 

j)r()(:(^ss with iKJgativc prk.(�drif t satisfy this assiiiiiption. However, tin; IIK^HII-

rcvdrting pricc i>r(>( (，ss and t he GcMHiiet ric Browiiian Mot,ions wit h posit ive，pri(:(! 

drifts do not sat isfy tli(； socoiid part of this a.ssmnpt i()u (‘s(，(、St̂ coiiiaiKli (2009)). 

« 
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Now, w(� i i i ">()s (�Assumpt ion 4.3.2 in tli<�rest oC this sect ion, and Irt 

( I ) / � " " ( : ' : ’ "） ( 2 ) / � " " ( : R， "） , (12 ) / � �•之！八'丄，Y) 
"()(二// = r:——， / / - ) ( . / : , " ) = - — — find / / '(.r, //) = —：―r:, 

():r ()!j ()x()jj 

. ‘ (.'!.(;) 

(or a ̂ (MK'iJil riiiict ion //(:/;, /y) wil h (wo variahlrs in our nnfilysis. 

'Vhb lollovvinji, Icniina pmvi(l(�s m rrsuH on how thr iiuirjj;iiial vmIuc of iiiil.ial on-

hand inv(Mit()ry cliMiigcjs wit li U I ( � s p o t , price vvIKMI applyiniJ, l li(�opi iiiial inventory 

policy. ‘ 

Le in ina 4 .3 .1 For :r > (). /„(:/;, incrcjiscs rii c,, and ///^(.r, r„) / s no 11. - i 11 civ a s /11 ij 

ill r„ ； furUwjiiiont, ./;(/ 2)(:/:’ > — 1. 

This Iciiiiiia has nii imim，(rm1,(�iiitcrpn^tat ion: t lie iiiargiiiMl value of initial 

• oil-hand inventory in n lii^li spot, pi icr (’nvii.oniii(�i“ is ^r(;at(;i- 1 liaii t hat, in a low 

price (MivironiiKMit, i.e., iiiMr^iiial valiU! of init ial on-haiid iiivcuitory iiicn^ascs 

• in spot. i)ri( (\ II(>w(，v(u‘，t lir iimi^^iiml value dm叩(，s at, a slower rate I liaii t ho 

spot i)i i(:�. 

With the aid of Lci i i ina 4.3.1, wo obtain t‘h(，following t heorem (.xmrcniin只 

l,li(? iiioiiotoiK* proixnl Ĥ s. 

T h e o r e m 4.3.2 Policy pamnicUirs ‘S',” .s丄 and .s(, arc n<yii-innrasin!i in. r" . ‘S',, 

is non-dccTcashuj in r „. 
• I 

\Wv. furllKU- (ldiu(，t-vvo throsliold pri<:(�,s M.S follows: 

‘ ：二 nmx{ar‘‘,. = .S'//,()}, 
‘ • (zl.7) 

K ：二 a rg� ,{ . sy=()} . 

• T1I(�S(5 ( WO values wdl (icfiiKul luK^ausc of the. iioii-iiK n^asiiif； proixn ty of 

— Su and wit h i.(�fsi)(，(•丄 to spot pricc;. Th(, clioicc of t lû  iiivcnilory policy, 
r 

(l(»I)(Mi(liiî  oil tli(�spot, prici；, can h(�（.lmni(:t,(Ti'/(Hl by t lollowiiii^ t hcorciiL 

‘ ； 
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T h e o r e m ,4.3.3 If. holds thai 0 < "二 < < (.". and furl.lu'rmmr, 

(h) If (•„ > />*. (I. h(is('-sf,()ck policy to p'mnm' frmn the coidract suirplicr wiih an 

order-tip-io l.cccl. S" is op It nidi. 

(d) If Cj, < (1*1, un (.s/,, .S'/J policy to p'rocurc froiii l.lir spot nidrkcf, is opiinuil. 

((.)OUicrurisc. i.e., (i: < c„ < /,二. an ( � ” .S'"，,S'/J ts opitiiidl. 

T l “ � r ( � s u h in 1 liis Ilicorcin can 1>(� i l luslrated l>y F i g u r e 4 .3 . That is, in 

• (vicli |)(>ri()(l, w ( � c a n (livi(l(�I\iv spot pricc .st’;it(�into three r(�gi(ms, (�a(.h of which 

(.(>iT(�sp‘m<ls to a policy of (.s, .S') type w(�discussed prrviously. 

(.s/,, Si, ) |>uliry (.�,’ .S’//’ .S'/,) policy Hiusi'-slock policy 
1 1 -o-

I’:, <•„ 

‘1.3: C'hoicc ol" t’h(! ()])liiiial policy by t spot. pri(:(� 

R e n u i r k 4 . 3 . 2 In Fox ()t al. (2()0()), r„ 二 a n d r,, < r , , . now(，v(n., w(、（ aii 
A. 

still (Idim! a : and h* t.hat ( oi.mspoiid to certain c„ valiK^s. T h e o r e m 3 lurt lirr 

• roHiios Ui(，st.rucl.urcd result, of Fox (� t al. (2()()(>) by sixicifyiiig l lm thn^sholds 

vvli('r(Mii oiKi of ihv. t l im; polict^s applies. 

Int uitively, t‘li(�i(，should (ixist. a threshold |>ri(:(�/>„, (l(�p(mdiiig on the initial 

inventory l(�v(’l :/•’ siic.li 1 hat t lie, l)iiycr should switch l>dw(K�u t he cont racl, supplier 

and Ihv spot, iiim krt, .u'cording to t‘li(�（.m.mit. spot pricc;. Th i s is st nU�(l in t he 

following I(Miinia. 

L e i i i i n a 4 . 3 . 2 In. any period //，there, is a tjircsliold pri.cc /,„(:/:) G [(i*,, h^]. which 

(lacrc.ascs in :/:，such thai Uut buyv.r should procurc from the coidract supplirr if 

> p"(:t:}，or the spot viarkcl oUi.c.rwisc. 
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In M(l(lit ion, 1 his l(�iuiim iiidicalcs 1 luU. win mi t lie on-liniid iiivcMitory is hi 沙(T， 

tlic t lircsliold price 1 luit I\iv buyer j>r(>(.iir(�s IVoin l l i (�spot, niarkrt is lower. HKMI , 

in each juM iod, when lli(�s|)()t price ( haii以、s IVoiu low to high, 1 \iv buyer swit(.li(�s 

IVoiii t h ( � s p o t market wil h o r d d - u p - t o l<�v(�l .S'/. t he cont racl. si ipplirr wit h 

()r(l(M-u|)-l() level ‘S'//. 

B o u n d s o n .S'/ a n d .S'// 

W(�（l(�fim' 1 Ik* viilu(�s ,S' and S as follows: 

. /•>•(,.) = a r^ mil l( / . ( / / ) -f- [r - <\('ii]!j}, 
！/ 

l L = a r^ mill{/.{//) -f r / / / /}. 
‘ // 

Tli(�l<)W('r-Mii(l-ui)|)(U- ))()un(ls of .S'/. aii(l S u for (»<u h i>(�rio(l can 1>(�（.hm,art,(Ti'/(�(l 

by t he Ibllowing r(�sult’. 

L e i 11 I l i a 4 . 3 . 3 In any period n , if c,, < r " . we have ^ < Su < S•‘ < 

D i s c u s s i o n o f A s s i i i i i p t i o n 4 . 3 . 2 

T l i ( � a h o v r analysis in t his siH-.tion has r s on A s s u i n p t i o i i 4 . 3 . 2 . If it, is not. met , 
F 

t,li(�()])t iinal policy niny no loii^cM' oxllibit iiioiiotonic pi(>i)(”.U(，‘s. \NV (Uniionsl raU^ 

this point, hy M count(M' (�xa川pl(，，vvliicli wil l 1)(�(Jct aihul in F i g u r e 4 . 6 in the luixt. 

section. ’ 

4.4 Numerical Illustration 

In l.liis srcUoii，w(�conduct an (�x會（5iisiv(5 iiiiiiHM ical analysis to provide ( |ualitat ivc 

insight s t ha t may IK; iisofiil in appl ia i t imis. T(> siiiiplUy t.li(�MUM lysis, w ( � a s s u i n o 

llio iiiiniiiniin coininitiiKUit I ) to 1>(�same for all /, i.(、.，I) = /,(/• = 1 N). 
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N(�v(Tt l“�l(�ss, (li{i"(M(Mit /),，s can also l><�iiirorponUed. In part k.ular, wv first, show 

tli(�iii()iu)l.()ii(» |>m|>(�i.l i(�s w(�()l)t aiiKul mi(l<�r I he condil ion ( A s s u m p t i o n 4 . 3 . 2 ) 

\v(�pr(>vi(l(�(l previously. AHrrwards , w(� invest t he iinpm t.s of UK�sjx)!. pi.i(:(� 

volatility, t l i ( � s p o t i>rir(�dril ' t , and t l i (�con l ract price r " on t . h (�huy tn ' s jkm lor-

nmiK.r. 

Tlic spot, pricc iis(�d in our inuiKM icnl miuilysis follows a (Icoiiicl l ic Un)Wiiian 

Mot ion, which is loniiulalcd as 

(Ici — <•“"11 + (irrdw 卜 

wh(�m is a st cUidard Wirn(T |M (>r(�ss. Act.ually, more coiimiodity pri(..(�i)m(:(�ss(�.s 

can he iiicorporaU^d into our model to analyze varying imu.krt. condit ions. Such 

|)ric,(» ])r<)(T(?SS(*S AN�widely S(HMI in iiiuincial lit.(�rat ui.(，(（、.只.，Hull (2()()())), and I IUMT 

paraiiKMcM's (r,^. , // and a ) can 1)(�est imated from m i l (lata. 
» 

* Wc lirsl, (liscicUzr, l.hr cont inuous C B M piocass by 1 he (Cox-Hoss-Hubiiistciii) 

biiioniial ivcv. iiiotJiod. T h a t is, w(，assuiiKi (he p i o m s s of is a marl iiigalc 

under the risk-iuMit ral pi.olmhility, mid t h(’ risk-iuMit ral iiit(�r(�st. rate, is zero (I his is 
i 

lor simplicity as a noii-ztuo iiit.(u(�st. ra i ,� luus no impact, on 1.1 û  following analysis), 

“and w() (livido (川(�jxMiod into k stM îjcs (tliiis, t . l i(�r(�mv, N k stagers during:; tli(� 

planning horixoii). T h ( � C H H iikkIoI t li(�u [(ills us t hat t J m n � m ( � t w o p i i ( : (�s ta tes 
> 

ill Ui() iK x̂t ( a n d (,"，(Icpoiidiiig on (lir spot pric.c, (,，in t,l…（.un.(�nt 

stfi)!;(\ Tlic rclat ioiisliips l>d,\v(，()ii lli(，j•；(�valu(�s as Ibllovvs: 

(:u = and 二 r 洽 — ( 1 . 8 ) 

Th(，i)i'()l)al)ilit,i(^s ass()(.iat(，(l with tlu^so two stat’(，s, p„ and p,/, a n � 

> � 

n 
1 — Wk-

D>" = " z : r : z r 謹1 fl),/ = 1 - Pu-
('TUT — (' Nk 
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Thus, such (lis(T(�t’iiig appmxiiuatioii indicates that only 1 he i>ri((�volatility 

allccls Vhv ui)\var(l and down ward i)rol>al)ilit y. 

Tli(�i>arfii"(�t(Ts of our lm.s(�m�( l(� l an� l i s t (� ( l in T a b l e 4.1. Otluns m. (�as 

follows: A- = 1 (vvliich is in fact without loss pi" {^(Micralitv). ihv, initial iiiv(!iit(>iv 
( ‘ ‘ 

at tli(�Ix^^iiiiiin^ of the planning horizon is 0 and Ui(�discount ("act (\ = 0.8. 

Tal>l(�1.1: l)?muii(�trrs set t ings 

Normal Disl. Sho r t e r Cost = 30 

Dcinaiid Disl ribut ion //,/=5() Cost l)m,(�m(�t(�r S("ui> Cost A' = 200 

(7,1 = 10 ‘ Holding Cost = 8 

Initial |>ri((�(•‘�二 lU Miii-Comin"m<�iil f ) = 0 
4 

l)ri('(�Process (GBM) ” = —0.3 Coiitract Price r " 二 1「） 

a = 0.5 NuiiilxM- of Periods N = H 
1 

It is iiKuiniiigriil (,() discuss t he s(M t iiigs of soino of 1 ho i>ai'aiii(�t(�ns h(u.(�. As \v(� 

can iVoiii F i g u r e 4.1, t li() spot pri( ( � l o r iron ore in Deceiiihor 2008 was about 

$7()/T()1iikn while tli(�loiig-ttn'iii c.oiit ract. pi. i((�was $91/Tonne. ]Vl<)i.(�()v(u•，it is 

(estimated that t h() av(u,ag(�spot i>ii(:(�for iron oni during .lanuary-.Iuly 2009 is 
/ 

$58.G4/T()iiii(^ (s(M，htt.p://www.m(�tal-i>ag(�‘s.(.(mi/ii()ws/stm,y/3(i9r2/). To r(�fl(�(.t 

this ri^lat s(talc, wv. set = 15, (.n — 10 and // = —0.3 iii our iiuiii(�ri(:al 

analysis. N(�v(�itli(�l(�ss，llio r(� lat , iv(�valu(�of cn and (:n will vary in siil)S(K|uciit 

(ixpri.hmmts, wliic.li in(.lu(l(�s t h(�ccusc- lor r,, < r " as woll. ‘ 

Tin; iiionotoiic proi)(�rti(�‘s l>(U.w(�(�ii t,h(� policy paraiii(�t()rs and t ho spot. iMi(:(� 
* 4 

of our L)a,s(�III(>(l(�l m.(�illust rated in F i g u r e 4.4. T1K\V arc (:(>iisisl.(�iit‘ wit h our 

previous n^slilts. , 

In t h(�following sc(.t i(ms，\v(�aimlyz(�th(�di'(�(.t. of t ho various parninctors ol'oiir 
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Figure 4.-1: All (�xaiupl(�of iiioiiotoiir pi.opri.tios 

model (i.(、.，contract ])i i( c, nmik(�t, volat ility, and pi.ico (li ift.) on t p(�H.oi.iimii(.(� 

of t h(�l)uy(;r. 

4.4.1 The effect of contract price, market volatility and 

drift 

111 this part., wo aimly'/(�t,h(» (;ff(x:t ol" the contract pi.icr and thci spot. mmk(，t 

paraiiK^tors, i.(、.，the volatility and tli(» pr ic (�dr i f t , on Uk; buyer's p(，i.f(>niimK.(、， 

which is iiK)a‘sui.(ul by his ininiiiiuiii (�xp(x:t(Hl cost. In doing so, w(，vai.y Ui<�valur 

of a ill [0, i] and t he value of in [5, 15] for t li(�ii(�gat iv() drift cnso (or [10, 20 

for ihv. positive�clrift case) with t he other parainotors imdmiijz;(�(i. The result ing 

pcM foriiiauc.c is shown in F i g u r e 4.5. 

It is int uitive to s(Hi that t h(�liigh(T the cont ract pi.i(:(�is, t IK�liigh(�i, t,li(�buyer's 

cost is. Il(nv(�v(T，it. is int(T(�sUng to iiotx^ that F i g u r e 4 .5 indicatas that the 

hnycu 's ixuibnnaiicc improves as t h(�volatil i ty of t lio spot iiuii.k(，t iiicnnusos. This 

l)hcii()in(Mi()n can hn cxi)laiii(ul as follows. First, wh(�ii t l i (�volati l i ty incrcasos, 

the buy(u. can ojxMatioiially juljust. his iiivoiitory level to h(，(lgc the piicc move-
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Ki幻ii(�4.5: Efl.rr.t, of r , , on ihv l)iiy(T，s discouiitcd (�xp(K:t()(l cost,. 

iiKMits. Srcoiul, t IK�coiit rac.t. supplier provides a lic(lgiii«»; iiuH;haiiisiii (o UK�spot. 

prices VVIKMI tli(�y ar(i highor t h a n th(�c .o i i t rac t pri(:(\ T h u s , t,h(�L)iiy(u. prclors a 
t 

more volatile spot nmrk(� t il" h(�(‘sli(、）has a iiiiiiiiiiuiii (•(>mmit.iii(�iit, c.oiit ract wil li 

a imulotoniiiiuHl contract, price. 

T h e (»Ii"o(:t of t h r price dr i f t (m the buyer ' s (�xp(，(:t,(�(l discount (xl (,(>st. is iiituil ivr: 

a posit ive pricto drift a lways rc»sults in a liighcn' cost, for ihv buyer , and a pi icc 

proc.css with a liiglitT drift iiicnnusc^s t he (^xpcct cnl prociirciiKMit, quant ity IVoin t h(� 

cont rac t supplier . 

Finally, w(，show an example; in which A s s u m p t i o n 4 . 3 . 2 is not met , and 

I ho monot one inojxn t ios may no longer hold. In Figure 4.6，t he pi.ia�process 

, follows a. Gooiiicitric Browiiiaii Mot ion with t he initial price c n = 1 ( N = 8 ) and 

// = 2.13, and w(�show t l i (�vahic of Su in the HFlh jHuiod (i.e., p(�i.iod 3). This 

is a Croinot ric Browniaii Motion wit h a posit ive i) i . ic(�drift t h a t docs not. sa t isfy 

A s s u m p t i o n 4.3.2. 
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Figure 4.(3: A ('.oiinter examplo for oixku.-up-to Icvds S“ in p(Tio(l 3 

4.5 Summary 
• 

111 this (•hai)t(;r, wc? consider the problem of procureiiKnit when the l)uy(，r facc^s 

a loiig-toriii contract siii)plicr and a spot iiiarkot. \Nv. prove that a nxlucecl gen-

eralized (.s, S) policy is optimal for the buyer. Fiirthoniiorc, wc identify certain 
� 

conditions, under which the iiioiiotoiie properties of the various policy paraiiK— 

ters oxist vvhon tlio prico procc^ss follows a Markov Then, wc analyze� 

how the market environment and contract parariietcrs impact the ixirforinaiicc 

of the buyer through a numerical oxperiiiieiit. wc find that the buyer pi.ef(�i.s a 

more volatile eiiviroiiinciit as the contract sui)j)licr i)rovi(le.s a nat ural hedge for 

the higher future spot pricc. 

, Our current research is just a prcliiiiiiiary work on the inventory policy in t he 

presence of the spot market. More extensions can l)e in ado to this model. One 
extension can be generalizing our model to (••onsider that the contract ‘supplier • � 

provides a total iiiiriiiiiuiii coiiimitincnt contract for the i)laiiuiiig horizon (s(、(， 

\ 
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Bassok and Anupiiidi (1997). Ch(m and Krass ^{2003)). In our cmnnit model. 

wo only assuiiic a i)ir(l()t(�niiiu(�(l iniiiinnini i>nK-iir(�iiK�iit (luaiitity for each period 

(luring th(�planning!； horizon. 
A * 

Allot 1ku' possible extension is to (onsidor both a minimum (ommit (luaiitity 

and a maximum capacity lor tii(�l)uy(u. to proctiirc from tho suppliri. in cacli period, 

i.(、.，\v(�can relax A s s u m p t i o n 4.3 .1 hy introducing a capacity, Î unx- which limit s 

t he iiiaxiiiiuiii qimii t i ty t he buying firm can or(l(u. f rom thv conl ract supplku, in 

(�a(:li period. Tlii.s is important as knowing that the buyer will take advaiita|!;(�of" 

t s ] ) ( ) l marke t and t h(! loii^^-torni coiitractt, t he contract supplim, may s(�t, lowcir-

aiid-uppor hounds so t hat t ho buyer's ability to "exploit" the cont ract su])i)lier 

is restrained. \V() c-.oiijcctuiT a modified (,s, S) policy to l)(».()])tiiiial. Specifically. 

tho on lor-up-to level from the contract ‘supplk”. should he the iiiiiiiiiiril valuo of 

two values. One is an iiiv(�iit()ry-iii(l(�i)cm(iciit lcv(�l and tlu; ()tlK�i, is thv. orckn-up-

to k，v(�l by. procuring all capacity from the contrac t supplier. H ( )W()V(T , to verify 

formally the optiiiiality of such a policy entails a di fib rent approadi. To illustrate, 

consider the case whcni c// < c„ in ])cri()(l n. Due to the capacity constraint, the 

ftrin may also buy from the spot market after the contract capacity has IHMMI 

exhausted y(，t the iiivoiitory l(，vd is too low. This leads to tlu^ failure of tho 

condition > — c// for the u(，w value function /„(:z% This is a significant 

(le])aiture from our curn^iit model. Novertliclcss, froiii the current analysis, w(� 

(:oiij('(!t iire that a modified (.s, policy is optimal and the ()r(ier-ui)-t() l(’v(�l from 

tho ('.out ract siipplku, should he tho iiiiiiiinal value of two vahu^s: an inveiitory- ‘ 

iii(l(�l)(�ii(k�nt lovol and the oi.dcr-up-to lovol by pi.ocuiiiij; all capacity from tho 

contract siipplku.. These are all higliliglitod in U i ( � A p p e n d i x (sĉ e Remark 
f 

4.5.3). However, the fail mo of tho condition just montioiied results in the failure ‘ 
b 
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of thr, /\'-(()iiv('xity of tlie cost- to-go func t ion for the l()st-sal(?s model . Such an 

( � x t ( � u s i ( � is allot li(T (lir(;(.t ion for our f i i tu r r rcsc^arch. 
‘ > 

i 
t 
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Appendix: Proofs and Remarks 
111 th is s(K t ion, the following nota t ion will 1)(» used: / „ ( c , ) 二 ,c：,,). 

广 〜 

and 川„(:) = /•,,(:) + " / / : . 

\ \ ’ (�a lways Hssiiiiio 1 he part ia l /corss part ial (l(n.ivativ(;s (;xi‘st for all fiiiictioiis 

ill our iiiodcl, (� . s . . /„(；/', Th i s is m a d e for simplicity and is l)as(�(l 

on the fact t hat t l i m ) a n � a t most a Hnito iiuiiilxM's of points without (loi.ivatives. 

At those points , t h ( � d e r i v a t i v e is lak(ni to h r \hv iiiaxiiiiuiii v a l u ( � w i t h i n t h (� r i gh t 

and In ft (l(?iival ives. And t he jmrt ia l /corss (l(;i.ivatjv(，s of tli(\s(； funct i(Mis with two 

variablos is (l(�iiot(�(l by t he same way as (4.6). To rdl(�(:t th(�（lq)(m(l(�ii(:(; of policy 

paraiiK^tors on thv, spot, pricc, we r(�‘stoi,(，tho nota t ion .s/, Si^ and .S'// to its 

m.igiiml form, i.(、.，.Sr)’"�.�•/—"(广,,)，�'/,’„(",,) and ‘、/，"("")，i.�si)(�(:tiv(^. 

We ii(K、（l tlio next four leinnias to p r o p a n � t h e proof of T h e o r e m 1. L e m m a 

A l is a t(，diiii(:al r(\sult to provide Hi(，（ioiiditioii under which a cont inuous loft-

liiujar oxj)aiisioii of a 八-convex funct ion is /\ '-convex. L e m m a A 3 mikI L e m m a 

A 4 ar(，about tlie op t ima l j^olicios for the. ()u(» period op t imal invcritoiy prohloms, 

.///(:/:, r-„) and r()spc(:Hv(�ly. 

