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Capécitaféd netwbrkvmodels aré presented as more appropriate insfrumeﬁts‘forx

Qtudying,commodity frahsportétion—stbrage systems in developing areas than -

traditiéﬁal‘linear‘pfogramﬁing'models,»Villﬁétrations iﬁcorpbréte‘reaiisticv 

‘features éf capécity‘constraints, mﬁltiplé §ransshipment points, storage,’inter— ;

mddal‘transfer costs'ana cohvex costé; A éélﬁtioﬁ is obtained'ﬁsing thé efficient“5

Fulkerson Aigorithm;:



MODELING TRANSPORTATION AND STORAGE SYSTEMS .
- IN DEVELOPING AREAS AS CAPACITATED NETWORKS¥*

by
Charles L. Wright¥*¥*
and
Rlchard L. Meyer
Introduction

Mény léss developed countries (LDC's) are investing vasf_sums td
eliminate bottlenecks aﬁd to reduce freight and spoiiagéréosts in:agfi—
cultural transportatioh and .storage systems. A major'probleﬁ‘has been’
the lack of an appropriaté methodology tb locate poténtial bof£lénecks:,
in-a given transport—stbrage,éystém.énd toaevaluateuthe eéohbmic‘iméaét
of selected alternative improvementé on ovérall effigienéy.'

The purpose of this paper is to present such a'méﬁﬁodology and :
illustrate how it may be used tovsolve a variety of:tranéporfation pr@b—
lems. It briefly reviews three linear pfogramming models éommoﬁly used
to study commodity jraﬁsfer problems in developed countries (DC’S),>poinff
ing out some -of théif limitations wheh:dealing"with'proglémé‘of major im-
portance in LDC's. The remainder of the paper diécusses fhe capaciﬁated
'network'modelvas a flexible and useful instrument in"studyiﬁg trénsportafion_
and storage problems,vespecially'in developing areasv- A capac1tated network

example is formulated and’solved (u31ng the Fulkerson algorlthm) as an

illustration.

¥This report is part of a research effort supported by the Department of
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Midwest Universities Consortium for International Activities (MUCIA) Grant.
The authors wish to express their appreciation to Francis Walker, H. L.
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» A‘Brief Refiew of Three'Transportation Models

~ Agricultural economiSts havevtraditionally ﬁsed three types of models
to study the’allocation.pf commodiﬁies'froﬁ surpius (producing) regions to
deficit (consuming) regibns: 1) fhe simple tfansportation model; 2) the
btranééhipment model;'and (3) the spatial’price equilibrium-modél.’
| Thé siﬁple transpdrtation model is typically restricﬁed to finding
: least_cost solutions in prbblems such as those invbiving the shipmént qf
a commodity directly from a series 6f origins (e.é., factories)vto a series
of desfinations (e.g., warehouses). Thé.transshipﬁent modél allows one
transshipment point’betﬁeen each originfdéstihation (0-D) pair. This addi—
tional flexibiliﬁy permits analysis éf more complex proﬁlems,_sucﬁ és ﬁhe-
determination'of the optimum combination of processing, storage and inter—
regional commodity movement patterns [King and Henry;\Kriebél]._‘The frahs;'
shipment model»éan.also‘be used in optimal iocation analysis [King»énd Logan§
Rhédy;>B._Wright: Goldman: Caéetti: Ladd and Lifférth].v

The spatial‘pricg equilibrium model is the oﬁly model to represent‘a 

_theorétical eqﬁilibrium of‘deﬁand and suppl&, aﬁd is thus usefui in‘project—
‘ing trade flowsfwhére statistics do not pefmit direcf.mapping of iﬁterregional 
patterns of trade [Morrill‘énd Garrison; King; Takayama and Judge; Walkef].l 
This ﬁodei has beeﬁ_férmulated by Takéyama'and Jﬁdge as atéuadrafic'program.
_toiimprove:its com§utational efficiency.
‘These three inétruments are ﬂormally not used té.médél‘the physi§al'

characteristics of transport-storage systems. They are limited in this fespecﬁ

lMaking price determination endogenous (the advantage of this model) sacri-
fices the simplicity and relative efficiency of the transportation and trans-
shipment algorithms [King/aqg Logan, p. 96]. Some other modifications dis-
cussed in this paper mzy be thade by writing transportation problems as gen-
eral linear programs. \The complexity and inefficiency of such formulations,
however, make the capacitated network approach clearly preferable.



