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Abstract

Optimizing a Retailer’'s Containerized Import Supply Chain
by
Evan Taitz Davidson
Doctor of Philosophy in Engineering — Industrial Engineering and OperaticeaiRé
University of California, Berkeley
Professor Robert C. Leachman, Chair

An economic optimization model of waterborne containerized impans Asia to the USA for
a retailer is described. The retailer's imports alecated to alternative ports and logistics
channels so as to minimize total transportation and inventory costsds@nay be shipped via
the logistics channel of direct shipment of marine containerswuc# or rail to retail distribution
centers, or via transportation to cross-docking facilities inhtheerlands of the ports of entry
and trans-loading goods from marine containers into domestiadraileontainers. A previous
model has been built for a retailer employing a single optim@pbrting strategy, specifying the
allocation of each retail distribution center to its optimal poremtfy and the choice of direct
shipment or trans-loading, uniformly applied across the importer’s entire poaitolio.

Here we describe a methodology to extend this model to allow fetailer that can employ
multiple optimal strategies, applied to different classes afdgowithin its product portfolio
segmented by inventory holding cost rate. We find that for thder&acost minimization
problem, it is provably optimal to generate sub-problems by spligowfs into consecutive
valuation partitions. By doing so, the retailer’s multi-strategppblem becomes computationally
tractable. We examine the impact of less-than-container shipnoentthe optimal set of
strategies. This allows us to more accurately estimate the tranigpoctast.

We collected data, including origin-destination transportation iteslead times, from a top
five national big-box retailer to test both single and multiplategyy methodologies. Using
these parameters, we found that our case study retailer coutdigibtereduce their total supply
chain cost by over 2.1% by using an optimal single strategypa®d2.6% by using different
optimal strategies for the various goods in their portfolio. Wém texamine the optimal single
strategy and set of multiple strategies for retailersasious importing volumes and declared
goods valuation distributions. The optimal single strategy foraaleeigenerally shows direct
shipping for the lowest value goods and lowest demand volume retailers, trans-kiatneg to
four ports for slightly higher value of goods and demand volume, and tadisi at fewer and
fewer ports as the good value and volume continue increasing. Fostmda parameter set, the
cost reduction generated by allowing multiple strategies fingle retailer can further reduce
the total supply chain cost by up to 1%.

Lastly, we analyze the value of building redundancy into the suppiy thanitigate the cost of
disruptions. We note that many retailers utilize more portsabamodel would recommend as
optimal. We have found that there is value in a retailer alwéijging at least two ports of

1



entry to protect against supply chain disruptions at any single Bowever, for those retailers
whose optimal port usage already includes at least two portaptigsr mitigation would not
provide enough benefit to justify the additional infrastructure inveistmWe hypothesize that
there exist other factors such as institutional inertia and raigotileverage that contribute to
the use of these additional ports of entry.
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1. Introduction

This dissertation proposes a shortest path optimization model tmtusing the supply
chains of large importers of waterborne containerized goods frora #siUSA. This
optimization model determines the least-cost set of supply ca@itegies for an importer, in
terms of ports and landside transportation modes (channels) to be useteébed partitions of
the importer’s entire portfolio of imported merchandise. We then ap@ycost minimization
model to test against a case study retailer's current sugdyn strategy, examine the
breakpoints between different optimal strategies or sets aégtea, and analyze the effect of
disruptions on a retailer’s supply chain.

A typical large US importer/retailer operates Retailtfibsition Centers (RDCs) that restock
retail outlets. Differences in inventory costs resulting from ofsalternative supply channels
typically extend only as far as the RDCs, which are typidattgted within an overnight drive to
the outlets they supply. In this dissertation, we consider then®rigr import shipments to be
factories in China and elsewhere in Asia, and the destinations RDBs spread across the
Continental USA. While the portfolio of products for an importer reagompass multiple
origins, typically any particular product is to be distributed actbe Continental USA and is
sourced from a single Asian origin.

Forty foot long marine containers from Asian origins are shipped @elge® ports of entry
(POE) to the USA, called “ports” in this dissertation. The coetai may be assigned to their
respective destination RDCs while at the still at the Asiggiroand directly shipped inland after
reaching the port, called “direct shipment,” or they may be deldaat trans-load or import
warehouse facilities and the contents sorted and re-shipped in dowesitles to multiple
RDCs, under a strategy termed “consolidation-deconsolidation” shipriretite consolidation-
deconsolidation case, marine containers containing goods destined to en®iys are
channeled through a common port and routed to a deconsolidation cemetq#e warehouse
or cross-dock) located in the hinterland of the port of entry. Dloelggare unloaded from the
marine containers, sorted, and re-loaded into fifty-three foot longestomcontainers or trailers
for final landside movement to the RDCs, possibly after some valdeed processing. Both
direct and consolidation-deconsolidation shipments may use diffemetsid@ transportation
modes (channels) to RDCs; i.e., train, truck, and local drayage (dray).

Depending on the selected port of entry and the landside mode of ttatisppthe importer
will face different transportation costs. Another source of isd$te opportunity cost of working
capital tied up in the inventory throughout the supply chain. Thissosually expressed as an
interest rate times the amount of capital invested per unit ohtore times the average
inventory level.