L e m m a A l Suppose f ( x ) is K-convcx on [a,/)] (b ran he infinite). Given d < a 

(d can be. iiafjative infimta), dafbic, (j{:r) as 

c(x — a) + / ( a ) , X € [r7, a ) ; 
. " ( J . )= 

. / ( . t ) , . / ; e ["，/)].， 
\ 

wkera c is a constant. Than, (j(x) is K-amvcx if 

- + (4.9) 
k{c) — a 
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ii)hnc k{c) IS the. niaxiniuni valur (uti.oiuj thr. optniial points of iniii [—":/:+ /'(:/;). 

As a spccial ease, if c < /'(./;) i . then, "(:/.) is K-convrx in [r/, h . 

P r o o f : The (�xi.st rn( ( � o f h{c) for any c is jz;imnuiU�c(l by t h(�/v-coiivcxit y ol" 

It is obvious that (j{x) is 八 '-(:om'(，x WIKMI if is r(�sUi(.t(�d on 1 lui n^gioiis " ) 

or [a. h]. Thus. w(�only show for any d < ；/： < (j < ij < /)，"(A:/; + (1 — A)/y) < 

A " ( . / : ) + ( l - A ) ( " ( / y ) + /、 ') ‘ 

If a.7； + (1 — A)" e [","), 

fj(X.r + (1 - A)//) = c{X:i: + (1 — A)" - a) + J (a) 

< A"(:/;) + (1 - A)("(") + K) + (1 - X){f{a) + c{ij - a) - / ( " ) — /�） 

< Ary(x-) + (丨— X ) ( f j ( y ) - l<(I - \){y - " , ) ( . " " ) " � - — 
V -“ 

< Ary(:/:) + (l-A)(ry(/y) + A'). 

TluHast i u(，q u a l i t y h ( > l ( l s s i n c ( � ^ M ^ 2 八 二 二 ” ⑷ ) > 丨；？⑷ > 

If A.T + ( 1 - X)y e M l , 

ry(A./:+(l-A)/y) 二 / ( A . T + ( 1 - A ) " ) $ + ( 1 - A ^ ^ ) ( / ( / / ) +八‘） 

� V — (I V —“ 

< Xfj(:r) + (1 - X){fj{y) + A ) + + K - / � - (:(!j - " ) ] 
！J 一 “ 

二 t 

Thus, the first result obt aiiKKl. VVIkui c £ |,:一" i , r < 几 � For all 

y G [0, OG). Thus, •(/(:/:) is 八 ' - ( : ( ) i i v (�x . • 

L e m m a A2 Suppose /„(：/', c；,) is K -convc/x in x and r-；,) > 一广"on. [0, + O G ) , 

then, /.,,(二) is K-comwx in z (m II. FmilKtnnorc, ('u \ \) K-rotwax in y 

on 
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P r o o f : Since /„ (•'/., r,,) is K-cxmvv.x in ./;, f„(z, r„) is K-vimvvx in : on [(), +oc). 

Furl li(Tiii()rr, " ( : ) —。•厂广 Z , ( ' : " . " ) " “ . " I i)"广„ , is /\'-convex in : and " ' ( : ) > 

—Cu on [(), +OC). Th(�u, 
f 

"(:)+ "/,:，c G [(),+OC); 
. 〜(:）= 

U(0) — r.sC, ()t h(’i.wis(*. 
V 

Thus, /.,,(:) is colli,iiiuous on /\'-convex on [(), oo) and (hu-nuiscs in .r on ( —oc, 0). 

， And — ( � < —Cu < , w(�t hr id .on�s(� r / . , , ( : ) sat,isfks t.h('(:(m(lH i(>ii 

of Le in ina A l . H<�ii(.('，r„{z) is A'-coiivcix, and so is ( ; , � ! [ ( . , " \) = Iv/ (/y — (). • 

/ I \ 

Leinina A3 Suppose, /„_ | {.r, r„_ |) satisjias /„_.|{.7", <"„_|) > —r" on [0, +oo), 

then,, mj,{z) is (fiuisi-convex and following sijujlc, [H'/riod piohlcm. 

Jii(x,r„) = iiiiii{^://{/y - x) + C；,,., (/y, r„)} 

has a hasc-stock policy with order-up-to level .S'//,»<(<"»/) > ()• Furi.kc'nnom, -Ju(x, c,,) 
\ 

hi K-convex in x and '//(/！)(:/:, r„) > —r" on II. 

P r o o f : W(; hav(； . 
y 

+ (HZ + (J(z), z > 0; 
—f、： + + "(())’ ： < (). 

• � 

wh(�i.(，"(:/:) is (lefiiKul as t.liat in Lemma A2. As / , ( /—)丨(:/;".,卜丨）> —r" WIhmi 

.7； > ()，w(! II'{z) > —Cu for c > (). Th(m， /"„(:) is cont inuous on " ’ (l('(:r(;a,s(\s 

- o n ( - 0 0 , ()] and iiic.r(;a.s(!s on (0, +oc). Thus, /",,(:) is (|mi‘si-(:(mv(�x wit h inininiuni . 

point (). 

• Siiicc r / / " + (7,,„i(",r.„) = " / /" + l,:/",,(/y — ()，wli(�i.r " is tlui expected (l(Mnan(l. 

and tli(； (Uiiiiand (list.ril)ut ion is s t rongly uiiiiiiodal wit h m posit,iv(，.support,，r//" + 

(7,卜丨（/y’r,,) is (imisi-(:(>i�v�x in y. FurtluM iiioro,[广““+ “,卜丨(/y, 二" = Iv///',(/y-
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< (). 'l1ius, t he ()j)l iinnl //， denoted by >>’//，,,(",,)， (exists MIKI .S'//,„(r„) > 0. 

T l u i l is, t l i r ()])t iiiiMl p o l i c y lor J u is m b a s e stock policy wil l i mii ( ) IC1(M-U|)-(o l e v e l 

‘S'//,„(r„), ('\l\{!h<-u) > -<'u wluMi I) > ‘S'"，,,（r,,) mid ( l \ ] \ (v . c„ ) < — v v l i c i i 

y < � ' / / , " ( � , ) • 

Tlir tniiiiinuiii (•()sl ( or i rs jM� ( l i叩 Io 1 lie opt iiiuil policy is 
f 

" " - 1 (•。"")， "‘.厂 > . V " : 
•,//(二 r " ) = < 

"//('S'//’,,(r,,) - ./•) + i(.S’//，,,（r,,)，r,,)，ot li('r\vis(«. 
� 

Tli(T(�f(”.(、，./"(•/•，。,）is 八 ' - r m i v r x in x ainl ./{"(:/:，",,）> —('\i- • 

Leiiiiiia A4 Suppose /,,—| (:/:, r,,—|) is l\-convex in, x and /,(二)| (./.，r „ |) > 一r" 

on [0, + 0 0 ) . then., the, optimal policy for the. folloiiyhuj sviujlc period pmhb'/m wiicii 

fv < (.1/, 

."(:/:，"”）= inin{ l\S((/ — x)十 r„(/y - •'/:) + 1("’ r j } , 
！f>-r 

z.s‘ an (.s/„„(r„),.S'/„„(r„)) policy, hurthniiwiv, ‘V//，„(r,,) < .V/“,,（r.,,) for carh c,, 

and .//,(.T，r”) i's l\ -convex in x on, H. 

P r o o f : As pi(>v(!(l in Leii i ina A2, in our s(;tt.iiiji„ 卜i (//, is K-nnwox in 

"，then, r'u/y-f C/„_|(/y, r,,) is K-convv.x hi //. Tims, .V/�,,(r,,) 二 iiiax{arg iiiiii" + 

and = iiiHx{arfz, i n i i i , . { / i r „ r - f ( / • , r„) = r,"V/”,,+(/,卜| ( ‘ V ,…， ) + 

l\ }} (ixist and t he opt imal policy is an (,s.//，,,(r,,)’ ,S’/',„(r，,））policy. 

B(，(:m i s ( R ( 7 J " | ( " ’ < —cii WIKMI y < •、/’,,(",,）as in t lu; inoof of L e m m a 

A3, <v" + (''" — I ("".,,) strict ly d(�(:i.(，as(�s in y wli(�m)v(”. ！j < .S'//’,,(r,,). 11ms, 

‘S'//’,,(r,,) < (<"»)• 

The opt imal cosl. funcl ion conx^sjxHidinj^ lo t he optimal policy is 

R ; „ _ I ( . 7 ; , R „ ) , IF X > . S � ’ , , ( R , , ) ; 

人(:/•’〜）二 < 

, K H- CiA^lA^-u) — + I (‘S’/�,,("„),",,)，ol.lKTwisc. 
V 

» 
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llcncc, J/,(.r, (•„) is A'-coiivcx in x. • 

P r o o f of T h e o r o n i 4 . 3 . 1 : W ( � s h o w inducl ivcly 1 lial t lu�iollowiiiji； two proj)-

crt ics m.(�sa t isfied L(’r MII p d iods: 

1) /,,(:/."•") is /�'-(:(>"v(�x ill :r on [()，+oo); 

2) ,/„(./•, (•„) i.s coiil inuoiis on [(), -f oo) and /,(/)(:/:，"„) > —"//• 

Tli (�S() two PROJKM-ti(\s obviously iiold WIHMI ” = 0 siiicc ./"( r","。）二 T l i n i , for 

each ()1 licr period //, w ( � k n o w 

and suj)j)()s0 these 1) and 2) hold lor // = k. \V(�provr t hose also hold lor u — /.•+ 1. 

When (•„ > r / / , it, is obvious t hat, tin; 1 川y(�r pi,<)<:ur(，s IVoin t he cont ract. sn|)j)li(;r, 

t.liiis, /„(;/:, <",,) = .7//(；/：, r „ ) is 八 '-miivrx in ；/;, and •/.,(/)(:/:，r„) = '//(/• )(:/•，",,）> —(.ii 

l)y L e n i n i a A 3 . 
* 

Wh(m r,, < c//, w(，discniss t he l)uy(;r's opt imal policy acconlinji； to t h(� fo l lowing 

l lircH? s(t(Miari()s. 

• (a) Wlicni ,,{(•„) > Sii^j,(r„). In t his (:ns。，lor mII i"v(mt()iy level 0 < ./• < 
r 

.s/̂  „{r„),人(:/:,",,) < HI 1(1 t l ) u y c T should procure IVom 

the spot, niarkcl. and a pun) {(•„)) policy is opt imal. And 

/„(；/;,<"„ ) = (-1,) is /\-(;()iiv(;x. ru r t h(?niim(�, l > r ( : a u s ( � > 

w ( � h f i v c ",(/_) |(: / 'V„) > - c j i lor :/• > by L o i n i i i a A3."<、"(.(、， 

( H ) WIkmi .s"’,,(r”）< 0 . Ill t his r儿s(，’ lor all iiivtuilory level ./: SMiisiyiii^j; 0 < 

.7； < .s/� , , ( r„)’ .///(；/;, < .//“.,:, <.,,), thus, t.lic huy(”. should |)m<:ur(，IVoin 

the coiitract supplim. only, and a |)ui.r lms(�-stod< policy with ordcr -up- lo 
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level .S'//„{("„) is opt iiiiMl. iM� r (� (>v(�� / „ ( . / • , f,,} = . /"( . / ." '") is /\'-convex JUKI 

{(•) VVluMi 0 < s„ ,,(('„) < S//J,((•„}. In i iiis ease, lor iiiV(Miloiy l(�v(�l sal islyini; 

0 < ./• < „(<"„), J /^ . r , r„) < '///(./•"',,)，mid U)|- inil inl invcMitoiy l(�v<�l 

r > •、,’,,(。,)，."(./V、）> . / / / ( . / . , T l n i s , an (〜,,(。,)’.、'/、„(",,),、'",,(",,)） 

policy is ()])t iiiial. 1 l(�ii(.r, 
‘ 

/"("•，。,）= <-ii(Siij,ic„) - ./•) + "".— I ( � ' " , , i f .、,,“.,,）< < ‘S'",„(r,,); 

广”(‘S,/,,”(r,,) - ./•) + i(,SY’„(r„)，r,,)， （>lli(�r\vis(�. 

(1.10) 

is /\'-( ()iiv(^\ ill [0, +oo ) hy L c i i i i n a A l . A"(l /,(/>(./."•") > — l ) . v L e i n i i i a 

A 3 . 

T(> sum up, wc luivci sliowii t hat. 1) and 2) also liold for ” = / / + 1. Tli(�pr叫>(�rl.y 

t hat, /„(；/:, r„ ) is conl imioiis is si,might, forward to v(�ril.y. T1I(T(�1.(H(、，1 he opl iinnl 

policy IS MS 1 IK; t l i (� (>MU INDICATES. • 

R e m a r k 4 . 5 . 1 T l i (�proo f of 1 his t l immiii is similar to t ha t in I'ox (4 al. ('iOOO). 

ll(>w(w(T, w (， l . l i c j)r()|)(M ly t hat. t,lm liii(�ar coinhinat ion ()1 /\'-convex riinctioiis 

is filso K-vxmvv.x, t.o handle the uncertain varial)l(» pri(.(�. Kurt.li(Tiii(>r(、，wr usr 

L e m m a A l lo simplify th(�prool . . 

R e m a r k 4 . 5 . 2 T L U � a n a l y s i s AH(>Y(�CNII I K � N P P L I R D to (L(�AL with I IK* I"<>(1(�1 WIKMI 

1 (;x(t(\ss (l(Mii;)iul is hacklo^cul , by iiotinji, l.h(» fact, (hat, J\,(.r,r") (l(K.i.(�ns('s in ./• 

wluMi .1： < (). In ( his n i s ( � U i ( � p o l i c y wh(m > c„ and < 0 is t lm (、"， 

policy (lisc.usscd in T h e o r e i i i 4 . 3 . 1 ( c ) . 

1 
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P r o o f of C o r o l l a r y 4.3.1: Fr(mi (l.r))，wIkmi r„ < ",/，w(�have 

r " ’,,(�,))+(/,卜丨(‘S'//’,,(r,,)“.,,）=八•+「,,(、，"(r,,)—〜，,“",,))+�',卜丨(.S�,,(r,,), r;,). 

(4 .1” 
‘ » 

• I 

B(�(.;nis(�ol" I li(�（Id.mit ion of .S'/”,,（r,,), vvc Imvr ” 

1 (‘S乂"("�»)“.,�) + 厂 " ( r , , ) < “',, — i(.S'//,,,(r,,)，r,,) + r„.S'//,„(r„), 
. (‘1.1‘2) ^ 

"“一 I (、//,"("„)“.,,）+ r".S’//�,,(r,,) <�',卜丨(、，/“,,(。,)“.,,）,+ "//� ' /",,(r,,). ‘ 

Coiiihiiiiiiji, ( i . l 1) and (1.12) yi(�l(ls .S'//,„(r„) - .、,’„(。,）< ；：̂ ^ < — 

% 

4 

Lcin ina A 5 Suppose thai f\ (x) and J''>(r) jUjf('/r(mti.ahl.(. fum'tioufi (hat 

have Jhiilc vnviiiiizcrs, and /((./：) < /^(.r). Let Sj 二 max arg luin./.,(./:). i = 1,2. 

th(m S\ > .S'-j. 

P r o o f ; Supposti to coiit-rary, .S'l < S). Th(m’ 

J Si 

./•S•丨 

wl i (T (， l i r s t forinula is posit ive and tlu^ last formula is noii-positivn. Th(�r(�fm.(、， 

a cont radict ion arises, and t.lir IcMiiiiia holds tnio. o. 

P r o o f of Lei ini ia 4 .3.1: W(�prove t his l(�imim induct ivcly. Tli() result, holds 

obviously lor “ = 0. VVc assunu; it. also holds for u — 1，W(； want to pnm! it. is 

t rue for n. a.ssiiiiic t.li(�(.s,,’„(r”)，，S，/,’,,(r,,)，.S，"’,,(r„)) policy is used in jxM iod 

(Tlic proof |>m(.(�(iums for TLU�OLIKM* 1 WO m.() same.) 

T I k ) valiHi ruiic.t.ioii, /„(;/：, r'„), is in a fonii as (4.10). Thus, Uu�<i(�rivaUv(i of 
% 

• • ‘ 

* 4 

‘ i 
-
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/ „ ( r , r„) with i.(�sp(�(:t. to r„ , /„" (:/.，,.„)= 

-nK[(//'(r„) + V'(r,,)s)\V,,(x)], il. .r > .S',/,„(r„); 
/ 

< !'{(-„)'+ V"(r,,)f)U-,,(‘S,".,/(r,,))j, � if 〜,，,，< r < ‘S'"，,,(r:,); 

- -r) + o F 4 ( / / ' ( r „ ) + \ (>t,h(�nvis(), 
V 

\vli(�r(�U',,(//) = — () I , //(<"„) + \ and t,h(�（、xi>(�(.tat i(m is taken on 
* 

hoth the (IcMiifUul mK(�i.t;iint,y and pri((�uiiccMtaiiity. lk(:“u?，/：么(./;,r,卜!）> 0 

as wc assume l>d.()r(、，and H'(c„) + > 0 as in A s s u m p t i o n 4.3.2, \v(�以it, 

/,, c„) > () 1 <>r (�a(.h •广 That, is, ./„(./:,",,) also iiicmi.s(\s iii c,,. 

Now. taking (l(�riv;“,ivr ol" /,(/)(.",",,) wit h n^spccl to •'/.，w(�gd, c,,)— 
/ 

nE[( / / ' ( r„ ) + — 11 {(：„) + V'(r„)f) | i < .r], if :r > ‘V",,,(r„); 
0 

‘()， ii' -Vn < f < ‘S/,,,(r,,); 

—1, ()th(�nvis”. 
\ 

/ I *),.� • 

Since — 1 < ./.,,—、(:/•，r,,) < 0 as has IKVII assiiiiKHl for period " — 1，\v(�luivr 

- 1 < < 0. 

‘ Thus , t l i (�n^sul ts also hold lor ii. So, wc. (tan couchulu t he results hold lor all 
//. „ o 

P r o o f of T h e o r e m 4.3.2: Lot. ‘S'"，s,“”((:!•)�.S'//.„(r；,), .s“’,,(r,i,) and 
a 

‘ S ’ / “ , , ( r；； )，〜’"(（•‘； ! ) he the policy parainoUns iii ])(;ri()(l n wlini * « 

^ 1 lie spot iiiarkcU, price m ( � a n d r••二，r(�sp(x:tiv(�lv. Lot. r’\ > c'f̂ . \ \ v proves this 

ITS lilt when ail (.v,,(r,,), .S'/^.„(r„), Snj , {(•„)) j)()li(;y is in jKuiod "，lUv 

‘ ot lKT two p(>li(:(�s can also Ix^ iu(:(>rporat(^(l 1 >y Ui (�sa i in�procod i in^ . Thv. proof is 
t 

(livi(l(Hl into t l i i . tx�pmts : i)art (1) lor the iiionotono proiKTty oI" „(<"„)； p a i t (2) 

Z lor t hat, of .S'//,„(r'„); part (3) for t hai, of .s/„„(r„) and .s.,,„(r„). 

(1) As \\v. HKMitioiuul (»arli(M\ t IK; value, of .S'/�„(r;,) is (IK? inininiuin point of 
J 7' • 
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、入 
//,(//) = ( ' " " + 义 = 1 . 2 . Furt h(�mi(>r(、，\v(�liavr 

、（‘1.13) 

For (�M.li r(�ali ' /(�(L ( < // NNDS', L)y TLIR IIKVMI V;ilu(�TH(�(>R<�NI and L c i u i n a 4 .3 .1 . 

\v(�^(M 

. / : ) “ ( / / - 0 丨,11 {<•],) + V(r;,)c) - fi;\{(y - O 丨• ll(ri) + V(r;,)e) (“ " 

1 • 

C(>ml)iiig (1.13) and (1.11) yi(�l<ls, 

‘//,(//) - ！h(if) > (<i - <-i) — (�["(";,) — //((.iOl > ()， 

wIkmc tho last. iiKHjualitV is by A s s u m p t i o n 4.3 .2 . Th(”i, /..»(<"',) < 
\ 

by L e i n i n a A 5 . T l i ( � i . d . < ) i . ( 、 ， i s iioii-incixvisiii^ wit h (.". 

� Th(�va lu(�ol .� • / / ,,(r;,) is t he iiiiiiiiimin point ol" /;,(//) = ""//+(/,卜,（"，"„),/•= 

1,2. B<，(:aus(�\v(�have 

/〈(") —二�E[./^^(("-0\ / / (r ; , ) + \ ' ( r ; , ) e ) - . / l ? , ( ( " - ( ) + , < (), 

t hus,、、/，,,("),）> that is, .S'//.„(f„) is noiidccrrasiiig in r,,. 

. (3) W(�know t hat .、•/”,,(",,）is Um root for Ui(�iollowiiig (ujuat ion. 
/ 

, //(：/：, .rr„ + (/,,_“:/•".,,) - [r,"S'/“„(r,,) + � ' ,卜丨 ( ‘ � “ , , ( � , ) , r , , ) + /\'] = 0. 

To explore tli(�inonol.oiwi l>i(>l>(Tty of .s/“„(",,). \v(�first, im>v(�("“.,,)|":�s,‘,,,（(•„) < 
• f 

—('„- li not. .rc„ + (/,,—I (./.. r,,) st rict ly iiicrcasc^s in :i： al t l i (�point .s,广 Ui(�ii, th(�i,r 
• « ‘ 

(�xists <、•/”,,（。,）such t hat � 

% 

• 

• 

•I 
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1l i i s cont rad ic ts t h r fact that 丨(.".,,）> r,,‘S’/“,,(r,,) + (V,,_|(‘S'/^(r, ,) ,r , ,) + 

l< \vh(�ii(�v(�r ./. < .s-/..„{r„), t hus, (''L'^i ( " “ . , , ） | " = 5 二 < —r,,. 
4 ‘ 

,Now wc t urn lo proves l l i r i i ionotoiir pn>i)(�i t v ol" Fi rs t , dcHviiig t h(� 

t oUil did'cMciit iat ion of //(.r, rv,) wit h i(�si)(�( t to r„ and (�(|Ufit.iiig it to zero, \v(�g(�t 

"(U r 

(4.15) 

hi (4.15). .r + - + (%f_M‘SY’,,(r,,), r j ] = 一 + 

v,(r”k) l . ‘ . 

For oadi mili/atioii ^ and 0 < :r < .S,/ „(r")，dcfiiui 

A / � ： = / 二 丨 队 , , ( r „ ) - //(广”）+ V(rn)e) - -()丨 ’ / / ( r„) + y ( r j e ) . 
条 

» 

‘ T l i ( m , A/(./：) only t‘ak(�s oiio of t he following values: 

/ 二队 " “ • " ) - (，//(r.) + y ( r j e ) - — // ( r„) + if, ( < :r; 

^ / i i )丨队 " ( r , , ) — � � / / ( r , , ) + \ , ( r 丄” -/丄！)丨((),//(r,,) + \ , ( r „ )£ ) , if :r < ^ < 

()， ()t.lirr\vis(\ 
V � 

Thus, A/(;r) > — l(‘S’/�,,(r,,) - .r) by L e i n i n a 4.3.1. H(�ii(:(� 

+ , - + 0'!；^, c,,)] < (1-n/ / ' ( r„ ) ) ( . r - .S ' / . , , ( r , . ) ) < (). 