by the assumptions that any‘Oéb linkages have infinite-capacities,‘and that

no moré than one transshipment point may exist between’an 0-D pair (the trans-
shipment model). To incorporate eithér ﬁaximum capacities on given linkages

or multiple transshipment points ﬁould imply an exponen£ial increése in the
conceptual and computational complexity of the prablem.v Iﬁvfact,‘the incor-
poration of these real—world fedtures can exhaﬁst>00mputer capabilitiés on

very small problems [Ford and Fulkerson, p. 93];2__These méy:not be important
_limitationé for a variety of agriéultural applications iniDCfs;‘since éarriers
are séldom saturatedvby commodities'for any‘length of time, ﬁhiie‘the diversitj
aﬁd comple#ity of the syétems‘would in any caée'resfrictvmodélling'té a very
small system. There are, however,'éases wherevfheéé limitations ére cruéial.
‘and researchers have tufned £o the capécitated networkjépproaéh‘to resolﬁe
fhem1 The applications found in the litefature include,studigsvof urban traffic ‘
(Gauthier; Muraco), coal shipment in the Great Lakeé‘areab(King giigl.),,frﬁit'
distribution in New Zealand'(Sinclair and Kissling)Aand cohfainerized shipping .-
on the South Island (McCurdy gﬁ_g;.).

The repfesentation 6f cost and capacity chafacteristics maké the;pépaci4
tated network approach particularly ﬁseful wﬁeﬁ‘studyiﬁg rapidlj dévelbping |
agricultural regions,'sinée it permits the rgsearcher tobtreat iésues‘such as:

1) thé‘efficiehcy of'the‘entire transpor£—stérage.network;

2) the identification‘of existing bottlenecks and those‘whichA

may appear with projected increases in aéfiCulﬁﬁral output§
3) the costs and capacity characteriétics éf individual linf§’~

in the network; o . RN

2Dantzig was one of the first to recognize the advantages of the capacitated
network approach, incorporating it in his 1963 linear programming text.



ﬁ)‘ the quanﬁitative effects.of-spécific improvemeﬁts injﬁhe netf'
| Qork_iﬁ terms‘of'accessibiiity of nodeé (cénters)vwithin the
'netﬁofkiand reduétion'invtotal shipping éosts; and

5)  fhé:effect of nonlinear Qost functions. |
The Capacitated Network Model |

 Th¢‘poWer and simplicity of the capacitated netwbrk approadh'ih analyzingbj
a fraﬁsport—storage system can be best appréciated»by considering some illus}v
trationé} Figure 1 is a simplified'répreséntatidn‘Qf thé tfansportatiéélsjstem;
in Nofthwéétérn SZo Paulo State and the State of Parané; Brazil.> Londrinav(E)
, isvthekqentér"of an established pfoducing region aﬁd Cascavel (l)'is a rapidly
»eXpénding frontier ared. Bofh regions aré experiencing'dramaticragriéulturalk
development. Thevhiéhway‘system hasAmoaern main arteries and ié fairly complefe,
but the‘rail system is antiQuated and sérves only part of thé aréa.»»Grains pro;
dﬁced at (1) and (2)»meet some domestic demands (estimatedbexogeneously) ét thefv
stété capitals Sao Paulo (5) and Curitiba (6). The remainder‘is exporfed through ,:
the ports of Santos (7) and Paranagua (8) Cifies (3) and (4) ﬁill be cOnsidefed i
here only as transshlpment points. | |

Figure'E shows the fransportatién aspects of Figure l as'a capééitated:
network cbmpqsed of nodes and arcs. A nodé, i, may,fepresent an ofigih Qf.
iflow (producing regions 1 and 2),>a'tfaﬁsshipmént point (3 andi&), or terminal
~ facilities (7 and;B),h An arc (i, j)iisﬂa linkage ﬁetﬁgen tvo nodés i and j

R . 5 v

with shipments permitted from i to j as indicated by arrows.” Each arcAis

_3The examples cited reflect some of the actual transpdrt storage problems of the
area, but are used here only for purposes of illustration. All figures cited
are hypothetical. : '

A node may 31multaneously represent a terminal and a transshipment point
(5 and 6) or an origin and a transshipment point (2). :

SNotation in network analysis is not uniform. Conventions adopted in this
paper are 51mllar to those used in Potts and Olwver, Taaffe and Gauth er,
© and Klng et al. o
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 deécribéd byvits,endpoints i and j,:and by three parameters (in order): the

'coétg Cij,'ofAsendingva unit of flow betWéen godes i and j and a lower'(lij)

and upﬁer (uij)bbognd on thé units of flow;permitted_betveen i and j dﬁring :

some séecified time interval such as a day, month, or year. Capacities'are

herevdefined'in 10 ton units, and éosts in dollars pér 10 toms. Any nﬁﬁber

of arcs mé& conﬁéctvthé-same two nodes asrlong as the parameters fof any two

barcs.éré not all idenficai. |
Several'arcs‘ih Figure 2 have béen assignéd Qost and capacityAparameters