There are three types of inventories in the chain: cycle invenpgugline inventory, and
safety stock. Cycle inventory is a function of the replenishriteqtiency (e.g., weekly) and is
otherwise independent of the selection of the supply chain stratebycrannel. Pipeline
inventory is the amount of inventory in the pipeline between the origin and destinationisaand it
function of the transportation time. Safety stock is the extrantove kept by retailers to satisfy
customer demands on time. Safety stock is maintained as a hexdgst ggtential delays to
shipments and potential errors in sales forecasts. It is adoraf the customer service level,
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the uncertainties in the shipment lead time, and the demand foeeast Requiring a higher
customer satisfaction level, or making use of supply channels titaii éonger or more
unreliable lead times, results in the need for larger safety stocks at RDCs.

The consolidation-deconsolidation strategy uses concepts of “postponearght®risk
pooling” to reduce the requirement for safety stocks at destinRi@s. By postponing the
commitment to specific channels and RDCs, the importer can explaifpdated match-up of
supply to demand to reduce safety stocks. The risky exposurentand surges or supply
shortages over the long lead times from Asian factories to €sRcan be reduced to a
relatively low-risk exposure over the short lead times fromtthes-load warehouse to the
RDCs. Furthermore, by pooling the forecast errors of demanddfetedt RDCs together,
served by a single port, importers face less uncertainty anckdaoe the level of safety stocks.
In typical practice, the contents of five forty foot marine ciores fit into three or three and
one-quarter fifty-three foot domestic containers or trailersitage much larger cubic capacities.
The savings from fewer inland vehicle movements partially cff¢sle¢ extra costs for the
transportation infrastructure and for trans-load handling of goods iatesbcwith the
consolidation-deconsolidation strategy.

Most importers make little or no investment in facilities u@strefrom the RDCs. They
review their supply chain strategies annually. Their trangpamtatrans-loading, and import
warehousing services are put out for bid, leading to annual contoactadh services provided
by steamship lines, intermodal marketing companies, and third-paistits providers. Thus,
import supply chain strategies are static over a 12-month time frame but daemigeat in minor
ways or major ways from year to year in response to chartgamgportation or inventory
economics.

Some retail importers are large enough such that they nothanly the opportunity to
employ trans-loading strategies, but are also able to emplitypla strategies for importing
their portfolio of goods, possibly some via direct shipping and someara-toading. We will
make some reasonable assumptions and show that their overall supplyiidem can be
solved by running the single strategy optimization multiple tina@sl then utilizing a simple
shortest path algorithm.

When the volume of any given shipment from the port to the RDC does axityematch
the size of a container (marine or domestic), importers wslb ddave to handle less-than-
container shipments. For a shipment that only takes up a fracttbae obntainer’s volume, the
importer may be required to pay the full transportation costs,cmstagreater than that given
fraction of the container’s volume.

In this dissertation, we first examine a heuristic algoritbmthe optimization of the annual
supply chain strategy for a set of merchandise for impootfevgterborne containerized goods
from Asia to USA. This heuristic algorithm finds a near-optileast-cost supply chain strategy
for each set of goods for an importer, in terms of ports and landaitgportation modes to be
used. This algorithm allows the importer to select an effid@ett shipment or trans-loading
strategy. The costs considered include costs for transportatidraadting, pipeline inventory,
and safety stock inventory held at RDCs. Here, we integrateaidioallocation problem with
risk pooling, routing, and selection of transportation modes, while comgjdgnchastic demand
and random transportation time to achieve a desired customer cémtisfi@vel. We discuss
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shortcomings found in the original version of the heuristic, and spdigifibaw these
shortcomings were detected. We then suggest an improved heuristreghaes additional
computational complexity but finds solutions guaranteed to be closgtimal. Once the near-
optimal strategy for each set of goods is determined, we propose a gbattiesiodel to find the
optimal set of strategies for the importer to ship all goodgdtailer has the capability to utilize
multiple strategies for the importing of different goods withinrtipeoduct portfolio. We also
discuss the impacts of shipments having less-than-container volume.

The performance of the proposed heuristic and network optimizatibenscompared with a
baseline that is an approximation of the current set of skeateged by a case study large
national importer. We then analyze the breakpoints between diffgrategies for retailers of
different volumes and good valuations, as well as the volumes at waki€hi$ value in allowing
a retailer to utilize multiple importing strategies. Fipalve examine the value of building
redundancy into the importing supply chain to mitigate the cost of jtdigruptions, based on
including more ports in a trans-loading solution than would be found asabgiamed on the
proposed model.

The entirety of this model and analysis can be beneficial toyrstakeholders of the supply
chain, such as importers, public policy makers, port authorities, amni$ide transportation
companies (trucks, railroad, drayage, etc.). These stakeholdersormmtsider the response of
all importers to changes in import volume over time, servicess,reges, or infrastructure, and
so an algorithm that can rapidly calculate and tally supply chHaamrzl volumes across all
importers is of considerable interest. Throughout this disseriatie assume there is enough
capacity available in all ports and transportation channels, lerdfore we do not consider
capacity constraints.