‘ . (l.Hi) 

Comhiiiiiig (4.15) aiul (l.K)), witli t h (� f ac t (hat C/l,'!, (/y, „(,.„) < 一r,,，\v(� 

/ t \ * 

have < “ < (). Thus , is iioi卜in(:i-(�asiiig in c„. 
* 

Th(� i ioi i- i i icn 'a .s ing i)i.(>p(�rty ()t. .s„’,,(r") can b ( � p r o v e d by similar pi.(K:(�dui,(�as 
t 

Miat Ibr .s/,,„(<",；) hv sul>stitiil" C/„_i(:r,r„) with .///(:r, r„). \V(�ii(�gl(�ct’ tlic jHoof 

lim，. • 

• 

r « 

, 吻‘ 
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P r o o f o f T h e o r e m 4 . 3 . 3 : If r„ > , tVoin t l i(�（ l(�fi i i .ai(� oC />* in (-1.7), \v(� 

know „((',,) < ,,(h了丨)=().'rims, a lms(�-slo(.k policy is oj)! iiiial as in T h e o r e m 

4 . 3 . 1 . Tli(�()(li(M' two ( a s r s can also Ik* pi.(A,(、（l accordingly. o 

P r o o f o f L e n i i u a 4 . 3 . 2 : W ( � k n o w t hat is t l i ( � l l n v s l i o l d iiivcMitory 

l(�v(�l， according!； to which Ui(� huyor switch h(�t\v(M�ii th(�s(� two supp ly sources . . 

W h e n t h ( � b u y e r ' s inil ial oii-haiid inventory l(�v(�l is ./• > 0’ \ v ( � c a n (Irfiiir />„(.r) MS 

Ibllows: 

",,(./:) 二 "mx{()，"r jv,丨〜,’„(。,）= ./：}. 

/>„(./•) is w(�ll (IcliiKHl l>(�riuis(�of t h (� i i i o i io lon ic i ty (>1 . , s , ,FurUi (� rn im . (、， />„ ( . r ) 

<l(�(:mis(�‘s ill :i: as � , ’ , , ( " „ ) (l(�(.r(�as(，‘s in r„ . o 

P r o o f o f L e n i n i a 4 . 3 . 3 : S u p p o s e S/^ > S(r) when “人.=r in p(�i.i(>(l A*, if l li(� 

policy ill th i s i>(�i'i(>(l is (.s/广 S / J (t li(�（.as(�for oUirr policic^s nvv same) , wc. ( l (� f i i i (�a 

u(�w policy t hat, is (.s*/,, S{c)) for t his poriod while im，s(Tvin只 t h ( � o p t imal policy 

for t he following poriods. Lot. /"(:/.) (wc tlic |)ri(.(，variabk^ for s impl ic i ty) 

Im t,h(，optimal cost m i m s p o i i d i u j ; t o th i s lunv policy WIKMI t IK* inventory l()v(�l is 

X. T h ( � I I，W I K M I r < . s , ” 

hi'-r) - A(.r) = r(S(c) - S,) + L(S(c.)) - L(S,)、.一 

— 0 ') - - 0十)1 

< — Si.) + M可r)) - />(.S'/J + <yri,(S, - Sir)) < (), 

t hat is, 1 lir now policy achicvos lowcn* cost, t h a n ihv original (m(、，1 hat cont r ad ic t s 

t h e ()i)tinullity ot (、‘/,，>>，/ ). Th(T(�fm.(、，.SY < ‘S，(f:). 

W ( � p m v ( � S < Sii imlm:t.iv(，ly. Wk) first, assni iu ' 1 his holds lor p(�ri()(l k. Note 
t 

t hat. 人•）is non-incnmsiiij!； in ./• vvluni :r < ^ hy t h ( � f o r m of ./•"(./:".) in (1.10) 

and the (Iriuaiid d i s t r i bu t ion has n p(>si t ’ iv(�support . For ( � m h rca l i /a t io i i (， 

fk((-i' 一 i s iion-iiK n^asing in :r when .v < S. T h u s , EJ\((:r — 0' • <"a) is 
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ii()i卜im.rrasiiig wlirii r < S . And l)(�(:aus(» 广///y+ />{//) is also noii-iiu roasiiig vvhrii 

.r < ( n i j + L{y) + nEJ\.({x — is iioii-incrcHsiiig wlicii :/. < Thus , 

5 < Su in jxn iod A- + 1. - This yiokls Ihv fact t hat 5 < .S'// for all periods. • 

R e m a r k 4 .5 .3 Without loss of g(�ii(�mlity, \v(�lot I], — (), in this (:as(、，if \v(�l(�t 
一 , 

/„{./•, r „ ) and i ( . r， d e n o t e s t h ( � v a l u e fuiict ion and cost - to-^o fuiict ion for 

period 71，then, accordiiigj(> our analysis in this (:liaj)ter, w(�suggx^.st th(�iiivcntorv 
) 

policy would bo one of those illustrated in F i g u r e 4 .7 and F i g u r e 4.8. 

(>rtl(M- )ip-U) S(t) ( . s / , ) |)<)li<y 
' /J ! 

\ I «""* • I y, • 

看 婦 
si >pe= -cj/ 夕 s ^ s j y 

I ！ ！ • • ！ ！ 
• I ； • • ！ 
： • • ‘ \ 

‘*>•/- S u S I , S L S H , 

(a) c„ > c/i ami .s厂 < l\iuix « (h) ^-n ^ C// and .S八�"max 
> • 

. * 
- » 

�’. ； A ” 
Figure 4.7: luvmitory i)(>lfc;y W I H T I (?„ > c(A 

； - 、. ‘ / 

驅臉. 
: I ； ： — L-lI ； ； L j : 

c _ Sj^SnSo Si. Sa SL S" SL , 
> _ -

, � ^ I - Z “ （h) < cj! ami .So > .S'// ((‘）c„ < c" and 0 < .s„ < S f , (a) Cn < c// ami So < 0 

Figure 4.8: Iiiv(Vntory policy when < c// . 
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1 

That is. in oacli i)(�i.i(>(l，tli(�i(�exist S/广 S'l̂  and .S'//. which ar(; in(l(，p(�ii(k�iit 

wit h iiiilial iiivoiitory l(�v(�l r . L(�T S(x) = iiiin{.V//, .r + I mux}- TIKMI, when 

the cont ract price r " is l(>\v()i. than t l i (�spot j)ri(e the buyrr on lens {"roin the 

‘ ‘ c o l l i ract supplier l)(�t.on�using th (�spo t market . In this ease, F i g u r e 4 .7 (a ) shows 

. that if .s/̂  < /，„iax, th(� l)uy(T should order from the contract supplier up-to S{:i：) 

it" .r < Su . or ()r(l(�r nothing otherwise; F i g u r e 4 . 7 ( b ) shows that, i f " . � > /)„丨ax, 

t h (�buyer should order “丨墜 fi'oiii (ho contract supplier, and then order from the 

•‘ spot, market up-to Sj^ if x + 厂⑴拟 < � ’ or on lor nothing (>th(�nvis(�. WIKMI c h 

is higher t han r,,，tlio l)uy(�i. only orders from one of tlu^sc two sources. Thus, in 
< 

‘ this case, there exists a threshold invoiitory l(�v(�l and F i g u r e 4 .8 ( a ) shows 

that if So £ (), tlio ijuyor should order from the contract supplier up-to S{'j：) if 

；/• < Su , or order nothing otlKuwise; F i g u r e 4 . 8 ( b ) shows that if > .9//., tlu) 

lmy(u. should order from the spot market u jv to Sî  if .r < .s/̂ , ()i, (n.dcr nothing 

otlunvviso; F i g u r e 4 .8 (c ) shows that if 0 < < Su, the buyer .should oi,(l(�r from 
» 

t\m spot market Si if x < or order from the contract siipjilier nj)-to 

S{ t ) if" Hf, < X < Sfi, or orcku- nothing otherwise. ‘ 

負 

• End of chapter. 
A 

» 
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Chapter 5 
* * 

Optimal Procurement Policy 

with a Total Order Commitment 
T 

Contract in the Presence of Spot 

Market 

5.1 Introduction 
> 

I ^ < 

The i)ur|)oso of thus chapter is to iiiv(;sr,igalo a pi,()(:m,(�m(�iit tiiodd ))y coiiihin-
* 

iiig a total order qmmtity coiiiiiiitiueiit (TOQC) cont ract in.()vi(l(，d by a contract 

.supi)licr with prociuoiiicnt oppmtunit ies through a spot iimrk(!t. A TO Q C coii-

tra('t is an agrcHniioiit; botw(H^ii a contract supplier and a buyer in wliicli the buyer 
I 

guaraiit(K}s that his ciiinulativo order for thv, wholr (contract) duration will 1)(�at 

k^ast tlie TOQC. In rotm.n，the coiit rart supplier offers a fix(Hl pricd, typically at. 

a cortaiii (liscouiit of the i)r(»valciit spot prico. In practice, the contract supplier 
i - . ’ I)rovidos a iiKUiu of.(coiiiiiiitiiiciit prico, total coiiiiiiitineiit) pairs from which the ^ 

• 、、义 

办 • . -
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lmy(T cliooscs h coniiiiit iiuuit at t he corresponding Two ty])(^s of TOCJC 

contracts, which (liff(��’ in the aitrr th(�coiiiiiiitineiit quaiitity has h(H�ii Ful-

fill(、（l, arr (.()iisi(k�r(、（l. The first typr is t he so-callcd niiiiiinal TOCJC. which t he 

l)uy(N- can (n.(r(�r addit ioiial qiiauth i(、S at 1 IKI commit iiunit pric.c fVoin t lu�cont ract. 

supplkT，afl (M- the coiiiiiiittcKl quantity has IKHMI fulfil led. That is, (lie contract 

supplier is ()l)li<i,at(Kl to promise^ tlir saiiu; pri(:(�tor any quaiil it i(�s beyond tlu; 

(•oiiiiiiiliiicnt, which is (.all(�d to 1)(�the as-()i(icml qmiiititi(�s. In th(�s(�(:()ii(l typo 

of coiiiijiitincMit contract, t lio TOQC is a definite amount that t he buyer must ful-

Hll and t contract siipplku. is obligated to i)i,ovi(l(�at t\ i)i(�-a|;T(，(Kl upon prico. 

H()w(�v(u., as-(u.(l(�i.(�(l (luaiititics arc sul)j(K-.t to t h (�spot pvU c.. Furthcniiord, Uin 

l)uy(，i. is not all()w(�(i to sdl the materials to th(�spot mai.k(�t (luring t l i (�planning 

‘ h o i i / o i i . A justif icat ion of th is assiimpt i()ii is given by s ( )m(�cons t ra in t s associated 

with r(�al world iHircliasiiig pi.a(:ti(:(，s. Tlicse constraints art; mostly contractual, 

i.e. t\iv. contract supplier docs not allow the huy(，i' to r � s d l the product, to the 

mm.kct. The huy(，i. can also procum from 11出 spot iiiai.krt to obtain full flexibility 
t 

on ])r()c.uiiiig (|uantitics. H()wev(�r，ho should take tho pri(:(，risk as the spot \)vk c. 

is volatile. 

• Botli (iimiifity coiiiiiiitiiiciit contracts diffor from a forward contract that typ-

ical roquires a definite SCIKKIUIO of (ldiv(�ri(，s (in both t ime and quaiitity)，as wit h 

the foniior, the buyer can dioosc individual delivery si/x^s and their tiiuings. la-a 

risk-iicnitral fraiiK^work, an cost iniiiiiiiiziiig buyrr would not (�ii只a只(，in 

a forward ( oiitract as it does not give the i)uycr any cost advantage {v.xcQpt iioii-

ecoiioiiiic factors, such as risk averse? attitiKk^, whidi arc beyond the scope of t his 
> 

cliaj)ter). In our setting, t l i (� total qimiitit.y coiiiiiiitinciit (:()iitm(:t,s mix; similar to a 

, forward contract, l)ut it giv(\s thv, l)uy(，r the flexibility in t,(u.ms of nvdcr qumititias 

% 

* 
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and t iinin^2,s of deliveries within t li(�conl rue I durat ion. Tliis flcixibilily is VM1IUII)1(! 

l)(�( aus(� i t allows t l i ( � t o tak(�mlvauta只(�of UK� two supply sources. 

Th<�results of our analysis cmii 1m�used by (kicision nmk(TS to quaiiUtalivdy 

( l (� t (�nu i i i (� t \ i v ()i)liinal p rocmdiuu i t and iiivtnitory plannin^i； over i � U t i p h ’ j)c-

riods by incorporatiiij!； n (jiuuitity Hnxn) l (�coi i t rac l , to ( l (K:i( l�how to \i\kr t h(� 

a(lvaiita^(» of 1 lie spot. imu.k(�t whilr niaiiitaiiiiii«^ a i(�lat,i(m.ship wil h m l()iig-t (u iii 

contract supplier , and to s t u d y T H ( � o f tIK; key spot, marke t cJiaractcn-istics 

on his to ta l (!xi)(!( t(Kl cost . SpcH ifically, w ( � f i n d t hat, WIKMI thv. spot. is l()W(;r 

t han t lie coiiiitiiK^iit i)ric.c, the buyer procures (.(;itaiii aiiiouiit from tlin conlract 

supplier first (wliil(: doforrin^I, SOIIKJ c-.oiiiiiiitiiKMit to f u t u r � p c n i o d s ) , and tlicii or-

ders f rom th(； spot mm,k(，t.. Th i s difinrs IVoiii 1 he tradiUoiial T O Q C literal urc 

with (lotcriiiinistic costs, in which the lmy(;r，s optiiiuil policy is always to fulfill 

the coininitincnt first. FurtlKu iiion^ thv. opt imal policy can hv vi(�w(:(l as a coiii-

hiiiatioii of sonic bascvstock policies, (，adi of which can 1)(; (:omj川t(�(l t hrough an 

ociuivalont system without, any coiiiiiiitiiicnt. M()m>v(T’ soiiu; of I.Ik; (;(|uival(;nt 

syst(uiis a n � o f simpl(! inultipk^-pcriod m;wsv(ui(lor typ(\ This great ly siiiipliHc^s 

t h e c.oiiiputation of t he op t imal policies. O u r imiiicrical analysis impli(，s that, t li(� 

large volati l i ty of thv. spot pricc IxMirftts t h e buyer. Tli is is l)(�(:aus(，tlu; TOCJC 

cont rac t provides a na tu ra l l i ()( lg(� to t he higher spot pri(:(，movcMJicnts. IIow-

(�v(u,，sncli hciiofits l)(’(:oiii(�siiialkn- wlioii tlui l)uy(n, (•omiiiit iik)i(�qumit,it,i(，s as it 

res t r ic ts tlio })iiyer'.s us(，of the spot iiiarkc^t. 

Tli<，r(，ST of this cluiptor is orgaiii/cid AS follows. In Sec t ion 5.2, IO IJIUKI 

litxnatiire is r(，vi(nvwl. IN Sec t i on 5.3, MKJ iiiatlKuiiatical model is ForiimlaKKl 

and the optimal inv(nit()i,y policy is derived. T I H U I , the (»xt (�iision of the. mhiiiiml 

TOQC contract to t he dofiiiito qmmtity cont ract is present(K1 in Sec t i on 5.4. In 
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S e c t i o n 5 .5 , nuiiunical (，xp(’rim(mt, is condnc.t.cd. in S e c t i o n 5 .6 , (oiiclusioii is 

inM(l(! and s(nii(: (�xl.(�iisi(>iis mc discussed. All proofs aro iiK:lu(l(;(l in A p p e n d i x . 

5.2 Related Literature 

O u r work is i d n t o d to the l i t ( T a t u r ( � t h a t focus (m iiiidprstaiKliiig how tl i(�sjx)! . 

iiiarkrt, can \)v used (�fl(、（:t,iv<;ly and prof i tably lor varying i)urj)(>s(\s. I laksoz and 

Scshadri (2007) make an (ixtoiisivc; i.(;vi�w and discussion on t his ms ra i ch s lma iu . 

wc briefly discuss two topics t h a t (:()ii‘si(l(T Ui(�pi()(:iii.(mi(�ut st nd(!|i;i(�s in 

Ui(�|)r(\s(Mi(:(i of t he spot iiiarkcM. Tlio first, topic coiisidors inventory probkniis 

wluni procur ing solely f rom the ‘spot, iiiarkc^t.>witli fliu-l uatjii t ; spot, i)ri(:().s ( a g . , 

Fahiaii c l al. (1959), Kalymoii (1971), Kiiigsiiiaii (1969), Magi iou (1982), G o l a b i � 

(1985), Gu /c l (2()(M) and Arnold v.t al. (2()()())). Those works (�xi>lm.(�t h(； opt inml 

i i ivrn tmy policies wi th a single sourer and locus on aiiHly/iiig how l.lui spot 
， 

afixHtts t he buyor 's opt imal decisions. 

Aiiotlior topic is t he st udy ol" t he prociirciiKUit strat.(?gi(;s by coiiihiiiin^ I,IK; 

spot mark(，t purchase with piirduuses iiiado in advaiicxi f rom a specific loiig-tcriii 

contract supj)li(;r. Boiiscu- and Wn (2001) st udy t lu; fiiol i)r(K:iH.(;iii(mt problojii for 

d(H:t,ii(: utilil ios in which tho buyer can iis(； a mix of loiig-tcriii and spot, piu.(:lm>;(，s. 

T h e long-tcnin con t rac tua l supply coiniiiitiiioiit ai,(Niim(l(! at, M pr(，sd pi.ia) wit h 

t he suppl iers a t thv lK»giiiiiiiig of Ui(，planning horizon and t he buyer can use fiu;! 

f rom t,li(i.se contract s or i>iii (Jm‘s(，s fuel at t ho curnni t spot, price. Tlu; (:()iiiiiiit,iii(ml. 

con t rac t c.ont a ins a inaxiiiniiii quant ity and^iiiiiiimiiiii (p unit ity 1.1 id Imyor can buy 

for (lacli jxiiiod. Tli(，y pi.<)p(KS(，a lw()-|)haK(> (lyiiaiiiic. pioccdun^ to dcUiriiiiiK； a 

1)1()( uroiiuait plan. Yi and S(-hnIl(ir-Wolf (2003) aiialyzo t ho optiiiuil policy in t he ‘ 

l>i(，s(�n(:(，of t he spot, iimrkct with, a long-tcuiii cont rac t , whi('h ‘sp(�cifi(，s an ()i.(l(，i. 
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(luanl ity capHcity foi' (�m:li jxiriod in mlv;ui(.(�. Tli(’y show t.liat i\ 以”K，rali'/(�(l (.s, S ) 

type policy is o])! imal. Feng ami Sctlii (2008) iiiv(?st i^atci a (Inxibki contract, which 

conlaiiis a |)ri(:o(mly coiit ract, lor l(mg-t,(，mi on lor and an adjuslincnl . cont ract. 

for sliorl-t.cnn orders. TIK^ adjust.IIKMII. (:()utra(:t. s|)(5(:ifi(�s t.w<) typ(�s of ( apMcity 

arraii^ciiKMil: (l(ulirfit(Kl (叫)m.it'y and overall capacity. Th(5y discuss bot h I he 

opt imal piocunMiiont st rat (�gi(�.s and t in; ri.it,<M.ia For (.ai)m:il’y allocarions. IIowcvtM', 

MS AI)I)()IIIT(KL ou t by I laksoz MIKI Scshadri {2007), "only a small Ix^^IIINIIIG has IHHMI 
n 

iiia(l(\ with regard to opl iinnl pn>rui.ciii(uit, and hiv(mt,(>ry |)laiuiing ovor iiiulUpl(� 

periods by iuroi.ixoratiii只(liffiuciit. tyi)(\s supply c.oiil rac ts" . Our ( urixml. work 

also (:(mt i . i l )ut�s to I his t opic. In t his chapt cir, w(； (�xpl(>i.(: the opj/niial policy l>y 

‘ in tegrat ing M fi>:(�<l-|)ri(:{，TC )CJC (toiitrac.t with t li(; spot, iiiarkdl. • 
•• * 

Our (:uiT(mt work also coiil.rihut cs to t.lm st udy o lTOCJC conl.nicl. with stocliMS-
t 

tic (Uniiand. T h o T ( K J C cont nici was first cxplonid� l>y BaMsok and Ai"ipiii<li 

(1997). Spccilically, t li<�y consider the model HS follows: t hen; is a TOCJC' ()vnr 

th(! cont ract. DUMT ion for a, single it em, ( IK; |>()i-uiiil, pricd for as-ordcuod or(l(T‘s 

( those boyoiul tli(» TOCJC) is l(K:k(;(l up with t h a t for coiiiinit iiKuit. purchases, and 

(loiiiaiid roali /at ioiis follow an idcnitical, iii(l(;])(;ii(l(uit (iistributioii (iid). Thny 

show t h a t for a ^I;iv(”i iiiiniiimiii (|uanl.it,Y coniinit IIKJIII., thv. opt imal procumm”"， 

policy for (，a(:h period (:mi ho cliaractciri/xxl by two <M.(L(’R-UP-t() Icivcls, OIK; for 

each tyi>(�of" orders. Tim policy can I川（:o川putcd by solving two niulti-iKu iod 

iKiws-vtiiidor prohkuns wi thout tli(； coniniitiiiciit. Cli(;ii and Krass (2001) fui.Ui(�r 

‘ ( ' x l ( u i ( l the 1110(1(̂ 1 ill Brussok and Aimpimli (11)97) to iiicorpoml.c^ noii-.stal.ioiiary 

(loiiiaiui (listril)uti()ns and (lifl.(，n�iit, p(n-uiiit jM icc^s for t he {us-ordcucd and t he; (:()i"-

iiiitiiKMit. ])iir(:has(；. Th(!y show that Ui (�op t i imd policy can still 1)(�characlxirizod 
• ， , 

l)y two basc-stock l(;v(?ls. In Bfussok and Sclmstor (19(J5), Ihv (inrly t(，nniimt,ioii 
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of t lie is taken ns nil opUoii with ;i fix{Hl-|)lus-liii(vir j mm in 11 y. Suliiciciit-

coiulitioiis nvc obt nincd lor decisions as to vvluM her l l i (�(onii i i int ion o p U ( � should 

l>(�（、x(T( isr(l. Kor iiiorr <lrt.ail<’(l r rv i rws on suj)i)ly coi i l rncts with (lunutit.y coin-

mil iiKMit., sr(�y\iiui)in(li miuI Bassok (19i)8). 