_ by»wayiof'illustration.A " Node DO ié a " dummy" origin which serves as thevéource4-

of flowvfor the network. The parameters of the dummy afcs (DO, 1) and (DO, 2)

connecting the dﬁmmy origin'with the "real" origins 1 and > indicatévthat-loo

‘units afevavailable’fof shipment from pfoducing‘gegidn 1 and 115 from pféducing

region'2. The zero costsvindicate.thatbproduction costs do not enter into the -

soiution.: A1l productioﬁ from region 1 can be transported’bybroad to node C'v

‘at $30 per unit, or.up to SO unité may.be shipped fromrnéde 1 to nédé 2‘by‘

'road at $20 per.uhit. Frbm‘néde'Q, a méximum of 50 units may ﬁqve by rail to

nodé é»ét'$5 ﬁer unit; and én additionél 100 unifs may move by truék for_$iO

per uﬁit. Nbdé DD is a dummy destination serving as ﬁhe ”sink"'for all flows

iﬁ the network. .The‘lower.bounds.on the arcs leading to Db aré thé "demandé"’

(determiped ezogeneOusly).» The values of 50 on aré (5, DD)-and 30 on (6, DD)

~indicate that 50 units must bé sent té node 5 (SEbFPaﬁlo)'and 30 units‘té ﬁodé

6 (Curitiba). Since the ubpér bounds are éet at the same valﬁes, hovadditional;

units ﬁay flow to these two nodes. Any remaining uﬁité which flow‘thrdugh the

systeﬁ will ﬁe exported frdm‘either of the two pofts, aévgiven by the érbitfafily,

[‘largev("L") upper bounds‘oqbarcé (7, DD) and (8, DD). vCosté.oQ.all dummy arcs

dare set at zero so they do not'influence the optimal solutibn‘of the real -

limitations, problems and procedures for estimating costs and capacities are
‘not discussed. . ' ' o ‘ o = :



network. The arc (DD,FDO) is explained below.
Intermodal Transfer Costs | |

The‘network ofiFigure 2 makés no allowancebfor transfef costs between cérriers.
This assumption is eésily relaxed as shown in the subnetwbrk of Figure 3. Each
node is "split" into‘two nédes, connected by dummy arcs such.as.(2R, 2) and (2, 2R).
The.parameters oﬁ these arcs indicate thgt if costs $1 per unifjfo‘transfer cargo'
from truck tévrailband"$2 from rail to truék; 'A'higﬁway—rail t?énsfer éapacify of
30 units exists ét location 2,>while’50 units can fe ﬁransferred over all other
arcs. “

Convex Costs ‘

The assum@tion of.cbnstant unit‘costs undérlieé the three fradiﬁional transf
portation models discussed earlier. .This is often’an unrealistic aséumption, since
published rail tariffs, for exampie, are often maximum charges for small shipments.
Largér COnSignments may receive special rates, and unit trains usually recéi#é the
loweét rates available.

The capacitated network approach permits relaxation df this-assumption as
shown in Figure L for the rail line linking nodeé 2 and 3. Costs are $5 per'unit
fér’9 units or-less; $4 per unit from 10-29 units; and $3 per unit from 30 to 50
units. The dummy arc (3, 3') establishes a maximuh capaéity of SO units from node
2 to 3 regardless.of‘the size of iﬁdividual shipments. " )

Changes in Arcs), Cosfs and Caﬁaoities |

'The capacitated network model can be éasily modified to assess the impact of
a) expécted increased demand for transportation and.storége aﬁd b)‘éhanging posts
and capacitiés of ceftain arcs in the system. Such changes are represented simply
by chaﬁging the respective arc parameters. Changes in relative shipping prices,
such as those caused by highwéy subsidization relativevto railways or inéreases
in petroleum-priées; are represented in the same fashion. vFinallvanew facilitieé

are represented by additional arcs. Likewise, the disappearance of facilities
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such as in rail ébandonment is represented by the déletioﬁ of affected arcs.
Storage and Storage Costs

The preceding nétworks weré defined for a“single time period. torage,

however, can also be represented as a capacitated nétwérk éifher as a separate
_system or as a cémplement to transpdrtation. An‘illusfration of a‘combined transj
storage network is.giveﬁ in‘Figure 5. Only one aspect of storége is considered:
" that involving differential transfer costs.7 Such differeﬁtials arise when it is
necessary to store a commodity to use lpw costvcarriers that become saturated duri
the harvest season.v They may also arise if.storagé‘costs véry-among locations (se
in ports, due to lack of épace or‘eXCessive humidity). _