The rest of the paper is organized as follows: in section twaewew literature applicable
to import supply chain management and facility location. In sec¢hoee, the data and the
framework used by the model are introduced. In section four, oginar and improved
heuristics to find a single efficient strategy for a sejadds are discussed. In section five, we
introduce a network optimization model to find the optimal set afeggres for a retailer, where
each strategy is applied to a different segment of goods withiproduct portfolio. In section
six, we discuss the case where a set of goods will causth#assontainer shipments, and how
that impacts the results of the heuristic algorithm and theonketaptimization. In section
seven, we examine the optimal single strategy for retadedsfferent importing volumes and
declared good values, as well as analyzing the volumes at wiiebames worthwhile to utilize
a multi-strategy solution. In section eight, we analyze tieevaf building redundancy into a
retailer's supply chain based on potential supply chain disruptions. llyFieanclusions,
recommendations, and directions for future research are presented in theti@st se

2. LiteratureReview

As discussed in the introduction, the model developed in this dissertatoinftuence the
practices of many stakeholders of the supply chain. In the domain of intermeaglad fransport
systems, Caris et al. (2008) provide an overview of the planningi@®s and solution methods
proposed in the scientific literature. The authors identify fopedyof decision-makers based on
four main activities in intermodal freight transport: 1) drayageraipes, who organize the
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planning and scheduling of trucks between terminals and shippers aneergc@) terminal
operators, who manage transshipment operations from road to lvailgar, or from rail to rail or
barge to barge; 3) network operators, who are responsible for thstintture planning and
organization of rail or barge transport; 4) intermodal operators, wlothe users of the
intermodal infrastructure and services and select the most appeopoiste for shipments
through the whole intermodal network. In each category decisambe made at three levels:
long-term strategic, medium-term tactical, and short-termadip@al. The authors find a lack of
research on the strategic- and tactical-level issues afriatal operators. All four types of
decision-makers can benefit from our research. Intermodal alecisakers, in particular, can
benefit from the proposed methodology in this dissertation to make Hetisions at strategic
and tactical levels.

The problem under study lies in the intersection of facility tocaand supply chain
management (SCM) research areas. A general faailtgtion problem considers a set of
spatially distributed customers and a set of facilities to serve customands. Research in this
domain addresses problems such as which facilities should be used (pmerkdyhich
customers should be assigned to which facility (or faciliti@s)as to minimize total costs
(location-allocation problem). For recent reviews of facilityaloan research we refer readers to
ReVelle et al. (2008).

SCM deals with planning, implementing, and controlling the operatbtise supply chain.
SCM spans all movements and storage of raw materials, work-iegeraoventory, and finished
goods from the point-of-origin to the point-of-consumption. Historicaligearchers have
focused on elements of the chain rather than treating the suppty aha whole. Here, we
integrate the location-allocation problem with risk pooling, routing, aetecgon of
transportation modes, while considering stochastic demand and randopotiatisn time to
achieve a desired customer satisfaction level.

Melo et al. (2009) provide a review of recent literature of itgclbcation models in the
context of supply chain management and report that the majorityeoliterature deals with
deterministic environments, ignoring the uncertainties involved in itotatecisions. Their
survey further shows that the facility location decision igjdently combined with inventory
decisions. In contrast, routing and the choice of transportation mddee (a integrated with
other types of decisions) have not received much attention. Shen &2@0Q), Ambrosino and
Scutella (2005), Ma and Davidrajuh (2005), Liu and Lin (2005), have consideredgrouti
decision-making simultaneous with inventory management. Wilhelnal.e{(2005) have
considered choice of transportation mode along with inventory mamagenanzini and Bindi
(2009) consider transportation mode selection along with routing and inventory manageme

Managing inventory involves two key tasks: the first is to deategrthe number of stocking
points; the second is to define the level of inventory to maintairaah of these points.
Inventory control policies may be included in a facility logcatiproblem to recognize risk
pooling benefits due to stochastic demands or randomness in supply.confination of
tactical and strategic decisions has been addressed by sdrmoesausee Snyder et al. (2007),
Shu et al. (2005), Miranda and Garrido (2004), Shen et al. (2003), Daskin @0@2),
Erlebacher and Meller (2000). However, within the context of tbatilen-allocation problem,
there is a lack of publications which consider risk pooling simultangough choice of
transportation mode and routing.



As discussed by Melo et al. (2009), the existing literature iatilme-allocation problem is
still far from combining many aspects relevant to SCM. o, fehis integration leads to much
more complex models due to the large size of the problems, inypartichen tactical and
operational decisions are integrated with strategic ones. fEn&lire integrating uncertainty in
SCM with location decisions is still scarce. Furthermorepymalevant tactical and operational
decisions in SCM, as it is the case with routing and the choitmmdportation modes, are far
from being integrated with location decisions. In this dissertathantarget these gaps by
addressing problems involving stochastic demand and random transportatenwhile
considering risk pooling, routing, and choice of transportation modes.

Chopra and Sodhi (2004) discuss the causes and potential methods to sugmphgehain
breakdowns. In the section on redundancy, we will focus mostly on whattehey as
“disruptions” and “delays”. Examples of these would be natural disadabor disputes, and
excessive handling at border crossings or as transportation mualegec Snyder and Daskin
(2005) describe a facility location problem with expected failast, cspecifically focusing on
the idea of “backup” assignments, representing the faciliieshich customers are assigned
when lower cost facilities fail. Cui et al. (2010) extend nigblem and solve through two
methods: a mixed integer program and a continuum approximation methpd@ogder et al.
(2006) discuss how to design a supply chain that is resilienstopdion, introducing a worst
case cost model. Lim et al. (2010) examine this problem wheiilityfean be made resistant to
disruptions by paying an additional cost. Snyder (2006) providesieav®f many of these
problems. However, all of these models focus on the transportatsts iacurred in a facility
location model. They do not take into account inventory costs. A moratatjual
understanding of how to build a resilient supply chain can be found ist@tver and Peck
(2004).