O u r work is siiiiihir to ( IKMI niul Kiass (2001) in 1 iint t , l i < � r ( � l ‘ w o pri((� 

SCIKMUCS (T l i (�comin i l IIUMIT price and 1 he ns-ordcicd price). As sliowcd in (Ilicii 

；111(1 Krass {2001), it is opt iinai for t h r buyer (o first. fuKill t.lir coiiiinit IIKMII 1)(�-

lorr iisiiifi, tHE AS-ordcrcMl p r i r r (rvrii WIKMI t h r MS-ordcMcd pricc; is lower tlmii t h r 

coiiiinit incMil. price). However, WIKMI wr place s u d i A T O Q C c.ont ract. in an (�n-

viioniiKMil. wh(M (» t here is m spo t luarkrt.， w ( � c o u l d imagine ( ha t I h(� buyer may 

dclei' (xn l aiii coiiiinil iiKMit. to ful.un; periods, and procures via I In, spot. niark()t, in 

tlu�（.uiT(�iit, i)(Ti(>(l. That, is, when tlK, spo l i>ri(:(，is lower t han t he (oniinit iiKMit 

l)ri(.(、，t h(� l )uy(;r should trade; <)". t h(’ firxibilh.y in fu tu re by Mfi l l iug t l i (� ( to inmit-

IIKJIIT with tli(； cost, fulvant age's by procur ing IVoiii 1 IK; spo t iiiarkcit now. Th i s i.m.T 

iiiak(;s Ui(�1)1()1)1(；111 moid c-oiiipkix. 

5.3 Model Formulation 

' sot.tiu^i； of our model cnn })e <l(�s(:i.il>(�(l as follows. A hnycr niaiiag(\s liis niw 

mater ia l invcnlorv to sat isfy iiiiccrlaiii <l(�iiiaii(l for a (initxi liori/oii to iiiiiiiini/o 

his to ta l (»x|)(Htt(;(l cost,. Th(、里•(）arc N jxniods du r ing t ’h<�planning hor i /on and 

t he buy(，r can only i.(”>l(mish his invcntoiy lrv(�l at, t lic iK^ginniii^ of (^acli jx'riod. 

W(； index the p r r iods in n, backward ikshion, i.(�., piu iod n iiu^niis t hat t‘li<)r(�fire 

u i)(!ri()(ls left. T Ikuc an ; two piocur(�iu(nU sourctjs in (lac.li jxiriod: a contract 

’ su])])li(u' and a spot iimrk(，t . Tlu; contract siippli(，r provides a iniiiiiiial TOCJC 

contract with a fix(�“ ixn-uiiit; prico <:“. Tli(i iiiiniinal T ( K J C coiit rac.t. siHu ifics . 
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tli(� l>u.v(T should fuKill i\ ininiinuni (olal (>r(l<T (juanl ily, (。)， （luring lli(� plMmiin :̂, 

liori/oii. 'riir per-unit price of 1 lie MS-ordcMcd qiimit h i(�s IVoiii t\\v coiil met suj)-

pli(T IS assmiicd lo 1>(�I IK�saiiir as I h(�conmiil iiicnl |>ri( (、，R", as in Bassok niid 

Aiinpindi (1997). ' 11 lis nssuiiii)!ion will h(�ml;ix(� ( l Inter. H i e sjx)! iiim.krt , on t\\v 

()1 li(M- hiind, provides I hv Imyrr (j|>|>(>rhiniU(�s p<>ssil>l(�l(m'(�r procnrcMiuMil pi icc. 

ill period //, nil hoiiji^h i( is volat ilr over 1 iiii(\ T l i ( � 1 川y(�r can not r<�srll 1 he 

/ nialcriiils (o I lie spot iiinrkcl d n r i i i 1 he phiiiniitg hori/ou as \v(�discussed lM�l.<>r(�. 

Tliiis, t lie |)i.(>bl(�ms l;i((�(l by l.lir I divers 川.(�Iw(> folds: which supply source he 

should ( lioosr find how t lu* opt iiiial i)i,(>(.iir(�m(�iii. policy should'hc lor rm.li jxTiod. 

‘ Tli(�({(Miiniid rcali'/alions in (liflrmit. periods � . ( � a s s 川 t o he an iu(l<�i>(�u-

(l(�iil i(l(Mil,i(:al (list rilmt,r(l random variable's wit h cimiiilat.ivr dist ril)ut ion 小i(() 

and i)r()l)al)ilitv (hmsit.y riinc.Cion (j)\(0- Th(�spo t i>ri(:(�c,, follows a Markov 1)10-
s 

* . 

(.(�ss. Tlio Markov |m>p(�rt’y of iUo spot pi.i(:(�is a n�as" i ia l>l (� ( i ssu inpt ion , 1)(�-

(•aus(! t li(�(•.()in|)k;l(i iiiark(丄 liypotlK^sis wi(l<;ly a(:(.()|>t,(Ml in llir. {iiiaiicial litrnH m ( � ’ 

^uara i i t (vs t hat UK, (une i i t s])()l jM icc? cont ains all market iniorinat ion t ill now. 

Specifically, in our 川"(Id, l lic spot, prido of 1 lie nvxl p r r iod , r、.，is n rniKioiii vari-

‘ al)l(； with ciinmlat iv(» (lis(ril)ut ion riinc.tion 1 1) p iohabi l i ty (Iriisit.v 

- fuiiclion (l>2{ck\('k I I) (wc us(；小 HI id (卜八(.…�lor s implici ty). 
< >r»i«_r arrivr>» 
( ) M - l i a t i i i t i i v n i l i i r y " " 

I )niian(i �i<*aUz<vs 

__—) V I _ _ _ , ^ 
N … I / 一 1 . . . 1 0 

A 
IMniiniii^ Ilori/oii 

(M»srry«，"M�spot prit o 
�>1W�rv<�I lu- oit-li;iii(| iiiv•’i“"i y aii<l 1 riiiaititiiK "•""••“ mi”i_ 
(Mmow* a »u|)|>ly pturiiii* 

> 

% 

Fij^iin�5.1 ： liiloniiMtioii aiid decision process 
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Tlir (Irrisioii process (“• the huv(T cnii simn"(Ti'/(�(l i)V F i g u r e 1. Al tli(� 

l>(�办mi叩 of jXM iod 1 \iv lmy(、，.（山‘s(�rv(�s I lie (>i卜Imml iiivciiloiy l(�v(] •/.,,, t lir 

spot i>ri(.<�r„ iincl 1 hv r(Miiainiii«i, cominil incut size Tlirn, li(�（l(�ri(l(�s which 

supply s�ui-(.(�li(�slioiild procure IVoin niul 1 he (|"fuitit,y lie i>m( ur(�s. W'v ；issum(� 

IH)1 li orders i m i w immrdiatrlv, i.e., Ui(�l(�ml-t."m�s lor hotH supply s<mr(.(�s ；m� 

/(MO. (Tlu�r(\snlls in s(�(|url m�\’<�rrh(小、ss lioid as loiij; JJS 1 \\v l(�;i(l-lim(�s lor lh(�s(, 

I wo t vprs of rcpkMiislinuMil orders arc U"�sam(、.）W(�dcnolc I)y q" l l i (�order 

quantity IVoiii 1 cont rncl supplirr and by //,, I he on-hand invcMiloiy allri. (>r<l(�rs . 

Mi rivc. 'l1i(Mi, (IciiiMiid r(�ali/‘(�s, mikI (Icpciuliii^; on th(�rclat iv(» si/c of t he (loiuaiid, 

a holding cost //.(") = r；,// if ii > 0, or <t sliort.ji^c cost //(") = —r^ji occurs if 
> 

“ < 0 (wIkm'c r.s > ('// lo avoid t riviality). VVilhoiit. loss oi" ^(MUMalily, w(�assume 

tlu�<�x(:(�ss inventoiy is (lis(.;".(l(�(l wil.liout any ‘salva以、valiu^ and all backlog拟、(1 
< “ 

(l(�"i;m(l is lost al Ui(�(mkI of the plaiiiiiiij; liori/on. F(>i’ .simplicity，w(�i训oi.(� 

discount, (^fircl. • 

l)(�fiii(�./„(：/'„, to IK�t lui iiiiniinmii (�xi>c(•丄（、（1 cost, of iiiaiia«»;iii^ inventory 

ovtn* periods — 1 , . . . ,1, starting willi th(� inventory l(�v(�l :t:„. the sj)()l price 

<"„ and t lie r(Mnainin«2； coimiiit incnt size Q„. As iiK^ntionrd (�aiTi(�r, /‘•（./:(>,"") = ()• 

L(、t 

(:"-\ij“,，Q" 一 (In'^Cn) = />(//,,) + 
/•OO roo 

[/ / /,,-•((//,, - 0, (Qn — " " ) � r , , _ | 卜 

./() ./I) * 

L{ij) = •/;，/'(" - C}(KO“i’ b (�" i (�cos l - to -^o runctioii, which is I h (�sum of 

cxpcclcd single period holding niid short a^c cost hi t lu�cnncii t . ixn iod n and I lie 

ininimnl cxjHH tcd cost. (mT ihv following " - I jxuiods. In t.li(； following analysis, 

WXI'dioj) t li(�subscript. “ of :/：„, (/„ and //„ WIKMI U I ( T ( � A R ( � n o ( oiiliisioiis. 

Then, ill period 1, I«'cause all i.(�mahiiiig coiiiiiiitiiKMil. should 1M�f.ulfni(�<l. \v(� 

«r 



T 
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lmv(� 

I\{-r,Q\:c\) = inin { " m i ( r 卜""）("-.r - (^i) + ciiQ\ + />(//)}, (5.1) 

nnd Ui(�^(MKM'nl dyna in ic ion 叫vrmi叩 I / /-period {// > 2) pr"l>l(�i" is 

fn{-rAl,:cn) = " m i { i u i " " > , w ’ " 2 " k / " / + ( " — •'• — ")"" i ( " , + 

i"i";/�.,•[(// - rV." + ('„ i(//. (Qn — ！J + •'') ‘ 

、 （「>.2) 

wit 11 Q N — Q- T I I M I is. ill each IXM'KUI. T\\v optiiiial decision is ( IK* iiiiniini/at ion 

()!' 1 wo ()])tiini'/nlioii pi.oblrins. T l u � f i r s t pn)l>l(�i" is lo procure r r rh i i i i amount. 

{VoiH tlie contracl suppl ier first, and 1 Ikmi to procinx; IVoin 1 he spot im� rk (�L T h i s 

ha})i)(Mis when t lir spot i) i i ( . (� is lower 1 lian 1 he ( oiiiinit iiiriit pricr . T h e ‘s(、(（>n(l 

l>ML>l(�m is to i m K u n � s u l ( � l y f rom the conl met supplier , and it, occurs WIKMI th (� 

spol pric.c is higliri. 1 haii t he coiiiinit iiicnil price (i.(�rall t lint Ui(� buv r r can buy 

any (|uant ity IVoiii 1 he cont racl suppliiM' nt- 1 lie coiimiit iiuMit- pi. icr)� 

5 . 3 . 1 S i n g l e - P e r i o d M o d e l 

’ 111 the lasl. jXMiod, th(，valu<�ruiicl ion is (Idimul as in (5.1). \\，(、consider tli(� 

• opt inial policy according to t h ( � i ( � l n t i v r valurs <>1.“丨 and r , , . 

(i) If c\ < (.H, 1 l>u>，(T only procures IVom llui spot, inarkedt lor any ( luanl i ly 

1)(\\()11(1 1 lie coiiiinitiiKMit. T ims , the lmy(T’s optiiiial (U'CMsion is lo clioost^ t l u� 

optiiiial ij lor 1 lie loll()\viii«; prohhun: 

f\('i\Q\\('\) = niin [('nQ\ + (/y — .r - (^ i ) r , + / . ( / / ) . 

l)(Mi()t(» 1 )V I t lie opt iuinl solut ion to t l i (�non-constra i iKnl vnrial ion of the above 

1110(1(̂ 1. That , is, 

•Ssj = a r s m i n { r , / y + /.(//)}. 



(llAriTM F) Optinml 厂(>//(..�• with n lOQC (\>iHnicl cSf) 
\ 

Th(�u. ill tlir ( nsr of r, < r " , I o p t iinal inventoiy policy is ol" 1 …‘s(�-st(M.k type 

wit li 1 \\c <)r(l(M-u|>-t() 1(�\'(�1 .S's, 1. 

(ii) ir r 丨 > (.1 卜 t\\v l>uv(T only pmnin ' s IVoiii t l i(�conl met supplier, and llu， 

lmv(�r.s optinml (Iccisioii is 1 o (.lioos(�tlir opiiiiinl " lor 1 \\v following pioblciii: 

./•I(.'•,(•？I; q ) = niin [r//(// - x) + />(//). 

Let 

‘S'//.i = ar^iniii{r///y + 八 ( " ) } . 

Tli(�u, ill th(�cMSc ol" r// < ('I. t l u � o p t inial inventory imlk.y is t h ( � o n e wil li t he 

ordcr-up-to l(�v(�l .S'//j. 

To .siiiniiiari'/(\ t l i (�opt iinal procunMiHMit policy can dmra<:t(Tiz(、（l by t li(� 

lollowing Uimr(�iu. (In th(� fo l lmvi叩 para^raj)!!, \v(�always us(； r/.s and </f, to 

r(�pr(�s(�iit t he ()])t iinal order (|uaiil it ics ordered IVoin 1 \\v spot ninrkct and t hv 

contract supplier. r(�sp(�(.tiv(�ly.) 

T h e o r e m 5.3.1 For the last prnud. suppose the spot price is c\ and the n nmin-

iiuj conunUiiK nf size is Q\. ‘ .... 
. 、；、•、‘、為 x \ \ \ -

a) What r" < r卜 fhc optiuial order Qii(infili(i,s arcjjiven hi/ 
* « 

. (()々 丨)， -l-Qi >'SnA： 
. (".s“//,)=< 

(•S'//,i — Q\ - :r，（川.:/； + Qi < .S'//,| . 
� 

and "川fjy':�) > 0. 

h) When ('\ < (.h , npf.imal ordar qiKinlilies arc (jivcn hy 

("•s"//,)==< 
(‘S:s，i - Q\ — .r.(^i). ;r + Q\ < .S:�卜 

\ 

‘and " 二 1:") h - r i . 
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<')f\ (.r. ； Tj) is join til/ coiivrx hi (.r, (J \ ) .for rurli (、. Moreover."川) > 

().and - " 川 二 —R". -
(f.v iiQ\ “ 

P r o o f . S(�(�丨 h ( � A p p e n d i x . o 

l � u t ‘ s n) and I)) a n � i n t nil iv(\ It is also inlcrcsl in^ lo i i o h � t ha t t li(�（liflrr-

<�ii(.(�1)(M.\v(mmi t lu� inar« ; ina l cost of on-liaiul iiivciitorv niul t hat of comiiiil iiiciit. is 

const Mill (Uid is (H|iml to —r,,. 

5.3.2 Two-Period Model 

Now \ v ( � t u r n to mialyzr t he opt iiual problem in p r r iod 2. T h i s ( wo-ixM iod u i o d d 

allows t h(�rcMiiaiiiing coinmil iihmiI to 1)(�fiilfillrd part ially in pcniod 2. WV exaiiiiiK^ 

tli(�2-i)(M"i()(l prohUnn iiist(�a(l of a j2;cMi(Mal iV-p(Ti(>(l l)r(:;uis(� i t is casicT to 

^aiii iiisi^lils. and in fact , willi t l i (�2-pori()( l p m b k � m being analyzed, t l i < � N -

‘ l>(�i i(>(l pr()hl(�m 1K� ( :O� (�s i.(�lat iv(�ly (;asy to h a i i d k � A s what \ v ( � d o (�arli(T，\v(�also 

(umsi(l(�r t‘h(，'i-ixniod i)i,ol>l(�m according to whctluM' r-j > (•". 

C A S E � _ , > r// 

T I k � l m y ( � r only procures from t he c.ontracl. s i ippl irr (iv(�n if he has L.U出 11(�(1 t h (� 

coiuinit niriit (as he (:au still buy at t.lin as-ordcrcd pi.i(:(�f:/,). T h i s is (�ss(mt ially 

(HiuivakMit. to t he model of B^ssok mid Aiuiupiiidi (1997), l>(�(.mis(�t lu^ spot market 

is iiol an opt ion in juniod 2 VVIKMI (••> > r " . Nowr t lielcss, \ v ( � I U M H I to provide; a 
» 

( .oi i i l ) l(� t (�analysis horo as 1) t l i ( � c o s t - t o - ^ o luiict ion is (liffrnmt tVoin Basse)k and 

Aimupimli (1997); and 2) it pn^pnrcs t h (� i i uh ic t io i i to A,-p(�ri(Mi |>i‘()l>l(�m. 

By (lyiiaiiiic. cKjual ion (5.2). tli<�(Iccisiou mode;! can 1)(�l(>niuilat(�(l as: 

/2(二 Q‘2;"2) = i ” in [ r / / ( " — .r) + 厂(//) + E t v , / i ( / / —（，{Qi 一 ！I + :'.)] ; r.i)!. (5.3) 

Define S f l = 小 � 1 + R.s)), tlui opt iinal ” I I (� \VSV(� I I ( l (> I ” quaiiUty. T I K M L wv 
V 

have t following tli(�<)r(�iu ctoiiccrniiij!； t he (lyiiainic prograiimiii ig probknu (5.3). 
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T h e o r e i i i 5 .3 .2 77/rrr crisis a .S'//-j. irhich solves 

miii[r"// + 厂(•"）+ l^.rj.八!/ 一 ( 厂 ) ; 1 ) 

such thai Su -2 < S f / . and. flic opUiiKil (mlrr qiuuitiUc.s in period 2 (in: (fivcii 

(0,0), .r > S f l : 

‘ (I), S f l - •/.), .r < S'},' and x + Q , > S f l : • 
((lŝ <lh) = « ‘ (5.5) 

. (0. Q j ) , J- + Q.J < .S';y (md X + Q-2 > S,,.,： 

�Sii、2 一 Q-2 — r, Q r + Q > < ^'//.j. 
\ 

� 

Proof.丨)dim� 

//(:/•, //) = - x) + L(tj) + E 《 ， ( y - Qy - !J + r\) and 
« 

Tli(�ii，//(;r, //) and "(./.，//) arn ( : (�v(�x in // by T h e o r e m 5.3 .1 .c) . and (5.3) can 

1)0 I'mtluu' rrronniilalcHl as follows: 

= iiiiii{ mill //(.r,/y), iiiin H(:r,y)}. (r).G) 
Q-2\r>u>.r tl>:riQ2 ^ 

T(> solvo l\\v above pmhl 復，taking t k (� f i r s t derivative of 11 (:r, //) mid "(./:，//) 

with i.(�siM�(:t t<) y yields . 

<),, - ( ' " 十 、 “ ) 十 L� ’q -IT； J)Q^ -J | ./•> 

" " ( : ' . ’ " ) = c , , + l / i u ) + E , 

. (5.7) 

Not n t hat. t he last block on th(�riglit-luviid si(l(^ of (5.7) is (Kiual to —r,/ l)r( aus(� 

of Tl ieorc in 5 .3 .1 .c) . 

， > 广 

* 
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T h u s . th(i o p t i m a l so lu t ion t o iiiiiiy ll{.r. y) is .S'f/. And t he opt iiiial solut ion 

to mill,, li[j\ ij), denoted by .S'//.i- s(>lv(�s , 
< ^ 

’ + C .C.s", -(.//�i (O…((.1 ) " ( ( "、 + .C ./r'"'' 一 = ( ) . 

� . • (5.8) 

This is tho first oi.d(�i’ coiKlition for tho iiiiior pmt of (5.4). Th(�oxistciice of S/f -j ‘ 

• is guaraiitoocl b>： the fact that the loft-haiul side of (5.8) iii(:i(�as(�s from negative 

to positive when /y goes from —oc to oe. Furthormore, because. (二 � > 
i w'v have ['(.7)|,v=.s’",2 ^ (). Thus, we sec .S'y/.-i < S f / . Now we analyze the optimal * 

inventory policy hy those critical values. 

Suppose X + Q> < /^(-T, ij) can he iiiiiiiiiiizccl at'.S'//,2 iu [x + Q}^ +oc) . 

H(x,tjy decreases in y in (—oc. x + Q2)' and ij) = //(.r. {j)\y=x-\-Q-2- Thus, the 

optimal policy is to order up-to S^/. An analogous analysis can bo coiKhic ted for 

i � 

Suppose .S'//,2 < X Q) < S f l , /?(:r, y) increases in y in [x + Q'>, +oc) . and 

/ / (x , f j ) decreases in ij in ( — oc,x + Q-z) with R{x, y) — / / (x , /y)|,;=x+g2' then, the 

optimal policy is to oi.d(u. Q2. • 

‘ T l i e optimal policy for the c;ase C// < ('> is illustrated in F i g u r e 5.2. Depend-

ing oil the oii-haiid i immtoiy level and the reiiiainiiig coiniiiitinent size, we can 

divide the state sj^ace into four regions, i.e.. I. II，III, IV. It is optimal for the ‘ 

buyer to order nothing in region I. to order up-to S^j from the contract supplier 

ill region II, to order exactly Q2 to ctoiiiplete the outstanclin^i； coiiiinitinent in i(�-

gion III, and to act as in region III，but to order more from the c:ontract siipplkT 

‘ to bring y up-to •S'//’2 in region IV. 

Wc can obtain the following result conccriiiiig tho properties of the value 
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t \ 
I ^ t > S/Y 
.三 Ordor friiiii t ho supplier J .x > S 
= " P - t o >•,、/ — 

-9 Sf/ Order not hiuH 
. = I Q , ‘ > 

5 \ Fulfill Qu \ 
I \ \ 

KUKILL Q „ AND 
f r o m t h e m a r k e t ‘• lU 

.ip-U. S,, X S" X �•‘ 

0 Inventory Love! .r 

Figun�5.2: Optimal iin-eiitory policy when < 

function as a (.OIIS(�(IIK�IK:(.�of the analysis abovo. 

Lemma 5.3.1 f>(x, Q-,； c-i) is jointly convex in {x, Qy) for each Co when�•_, > r". 

Moreover. T^l^：, C?2； <^2) increases in 6-> . and 柳彻—视巧;(，•-»)= 
• O X ( 7 Q 2 

. Proof. The value function with the optimal policy can l)e written as follows: 

C/i(.r.Q2,C2), ./• > Sf/： 

" � ^niSfl - X) + � ! Ah 一 Sf! + r . c.), x < Sf； and .r + Qo > S f / : 
M.r，V2； Co)— . 

+ (、(‘r 十 (). (.2), X + Ch < Sf! and r + Ch > S,,^ 

�cnQ> + cifiSno - — Ch) + (''1 (‘SV2.0. o,). ；r + Qo < ,S’"’:). 3 

The convex and increasing i)rop(�itk�s in Q2 can be verified case by case as in 

Theorem 5.3.1.c). 

To prove 收(，;，)-"h�忿、。】、=一c,卜 we just note that (•广)-

<)C.,{X^2,C2)=卜 which is a direct application of Theorem 5.3.1. This com-

4 二； 
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l)lotes the proof. • 

C A S E (‘2 < (•// 

Thv huyor iioocls to trade off hetwooii thv two i)r()( ui(�iii(�iit sources. If h (� t ak r s 

the advantage of thv low spot pria) now. tluni the (•oiiiiiiitiiioiit may he pushed 

to thv next ix�i,io(l. Tlierefore. in this ease, he may piocuie certain amount from 

the spot inarkot at the current low spot pik.e. and orders some (luaiititios from 

t he cont ract supplier at the same time to roclucc the coiiiiiiitiiion't to l(�av(�ccrt aiii 

Hexihility to the next period. 