In the transport-storage subnetwork of Figure 5, 100 unité of (say) soybeans
are produced in regiqn 1, but only 20 units are'démanded at node 8 during thé‘ﬁar—
vest period. The remaining 80 units must be senf to’node 8 du?ing the reméinder
of the year. Storage is represented by movement of flow over arcsn(l;l'); (6,6,
(8,8'). A fiow from 6 tb‘6', for example, indicates-storage at node 6 for a speci
fied time period. The flows over arcs (1',6') and (6',8") are aétually over the
‘same physical facilities represented by arcs (1,6) and (6,8);_but_take place durin
the post—harvést season. The arcs with primed values have greater capacities since
thé post—harvest‘season is much longer than the harvest‘season, giving‘the tranépo1
tation facilities more time to move the commoditieé. . |

Storage is permitfed in tﬁe producing region (node 1) at $5‘pe£ unit up to
50 units for the post-harvest périod,at node 6 ($3 per unit to SOvuniis), or at

: 8 _ )
the port (node 8) for $9 per unit to 40 units . This example is solved below.

T Storage also occurs due to expected seasonal price increases which are invariant
with respect to storage location. The model could be modified to determine the
optimum length of storage if the "costs'" of price changes were estimated exogen-
eously and assigned to the storage arcs. ' ’ '

The durmty arcs (8', DD) and (DD,DO) could have been assigned upper capacities
of 80 and 100 respectively, without changing the solution. An arbitrarily
large urper limit (L = 1,000), however, would not restrict the solution if
supply were greater than 100 units and more than 80 units could be shipped to
node 8' after the harvest. This frequently occurs in multiple origin-multiple
destination models. L S '
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An.Efficiént Solution to the CapacitatedrNetwork Pibbiem‘
>> ThefFuikersoﬁ’"Out—of—Kilter" Algorifﬁm (OKA) is an efficient instrument
for solving capacitated network prbblems even for veryllarge hetworks {Potfs,
and Oliver; burbin and'deenke; Ford and-Fulkérson].9 ‘Ail‘paraméters'muétbﬁer'
1 eSﬁablished éxogeneoﬁsly. - Supply ﬁay'be equal to or greater than ﬁhe sum of
the amounts demandéd.b The algorithm dete:ﬁines the maximum set of flows;

: xij,_so,as fo mipimize thé,total tranéfer‘costs_including ﬁranspoft,vstorage
vand ofhef céSts assignéd to‘the arcs .0
 Thé:OKA.determiﬁes the-flows,xxij,Vhichvminimiégbﬁoﬁal'trénsfer'cbsts
(trénspbrt, storagé and other costs to the arcs).,,formally, the OKA’minimiZes

ﬁé ¢ x for all i and j
ij iJ 1d :

subject to:

1 §§ X &u
ij ij i

for all i and j

d

and

ﬁx —ﬁ x '=Oforal‘li

i SRR &
where all symbois ére dgfined'as previously;
This last conditionvis ﬁhe conserVation éf fiow'principié that the tbtal
fibﬁ’into a node must equal the total flow oﬂt‘of it. .Thus, in ofder to solve

the problem of Figure 5, a dummy arc (DD, DO) must be added to complete the

9A program generously made available to the authors by Dr. H.L. Gauthier of The = -
Ohio State University is designed to handle up to 1,000 nodes and 3,000 arcs.
Modern computer capacities permit expansion of capacity beyond this if necessary,
~and additional efficiencies have been suggested by Wollmer.

lOThe maximum flow is determined by the minimal cut-set [Potts and Oliver, p. .43].
If all "supply" can be forced through the network, the supply arcs constitute

the cut-set (i.e., the maximal flow = available supply). Thus the maximal flow
is a given flow and will be allocated to the least cost arcs. :
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system, .avoiding loss of flow at the sourcé (Do) ana gain of flow at the
sink (DD). |
The optimal éolution to the prdblem of Figure 5 was determined by the
QKA and is givgn in Table 1. lThe Xij valués are the flows over the arcs
(i, j)‘which constitute the least cost means of forcing the given flow through
thé network (;;g., 30 units. are sent.from node 1 tos6 in the pOSt—harvest period
‘as glven by Xl 6' = 30 on arc (1%, 6'). Besides,the xij's; node prices, net
" arc costs and kilter numbers are determihedvendogenoﬁsly;'

‘Node‘pricés,7fi,are recalcuated at each iteration so that increases in
commodity flow are along the least expensive pafhs. They are relative prices
and indicatife of locational’adVantages or fents.b For example, the price at
node 6 is $20 more tﬁan at node 1, reflecting its more f;vorable location with

respect to the destination (node 8).