Except for Leachman (2008) and Jula and Leachman (2011), the problem asdoustli
previous section of this dissertation has not been addressed byhmesgarln particular, note
that most research has dealt with the challenges posed byigatergstments in intermediate
warehouses in the supply chain, which, because of the outsourcing in aica sontracts, is
not a concern here. Leachman (2008) assumes a single homogenous supdiratiegy for
each importer. Using the results of a heuristic, the author igat=t the effect of increasing
container fees at a San Pedro Bay port in terms of diversion of cargoes to other ports

In this dissertation, we adopt the framework of the data and tretwst of the supply chain
suggested by Leachman (2008), and subsequently by Jula and Leachman (0dddition,
here we introduce a network optimization methodology for the problaenvan importer is
allowed to employ multiple supply chain strategies, each forffareit subset of its overall
portfolio of imported goods. Using our heuristic, we provide general meemdations for
importers to choose supply chain strategies most suitable for their businesses

3. Data Sources

For this research, we procured data from a large big-box natretal chain, on their
transportation and handling costs via all channels and strategiesdéandd across-the-water
transit times, and import volumes during different times of the year.



We secured US customs data for year 2006 as summarized in theS PIE
(http://www.piers.com/) commercial data subscription. These spaeify the total volumes of
imports from Asian origins (measured in twenty-foot equivalent uaitsSfEUs) for each US
port, each importer, and each of 99 commodity codes. We also secured the dastofoisyear
2006 as summarized in the World Trade Atlas commercial datargtimn, which summarizes
total volumes of imports to the Continental USA from Asian origysotal declared value for
each of the 99 commodity codes. Given these data, we were tleetoabbke estimates for
volumes and declared values per cubic foot by commodity type for ¢eetiders. We then
assumed a comparable value distribution for the big-box retailéhisaparticular chain sells
goods encompassing the entire value spectrum.

The major North American ports of entry are as follows:

1) Vancouver, BC (VAN); assumed no trans-loading through this port, only directesttipm
of marine containers (to USA destinations).

2) Seattle — Tacoma, WA (SEA); assumed trans-loading is allowed.

3) Oakland, CA (OAK); assumed trans-loading is allowed.

4) Los Angeles — Long Beach, CA (LA-LB); assumed trans-loadingawed.
5) Lazaro Cardenas, Mexico (LAZ); assumed no trans-loading.

6) Houston, TX (HOU); assumed trans-loading is allowed.

7) Savannah, GA (SAV); assumed trans-loading is allowed.

8) Charleston, SC (CHA); assumed no trans-loading.

9) Norfolk, VA (NOR); assumed trans-loading is allowed.

10) New York — New Jersey (NY-NJ); assumed trans-loading is allowed.
11) Prince Rupert, BC (PRU); assumed no trans-loading.

There are other ports handling Asian imports to USA, but in muchlesmalumes than
handled by the above ports. Other important data concern mean rashardtdeviation statistics
on container dwell times in port terminals, and on container flmediin landside channels, as
reported in private communications from major importers, terminal operators, koddsi

In our study, the continental United States is divided into 24 regiorrssponding to the
RDCs employed by the case study retailer, with the emiport demand for each region
concentrated at a single location. In actuality, the retaigploys 26 RDCs in the continental
United States. However, two pairs of these RDCs are in dosk proximity to each other
geographically that we chose to combine them (Fontana, CA & R@&pand Wilton, NY &
Amsterdam, NY). We believe these pairs of facilities simtpdydle distribution of different
portions of the product portfolio within the same regions.

Costs to ship imports from the ports of Qingdao, Shanghai, Ningbo, Kjand Yantian in
mainland China to the ports of entry in the United States weréded by the retailer as of
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2010. For each port of entry and each destination, 2010 rates weidedrtor two alternative
supply chain channels: (1) shipping marine containers direct fromtd&&®C destinations; and
(2) shipping marine containers to trans-loading warehouses in thexldmmols of the ports of
entry, thence re-loading the imports in domestic rail contaioetsuck trailers for re-shipping
from trans-loading warehouses to regional destinations.

In many cases, the retailer did not provide transportation f@te®rtain channels, as they
are not currently in use. For these channels, costs to impdotersuting imports were
developed. Year 2007 rate quotations to various importers from steamm&siprion-vessel-
operating common carriers, intermodal marketing companies, trasisgoaarehouse operators,
railroad carriers, and trucking companies were obtained. Consielaeratétion in rates from
carrier to carrier and customer to customer was encounteredrages rates were developed
from a basket of rates for each channel. Year 2010 fuel recovery surchargeppled.

We have observed in practice that typically each RDC is suppéied) only one channel.
Volume is concentrated on a channel in order to negotiate a favoatdlas well as to simplify
information management. We have therefore assumed in the modelthetoler a particular
set of goods each RDC must be replenished using a single port arglealandside channel.
We assume independent and identically distributed normal random vaffiablesth demands
and lead times, with no correlation among these variables.