Ill this ease, the dynaiiiic pi.ogmmiiiiiig pi.ohleiii can ho written as 

where 

V{q) = ciiq + [ — + q) + U q)]: 

Tho analysis to follow next is to solve tho rolaxocl version of (5.9), i.e.. 

mill V'((/). (5.10) 

It is called the relaxed problem because now q can be negative. This is for ease 

of mathematical derivation. One can regard the-negative q as selling back to the 

contract supplier at the expense of increased coiiiiiiitiiunit in period 1. Later, we 

restore the noii-iicgative restric:tioii on q to identify the optimal policy. 

\Ve first decide the optimal (j(q) for 

mill (5.11) 

given (I e (一oo, Q-i]- Then, y((i) represents the optimal inventory level to iiiaintaiii ^ 

by ordering from the spot market after ordering q from tlio contract supplier. 



% 
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By T h e o r e m 5.3 .1 .c) , 11'(/y, (/) is (:onv(�x in /y. Hence, i/{(/) has Ihv form as 

“ � = (5.12) 
:v + (J. otlunwiso. 

\ 
I 

where S^iq) is t he optimal value for tlie uiiconstraiiuHl v(�nsioii of (5.11). Furtlicr-

iiioro, note that S^iq) is finite and satisfies the first order coiKlition of 11'(/y, q). 

W ( � n o w oi)tain some i)i.()p(’i,H(�s coiiceniiiig S^iq) as a function of q. 

L e m m a 5.3*2 increases and ^2(7) — (j decreases in q. 

Proof . See the A p p e n d i x . o 

This loiiiiiia has a direct interpretation for the optimal oi,(l(�i.-up-t() level and 

spot puichas(\ If the spot piic.c�is lower than the (•oiiiiiiitiiieiit pricc and the buyer 

‘ has i)r(K:ui'(�(l q from the (contract supplier, then the optimal oi.cku.-up-t() love I by 

ordering from tlie spot market increases in q. However, the ainomit in,o(ui.(�(l 
A 

from the spot market decreases in q. 

Ill the following analysis,' we cleteriiiiiie the optimal q for (5.10). Before^ pi.o 
* 

cecding, we define three iiuiiibers: iS、，2, and QTj. 

LC't Ss,2 be the optimal solution to 

in i i ih / / + L(y) + - iiiiii " ' ( / / ,Q2)) . (5.13) 
y . y 

S^o bo the optimal solution to 

min[c2/y + L{y) + 一 1 0 2 ; c i ) ] ( = mi" I「（仏（)））• （5.14) 
y y 

and Q o i ^ 0) be the optimal solution to 

• iiiiii [ - ( C H - c . 2 ) Q + E^., J , (SFL - Q; c,)]. (5.15) 
Q€[0,oc) 

Then, 5s,2 — S^iQ-y) tlie optimal order-up-to level when the buyer doesn't 
« 

have any reiiiaiiiiiig coiiiniitiiieiit on hand; ‘S::二, 二 ‘S'】(()）is the optimal oixler-up-to 
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k�v(�l via spot market wlirii tlu^ buyer (l(�f(T:s all coiiiiiiitiiieiit (Q-*) t() period I; 

Q^ is t h (�op t ima l coiiiiiiitiiioiit si/(» (l(�t(UT(�(l to i)(�i.i()(l 1 after t h ( � b u y e r trades 
% 

ofi" b(�tw(�(�ii the unit cost sav(� in cmrrout period, (o / 一（.2), h.V buying from th(� 

spot iiiarkrt and tlio opportunity cost saved for ])(nic)(l 1，(“已…“̂‘念 W。))， 

fulfilling th(，comiuitiiioiit. 

M(m�ov(�i.. and QJ an�iiKl(”K�iKk�iit of Q-j, and t h(T(�is a iiioiiotoiio im)p(�i,tv 

hot worn S(丄.丄(or wlion no coiifusioii aris(\s) and Q) (or Q when no coiifusioii 
( 

arises) ( F i g u r e 5.3), which is sh()\v(�(l by the following loinina. 
.> 

L e m m a 5 .3 .3 Sj.^ decreases in Q> mid > —1. 

801 . . i 
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70 \ 

� i \ , J 65 - \ 

. I \ 
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. : 
501 1 1 i 

0 50 100 150 200 
Minimal Commitment Q 

Figure 5.3: Relationship bc^twoeii and Q 

P r o o f . See the A p p e n d i x . o 

This loiiiiiici also iiiiplics that the more the (•oiiiiiiitnioiit cloferrod to period 1, 

the lower the optimal ordcr-up-to level (via the spot market) in period 2. 

The next theorem states tliat it is optimal for the buyer to order from the 

(X)ntia('.t supplkn. to bring the rciiiaiiiiiig coniiiiitiiioiit down-to QTj, if the inventory 

level after ordering is lower than S f / . or just to order \ip-to S f / otli(u.wis(�. 
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T h e o r e m 5 .3 .3 is coiwcx. FuHh(':n",()re. let (!* be the opHinal solution to 

(5.10), then the form of q* is as follows. 

• Qi - + Q , < .s'/V + g *； 

二 { " " (5.1G) 
‘ SF! — •/;, :/. + g , > .s'f/ + 

V 
/ 

P r o o f . According to t .h(�above analysis (s(u�(5.12)) , /y(r/) has dittbrriit forms 

(lo])(Mi(liiig on wlK)tli(T .S'.](r/) > .r + (j or not. \ \ c dofiiu�(“i: as follows: for tlios(， 

X > S^iQ-j) - (It-Hi 10 (/j. as thv solut ion to .S’‘】("）—"=:r ； for th(，s(�x < 

— (J2, just lot (Ij： ~ Q'2- Then, as .S'�(f/) — “ d a n^ascs in q as L e m m a 

5.3.2 shows, (jj； exists and is imiqm� . Furtlicriiioro, y((j) = ‘ V � � if (/ > (/j：; 
JI 

y(q) = ：/: + (/ ot luu wisc. No t (� t ha t (j：^ < Qo- Thus, our analysis is coiidiuttcd for 

two cases: (! < q.j. and Q ) > <} > q^. 

(1) Case (j < "a., //(") = ‘S'�(f/). Tims, t ho opHiiuil pn)i)lciii dofiiKHl by (5.10) 

call bo refoniiiilatcd as 

miiir厂("）={cn - C2)(l + "‘2(.S，】(")一 x) + + E^,,/, ( ‘ V � ⑷ - Q , 一 r/; c,)]. 

, (5.17) 

Denote by � the optimal solution to t he uncoiistraiiKKi version of (5.17). Tlicii, 

by L e m m a A6, T((f) is coiivc^x and »��("‘=(1)) = S f / . Fiirthoniioro, if Q^ > ()， 

( / f ^ 二 Ch — Q2 aiid'if Q*> = 0 ， � > (h. ’ 

(2) Case Q^ > <1 > (h’ wo have y((i) = x + q. tho resulting ibniinlatioii 

of (5.10) is as follows: 

mill [f{(i) = cnq + L{x + q) + E � , /, (:,; + Ch 一 <l\ ('\)]• (5.18) 

D(�ii(>t() by ^ the optimal sohitioii to tlic unconstrained version of (5.18). Tlioii, 

by L e m m a A7, f ( ( f j is convox and r / ; � = S f / — x. 

t 
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C()inl)iiiin<!, (.as(�s (1) and (2) ^;iv(�s an ('(juivnlciit loniiulMtioii to t l i (�opl iiiiril 

p m h l ( � � ( 5 . 1 0 ) as follows. 

• iiiiii{iiiiii 71r/). mil) T((/)}. (厂).”)） 

‘/l'/x '/€(,/_r，(v)2l . 

Ful.t h(�nnor(、，i)y Len i ina A8, 1 opt imal values o l � / . � � and fu.(�always 

ill llic sfimr side of Siiic.c 二 .“厂卜 wr sv.v. l ,“ /) is coiivcw. 

Now. we (l(�1(TmiiK�t he optinml “ 6 ( —oc, C/j] for (5.10). 

(i) If > (), t hru r / : � = Q - > - If f/•；⑴ < i.e.. Q-> — < Sf； - :/;, 

w(�hcwv. 乂⑴ < (/•】"）< R/.,,, t IK; opt iinal solut ion to (5.19) IS ihv sniiic AS t hat, L.o 

(5.17), i.(、.，q* = ) = Q-I - Q2； “."：⑴ > � ’ w(�liav(> r / ; � 2 > r/.,, th(� 

()])tiinal solut ion to (5.19) is t.h(�same ns that to (5.18), t hus, (j* = 7 � � 二 S^j - x. 

(ii) ir g* == (), tli(�ii …�(I) > (Jj. The optimal solution lo (5.17) is q,,. . If 

(厂二2) = — J. < Q‘之’ ihoii. r/•广）> r/.,. by L e m m a A8, and thus, the optimal 

sohit ioii to (5.19) is t he same as that to (5.18), i.(\, q* — Sfl — x < Q)； if. 

"二⑵ 二 — .7： > Q')^ then 110 iiiat.t(n- what t,h(�vahic, of (f.j： is, tlir opt imal solut ion 

to (5.19) is (J* = Q*. 

C()inl)iiiiiig (i) and (ii) gives (5.1G), which (-oiiipletcs our proof. • 

Willi t\u) assistance of this llieonnii, wc can go fui.thm. to n^strict <1 to 1)() 

iioii-iiogativd for foriiiulatioii (5.10) to gf̂ t the opHiiial policy for the (lynaiiik: 

prograininiiig piobkmi (5.9), which is (:lmni(:tx，i iz(�(l by the following t li(�or(mi. 

T h e o r e m 5.3 .4 In period 2, whan the spot prlcc ('2 < cn, the optimal policy ran 

be classifirA hy the. value of QJ. SpcciJicaltij. 

m 
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. » • 

if Q:, — 0. then S f j > Ss,), and the, the, optimal ordc/r (juanf/dms arc (jtvc.ii hy 

(0,0). .r > 

(0，.S';V — ./.), :i; < .S'f/ and :/; + Q. > .S'jV ； 

(0 , Q v ) . X + ( h < S f l and X + > .S',.； 
t 

- (h - ,/.，y-i), + Q j < 
\ 

If 0 < < Q2, Uum Ijic the opUmal order (jvmitUics arc (jivr/ii hy 

(0,0), .X- > .Sf/; 

(7.S, Hu) = (0, .S',7 - :/.), J: < .S'/V and :/; + Q.> — > Sf,': 

(.S'；/ - { ( h - Q ^ ) - :/.，(2‘2 - ( 拟 ， + Q2 - Q-2 < 

. (5.21) 

If Q2 < Q*2,""�'"’.S'/V < S(J;2，广 I'hc' optrmal. order (fiui/iUitirs arc (jivr/n hy 

/ 

( 、 （(),())， 工鴻; .r 00, 
= (厂).22) 

Proof . The proof is divided into t iir(，(、(:as(is in t r ims of tlid valii(�of Q*,. The 

iiioMiiiiigs of r/.,., T((/), f ( " ) , (I2 ‘̂  and 7‘二」）h(”.(��•(�,重！⑴ saiiK! as tliosc iii T h e o r e m 

5睿3 

Case 1: = 0, or > Qj . 

‘ 1) U'x-hQj < ‘S'/Y，Mum, hy T h e o r e m 5.3.3’ q* 二 > ()• By sett ing q 二（《̂2， 

. t he ()])t.iinal y of prohhmi (5.9) is (�(|uival(m1‘ to t h(，solution to 
會 

mill h ( / / - X 一 Q'2) + (11Q2 + 厂⑷ + ./.I ("-();广丨)• 
Q2 

Thr ()i)Uuial policy for abovci j)robl(”ii is of bastvslock l.ypn with ordcu-up-lo k)vv.\ 

‘ ^ S…which is ddmvxl ill (5.13). N(>U�tluit .S',,̂  = < > > ’ . : ( , / • : � ) = S f / . Th(m, 
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1 \\v ()])t.iiiinl policy lor (5.9) is, ；ifl.cr ordering Q-, fi(>"i l lic (:(>iit i fict, ‘supplier，to 

oi.(l(�r (.S'svj - Q-, — •/.) froiii 1 li(�spot iiinrkct, if ,S’.s,2 > Q> + .x, and to ordcn- iiol.liiiiji； 

ol lKTwis(�. 

, 2 ) IF ./. + Q. > S f l , Mi(!1i = S f / - :/. l o r ( 5 . 1 0 ) . II. > 0 , i . e . , :/; < .S'；/, t h e 

“ optiinnl (f lor (’�).”) is l l i ( � s a m e as IIimI lor (5.10), with " ( " ) = �二 ：厂+ (广)(si"(:(� 

(I.,. < .S'/Y - J： as ill L e i n i n a A8); U (f* < 0, i.(、.，：/： > S f / , t,h(! opliinnl ” for (5.9) is 

0 (ns V((f) is ( ("ivrx) and "“/) = :/;. T1 川s, tl“�opl.iiiial policy for (厂).”）is to order 

Sil 一 X IVOIII the coiil rncl. supplier if S^j > niid to not hing ot luirwisd. 

Coiiihiiiiii/^ above two sulxtMSC.s, vv(； obtain tlK! opt.iinnl policy lor Q*, < 0 as 

(r).2()) shows. 

Case 2: 0 < < g‘2’ or 0 < " ‘ � � < Ch . � 

1) If ：/; + Q^ - Q-2 < s”�t.li(;ii (I* = g-2 - Q2 > ()，which is optimal lor (5.10), is 

also opt inml for (厂).9). As "‘,： > Sf/ -x by L e i n i n a A8, I.Ik; orchn-iip-U) U)vv.\ yiq*) 

is (�(iual to •广））（=Sfl) . Thus , Mic opt imal policy is 1,0 (irst, ()i.(l(�r (Qv — Qr,) 

from Ihv. contract, supplku', t:li(;n to (>r(l(!r S'^/ - Q'2 + Q2 — via UK; spot, iimrkol, 

if S f l 一 Q'l + Q*) — > (), and t.o <>r(l(，i. nothing other wise;. 

2)ir ;/; + Q2 > S f l , Mioii, q* 二 .S'/V - :/; for (5.10). If q* > (), i.化，:/； < .S'；/, Mm 

opl iinal q for (5.9) is t.h(，saiiK； jus t.liat, for (5.10), wit h yiq) 二 S”�= x^-q*) (sincc; 

f“: < S^l 一 X as in Len i rna A8); if q* < ()，i.(，.’ :r' > S f / , the optimal q for (5.9) is 

0 (a,s V{(i) is cxmviix) and " � = • ' / : . Thus , th(，optiiiuil policy lor (5.9) is to ()r(l(u. 

S f l 一 X f rom t,h(，contract supplier if .S'f/ > :/;, and to on lor noth ing otlunwisd. 

Conil/niiiig above; two subc.aisos ^>iv(\s (5.21). 

( � i . s ( � 3 : Qr, > Q2, or …：⑴ < 0. 

In t his caso, if .7： + Q2 - Q2 < .S'/A/，t,li(!ii, q* = Q^ - Q^ < () is tlu; opt imal 

solut ion (o (5.10). Siiicc; V{q) is coiivox, thv. opt imal solut u)!! to (5.9) is (j = 0. If 
< 
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X + Q-, — Q!, > S f l , "mi l 0 > S f / — :/;，Mnis, t he optiiiiMl solut ion to is q = 0 

1 (){>. 

By s(;l l.in^ (j = (), I IK; op t ima l y of p r o b l r m (5.9) is <，(|"iv"l(�"t, l o t he soliil ion 

t o 

i"in[c‘2(" - •'''•) + I Ay) + l‘:�’ri/i(/y — . 

T h e opIiiiKil solut ion lo 1 IK; inner part ol. tlic "l>(>v(; |m)l)l(”" is .S::么，which is 

(Idinod ill (5.1/1). N()t,(' IliMt, S ( ‘ 二 .S'�((}) > .V‘】（(/)⑴）二 .S'jy. T h u s , MK; op t ima l 

policy lor (5.9) is lo ore lor — x) Iroiii tJi() spot, iiiarkdl if > :/:’ and to 

()r(l(”. iioUiiiiji； ()Mi(!rwis(\ Tli is î îvcs t he policy (5.22). At last , coinbiiiiiiji, C'ris(;s 

1，2 and ：} (:()in|)l(;t,(is our proof. • 

All i l lustrat ion of l l i r opti i i ial policy is S1I()W(K1 in F i g u r e 5 .4 . 

W(! i-iiu in tcnpni l l lic op t ima l policy HS follows. In ixiiiod '2, WIKMI ihr spot, 

])ri(:(； is l()W(;r t h a n Uk; coininitiiKiiit- p r i ( : ( ， ， ( ; x i s t s an opti i iml coiiiiiiil iiKiiil 

1()V(;1 Q*^. If Qf^ = 0 ( F i g u r e 5 . 4 a ) , m) ( i ivi(l(� thv. st at e; s p m x � o f oii-liaiid iiiv(;i“()ry 

and l,li(； to ta l ninifiiniiif!； comuiiUimiit. in to four rqi^ioii.s: I, II, III，IV. In r(， î;i(m I, 

ovdvr iioMiiiig; in rv.gnn\ II, on lor up - t o S f j f rom tJi(，contract supplicn-; in n^gion 

III, just, fulfill t i i r coniinitnicint, and in nigion IV, first fiilfill tho coiimiitiiKiiit, 

mid t.h(ui o rder up - to S�2 IVoiii tho spo t iiiarkt;!.. If > "，"i(，sit miUon is iiiorc! 

coinpk^x. ll()W(;v(;r, w ( � c a n still d iv ide t ln^.states spacc into four mgions: I, II，III, 

IV, ill F i g u r e 5 . 4 b . In i(災i()ii I’ or(l(”. iioUiiiiji;; in region II, ordcu- up - t o .S'f/ f rom 

lli(； con t r ac t suppl ier ; in n^^ioii III, first ohknUi.om tin; c o n t r a c t ‘supplier t o l)ring 

tli(； coiiiiiiil.iiioiit, siz(； for p(u,i()(l 1 d o w n - t o and MKMI p rocure f rom tJin spol. 

iiiMrk(^t t o br ing Ihc inventory I r v d u p - t o S f J , and in rof^ion lV,,(M.d()r up - t o S^i, 

f rom Ihv. spot, iiKirk(;t and ordnr no th ing f rom Wiv. ctontract supplicir. 

W r lmv(，MK; followiii^i； hniinia coiiccu iiiiig IIK; valiui fiiiictioii 从/:’ � 2 ) 
f* 
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I X I' - t • >•；V 

.三 Orih.i irotii I III- Mipplicr /口 � � � ' = X .. \ / 
5 X "”-t" .s " 

5 (>r»l» i tiitl liiiiK 

= ///：̂  I Q.. 

'5 i tiifiii Q„ 
墓 \ \ 

IV :R I Q,. , N X X 
l-'iilfill Q „ an<l N. 
from llic hpi.i inai k< I •�•'�' 
••|>-lo .S-. \ � ^ 

0 lnv(Mi(«»ry L(，vH :r 
(a) Q ' = 0 

‘l̂ iV 1 • 
//： X t Q„ c sY 丨 

(Jr'“，r from siipplirr 

= \ , � 

i \ 
^ ()r*lrr — ty frniii I ho supplie r ^^ 

and onJfr from "…spol riiai kcl »i|>-l«» S 
^ 

Orrh'i rrotii till- h|>ot market ii|>-tf# A,: 

0 l i ivontory Lf?vi;l x 

(i») cr > (> 

l:igui.(，5.4: All illust rat it)!! of opt imal invoiilory policy 
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t 、 

1 h e CMSC r-v < r " . 

L(3iiniia 5.3.4 /̂(./；. (/j； c-}) is joinUy coiwc/x in. r.2 < 广“.Moreover. 

“ 仙 ： 严 … — 二 - R " , and " 巧 力 > (). 

Proo f . Comlh i(”iin̂ i> on I he v “ l u ( , of (J*,, 1 he v m I u c I'linct ioii /^(./“, Q-j； r - j ) can be i 

icvvrit ten MS follows. , 
•1 

1 

0/(.S';y 一 ：'：) + (n (S^I.Ch — .S'/V + .;；. r ,) , :/; < S^l and :r' + Q. > ‘S’;/; 
./2 (:''•， 2̂；。2)= < 

r / iQ j + (n (•'/'• + ()，r,), :/: + Q , < Sf / and :/. + Q, > .S',,̂； 

(•llQ> + (..2(‘Ss:2 — 'I： — Q-j) + (), •/'• + Q'J < S�,2. 

() < Q-, < (h 

。'丨(:�2".2)， .7- > .S'/V； .律: 

/2(:/:, "2) 二 - •'/:) + r / , - .S'f/ + ：/；,r-,), •'/: < .S',V mid ：/； + ih 一 Q\ 

… “ - - Q'；) + r.2(‘s',/2 — X) + ( ： 、 • ' / • + (h - Qr> < . V ； / . 塞 
V 

ir ch < Q； ， 

f 

(7|(:/;,(入,":2)， X > S^jj； 
Q'>\(>>)= ‘ 

- x) + :r < 
> « 

As ill T h e o r e m 5 .3 . l . c ) , (or giv(Mi c-j, t lu； coiivcjx property can 1)(，ver ified ease; by ] 

case, and t li(�（、("mlit,y ""(二)^?;"」,一"似；；念：‘;。"^) = - r " , is st raight,forward by iioliiiK : 

that "。'(工-""丨(：；；：;拟‘》=明？丨> 0 holds siiico "。'(:；；：;似力 > 0 丨 frx <'Q2 一 ^^Q'l ~ i 

J 
and (>2. < 6'//. o ^ 

T() suiniiiari/c, by (;()iiil)iiiiiig (:as()s (:�上 > and c" > (•>, w(; find that tlir ^ 
i 

I)r()|)(M t.i(\s oi. valiH； fimet ion f�(:/:, Q2； <"2) ('an IK; can icd ()v(". to /^(；/;, QJ；广2). 4 • 
• : 

j 

t . c. . \ 



CUAriTAi�) ()})Unuil l\)luy with n TOQC C(mtni( t, 100 

is, Q i ' is joint ly convex iii (r/:, QiY. inor(!()Vcr, — 吐 ‘ � ) = 

5.3.3 "-Period Model (n > 2) 

Now. wc consider t he <i,(Mi(Mnl //-period model for ” > 2. Tli(, (l(’t“il(�(l j proofs for 

t lie icsiill s ill I his sect ion fuc in A p p e n d i x . 

I^cfore wc sImIc 1 lie ji,(Mi(M Ml t hcorciii coiiccniiii；!, the opt iiiiMl i)r(M:ur(�iii(�ii1 pol-

icy. Wc define 1 lie lollowiii^j, srv(�nil iiuiiihcrs lor jxuiod n > 2: S丨丨，,,，‘S:、,,， 

Hlid Q：,. 