Table 1. Optimal OKA Solution For
Transport-Storage Problem of Figure 5

: Cost  Lower  Upper Xy s Net Arc Kilter  Total Transport
Arcs - Per  Limit Limit  Optital Cost  Number  Costs on Arc
i i Unit  (Units) (Units) Flows  (CBAR) (C53 times Xié)
DO 1 0 0 100 - 100 0 0 0
1 1' 5 0 50 30 0 0 150
1 6 20 0 "~ 80 70 ) 0 ‘1400
1" 6' 20 0 320 .30 0 0 600
6 6' 3 0 50 .50 -2 0 150
6 8 5 0 80 .20 0 0 100
6' 8" 5 0 320 80 0 0 400
8 8" 9- 0 Lo 0 L 0 0
'8 DD O 20 20 20 .25 0 0
8 DD O 80 1000 80 - 30 0 0
DD DO O 0 1000 100 0 0 0

Total Transfer Cost = $2,800

*Node prices (T ) ere $0 for nodes Do, 1, and DD; $5 for node 1'; $20 for
6; $25 for 6' ané 8 and $30 for 8'. - o :



‘The net arc cost (CBAR)Viébdefineabas:
(1) E{ij = '(}Ti,‘ - ’.ci»j | | ‘

Negative»CBAR'values imply thatfthevflow over ﬁhe arc is at its maximum value
andkthat saviﬁgs_could'bé obfaiﬁéd if the‘cépacity wag'egpéndedjand floﬁs ‘
diverﬁed”from ﬁore costly'paths.v Tﬁué; therércs with the largest négati&e
CBAR Qalﬁés coﬁstiﬁute‘méjof bottlénecks té a ﬁore'efficientvtraﬁsfer bfvgoodsv'
and‘afe useful;instrumentsiforbpést—qptimal (sensitivity):anal&sis. ‘Thé 0nly‘
bottleneck in the system of‘Figﬁre 5 is aré (6,>6f), that'is,’étdragevatvnodé
6. If thatvcapacity‘were increaséd, flowicould be rerouﬁed.sb‘as ﬁblmeetAthe‘
.demahds aﬁca cost re&uction of $2\per unitvuntilvg botflenéck develéped'ohj
another arc. Positive CBAR Vélues implyxflbw is ét the miﬁimum value. These
- valu¢é fepreseht the cost to the systeﬁ of-incfeasiﬁg'flow over thé asééciaﬁed
arés by one uniﬁ. If ﬁhe arcs indicate demand reqpirements,'this is the total
éosf ofvséndingbone additional unit of flow through the system. pr érc (8,0D),
: thié cost is $25. | .

' Thé lastwendogenous variable is thé kiltér number of thevarcs.vali kilfef
numbefs are zero in the optiﬁal'éolutioﬂ. A‘positivé kilter>nﬁmﬁer’indiéates
an arc hés,a non—bpﬁimal or infeaéiblé flow, and af ieast Qne'arc is.”éut—of_
kilterﬁ‘(i,em,vhas'a poSitive'kilter.number)‘until ihe-optimal SOlutionvis ob-
'tained (hence the name of the algo;ithm). |

"HThe efficiency of the OKA arises from its rapid‘convergencévto tkeoptimél:

.solutién.and the eaée_qfvpost;dptimal aﬁalysié. The optiméibsolutioﬁ ofla: |
‘éiVen probiém:furnishes a starting:point for a éubséquent problém ﬁhen ste'
érc parameterévhave,been altered or.arcsfadded orvdeieted.’ Thevalgorithm also
v providés é higﬁiy éfficiént solution fo'fhe,simple4§rahsp0rtation, Qnevihtér—b
mediate point transshipmént, the éhortest»pathbénd méximal’fléwyproblgﬁs‘as

special cases.
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Summary and Conclusions

Transportetion models developedvto date’heve‘been most effectiyely_used
in studyiﬁg'pfobiems of developad economies. Transport—storage netwofks in .
IDC's, however frequently requlre the anely51s of multlpie transshwpment points-
~and capaclty constraints which are subJeco to rapld-alteratlon due to massive
investment programe . The capacitated network approach outllned in this paper
offers the p0851b111ty of effectlvely dealing w1th these complex problems. Thet
eff1c1ency and flex1b111ty of the OKA solutlon suggests 1t may also be preferable
to other algorithms like linear programming for the slmple»trensportatlon problem
as well as thevtranSShipmehf model with absingleetransehipmeht poiht between

0-D -pairs.
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