4. Heuristic Algorithm for Solving the Single Strategy M odel

Here we examine a heuristic algorithm to find the singtategy which optimizes the
distribution of import volumes by port and landside channel for a givanapdrtransportation
infrastructure network. This algorithm helps the importers lecs@orts of entry and landside
channels so as to minimize their total cost of transportation andrngnuipeline inventory, and
safety stock inventory at RDCs. This algorithm selects redéthdirect shipment or trans-loading
strategy for a set of goods. Here we assume each RD&€visdsonly by one port using one
mode of transportation. We do not consider capacity constrainteiromum contracted
volumes. While there are certainly capacity limitations onspaerminals, and rail lines, no
single importer imports enough volume to cause such limits to beea¢The largest importer
of Asian goods to the USA, Walmart, accounts for only about 10% of symtrts.) Contracts
negotiated with transportation carriers may require certamnmim volumes, but we assume
here that our model is to be applied at the pre-negotiation tstadentify the best supply chain
strategy to be pursued by the importer in negotiations withecarr Figure 4-1 displays a
schematic of the optimization model and the required inputs and generated outputs.
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Destination mix,
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Transportation rates and chann

Figure 4-1. Inputs & outputs of the supply chaindelo

4.1. Notation for Parameters

We follow the notation and basic model as set out in Jula and Lea¢B0tl) and adapt it
for our purposes.

n— index of set of RDCs;
m— index of set of ports of entry (POES);

i —index of set of land transportation modes (channels). We WlLI&IR if it utilizes a direct
shipping methodology andJTL if it utilizes trans-loading;

D — nationwide average sales volume for the importer per week (expresseds)) TEU

E — MAPE — mean absolute percentage error (expressed as anfraictine) in one-week-ahead
forecasts of nationwide sales for the importer;

oP — standard deviation of errors in one-week-ahead forecasts of nagosales. A standard

assumption isc® = 125E[D (see, e.g., Silver and Peterson, 1985, base® deing a
normal random variable);

Dn, o,
that z D, = D and the proportion of nationwide sales handled by each RDC is fixed;

— mean D) and standard deviatiorw( of sales distributed from RD@ It is assumed

R — time between replenishment orders (from Asian suppliers). drdigsertationR is always
assumed to be 1 week;

L* — mean value of the lead time (expressed in weeks) from whaticmwide replenishment
order is placed until an allocation of the order among USA pomsitoy is fixed and vessel
passages are booked;

LM, oM — mean () and standard deviationz() of the lead time (expressed in weeks) for

m

shipments from point of origin to port of entry P@E measuredrom when vessel passage
is booked until land transport to RDC from P@begins (direct shipping case), or until land
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transportation to destination RDC from P®tis booked (consolidation-deconsolidation
case);

L>, C> — mean valuel() of the lead time (expressed in weeks), and transportatiori@oger

unit of load, from departure from point of origin until land transport fl@@E m to RDC

begins (direct shipping), or until land transport from P@Eo destination RDC is booked
(consolidation-deconsolidation);

Linis Omnis Cmni — Mean value I() and standard deviatioru() of transportation lead times

(expressed in weeks), and transportation c@3t ger unit of load, shipped using land
transportation mode from departure from POR until processed through RDE (direct
shipping); or from when land transport from P@Eto RDCn is booked until processed
through the RDQ (consolidation-deconsolidation);

z — safety factor determining the level of safety stocksREC& (Choosing = 2.05 implies
approximately a 98% probability of no stock-out.) In this dissertaiiosa assumed that all
RDCs have the same customer satisfaction levekd?;

V $ —the amount of capital tied up in a unit of pipeline stock from origin to POE;
vM — the amount of capital tied up in a unit of pipeline stock from POE to RDC;

VR — the amount of capital tied up in a unit of RDC safety stodutasd to be the same for all
RDCs in this dissertation);

r — inventory carrying rate (inventory holding cost rate).

4.2. Variables

dnn; — binary variable (0 or 1) indicating if land transportation miodeused for transportation

from departure from PO to RDCn. This variable is set to zero if land transportation
modei cannot be used for transportation fromto n;

Q,, — set of RDCs served using paorusing a trans-loading transportation mode;

Ss— positive continuous variable showing the total safety stock in the chain.

4.3. Constraints
> >0, =1  On (1)

Constraint (1) guarantees that each RDC is served; andeatvied only by one port and one
mode of transportation.

Q. ={n|d,.. >0i0TL} Om (2)
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Constraint (2) defines the set of RDCs that are served kynparsing a trans-loading
transportation mode.

4.4. Objective Function

Our objective is to minimize the total cost (total cost =ngpmrtation cost + inventory
holding cost). The cost of the cycle stock has been omitted betatismost is independent of
the supply chain channel alternative. Formula (3) shows the total trangoctasdi.

22 2 (G + Ci)0n D) ®)

The inventory holding cost is due to the pipeline inventory cost and theeggsafety
stocks. The terms of formula (4) show the pipeline inventoryfomst Asia to POEs and the
pipeline inventory cost from POEs to RDCs respectively.

(r)zzz(v Lm mnlD )+(r)zzz(\/ Lmnl mnlD ) (4)

Formula (5) shows the inventory holding cost due to the safety stock, which we expand in th
following section.