(1). Define the (ollowing iimll i-jx'rioci flyiuniiic |>i.(山Iriii: 

Ik, 1) = iiiin[iiiiii(f://,r„)(// - x) + />(/y) + I二(.,�",(" — (5.23) 
• Hi：： I-

wit li A) = 0. Thcni, (Uniotc t.lic opl iiiuil ordcu-ui^to l(iV(;l lor t.liis prohlcun l)y .S'//,；； 

if (11 > Cj, Mild by .S'.s-„ ot h(”.wis�. 

(2). S(J” is (lofiiHKl as f.li(! order-up-to l(;vd for i hc following prohhMii: 

"山小 / > ( / / ) + - (rj.2'1) 
// 

� . Q * ^ is (l�fin(，(l as l,li(； opt iiiuiI solution to 

i i i i i i [ — — c„)(J + E 仏 … 、 . � ” — �⑶ 丨 丨 - ( 5 . 2 5 ) 

T I K M I , .S:、,，is t,li(! optimal ordin-up-to hiVdl via t,h(�spot, iiiark(U. WIKJII I.IK; 

l)uy(M' (l(>(!Sii'l. liav(； any njiiininiiig coiiiinitiiKnit on iiaiid in period n, and ‘V" „ 

IS thai via I.IK; coiit MCL siipplicir, is llio optimal (MKN-iip-h) l(，VD via t IK; 

spot： niarkdt wluiii t h<，buyer ( ld.�rs all r(，iimiiii叩 coiiiiiiit iiiciil. si/c;, ((/,,)，to 

Ibllowiiî i； n — 1 periods, and Q* is 1 h(； optinml (toiiiiiiit iiunit, l(，v(�l (Idomul to 

futiin; |)(ni()(ls aflcu' t lu; huy(;r U.mlcs off Ixjtwodii Ui(! c-.ost savcul l)y buying from 
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I.IK; spol, iiiMrkct and t he opport unity cost saved L)y m i m ING C.oimnil incnt, s i z (� fo r 

fill lire |>{;ri()(ls. Moreover, S、"，.S',,,, mid (J:, ar(�indcixMidciil of (J„, ；m(l can h(� 

coiiipnl ('(1 by ('((iiivrilciil. syslciiis of simple nnill ij)l(>j)(M i()(l news-vendor type (s(;(' • 

(lyiiMmic piohlcms (厂 ) . 2 3 ) and ( • 厂 ) . 2 厂 ) ) ) . i s nn ordcr-iip-t.o wliicli clccn^Mscs 

ill Q.纖丨 ^ > - 1 . 争 

Wil 11 t he ni(i (>f. tliasr iniiiilxMS, \v(�hfiv(，tlir followinp, t h(�or(�"i which cliarric-
* 

省（、rizrs I \\r opl iniMl coiiiniil IIKMII. niid invciilory policy. 

T h e o r e m 5.3 .5 In period /;. suppose the spot jnicc is c,, mid the 'm.m.(imin” 

(:()mm.Um(mf, stzn is Q，,. ‘ 

Wh.c'fi, cii < Cj,, wc have S// ^ < Sf/ (md Uic opUnuil order (/luriitMics am fjivcn 

/ " / • . 

f « 

(()，())， ./： > .s',V； “ 

((),.V/Y — X), X < .S'/V and x + Q„ > S f / ； 
("«"//,) 二 •， (5.2()) 

((),Qn). J;十(J” < .S'/Y and X + > 

�（'S'//，,, - — .7；, Q„), .7； + Qn < Sii…. J 

Whan (tji > Cji, the optini.al policy is classijicd by Uia value of Q*; 

/f CJ* = ()，Uic/n S f / > , and the op tin ml order (jvMuf/Uuis arc (jivc.ii hy 
/ 

(0,0), .X' >'.SV； , . 

((),S^l — :/：), X < and x + Q" > S^/ ； ‘ 
("、•’""）= (5.27) 

(()’ Qn). + Qv < ^u and X + (J,丨 > 

(‘S:s,,, - Qn 一 :':，Qr/), :f' + Qv < 
< 

• i> 
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Ij () < Q*, < Q,i. then tha opiimdl order qaaiditms ma (jivcn by 

(0.0). ./• > S l̂： 

…>�二 （(). Sfl — .r). •/. < .S'/V and ./.十 Q” - Q*, > .S'；/ ; 

� - (Q. - Q：) - rXh - Q：,)' + Qn - Q： <�?/. 
(5.28) 

If Qu < Q*,' then Sfl < ‘S:^,,，and the optimal qiiantitics are (jivcn bij 

(0,0). :/• > ‘s'?,,: 
("“//,)叫 •• (5.29) 

/„(：!.，Q„;c„) is jointly convex in (:r, Moreover,盆,":�")> ()and 
()fu(x,Qn;Cn) 一 Ofn(x,Qn:r„ )— 一， 

I 

\V(，can see that the optimal policy for the geiioral /?-pori()(l model is similar 

to that for tho two-period sotting, thus it can also he ilhistratod i)v similar figmcs 

as Figure 5.2 and Figure 5.4. 

Therefore, we have generalized the minimal TOQC contract c.(nisi(l(>i.(�d in Bas-

sok and Anupindi (1997) and Clieii and Kra,ss (2001) to the case vvhoro there is 

a spot market for procurciiieiit. \Ve can see that the optimal policy is character-

ized by three base-stock levels, S^/, ‘SV/，„，and .S'‘S，"，OIK? optimal (•oiniiiitinent lovel 

Q*, and one coirimitineiit-dei^encleiit inventory level . Furtheniiore, the base-

stock levels and the optimal coniniitnient l�)vel can he computed through certain 

yV-i)(n.iod problems of newsvenclor type. Wlieii the spot price is (letCTiniiiistic and 

is equal to a constant chiriiig the i)laiiiiiiig horizon, the optimal policy is (5.26). 

which is the same as that in Bassok and Anupiiidi (1997). 

R e m a r k 5.3.1 Dynaiiiic prograniming problem (5.23) is a inultiplo-period pi,(>l)-

lorii of newsvoiidor type, in which the l)uyer cliooses the lower one l^etweeii the 
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coiiiiiiit iiioiit i)ri(:(�ancrtho spot price to procuiv in each ixniod. ‘S’.�„, S// „ are t he 

corresponding l)as(�-‘st(K.k levels for this clynaiiiic problems. (5.25) is a jnoblciii 

to (l(�t(Tiiiiu(�how much (•oiiiiiiitiiiciit size to (� i i“�r into lor f.iitm(�periods at the 

])ri((' (r// — c-j). wluni th(�oii-liaiid inventoiv is S'^/. 

5.4 Extension to a Definite Quantity Contract 
t 

Till now. w(�hav(» ckuivod tlir hiiyrr's optimal procureiiKuit policy hy incorporat-

ing a minimal TOQC contract with spot market ()i)eiatioiis. The minimal TOQC 

contract assiniies the l)uy()i. can buy the as-orderod (iiuuitity at the (•oniinitiiient 

pricc. However, wlieii the spot inarkot is rather volatile, the contract siii)plior 

may only provide fixed unit i)ri(:(�for tlie quaiitities that the buyer c.onimits at 

the bogiiiniiig of the planning horizon, and charges the as-ordered ciuaiitities at 

the spot price. Tha is, the contract supplier only provides a dofiiiito (luaiitity 

coiitract to the buyer. In this section, \vc extend the analysis in previous sect ions � 

to incoipomte such a situation. 

Identical notation is adopted in this section. However, Q,,，although still 

the total remaining commitment size at the beginning of period /i. is the exact 

quantity the buyer can and must buy at c// for the following ” periods. Then, 

the general dynamic： equation governing the 7?-perio(l (?? > 2) problem is 

= miiî >a.+,/,Q,.>,/>o[c//r/ + (jj - x - q)c„ + 6'„_i(/y. Q„ - q: c„). 

• (5.30) 

with Qn = Q' 

III period 1, the buyer first fulfills all remaining commitment, and then orders 

at the spot price. The analysis is analogous to that in case (i) of the single period 

niodd (see Sect ion 5.3.1). Hcuo, w(�give the following leiniiia without proof. 

� 
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L e m m a 5.4.1 For the siinjlr period jnvblcm. snjiposr the spot price is c\ and the 

rcniaiiinuj ('()川mifm(,"f size is Q]. 

a) The optinwl order (nianfifics arc qivcn bij 

(O.Q,). .r-f Q, > .S;丨： 
{(Is-(lh)= < 

(.S'.s.i — Qi - . r . Q i ) . .r + Qi < .S',.,. 
V 

h) The value function f\ (.i\ Q\： C\) is jointly coiivcx in (x. Q]) for gvven c\. 

Moreover,"川丨:�)-"二'：…=—r,, and "二“““ > — r,. 

Then, we go back to i)(�ri()(l 2. In this i)(�i,i()d. the pi,()bl(�m is 

/2(.i:, Q, C'j) = mill [cj/q + c-jilJ 一 ./, 一 (/) + />(") + E^,,., / � ( / / - C {Q — r / ) : r , ) . 

Thus, according to the analysis of c;a.sc C} < c// for the two-period model in 

Sect ion 5.3.2. we find that the optimal policy is similar to that in T h e o r e m 

5.3.4. foix, Ch'.Ci) is jointly convex in (:r, Qo) and 叫、工忍议】、一 = - 广 “ 

But 明 (兹 > 0 does not hold any more (since it is possible for tlio l)uyor to 

fulfill the remaining c.oiiiiiiitnient first, and then to order from the spot iiiarkot 

whose price is higher than the coiiimitment pricc). 

We keej) using Q*, as in Sect ion 5.3.3. Let .义？，ho thv optimal oi.(l(�i.-

iip-to level for the following multi-period (lyiiaiiiic problem: 

/ �（: r , (•人.+ 1) == miii[c„(.(/ - x) + L{fj) + Ec(�Jk.(!J 一 "")]， y>x 

with /o = 0. 

Wo state the next theorem concerning the optimal coiiiniitnieiit and inventory 

policy for tlie definite quantity contract in a general "-period sotting. 
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t 

T h e o r e m 5.4.1 In period //. suppose the spot price, is c,, and the rrmahtivg 

commifmcnt size is Cj„. 

If = 0. (hen the opfiinal ordar (jvantif ir.s arc (jivcn hy 
/ 

(().()). .r > .s;y ; 

� （()..S,;y - .r). ./• < .S'/V and. ./. + Q,, > .S?/: 
(".s，"/,)=《 _ (5.31) 

((),Qu). .r + i h < ^u oml s + CI, > .S',,,: 

(‘S,s." — n — •' 乂 " I " Qu < ‘\s,” • 
\ 

If 0 < Q*^ < Qjf. then thr optinial order qiianUfie�arc (]iv('.i\ by 

((),()), ./• > sfl： 

("‘s. (Ih) = ((), S}l - .r). • X. < ‘Vjy and v + - Q； > : 

iSf/ - {Qr, - Q：) - .r. ( I , - Q：)- -r + Qu - Q： < S'}；. 

(5.32) 

If Q„ < Q*. then S'^/ < . and the optimal order quantitie.s are (jivcn bij 
� 

(0,0), X > S ( l � : 
= ‘ (5.33) 

FuHherinore, /„(x,g„;c„) is jointly convex in (.r, Q„ ) and 孙 • ( • ^ “ ； � ) = 
一 

Tho proof of this thoorein is similar to that for t he c:aso C) < ('u in Sect ion 

5.3.3, and wc neglect the proof here. 

Thus, wo c;an se(» that the prociiroiiieiit policy is similar to tho erase r„ < for 

• ininiinal TOQC contract. Furt lieniioro, if f.„ = c is (ictcniiinistic for the j)laiiiiiiig 

horizon, then, we can iiidnctivoly show that 外•(忿，�')> c" — c for all n. By 

(5.25), Q* = 0 for all n, thus, the inventory policy is degenerated to that in Chen 

and Krass (2001). 
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Figuro 5.5: Tho (,ff�(:t of initial comiiiit iiiciit 

Fnrtliormoro, as (盆’�•) ^ () (l()(�s not hold any iiioro for t he doHiiito qumiUty 

contract，the i)iiyer should also (l(�t(�i.miii(�the optimal sizo of total coiiiiiiit iiieiit 

at the beginning of thv. planiiiiig horizon to iiiiiiiiiiize his cost . This is l)0( ausc^ 

the definite quaiit ity (:()iiti.a(.t only allows the buyer to Imy cxactly the coiniiiit ted 

aiiiouiit (luring tlie planning horizon, which is different fiom the iiiiiiiiiial TOQC 

contract whore the siiiallor the TOQC is, tho more Hcxil)ility he obtains. This can 

'also 1)0 .s(HMi ill Figure 5.5, wli(�i’(�w(�c()iisi(l(�i, such a ddi i i i t (�quant i ty contract. 

5.5 Numerical Study 

111 this scctioii, wc conduct an oxteiisivo niiiiierical analysis when the s])ot price 

(luring the plaiiiiiiig horizon follows a Geometric Browiiian Motion i)i.()(:(，ss. The 

results ill this section may pi,(>vi(l(i managerial iiisiglits. In particnilar, wc. iiivcs-

tigato tlic impact of t h (� spo t pricc volatility on the tho l)uy(u,,s pei.foriimiKx�at 
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(liH,(�i.()iit coiniiiit iiKMit h)v(�ls. 

In our luiiiirrical cxaiiii)l(% we assuino that thv spot pria� i )r<K:(�ss follows a 

Gcoiiiotric Browniaii Motion, which is fonmila tcd as 

dci = Cfiiidl + CiCTidwi, 

\v l i (� r (�w, is a s t anda rd Wiciior process. Fiirthenii()i(\ w(: assiimo the overall // 

and (J i\iv, cons tan t s for t he planning horizon. Actually, iiiorr g(�n(�i.al commodi ty 

l>i.i(.(�i)L()( (\sscs c an 1)(�easily iiicorporatxHl into our i i iodd to rdl(�(:t varying mai.k(�t 

c:()ii(liti()iis. • 

\V(�f irst (liscrcti/x^ thv. coiitiinioiis procx^ss to a discrete v(�i,si()ii by tlio (Cox-
\ 

Ross-Riibinstdii) hiiioinial live method. Tha t is, w(�assiiiiio t lu; pi.occss of picJ" 

is a iiiartiiigalo mid(�i. the risk-iicnitral probability, and tlio risk-iicnitral inten^st 

rate is zero (this is for simplicity as a iioii-zoro interest rat(^ has no impact on th(� 

following analysis), and we clivido (m(，p()i:i()d into k stages (thus, t l i ( � r ( � a r ( � N k 

stages (luring the plaiiniiig horizon). The CRR model then td l s us that t,h(�r(，arc; 

two price states in the iioxt stag(^, and (':/’ dopcnding on t he spot pricc, (''，in 

the ( urreiit stage. The rolationships h(化w(xm tlicso values are as follows: 

二 c T ^ + V ^ r and 二 (5.34) 

And the probabilities associated with these two states, P„ and P,/, nvv. 

1 - — 
‘ IP. = ； ‘‘ ： aiid P./ = 1 - P„. 

C.TTk — fi Nk 

The parameters of our l)asc iiiodd 'die. listcKl in Table 5 .1 as })eHc)w. Ot her 

parameters are: k = 1 (which is in fact without loss of g(m(u.ality), the initial 

inventory == ()• 

Wc vary the price volatility, a , from 0.2 to 1 wit h an iiic.nniioiit of 0.2. And 

the cor网)()ii(liiig perforiiiaiicx^ is illustrated in F igure 5.6. 
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- Tal)l(�5.1: PaiaincUns s('(,t infj;s 

N<M.mal Dist. Sli()i:1aji,(； Cost =20 

DcMiiaiul Distribution ",/ = (;() Cost Par(�m(� t rr 

fT,i 二 20 � h i d i n g Cost =10 

• Initial r/v = 12 Min-Coiniiiit iiicnt Q = 160 

Vr'u'v Process (GBM) ft = 0.2 Coiniiiitinent Pricc r " 二 15 
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Figure 5.G: Rolationsliip hol.w(H;ii tot al cost-, pricc volatility ami coiiiiiiil iiunit. size 

From this figure;, wc c.aii S(K) that, Uirg(» volatility l)(;iidit.s the buyer. This is 

b(H:a\is(̂  the contract suppliw, provides a natural Inxlgr to t he higher i)ric.o iiiove-

11 KM its. H()w(，v()i.，the cost Hiwvxl by high volatility d(K:i.(，as(，s in tlic coiiiiiiitiiKnit 

size. This can bo explaiiKHl by the fact t.h(; the coiiiiiiitiiiciit si/c nistricts the 

buyer's Hexihility to the spot; mark(^t. 

\ 
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5.6 Summary 

111 1,1 lis (•.haj)t.(n\ (:oiisi(l(!r nii op t ima l pro( iii(”"riiL pr(>l)l()ni whon iUo huy(u. 

c.aii procure from a. conlract. siipplicM' witli M miniiiial total onhir quantity r,(>i"-

mil iiKMil (TOCJC) contract mikI t h(�spot inarkrt. Our analysis (;liarM(:t.(u i'/(\s an 

optimal piocunniKMit. policy which (L(”）(m(ls on I IK; spot pricci in (;a(-H jKMiod. 

S] )(；(：! fically, wlirii I lie spot, pH(:(�is hi 咖 M. than the coiinnilincnt prico, lUr buyer 

only i)r()( ur(\s from ihi) coiit.ract. siipplk”.. OtlicM wisci, t.li(�r(�is an opt iiiud coininit-

iiKMit kivol for (jHcli i)oric)(l, and tin; l)uy(". first i)r()(:ur(，s froiii t lio cont ract, suppluu-

t o b r ing tlio re ina in ing coiiiinitnuMit d o w n - t o t his opti i iml l(�v(�l’ and t.luui i)r(>(:iir(，s 

f rom th(，spot. nmrk(� t . Such a st ru(:tm.(，(l policy can 1)(，vi(蘭、(1 as a (•.oiiihiiiat.ioii of 

soiiK^ l)H.s(vst.()(:k policies, (”K:h of which can be c o m p u t e d Miroiif!；!! an oquivalrut, 

syst(nii of siini)l(? iiiultipl(叫Kui<)(l n()wsv(m(lm, t.yp(，. W(: also iiuiiirricnlly show 

how t h e (，xist‘(m(:(，of tli(，spot mmkot, afi.(，(:t‘s t h e l)uy(，r，s ixn lbr inanco witli such 

‘ a iiiiniiiiMl T O Q C c-ontracl.. 

Olio extonsioii of our (mmmt mml(，l is to c.oiisidor Um caso VVIKMI t li�.(，IS M sc^tup 

cost., A', oach tiino wli(m procuring from Ihv. spot. iiiaik(;t . Siicli a iiHKlificat ion 

complicates the prohknri in a .significant way. Aiiotlun- (ixloiisioii is to allow tlio 

buyer to tracks throiigli t he spot iiiarkrt. Bui in tliis cast^, it, is possibU^ lor the 

buyer t o liavo an arbit rage; o p p o r t u n i t y t h r o u g h buy ing MS iriom AS possibh，(Voiii 

tlio (•-oiitract supplier tx) sdl to the spot, iiiark(;t \vh(m tlio spot, i)ii(:(，is liigluir. 

T o avoid such sit ua t ion , a iiuixiiiiuiii t o t a l o rde r ( luanl i ty coiiiiiiitiiioiil ( T O Q C ) 

(luring the planning horizon or a poriodical iiiaxiinuiii ()r(l(，r (lumitity should ho 

l)la(:(，(l, ill add i t ion t o tlio iiiiiiiiua.1 TOCJC cont rac t . T h i s should our f u t u r e 

i.(，s(，ai('h. 
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5.7 Appendix 

P r o o f of T h e o r e m 5.3.2 Vnvt a), b) ntui (:) arc .sl,rai|j;ht lorwjird. W(； only prove 

l>ml (1) licn;. T l i r lormiilal ion of /i{:r, Q \ \ ( \ ) he (l(�ii(>t (�(1 as follows: 

riiQ\ + (.S'.sj — .7- - g , )r-| + />(.S',j), :/; + g , < .S'.s,i and c, < "//; 

./•i(:/;，（2i;"i) 二 r-//(.S'//.i — ：/；) + />(.S'//,i), ：厂 + Q\ < S i i ’ � a n d r , > r " ; 

(•iiQ\ + L{'x + Q\ )， ot lun vvisc. 
� ‘ 

\ \ v only prove; l.lu; (;as(> vvlioii (：\ < "// , MIKI tlint lor C] > " " is similar to it. 

ll is st raiglit.rorwanl that wh(，ii :/： + Qi < Ss,\ or r. 4- Q\ > ".、丨，/丨(:/:’（《?丨；) is 

jointly (;()nv(!X in (：/;, Q \ ) . Wlia l w(�IKKHI to i m m ; is wh(，th(、r the coinbiiiaiioii of 

t li(\s(； two rcigioiis results in a (:(mv(汉 ruiic.t.ioii. 

D(ni()to (:/：', Q') and (:7-, Q) whicli salisfy :/;' + Q' < .S',,, and x Q > .S'.s.i 

r(\sp(K'.l iv(!ly. Let A € [0, 1] and Ao sat isfies 

入"(:厂'+ ( / ) + (1 — + 二 .S:�i. 

IT is ai)i)m(uit, that, A(, 6 [(), 1]. L � t : / � 二 A:/: + (1 - A ) ) . T , QX = XQ' + (1 — A))Q. 

When A < A,„ + Qx > 'V,,,, w(，Imw, (1 - \){x + Q) + > :i�+ Qx-

Siiico ci/y + lj{y) iiicroasc^s in y whoii y > .S'^j, W(i 

c,(xx + Qx) + lAxx + Qx) < — A)(:r + Q) + + L((l 一 + Q) + A.S',,,) 

< ( 1 - A)[r,((.f + Q)) + /.((.r + Q))] + A(.S',,, + L(Ssj)) . 

Thus , w(； can ddiivo t ho following r(，sult,: 

f\(工A，Qx\ (-\) = g/jQx + f如入 + Q a ) 

< (:"Qx + (1 - A)[c,((.f + Q)) + Liix + g)) l + A(.S',,i + 厂GV«’i)) - ('dx^ + Qx) 
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T\h\ CMSD wluiii A > A(, is almost l h(； SMIIK^ as ahovci analysis, we, ii(识l(，(:t t,li() (hit aiUul 

Miinlysis hoic. T l i (�pro ix i r ty t hat / | (:/;, ; C|) i i i ( : r�a.s�s in Q\ is a coiiibinatioii of 

a.) and 1>). And "了'(f'.�)—"川;^g';,.') 二 - r " can b(； V(;rifi(Kl u i sc by rase . o 

P r o o f of L o i n i i i a 5 . 3 . 2 Taking (l(” ivat iv(，of 11'(//, r/) wit h ivspcct to (j y i r lds 

L'ISIIQ)) - ./;;."[./：；：,—.〜•、, - ./"_—".�' " M � -

—.�[./:)-.S.", — /;广F/(A(<,) - ()0|((他("|风]也 二 -�2， 

’ (5.35) 

wIkmc A((/) = .S'](r/) + Q'2 — M((/) n”)r(，s(u“ t lui ld.t-1 隨(1 side of ecination 

(5.35). Taking total (l(�rivaUv(，of A/(r/) in q and kit t ing M'iq)=(),观 have; 

/ , ( . V ‘ � ( " ) ) i ^ + ( 斗 也 ( ( ' I ,• 

T h e coiivcxity of L{x) iinplic^s ^ ^ ^ > (). The. first, part- of t iie Iciiiiiia is thus 

IUOVCKI. T I K ; abovo (Kjiiatioii can also 1)(�rowrittxni as 

‘ 湖 + + [ . r •‘ - OMOMR^^MC,-^ ^ 

,1: ./;，)-.、•",• f,(AM 一 00. (OMr ,mnK^^^^ )=(). 

Thus , < 0, whicli c.oiiiplctos tho proof for th(； s(，(:(m(i pa r t . . o 

P r o o f of L e m m a 5 . 3 . 3 Sc^ttiiig q = 0, wo take; to ta l (l(M.ivaUv(i with r(，sp(，(:t, 

to Q'2 of (5.35), and ()l)l-aiii 

+ U；；" J;f�("-.s乂I L"�S(之+ Ch - ()MOMc�风dr\ 

+ J : + ( h — m M + 1 ) = ( ) . 

By tlu; (;()uv<;xity of />(.7；), wr conclude that; S j ^ in Q2 and j0； > - 1 . o 
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Lein i i i a A 6 7’(r/) is coiivcx. Let � ha the optiiiial solution, to 7’（r/)， 

•S'�("•)（'）) = l‘�url.lutrm.(m‘,，if QT, > ()， r / ;⑴=Q. , 一 Q^ and if Q!,=()，. 

' > � 

P r o o f . Tfiki叩 dcrivat iv(» of T((/) willi msi)<，(:t, l.o <j yields • 

r i ' i i r r x j r ' l i R/\(F/)-.S'.,,I 

T'iq) = - r , + / / 一 / / iMMq)—《(()(/>2(广1)炎“广 I 

roc /'TO 

+ / / r"0|(()r/,_，(ri风Wr, — / / A l'(A((}) -
•Iri, 'Ia{(I)-SI,j ' ' r , i ./() 

wlion; A{(f) = ‘S'�(7) + Q2 - <1- Sul).sl,it uliiiK (厂厂J) into Ihv, al)()v(，foiiiiulMt ion, wc 
« 

浏:7，'(,/) = l/{S*(<i)). _ 

Thus, r"(r/) = ""(;):;(")) > (), i.a, T{q) is convc^x, and = Sf；. 

L(，t, /) = Q2 - <12 Tluni, as a (:oihsequ(m(:(i of ‘S'�(Q•广）)二 S^l and (5.：55), w(> 

liavd 

./；；•" j f ' ' - . s � , ' " — + " - OM …)如、山’、 

+ . C J ( f ' ' | + I) 一�)MOMc\Vi.(^dc�= (.',1. 
'丨丨 (5.3(3) 

From tlio inoofof T h e o r e m 5.3 .1 , know “川,； '̂;…—"/•(:�';�)二 - r „ lor aJJ 

Q, G ( -00 , 00), n^arraiigiiig iloiris (iiids t hat I) satisfies tin; first, or(l(;r coiidit ioii 

for inner part of (5.15). Thus, if Q* > 0, t lion, I) = Q* > 0; if Q* = (), l luni, 

P < (). This completes t.lu; proof. • 

L e m m a A7 f{q) is cohvcx. L(d "‘^(” he. ilia optimal solution to then, 

- = .s'V _ ；；；. . 

P r o o f . Thv. coiivc^xity follows from T h e o r e m 5 .3 .1 .c ) . TIioii, thv. first, or(l(u. 

condition 

: r { ( , ) = ij{j： + (,) = 0 
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fi,iv('s I lie desired result. • 

Lc in i i i a A 8 r / ^ � > q f � > q, o r q f ^ < ^ � < 仏 

P r o o f . If q f ^ > ".,.，i.e., = Sf； > + - iIkmi, r / . )� > (/.丨.. 

FnrtlHTiiioiv. > SU^h'^) — :/. = .S'/V — :/. -

If ( i f � < r/,. i.e.. .V…/二⑴）二 Sf! < X + q,. = tl^Mi, r/广）< q.,.. 

Fur lhcnnor r , q f ^ < — :/. = S f / — •/•=(丨:}‘'、. • 

Proof of Tlioorciii 5.4.1 Wil liout loss of ^(Micrnlity, w(�MSSIUIIC lUv optimal 

policy for n = k is MS llic tliconMii st ates. Furt licriiiorc, wc assuiiu; /人(工，（A ;广人.)is 

jointly (.()丨隱 in ( • ' , : , � . “ 从 ： 广 - 二 -<：„ ami ""(，广 > 

Tli(�n, w(�(:oiisi(l(M- t,h(�CMSC WIKMI n = k + 1. 
« 

(i)\Vli(UI Ck} I > "//，t IK; (L(;{;isi()II maker only procures IVoin tlui contract sup-

j)li(;r. TIk! ordering cost can h(; l(Miiiulat(�(l as follows. 

A-f 1 (.7；, Qk H; I) 二 ni.m[r:" (" — :/;) + /.(//) + E�rJfA!J 一 {Qk, i — " + • ； Ck). • 

(5.37) 

Ddiiin 

"k�I (x-, y) = ('II(y - .'/'•) + />(//) + - (’ Qk+1 - // + 工；〔人.)； 

Ih�1 (•'/:’ y) = (."iv - + Liv) + - C (); f'k)-

Thoii, //(：/:,/y) and T(x, y) m.(，（:(mv(，x in /y, and wo Imvo 

= iniii{ mill i ( • ' / : , " ) , � iii (:':，")}•(厂 
Qk ) 1 t-x>.7>x //>.r-| I 1 

Tlio ()i)l,iiiial solution to iniiiy SHtisfic ŝ the following first, on lor condi-

tion: 

丄 / " 、 丄 「 聊 丨 1 _ ( ) (•II + L (“) + — ^ Kv-^.g^i'-t/ix)] -
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1 lius, t lic opt'HimI solut ion is ‘S;/ siiicr. ~^M(.v-(，(A " l : ' , ) m(//-《，(A J — 

L(>t ,S’//’„ 1)0 the ()i)t,inial solution to niin" 7’(:/:，"）. Tlicni, .S'"，" sa.tisfi(^s th(， 

Ibllowiiig first, oidor coiKlil.ion: 

(."+ 厂 iu) + jjj =(). 

• Thus, as > - c n / / ( / / ) < ()仙(1 观职""，" < The 

followin î； analysis (>i丨 t li(, optiiiiHl polic.y is almost, Ui(，saiiic; as that in Theorem 

5.3.2. Tli(u.d.(>i.(、，t,li(； (>i)t iiiml inventory policy in this ca.sc; is as Ww. tlKionniis 

s t a t e . 
s 

(ii) Wluui Ck]-] < <"//, lh(，Hyiiaiiiic, (K|ua.t.ioii can bo foriimlaUHl follows. 

, (5.39) 

For i\ fix(Kl (I�w(; (loHno . 

• 丨("）-丨("-.7；) + />(") + EW“”-《，(Q/c+i - � . ( 5 - 4 0 ) ‘ 
t 

Thoii, //(//) is (:()nv(̂ x on y. Denote; the; optinial niiiiiiiii'/or^f //(//) l)y 八(I), 
I 

‘ then, for oac.li HX(H1 (/，t ho optimal v/(r/) for (5.39), a.s a fuiicMon of (“ is as follows. 

" ( " ) = (5.41) 
.7； + (I, Otliorwisci, 

V 

wluu'c S^j^^iq) satisfies the first, ordtu' c.oiKlitioii 

Ck i-iV + (：(/) + E^.a- JJj = .(丄42) ^ 

* . • 

� . • � 

* I 

t * • 
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• , 

\ ( , t ( .""“ ' ’广；…二 |)(>( a u s ( ' 华 -梨 = — ( . "’ w(� \ i \kr total dcrivMt ivc of ‘ 
. • ‘ . • • • 

l!i(» Icfl-lifiiKl side of (r).42) with n^sjx'cl to and Uiwo ‘ � 

, 〃 “ . ， , � � “ ‘ S : . “ ( " ） " 厂 • 严 � n - o -
厂（‘\.丨丨("))^+ 1 1 � " jjp；T ( ' , . 小 ( . S • 。 丨 ( ' / " 从 ” U . . 

Th"s, 1-1 KMC is similar ^''siiH a.s L c i n n i a 5 .3 .2 coiiccniin^ SI,丨⑷.Let, � , J 
• ^ ^ 

Mild r/:?丨）\)r 1 iniiiimizcr of MIHI f{<j). w h ( � r ( � • • 
'A. t I / / 

• - ** 

fUq) - (-11(1 + +//) + + - 1 " <i)\('k)-' , , 
V ‘ 

Tlicii, if (i(x) SMt islics .S'；.,丨“/.',) — 二 w ( � 1瞧’ . . ； 

« i 

A丨丨(:/:，(A‘II;"A.丨丨）=川i"{ inj. 7 ) . ⑷ ， . ' / “ " ) } . 

* / 
Tli(i first (>r(l(�i. condit ion for 7 ’ � is . 

( ) = N ” = <11 - I - 1、"： JJ^ 1 I- '/ � 

• » . 

= 一 " A H - JJj /=.S7,,,(r/)-^ ( A s s u i i i p l i o n ) 

‘ = L ' i S U ^ m (E(iua‘ti(�（5,42)). • 
» 

• • ‘ . 

Thus, = . ‘ ‘ 

Tli(，I irst on lor condition for '/’("）is \ 
. T �.--

0 = 叫 = ( : " + 厂(••'• + (/) + Jjj I—（’(•？AM—'/) Jj^s 

. -=//(:/: + (/). . . 

Thus, r / 二 = S f j - X. FiirtlKU inoro, .similar results a.s L e m m a A6, L e i n i n a A 8 

and Lenin ia A8 can also l)(�obiaiiUMl for t his gciKual (:as(\ 
• 

Applying analogous analysis wc used for proving T h e o r e m 5.3.4, w(�(tan get • ‘ • 

� t h(�()i)t,iinal pcxlicy for p(u.i(>(l k + 1，wliidi is just, what T h e o r e m 5.4.1 stat‘(�s. 

f 
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At last. \v(�ii('(»(l to i)r()v(� that the assumption at t h r h(�giiiiiiiig of this proof 

holds for n — + 1. Act ually, the joint ly (.(mv(�xity of 1 (./.. 1: "A.丄 i). 

" , “ i � : , g ； ： 丨 丨 ; … 丨 ) - = - c , , a n d < 一(.H (遍 1)(、ver-

ified case by (.as(�wIkmi w'v (explicitly writes out t h ( � f o r m of //..+ ) (.r. )• 

W'v noglect this process h(T(�. 

Thus, the case for n = />• + 1 is i)i.()v(、（l. o 

o 

• End of chapter. 

I 



Chapter 6 

Concluding Remarks and Future 

Research 

The rapid growth of organized spot markets and the (l(�v(，l()i)m(�iit of iiiforiiiatioii 

tochiiology" has significantly traiisfoniicd the supply and soiirciiig oiiviroiiiiiriit. 

Instead of relying solely on the loiig-ttu.in supply contracts to scciirc iiiput supply, 

inamifacturers today i)ref(^r to iiiaiiitaiii contractual relationship with thoir key 

suppliers, while using the spot market as an iiiiportaiit supplementary supply 

sou ICC. However, as pointed in Haksoz and Seshadri (2007). although acadoiiiic 

research has been extensively studied on the use of the spot iiiarkot to iiiaiiago 

procuroinoiit iii supply chains, ‘‘only a small beginning 1ms boon made�wit h re-

gani to oi)tiiiml i)ro( nronieiit and inveiitory planning ov(u. multiple periods hy 

iii(X)rporating different types of supply contracts". 

Ill this thesis, we do^velop iiiritheiiiatical models to address tho inventory and 

l)roc;iironieiit decision problemns when both supply contracts and spot inarkots are 

presented. Specifically, wc consider the following tlirw kinds of ?^iipply contracts: 

1) a forward contract in whicli the buyer can buy a predotorniiiKxl fixed amount 

117 
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of raw materials at a specifkxi point of time in the future at a specified piicc、； 2) 

a i)oriodic iiiiniinal (•oiiiiiiitnient contract in which a fixed unit price is charged 

and a i)re(let(�i.iiiiiK�(l iiiiiiiiiiniii qmrntity in each period iinist be coiimiittod; 3) a 

iiiiiiiiiial total order quantity coiiiiiiitiiiciit (TOQC) contract in whicli the buyor 

guarantees that his ciiiniilative orders for the i)laniiiug horizon will ho at least a 

sj)ecifie(l iiiiiiiiiiuiii ciuantity and the supplier provides fixed price for the ([uaiitity 

the iniyer buys. 

We first study the fonvmd coiitract witliiii a tw()-peiio(i fraiiiowork to gain 

some prcliniiiiary results. We find that when the })uyer can not sell to the spot 

market, there exists a tliroshokl forward price, under whicli the buyer enters the 

forward contract. This tliresliokl is lower than tlie cxpocted spot price. Fur-

thennore, sucdi threshold and the optimal order quantities via forward contract, 

which are finite in this case, iiic;rease in the mean of the spot price, but decrease 

ill the variability of tlie spot price. However, when the buyer can sell to tho spot 

market, he only speculates to use the forward (X)iitract. 

Then, we focus on the incorporation of the i^erioclic niiniinal coiiiinitineiit 

contract anci the TOQC contract, botli of which provide (luaiitity fioxibilities 

to buyers, under a inulti-periocl setting. \Ve develop the optimal inventory and 

procurement policies for these two contracts by assuniiiig the the buyer can not 

sell to the spot market. 

For the periodic iniiiiiiial order quantity coniiTutnioiit contract, we prove that 

the optimal policy for the buyer consists three different policies of (s, S) typo. 

Moreover, wc identify (tertaiii conditions under which inoiiotoiic properties exist 

between the policy parameters and the spot pric;e when the spot price during the 

planning horizon follows a general Markov process. Then, in each period, we can 
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divide tlio spot prico spacx�into throo rogioiis. in oacli of which a spcdfic policy 

applies. Flirt horinoro. wo miiiiorically show that the buyer pro tors a more volatile 

market coiiditioii when engaging a periodic- iiiiiiiiiial coiiiiiiitiiioiit contract. 

For the minimal TOQC contract, wo derive the optimal i)rociirciiiciit policy 

which is iimch moro complex than that in a (Ictoniiinist ic (�m'ii.oiim(�iit. Such 

policy can ho viovvod as a conibiiiatioii of s(mi(�l)as(�-st(K:k levels, which can bo 

cak'ulatod by some m�wsv(�n(l()i,-lik(�models. This ciihaiicos the pi.m.ticalitv of 

our inodol. Diff(u,(mt from the traditional i’(\s(�ar(:li on TOQC contract in a d(，t(T-

ininistic eiiviroiiiiient, in which the buyer always fulfills the commitimmt l)(�f()i'(� 

using as-ordered ])ric.o,-\ve find the l)uy(u. may procures via the s])ot market in 

the current period before fulfilling the coiiiiiiitinoiit in our model. \\,e also oxtent 

the analysis on this iiiiniiiial TOQC contract to incorporate a doHiiito quantity 

contmct, ill which the buyer is only allowed to pi,()(:m,e the exact size ho com-

mitted during the planning horizon. We find tlmt tlio optimal policy for this 

definite quantity contract is similar to that for the minimal TOQC contract. Our 

iiuiiierical analysis implies that the buyer benefits from the market volatility in 

the presence of spot nmrk(，t. But such b(niefits clocroaso as the TOQC iiK-roases. 

As one direction of our future research, more typos of. flcxil)lo contracts can ho 

taken into consideiation in the i)reseiice of the spot market. The flexibility can 

be time flexibility’ piicc? flexibility and quantity flexibility (see Feng and Sethi 

(2008)). It is valuable to reconsider the optimal procuroiiieiit policy with these 

flexible contracts, wliidi are oiico considorocl in a deteniiiiiistic eiiviroiiinoiit, to 

see how finiis should adopt thdr operating polidcs in the i)icsonce of fluctuating 

spot prices. Dynamic models that address the optimal decisions of both tlio buyci. 

and the seller should be stiuliod. More works IKHHI to bo done to analyze what 
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the optimal mix of the Hexihk�contracts and the spot procuroiiKMit is and how 

such mix strategy will offset tho part icipants' porforiiiaiico. 

Th(T(�arc oth(�r directions \v(� think aro fruitful for future ics(”u.(:h in this 

area. One of. tli(�s(�is to iiit(�gTat(�tho (lyiiaiiiics of iiiforiiiation revelation of 1 ho 

ciistoiiKT (loiiiaiid and spot pricos into t lu? pro(.ur(�iii(mt prol)l(�iiis. As tiino i)ass(»s, 

iiion�infoniiat ion h(H oiii(�s availal)l(；, t luMofon;, (Icniaiid and spot priccs can he 

forecast bettor. It will 1)(�useful to establish the conditions iiu(l(，i- which using t IK; 

updated (k�iiimid/pii( (�forecasts and tli(�Hcxiblo contracts i.(�dm:(�‘s supply chain 

pi.()( ur(mi(mt costs. 

Another clircction is to iiitrodiKx�tho coiimiodity (lorivativo inarkots into pro-

curoiiiont problems. For example, {utiires priccs rcHcntt tho ant icipated domaiid 

and supply equilihriuiii in the future. And tho infoniiatioii goiKuatcd by the fu-

tures markets can l)c useful in iiogotiating forward contracts between huy(�i.s and 

suppliers of t li(�coiiiiiiodity siiico the future pii(te dictaUKl by the market (con-

tains more infoniiatioii on (leiiiaiKl/sni)ply dynamics tliaii the iiiforiiuition held 

hy individual buyers and suppliers. Tlioroforo, tho decision iiiak(u. now IKHKIS 

to (Ictoriniiic not only the iiivontory procunjiiiciit (inantitios but also the fut ures 

markets holdings at the same tiiiio. Tho role of tlu^so (kn,ivativ(，markets in luulg-

iiig risk should be furtlier c-oiisidenKl when tho buyer can use iiivontory control 

a‘s a mean of operational hedge, wliidi is mostly neglected in tlic literature of . 

economics and finance. 

In summary, wo believe the incorporating of ‘spot markets into traditional 

inventory problems will bo a dovol()])ing and iiitor(\st ing aix^a ripe for new i.oseaich， 

iiisiglits, and practical relevance. 

f 
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• End of chapter. 

« 

0 



Bibliography 

1] A^rnwal, N., S. Nahiiiias, and A. Tsay. 1998. A ravidw of lUcrat/urr. on rmi-

tracts ill supply chain man等'/m.(mL CJuanl itat.iv(» luodols lor supply chain iiiaii-

AGCIIKMIT, Tayiir. S., M. Magazine, and R. Caii(\shMii, (HIS.； K 1 U W ( T Ac.achnuic. 

PublislKUs. 

2] Alcliiaii, A. A. 1995. Vcriical integration and nxfulat/ioii. in the. tdapluriic, iu-

dustri). Mam柳rial and D(K:isi()ii Economics IG, pp. 323-326. 

3] Alghalit h, A I. 2000. HcxUjiiuj decisions with prica and ouijnd un(:(trf,ainf,y. An-

nals of Fiiiaiico 2, pp. 225C227. 

4] Androii, E. 2()()(). Sled warkctplaccs arc stnmfjtkc.iiiufi their mrMl(% CaitiKU-

Group, IIKT. 

5] Aim, T. H. and F. Magiiiro. 2005. DHP to dacAda on billion ore. cAqmnsioti 

plans. Blooiiiborg iiNows (.luno 2). 

G] Anupindi, R. 1993. Supply nuniagcuumt midar unr'art'ainty�PhD tliosis, Grad-

uates School of Industrial Adiniiiistratioii, Carii(;gi(^ Mdk)ii Univorsily. 

7] Ainipindi, R. and.R. Akdla. 1993. Divcrsijiait/lon. under supply uncertainty, 

Managcinoiit Sciciico 39, pj). 944-9G3. 

122 



CIIAPTEIi (i Coiichisious \2：\ 

8] Aniii)iii(li, R.，Y. liassok, 1D98. Supply conhucls wUJi quanULy (.(>mmUw.(mLs 

and stochastic demands (CJh.aptcr 7), in: S. Tayui,，R. CiaiKisliaii, M. MagnziiK； 

(Eds.), Ĉ UMiit it alive Models lor Supply Cliain MMiiagcniicut, Kluwm. A<.ml(�iiii(. 

Pii))lish('rs, Dorclrcc lit. 

9] Akolla, K.. V. Armiiaii，and .). Kl(�inkn(�(.la. 2002. 132B Markcls: Procwrcinrjd 

and sti.])j)lif"r risk: mana!j<'.mrul. in c-Ihisi/iicss. in: .). (i(Mni(\s, W M. Pardalos, 

11. E. Hoiiicjiii (Eds.), Supply (-liaiii \laiia只(�ui(”it: Mo(lds’ Applications, and 

Rcscarcli Direct ions. 

10] Arnold, .)., S. MiiiiHU- MIHI B. Eidaiii. 2006. Haw in.atr.ri.al proairc/iiic/iU with 

JluciuaUiifj Prlcas. Technical H(;j)()r(. 

11] Arrow, K. J., T . Harris and J. Mars hack. 1951. Optimal iivimidonf policy. 

EcoiioiiKit rica 19, pp. 250-272. 

12] An.ow, K J . 2002. The. (jaiiasis of "optimal invcjitori) Ppolicy''. OpcmUons 

Rrs(，m.(:h 50, pp. 1-2. 

13] Bariuis-Sclnistor, D.，Y. Bassok and R. Aiiupiiidi. 2002. Coordination and 

Jic'jibiiUy in supply ronimcts with options. Manufacturing k SinVic.v. Oixn at.ioiis 

iVIaiiagcniKUit 4, pj). 1710207. « 

14] Bassok, Y. and R. Anupindi. 1997. Analysis of supply contracts with total 

iiiiniinuin (mmniUiKmL I IE Ti ansac.t ioiis 29，pp. 373-381. 

15] Baussok, Y. and 11. Aniij)iii(li. 2008. Anxilysis of Supply Contracts with, Com-

ndtrncjits and Flcjihility. Naval Roscardi Logistics 55, pp. 459-477. 

� 



CI IA rr EH a Conclusions 

IG] Bnssok, Y., A. Bixl)y, I^. Srinivasaii and 11. Z. Wicscl. 1997. Dcsifpi of 

(mnpo'urnl.-s'iipply ronJ/idct Willi mmmil,m.<'jd-r('visi(m JlrxihiiU/fj. IBM .Journal 

of Hcscarch mucI I)(�v(，l(jpm(，i“‘ 4 1 , 丨 � 3 - 7 ( ) 2 . 

17] Bassk，Y. and S(.hust,(;r，D. B. 1995. Supply conLracf. with, early U':n",m<di(m. 

INFORMS New OrlcMiis C(ml.(,r(”i(:(、，29 O C I O I H M - 1 NOVCMHIKM-. 

18] Blake, W 2()()(). Chcmiuil v-coninicrra models c/mc/iyc, ClKUiiical Markcit. Hc-

poihT, New York. 