(NV")(s9 )

4.4.1. Calculating the Safety Stocks

Eppen (1979) showed that significant inventory cost savings can be atclhigwgouping
demands of customers together, and thus capitalizing on “risk poofewséf Using Eppen’s
risk pooling result, the amount of safety stock required to ensuresttieid-outs occur with a

probability of a or less is za,/NZaﬁ , whereN is the number of demand locations (nodes)
pooled together and, is the standard deviation of the demand at nod&he safety stock is

proportional to the square-root of the number of pooled demafid3 in the consolidation case,
while the safety stock required for separate inventories in the dirpotehi case is proportional
to the number of demand nodé§.(

Eppen and Schrage (1981) consider a depot-warehouse echelon system hetdapot
serves several warehouses and does not hold any inventory itbelfauthors derive a closed
form expression for the order-up-to level assuming an equalldradtocation for identical
warehouses with constant (zero variance) shipment lead times/ fEamtide is a form of fair-
share policy which is the optimal rationing policy for base stmrkrol under the cost structure
presented. Such a system takes advantage of reduced inventory because ofagitatiodiver
the lead time from the supplier (joint ordering effect).e Thort-RDC structure in our study has
similar characteristics: ports do not hold inventories, and all inviestare held at RDCs. Using
Eppen and Schrage (1981) results, and in the simple case in whidbGal &e replenished by
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trans-loading through one port with common lead times, (&=L , L}, =Ly, Om,n,i), the
total safety stock can be calculated as:

(z)J(LA + L)) + (N2 (LY *R)[(J;)Zj’ (6)

which shows the square-root effect on the pooled demand over the shapiyaute from the
supplier to the port.

Considering variability in the lead time significantly incresshe required safety stock. In
the simplest form of one supply node and one demand node considering k@dithmmeari,
and standard deviation @f") and no risk pooling, safety stock can be expressed as (Silver and
Peterson, 1985):

@W(L+ RI@®) + D (@)’ @

In the case oN identical RDCs with common mean and variance for lead timfs=(a}'
Omn =00 ,0m,n), using equations (6) and (7), Leachman (2008) derives the total stdek
for direct shipment and trans-loading as formulas (8) and (9), respectively.

Dy2
(Z)\/(LA)(UD)2 +N*(Lg +Lo + R)(%J +D2((0)")? + (a2')?) ®)

(z)\/<LA F L)) + N2(LY + R)[%} D{%ﬂa&)zj ©)

Formula (9) is meaningful for the case where multiple cortaiare shipped in each review
interval to the trans-loading center and lead time uncertaiatiesss the individual container
shipments are independent. Like Eppen and Schrage, Leachman saskanegual fractile
allocation policy which aims to equalize the stock-out probabiliti¢eeaend stock points (i.e.,
the RDCs).

Bollapragada et al. (1999) showed that the results of Eppen and S¢®&8a¢ still apply
even in situations where there are non-identical warehouses. Thesaltbarthe fair share for
noden, out of the required safety stock for the pooled nodes sktvafl be proportional to the

ratio of —*—, assuming the same customer satisfaction level is to be maintained at all nodes

Z\EJ Iy

Using this result, Jula and Leachman (2011) further derived totatysstiock for direct
shipping and trans-loading for RDCs that do not have identical meawaaation in demand.
They assumed that the nationwide normal demand is a linear coimbiotnormal random
demands at each of the RDCs. Under common lead times, the fetgl ftack for direct
shipment and trans-loading are given by equations (10) and (11) respectively.
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4.5. Heuristic Algorithm

The simplest setting of the problem under study can be trashstatg-median problem, in
which p facilities are to be selected to minimize the total (Wkid) distances or costs for
supplying customer demands. In addition, we consider more com@esdtid as the inventory
costs, which are nonlinear in the assignment variables, and theosetddransportation modes
in a multi-echelon setting. Thus, the problem we are studyingre difficult than the standard
p-median problem, which is already a well known NP-hard problem (see ReVallg2608).

A Mixed Integer Non-Linear Programming (MINLP) approach iscdssed in Jula and
Leachman (2011), which allows for mixed strategies of traadihgy and direct shipments for
the same set of goods. That is, there are valid solutions sugothatport-RDC combinations
are serviced by direct shipping, while others employ trans-loadsug in the heuristic, for a set
of goods we only allow one homogeneous strategy selected from amsengfdixed strategies.
This more accurately describes the types of stratepesnhost retailers will be willing to
analyze and utilize in their supply chains. For the case sttailerewe generated 15 potential
strategies, some actually practiced by the retailer #isawethers that they could conceivably
explore given their current infrastructure. A sample of the potentialggateclude:

1) TL-LA: Consolidate-deconsolidate and trans-load using a warehoubke hinterland of
the Ports of Los Angeles and Long Beach (LA-LB) only. Impomé¢esxpensive goods,
difficult-to-forecast goods and goods experiencing rapid obsolescbace been
observed to practice TL-LA supply chains. Such supply chains pemahtory to be
managed as tightly as possible, albeit with transportation tugter than for other
alternatives. LA-LB is chosen as the single port of entryusx&outhern California is
the largest local market, and so transportation costs are m@unsbmpared to using a
different single port of entry.

2) TL-2-Sav: Consolidate-deconsolidate and trans-load using warelaiusst LA-LB and
Savannah. Compared to TL-LA, this strategy can reduce transportatsts by making
use of all-water transit to a deconsolidation center located oBateCoast. However,
safety stocks and pipeline inventories are increased.
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3) TL-2-WC: Consolidate-deconsolidate and trans-load using warehousath &tA-LB and

Seattle (WC short for West Coast).

As in TL-2-Sav, safgtycks and pipeline

inventories are increased. There may additionally be favoradeke ttaough Seattle that
would make up for the increased distance from East Coast RDCs.