19] Bonscr, .). S. ruid S. 1). Wii. 2001. Proctiraii.cid Plannimj to Mavidam Both 

Short-Term. Adaptimtiw-ss and Loiuj-Term Pcrs'iHrAivr.. Manag(Mii(;nt. Sc.iciic.o 47, 

pp. 7()9-78G. 

20] I3()vv(us()x, I). .J., D. .J. Class, and M. B. Coopcn-. 2002. Supply chain loffistics 

m(w,a!j(i7".('nL M(-Graw-Hill, Iiostoii. 

21] BiitclHM-, R. 2()()(}. Miti(j(div.(j iJia rJiafa of raw nuitcnals Costs. In-

(lusliy W (咸 lit1,i)://iKWs.t.lioiiiasii(!(..(;()i!i/IMT/a,r(:liiv(»s/2()()G/()8/iiiit^ 

('.liaf(vravv-iiiatxuia.ls-(:()sts-irrilat.i()ii.ht,inl. 

22] Cadioii, G. R 2004. Supply chain rooTdijiatioii with contracts. Handbook of 

OiKuat ioiis ManagoiiKMit, CImv(，s, S. and T . (1. Kok, <，(ls.’ North-Holland. 

23] Cad ion, G. P., and M. A. Larivim(，. 2001. ConhucMm) to assura supply: 

How to sham dainand forecasts in a supply chain. Mamigeiiioiit, 47，pp. 
« 

029-646. 

24] Cad ion, G. P., and M. A. Larivion^. 2005. Supply chain caordinalion wilJi 

r('V(mu('.-sharln() (mdracts: StmujUis and Imntations. Manag(Mii(nit. ScicMice 51, 

pp. 33-44. 



CIIArrhJli a (\mrlusums 125 

25] Cli(�ii，Y. II., Z. Drc/ncr, .1. K. HyMii and 1). Siinchi-Lcvi. 2()()(). Quant,i,fyin!i 

the hullwlnp rjjr-ct in a siniplc supply chain.: The. impact oj foracast 'nK}, lead 

ivnws, and i.i if on nation . M<inag(Mn(Mit Sd(�ii(:(�4G, pp. 4 30-443. 
» 

2()] CIkmi, F.Y. mikI I). Krnss. 2()():i. Av,al.ysis of supply cofdracts wifJi. minimum 

total, order (fuanl/Uy cojiiiinhfK'.iUs and iion-statuniarij demands. Kuroixuin Jour-

iiai of OiKM'al ional Rrscardi 131，pj). 309-323. 

27] ('Mrhoiic, J. 2001. HP buyers (jcl hands mi dcsifjiL I^urc.hasinK.f oni, July H), 

2()()1. 

28] C I K M I ^ , F. and S. P. Set hi. 1999. Opiiinality of sIMfi-drpcndrid (s,S) policies 

in invc.iiiri) models iirUfi m.arhov-i nodi dated demand and lost sdlcs. Production 

and Oixnat ioiis MaiiagciiKnit： 8, pp. 1059-1478. 

2 9 ] COIKUI , M . and N . A^^MWAL. HJ99. An analytical roiirpariscrn, of lomj and short 

Imn amlmcts. HE Transact ions 31，pp. 7830790. 

30] Crot li(;rs, B. 1999. PC incmouj priccs soar CNET News. 
J 

31] Das，S. K., and L. Ab(l(;l-Mal(;k. 2003. Moddmfj tha jlc/jibility of order quan-
* 

iiiias and Icad-IAjncs in supply cJiains. InUn iiatioiial .Journal of Production Eco-

� iioiiiics 85, J))). 171-181. 

32] Dhannadhikari, S. and K. .loag-dov. 1988. IJnwwdaliiy, convc/Miy, (md ap-

pHmtimis. Acadoiiik： Pn^ss, Inc. Now York. 

33] Dvon^tzky, A., .J. Kicfor and .1. Wolfowilz. 1952. The immnUm) yrohlcm: I. 

case of known distHhutions of d(mi(ind. EcoiioiiH^t.rica 20, pj). 187-222. 



CIlArTER () Coiiclusums 120 

, M] DvonM./ky, A., .1. Kiclor and .1. Wolfowitz. 195：5. On the opi.muil c.hararlcr of 

tJic (,S', s) policy in invantorfj Uworf). E(:()iioin()t rira 21，|)|). 580-590. 

FariiK；!-, I). (1978). Dcvclopin.f/ p u T c l i a s i i u ) H i n d c i f u i s , .Journal of Purc.hasiii|2, 

Mild Mrj|.(̂ riMls Manaji;(Mii(Mit 14, pp. (il l . 

iiG] Fahimi, T.，.I.L. Fislicr, M. W. Sa.s'unii and A. Yardoiii. 1959. Purcfuishuj raw 

viatmals (m a Jlu.cf/u.af/nifj Markc.L Opcn Ml ions II(\soar(-h 7, pp. 107-122. 

37] Fcii^, Q. and S. ScMJii. 2008. Prortmrimml, jlrxihilil.y uiidcr prlca ujuTvUiinly. 

MrC(mil)s Hc^scarcli PajxT S(uis No. lIU)M-(H-()9. , 

38] Feng, Q., G. Gnllcgo, S. ScMii, H. Yan, and H. Zhang. 2005. A pmodic 

rnrU'W invndnrt) model with. Ihrcr ddivcrij modes and Jorc.casi updates. .loiiriial 

of ()])(iiiii/at ion Theory and Applicat ions 124, pp. l.'}7-155. 

39] Feng, (J.’ C. Gallcgo, S. S(�tlii’ H. Yan and II. Zhang. 2006. Arc base stork 

policies op tin ml in invcnUmj problems with niuUiplc dfdivcry niodas'^. Opera-

tions R(，js(,ardi 54, pp. 8010807. 

40] Flaim(u.y,R. 1999. Taiwan scimnhlcs to incovcr frmn carUiquakdCC spccA is 

crucial; (:()m]mt(tr arm prime coiiiTTa, Wall St i(，(，t, .louriial, New York. . 

% 

41] Fox, .)., R. Mottors and .1. 2000. Optinml mvcntorfj policy with two 

suppliars. Oixuat ions Rosoarcli 54, ])p. 389-393. 

42] I'll, Q., C. L'ee and C. Tro. 2000. Procmernmt risk nuinafjaincmt usim) op-

tioiLs: rmuioin. spot pricc and the poTtfolio (tfJccL Working Papor HKUST. 

« 



» 

CIlAPTHn (j Conrlusions 127 

4：}] Galkigo, G. Mild II. C. IIu. 2004. ()pfAvuil polhyUis for production/imHtiUcynj 

Sifslams with JhiUc capacity and m.arkov-inodulatrd demand and supply pro-

cesses. Annuals of Ojxual ioiis Rosc^arcli 12G, pp. 21-41. 
I 

4 4 ] GALKIGO, G . AND L . B . TOKTAY. 2()()：1 All-()r-uofJ_ ordc/muj under a capacity 

coiislminL W O R K I N G P A P E R . 

4 5 ] G . FIND VV. Z H A N G . 2 0 0 3 Optrmal. Hai‘i(mar!j policms for niulitpla 
« 

procuravicid modes. W O R K I N G P N P C R . 

/ 

4G] Gijuinocc.aro, I., and I). Pontrandollb. 2004. Supply rhain m(mlin(di(m by 

rcvc.iiuv sluivhifj roidracts. Iiit(;niatioiial .lonriifil of I)i.(>(lu(:ti()ii Economics 89, ‘ 

PI). 1:31-139. 

4 7 ] GIL)S( ) I I , R . AND E . S . SDIWAI.T.. 1 9 9 0 . Stochastic convaiir/iicc yield and ilia 

piirAiuj of oil conf/hu/cTU claims. .LOIIRNAL OF F I N A N ( : ( � 4 5 , P P . 9 5 9 - 9 7 6 . 

4 8 ] G O L A B I , K . 1 9 9 5 . Optimal, inventory policies wh(m ordcrbuj piiccs arc random.. 

()L)CRATI()IIS RX^SC^ARCH 3 3， P ) ) . 5 7 5 - 5 8 8 . 

4 9 ] G O D , A . AND G . .1. GUTIORROZ. 2 0 0 6 . InUjjraUm) commodity w.arkc.is in the. 

opi 'nnal procuvmiani policies of a stochastic invcntorij system. W O R K I N G P A P O I , . 

5 0 ] G I I / O L , A . 2 0 0 4 . Optimal commodity prorurarneni under stochastic prices. 

TECHNOLOGY 7 , P P . 2 9 - 3 9 . 

込[51] G I I R I I A I I I , H . ' A I I D C . T A N G . 1 9 9 9 . Opf/hnal Ordc.rim) Decisions with UiiccrUiin 

Cost and Demand Fojccast Updating. MAIIAGEII ICI IT SCICNCO 4 5 , P P . 1 4 5 G C 1 4 G 2 . 

5 2 ] HAIIDFIOLD, R . B . AND E . L . NICHOLS. 2 0 0 2 . Supply chain rvdasign: Tiunsfojnn-

m(j supply chains into inUupuUd value systarm. FINANCIAL T I M E S PI,(MT,I(:(，HALL. 



V • 

CHAPTEn (j ConrlusUms 128 

‘ � . 
5：5] Haiiiion, D. 2005. Why naf/rual, (jas piiccs rr/main so volatile. Purchasing' 

(.laiiuai TMy 13)’ lat i)://www.pui.(:lm.siiig.(:oiii 

TA] Hakso/, C. and S. S(^slia(lri. 2()()7. Supply chain operations in the prasc.ncc. of 

a spot viarkid: a review with, discussion. Journal of t he Operations R(，s(，fu,(:li 

Society (2007) 58, pp. 1412-1429. ‘ 

55] Ilaksoz, C. aiul S. Snshmlri. 2009. Value of spot inarkcl iradimf in the prcsancc. 

of supply chain mv.tracts. VVorkiiig i>Mp(�r. 
. « 

56] IIKTDC, 2007. Cost cscalaliov, and trends for export jyricc in- ‘ 

crease - a look al the rising production, costs in the PRO. 

� h t t i)://info.hkt(l(u:oiH/(K:(>iii(>nim/t(l(:/t(l( (m^ 2007. • ‘ 

’ 57] H()lt.haus(ui, M. 1979. H(d(jin(j and the. ComprMiva Firm. Under Prlcc IJn-

a'.rtahdy. Thv. Aiiioricaii Economic R()vi(iw G9, pp. 989-995. 

58] Iglehai t, D. L. 19G3. Optmaliiy of (.s, .S') policies in the. infinite, horizon dy-

namic immniorii yrobUiin. Mjiiiaji;(Mii(nit Scioiico 2, ])]). 259-2G7. . 

59] IiulcrfurMi, K. and P. Kellc.. 2008. Capacity mscruation under spot market 
4 

. pricAi unairUimiy. Working Paper, 

. • • * ’ 

GO] lyor, A. V., V. Doslipaiidc, and Z. P. Wii. 2003. A postponrmeni wodd for 

dam.and jjianafjcincnt. Managoiiicnt Sciciicc 49, pp. 983-1002. 
' ‘ 4 

• / 

61] Kalyiiioii, B.，A. Stochastic piicas in a shifjlc-Ucin inv(mt()r!j. purchasimj 
川.odd. Operations R(膽u.(:h, 19’ pp. 1434-1458. 

62] Kaplan, S. and M. Sawlinoy. 2000. E-fiubti： The new B2B inaiketplaccs. 

Harvard Business R(，vi(’w 78, pp. 97-103 | , � 

• « 



• 

« * 

CHAPTER () Conclusions^ 

031 Karliii, S. and H. nubiii. 195G. DistrlhuUoiis Possrssiiuj a Monotone. Lihdi-

hood Ratio. .lounial of t he Aincricau Statist ical Association 51, pp. 6：37-043. 

3 r 

. (M] Karliii, S. 1958. I)olya type distjihut/imis IV. some prlnciylcs of salcctimj a 

sinqh: proccdura from a Complete Class. The Aiiiials oi^MatlKUiiaticHl St atist ics ” • � ‘ 

29, 1)1). 1-21. 

65] Kingsinaii, G.G. 19()<). CowmodUy purrkasmfj. Opera t ions R(，s(�’aidi Q u m - • � 
• . 
lv.v\y 20, PI). 59-79. , . 

GG] Kliouja, M. 1999. The. siv.fjUi-pmod (na'ws-vr.ndor) problcvi: litcmiurc. iv,-
* . « 

view and svjjfjcstiojis for fulvra 7ri.sm7Y://,.()inoga, T h r Iiitrniational .Journal of 

inaiiaiiigiiHMit. S(:i()ii('(�‘ 27, pp.'537-55；}. 
» ^ 

07] KldiiKloi ter, 1). and D. Wii. 2003. hitcfpati/if/ lorn)- and short-tenn contract-

, - hu) 'via husinass- to-hti.sin,css c x c . I u l i k j c . s for (:a])iULl-iiitcv.swe Indus tries. Man-
• . 

, � � a g o i i H u i t ; Science 49, pj). 1597C1G15. .， 

68] Lapaii, II., G. Jdoschiiii and D. Hanson. 1991. Producium, hcdfjim}, and 

speculative decisions with, options and fuiuTcs m.arkr上s. Aiiieri(taii .lounial of 
I 

- Agric.iiltural Econoinics 73, pp. GG-74. -
‘ » , 

f 

09] Lawsoii； D. and E. Portous. 2()()(). Multistage invcnUmj wanaijeinvM with 
y � 

(txprditing. Oporat ions R,(\s(;ar(tli 4G, pp. 878-893. 
• » 

� [70] Lmivioro, M. 1999. Supply chain coniractim] and coordination with, stochas-

tic demand in Ciuantitativo Models for Siii)ply Chain Maiiagoiiioiit, S. Tayur, 

R. Gmioshaii, M. Mag^i/inc (ods.), Khiwcr Acuuloiiik： Publisher, Boston, Mas-

sadii iset ts . 
« » 

1 
i 



I 

CHAPTER G Conchiskms 130 

» 

[71] LCH', H. L., V. Padiiifiiiabhaii and S. Whang. 1997. Infonnaiion dtstorHon in 
• » 

a supply chain: The huUwhip affect Maiiagoinciit S( i(�ii(:(�43. ])f). 540-558. 

72] Li; C.L. and P. K()uv(;lis. 1999. Flaxihlct and riskshaiiiifj supply contracts 

under price uncertainty. Managoniciit S(:k�ii(:(�45, pp. 1378-1398. 

73] Li, C. L. and .1. K. Hyaii. 2004. Inveiitorfj flexihility fJ iron (/ft adjustment 

contracts, Wokriiig papor, Purdue Uiiivcrsity. WV̂ st Lafayctt(^ IX. 

74] Magirou, V. F. 1982. Stockpiling undar jnica uncertaiiity and stoTaga capacity 

constraints. Europoaii Jouriial of Operational Rosearcli 11, pp. 233-240. 

75] Magiron, V. F. 1987. Conirneiits (m ”Optimal inventory policies when ordtr-

mg prices ara randomOperations Rosoarch 35, pj)： 930-931. 

[70] Martinoz-ck'-Albeiiiz, V. and D. Siindii-Levi. 2005. A portfolio approach to 

procuTfrnient contracts. Production and Operations Maiiagoiiiciit 14, pp. 90-

114. 

77] McKinsey and Company, CAPS Rcs(?arch Inc. Corniruj into focus: using 

the lens of economic value to clarify the impact of D2B e-rnarketplaces. Wliito 

‘ Paper, McKinsey and Compaiiy, New York, 2()()(). 

78] Meiiclclsoii, H. and T. 1. Tuiica. 2007. Strategic spot trading in supply chains. 

• Maiiagornont Scueiicc 53. pj). 742-759. 

79] Miniier, S. 2003. Multiple-supplmr inventory niodels in supply chain man-

(ifjernent: A revieiu. International Journal of Production Economics 81-82. pp. 

2G7-279. ‘ 



�� 

CHAPTER 0 Conclusions 131 

80] Milnor, .1. M. and P. Koiivolis. 2005. Order quantity ami tinmu) fU.xifyi.lity 

in supply chains: The Tola of dan)and chaiactei istics. MHiiageiiieiit Sciciicr 51. 

1)1). 970-085. . 

81] Milii(;r. .1. M. and M. .1. Rosenblatt. 2002. Flexible supply rmitracts for sfioii 

life-cyda (foods: The buyer's perspective. Naval R(\s(�ai.(:h Logistics 49, pp. 25-

45. 

- 82] Moiiizadeh, K. and S. Nahiiiias. 1988. A continuous jTvicw model for an 

inventoTij system, with two supply modes. Maiiagoineiit S(.i(m(:(�26, pj). 483-494. 

83] Moiiizadch, K. and S. Nahiiiias. 2000. Adjustment strategies for a fi.xc-d d(t-

liverij contract Operations Roscarcli 48, pp. 408-42:3. 

84] Miillor, A. and D. Stoyan. 2002. Comparison methods for stochastic models 

and risks. .John Wiley and Sons, Chidicstor. UK. 

85] Pasternack, B. A. 1985. Optimal pricing and returns policies for perishable 

commodities. Marketing Science 4, pp. 166C17G. 

86] Peabody. 2005. Peahody eneiyy coTjKmition DTU quarterly rrtpori: lO-Q. 

87] Porter, M.E. 1985. Conipctitiva advantage: crtating and sustamim) superior 

parfoTmance . 

88] Porteus, E.L. 1971. On the ojdiniality of generalized {s, S) polices. Manage-

ment Science 17，pp. 411-426. 

89] Porteus, E.L. 1972. The optimality of generalized (.s, .S') polices undar uuifonn 

damand densities. Maiiageiiieiit Sc;ienc:c 18, pp. 644-646. 

90] Porteus, E.L. 2()()2. Foundations of Stochastic hivenUmj Theonj. 



CHAPTER a Conclusions l:i2 

91] Ritchktm, P. H.，and C. S. Tapicro. 198G. Coiithifjciit cUi'nns cniitracAim) for 

piiTchasinfj decisions in nivatdorif manage川fmt. Operations Research 34. pp. 

804-870. 

92] Scarf, II. 1960. The, ()pti/m(ility of (sS) policies hi the dynamic iiiventory 

problem. K..]. Arrow, S.Karliii. RSiippes. ods. Mathematical Methods in Social 

Sciciicos. Stanford University Press. Stanford. CA. 

93] Sc:hal. M. 1976. On the optmiality of (.s. S)-poli(:i(is in dymvrnic inventory 

models with finite, horizmi. SIAM Journal on Api)lic�(l Matlioiiiat ics 30. pp. 

ry28-537. -

94] S(thcllor-W()lf, A., S. K. Vccnaraghavan and G. van Houtuiii. 2()()5. Effective 

dual sourciiu) with a single index policy. Working i)ai)er. 

95] Schwart z, E. S. 1997. The stochastic bcJmvior of cortimodity prices: Implica-

tions for valuation and fwdging.'*J(Minia 1 of Finance 52, pp. 923-973. 

96] Socoinandi, N. 2008. Optimal cojimiodity trading with a capacitatcd sUmuja 

asset Working pap(U'. 

97] Seifert, R. W.，U. W. Tlioiioniaiin and W. H. Haiismaii. 2004. Optimal pro-

cuTement strategies for online spot markets. European .Journal of Operational 

Research 152, pp. 781C791). 

98] Sethi, S., H. Yaii, and H. Zhang. 2003. hwentorjj Jtiodels with fixed costs, 

forecast updates, and two deliveT-y modes. Operations Research 51，pp. 321C328. 

99] Sethi, S., H. Yan, and H. Zhang. 2004. Quantity flexibility contracts: Optirruil 

decifiions with infoTrnation updates. Decision Sciences 35, pp. 691-712. 



CHAPTER 6 Conclusions 1:53 

100] Shaoxiaiij;, C. 2004. The infinite horizon periodic review jri'ohlam with saiup 

costs and r(i/paciiy ( (nistraijits: a partial characierizdhoii. of the. optimal policy. 

Oporat ions Rcsoarch 52. p�) .409-421. 

101] Shastry. K. A. 1993. Iiivaniory pohcics under stochastic priccs. Ph.D. Dis-

sertation. Tuscaloosa: Tli(�Universi ty of Alalmma at Tuscaloosa. 

102] Shin. H.. Collier. D.A.. Wiilsoiii, D.D. 2()()(). Supply niaiuujcim'id oricvta-

tioii and Hupplu.r/huyer jHrfonnancc. .Journal of. ()p(»ra1 ions Maiiaf^cinciit 18. 

pp. 317-3:33. 

103] Spinier, S., A. Hiichzeriiioier and P. Kk�iii(loi.i.(T. 2003. Risk fiedfjing via 

options for phisical dcliveiij. OR Si)0(:tniiii 25, pp. .'379-395. 

104] Tibbeii-Loiiibkc. R. 2004. N-pcTiod contracts with, ordarim) coiisira'nits and 

total minmiimi corumitnients: Optimal and hemistic solutions. European Jour-

nal of Operational Research 156, pp. 353C374. 

105] Tsay, A. A. 1995. Supply chain control with quantity flcxihilMy. Stanford 

University. 

106] Tsay, A. A. 1999. The quantity flexibility contruct and supplier-cMstojiicr 

incentives. Managoinont Scticiico 45, pp. 1339-1358. 

107] Tsay, A. A., and W. S. Lovcjoy. 1999. Quantity flexibility contracts and 

supply chain perfoiinance. Manufacturing h S(u.via? Oixnations Managoiiieiit 

1, pp. 89-111. 

108] van Delft, Ch. and J.-Pli. Vial. 2001. Quautiiathm (nialysis of irmlH-piynodic 

supply chain contracts with options via stochastic prograirmmig. Workinj^ paper. 



CHAPTEn G Conclusions 134 

109] V(�iiiott. A.. .]r. 19GG. On the. (yptirtialily of (s,S) iiivc/idori) jujlici.fs: New 

Co'fidifioDs and a Nc.iv Proof. SI AM .lounial on Applied MatlKMiuit ics 14. j)]). 

1067-1083. ‘ 

110] Waii^. Y. 2001. The optimalUy of ifiyopiv st()ckiii() puluir.s for system is wiiii 

dacrcasviK} jmrchasiiif； jrriccs. European Journal of Opcrat ional Hcsoarch �33, 

1)1). 153C159. 

111] X\u\ W.L. and F. Y. (,h(�ii. 2008. Ojdiinal tiivcMiory policy until a lojuj-trjin 

supplier and spot markrt. Workiii'i, Paper. 

112] Yang, .]. and Y. Xia. Arqiiisiiuyit iiiaiKujcniaiii under fluctuating raw riiatc-

rial pricdH. Working i)a])(T. 

113] Yi, .1, and A. Scliclku-Wolf. 2003. Dual souTchifj from a rc.qular supplier and 

a spot market Working papcu'. 

114] Zhang, V. L. 199(3. Ordrjing policies for an invciitorij systc.rn. with, three 

supply jnodes. Naval R(，s(，m,(:li Logistics 43, pp. 691-708. 

115] Zhoiig, Y. S. and A. Fcdcrgnicii. 1991. Findimj optimal (.s，.S') policw.s is 

about as simple as evaluatiiuf a single, policy. Operations R(，s(;ai,di 39, pp. G54-

065. 