4) TL-3-Sav: Consolidate-deconsolidate and trans-load using warehdused B, Seattle,
and Savannah. Compared to TL-2-Sav or TL-2-WC, transportation costedaieed
further, but safety stock requirements are increased. This damikarsstrategy is
employed by the case study retailer for much of its import portfolio.

5) Direct-WC: Direct-ship marine containers to RDCs congigetise of only West Coast
ports. Small and regional importers of relatively expensive ghade been observed to
practice such an import supply chain strategy.

6) Direct-All: Direct-ship marine containers to RDCs consiugruse of all ports.
strategy is commonly adopted by importers of low-value goodsgrsmall importers

with insufficient volume to effectively practice consolidation-decadatibn. It offers
the potential for lowest transportation and handling costs, in excHangaventory
requirements greater than that of the alternatives.

The other nine strategies included for the heuristic utilizestt@ading in various

combinations of ports.

The original heuristic presented in Jula and Leachman (2011) is as follows.

Step 1.
Step 2.
Step 3.
Step 4.
Step 5.
Step 6.
Step 7.
Step 8.

Step 9.

Step 10.

Step 11.
Step 12.

Step 13.
Step 14.
Step 15.

Step 16.
Step 17.

for every strategg selected from the set of strategislo
for everyn in the set of RDCgJo
for every portmin Ms (set of ports available in strategy do
for every land transportation modased in strategy, do
Calculate transportation cost using formula (3)
Calculate pipeline inventory cost using formula (4)
end for
end for
Select porti and land transport modesuch that the transportation cost +
pipeline inventory cost is minimized for selected
Seb. .. =1form=m1,i=1i,andset, . =0 for all othermandi

end for
For trans-loading strategies, generate the det all m using constraint (2)
Calculate the total safety steskising equation (10) for direct shipping strateg

or equation (11) for trans-loading strategies
Calculate the total cost = total transportation cost + pipeline inveosbry

safety stock cost using formulas (3), (4), and (5)

end for
Select the best stratsgwhich minimizes the total cost

m,n,i mn,i

Fos , report the total cost, and the ports and channels used for each RDC
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4.6. Anomaly and Shortcomings of the Original Heuristic

In the course of simulation experiments on this heuristic model w@sisgt of importers
designed to model the entire US importing supply chain, an integestmmaly was discovered.
As described in the details of the heuristic, the total costeédmh importer is not solved
optimally. For given supply chain structural alternativesd€i Shipping, TL-3-Sav, TL-2-WC,
TL-LA, etc.), the heuristic finds the port and landside channel rautoftering least total
transportation plus pipeline inventory costs to serve each RDC, canfhdesafety stock
required for that routing strategy, and then compares total costs for esthratralternative.

In some scenarios we simulated, for many importers theraltmative supply chains
utilizing different land transport channels that have total cdsisdre very similar (less than
0.2% difference), yet total volume allocations by port and by ldedshannel that are very
different. While the heuristic consistently provides near-optiswdlitions in terms of total
supply chains costs, it is difficult for the heuristic to detaaroptimal volumes by ports and
landside channels when there are very disparate solutions whose costs amaileary

In two of our tests on a particular parameter set of transmortedies and set of importers,
we imposed hypothetical port wharfage fees at the LA-LB por&l60 and $200 respectively.
There were many importers that showed the following patternhdn$t50 fee scenario, the
heuristic selected the “TL-4" strategy, using four ports actessUS for trans-loading; in the
$200 fee simulation, the heuristic selected the “TL-LA” stratelggr these importers, increasing

the fees at LA-LB actually caused more goods to be shippedoungiithat port. This is clearly
not the behavior one expects.
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Daily Volume through LA-LB (TEUSs)
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Wharfage Fee at LA-LB

‘ —&— Total =8 Transloaded ‘

Figure 4-2. Total and Trans-loaded Volume throughkLB at Different Wharfage Fees for this Partiaula
Parameter Set under the Original Heuristic
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After some investigation, we discovered the cause of this anomaty. sdine specific
importers, we found the following pattern: For a LA-LB wharfage & $150 under the TL-4
strategy, imports destined to most RDCs would have the lowest transportatiorac¢bstport of
LA-LB. Thus, there would not be a substantial difference instifety stock costs between the
TL-4 and TL-LA strategies, as most of the stock would remain poaled-4&B. That is, the
particular nature of the TL-4 strategy selected involved verywyheme of LA-LB. (See
Appendix A, Table A-1.) The savings in transportation cost under Wodld outweigh the
minor increased cost from splitting safety stock betweed therts (because most of the volume
remained pooled via LA-LB anyway). Thus, the heuristic found the TL-4 strategyotibeal.

However, at a wharfage fee of $200, only about half of the RDCs wuad lowest
transportation cost via LA-LB, while the rest would now have lowest via Seattle. In this
scenario, the safety stock would be more evenly split, and due tsqtlae-root nature of
reductions from pooling, the retailer would need to hold more totatysafock. Now, even
though transportation cost shows increased savings when using non-LgoitB, it is
outweighed by the increase in safety stock required by spliti@ghipments. Therefore, the
heuristic would choose to keep the safety stock pooling benefit and woultheisEL-LA
strategy. (See Appendix A, Table A-2.) Thus, we saw the counttétive result of increased
wharfage fees leading to more retailers selecting thé A'lstrategy, which causes increased
shipment through LA-LB.

4.7. Improved Heuristic

The investigation of this anomaly then suggested an improvementheuristic as follows:
For each trans-loading strategy, we identify a “first pg&st. We will begin testing a strategy
with all RDCs having their goods shipped and trans-loaded througtfitisapass” port. (Note
that for our test cases, LA-LB was always designated a¥itkiepass” port for any strategies
that included multiple ports of entry.) Next, we consider expandirgtiaegy by utilizing the
other ports of entry available in that strategy. Consider shifting each ®xXCcheapest eligible
port of entry in terms of transportation plus pipeline inventory costs) the original heuristic.
We rank the RDCs by potential transportation plus pipeline inventstysavings from shifting
the RDC from the “first pass” port to its cheapest port of entry.

Now, instead of forcing the shipment to be split solely by wipolt offers the lowest
transportation plus pipeline inventory cost to each RDC, we step thtioeidg?DCs one at a time
in order of transportation plus pipeline inventory cost savings, andctieunlate the total cost
(transportation + pipeline inventory + safety stock). That is,iwge donsider shifting just the
highest-ranked RDC, and see if the total costs are reducedHenase of shipping all volume
through the “first pass” port. Then we consider shifting the twhdsgranked RDCs and see if
the total costs are reduced. Then we consider shifting the tigteeshiranked RDCs, and so on.
Note that we will never shift those RDCs whose cheapest pontryfis already the “first pass”
port. We will then take the RDC-to-port assignment within thategyy that has the minimum
total cost. By adding this additional step to the algorithm, vilenever be required to split the
shipment if there exists an assignment where the loss @y sabek pooling benefits would be
greater than the additional cost of transportation.

The procedure of the updated heuristic is as follows.
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Step 1. for each strategy selected from the set of strateg&slo

Step 2. Identify “first pass” pornts o

Step 3. for eachn in the set of RDCgJo

Step 4. for each pormin Ms (set of ports available in strategy do

Step 5. for each land transportation moidesed in strategy, do

Step 6. Calculate transportation cost using formula (3)

Step 7. Calculate pipeline inventory cost using formula (4)

Step 8. end for

Step 9. end for

Step 10. Select port and land transport modesuch that the transportation cost H
pipeline inventory cost #, is minimized for selected

Step 11. Select land transport magesuch that the transportation cost + pipeline

inventory cost 3, is minimized for selected andm = ms  “first pass” port
Step 12. end for
Step 13. Order RDCs as {[1], [2], ..N]} as decreasing ip, - A, whereN = |RDCs|
Step 14. for k=0 toN

1L [n]>km=mg,,i =iy,

Step 15. Sets, ., =1 1 [nskm=m,i=i
0, otherwise
Step 16. For trans-loading strategies, generate the, det all m using constraint (2)
Step 17. Calculate the total safety stesldsing equation (10) for direct shipping
strategies or equation (11) for trans-loading strategies
Step 18. Calculate the total cost = total transportation cost + pipeline irweosbr

safety stock cost using formulas (3), (4), and (5)
Step 19. end for

Step 20. Sel*ect the bésthat minimizes the cost for strategjy
Step 21. Fok', report the total cost, and the ports and channels used for each RDC for
strategys

Step 22. end for .
Step 23.  Select the best strategwhich minimizes the total cost
Step 24. Fos, report the total cost, and the ports and channels used for each RDC

As previously mentioned, in all cases where a strategy inclnddttple ports, our choice of
“first pass” port was LA-LB. Note that whem=m,,, un- 4n = 0 and the “first pass” port is

optimal.

The foregoing heuristic is designed such that all the constrairtkee dVIINLP problem are
satisfied. The solution is generated very efficiently in seh speed, and is feasible for the
MINLP problem. However, there is no guarantee of optimalitynefdolution. In simulations,
the optimality gap of the simplified heuristic was found to be gégdess than 1%, and often
less than 0.5%. In Jula and Leachman (2011), the MINLP was solved rialifytibased on a
genetic algorithm/hybrid method solver.

The total cost found by the original heuristic will be an upper bountketadst found by the
updated heuristic. This will be because for each strategy,asiteitération in the updated
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heuristic will generate the same port-RDC allocations and eassthe single iteration for that
strategy in the original heuristic, assigning every RDQstoaspective cheapest port in terms of
transportation cost + pipeline inventory cost. Therefore, the beasfocesach strategy and thus
for each importer in the updated heuristic must be less than ok teqttee best cost in the
original.

Using the updated heuristic will tend to allocate more volume tditeepass” port, as there
will be more opportunities to keep volume in that port. Let us exathaéifference between
the two heuristics for one example: $150 LA-LB wharfage fdsing the updated heuristic, we
see that, including all importers, over 1,500 TEUs per day are shiftedSeattle to LA-LB,
with another 600 from NY-NJ and 150 from Savannah. This is a totalase of over 10% to
imports through LA-LB. However, the cost benefit is negligibleluding all importers, a
savings of $160,000 per day as compared to a total cost of over $141 million, or just over 0.1%.
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Figure 4-3. Total and Trans-loaded Volume throughlB at Different Wharfage Fees for this ParticuRarameter
Set Heuristic Comparison

The updated heuristic requires more run time, as we need to intireasember of total cost
checks, an increase that is linear in the number of RDCs. In stucases, we found that it
would increase the run time by a factor of between 1.5 and 4, dependihg warious cost
parameters. For those cases where the “first pass” pors diiigher transportation + pipeline
inventory costs, the heuristic will take longer. This is due tdabiethat more RDCs will need
to switch from the “first pass” port to their cheapest ports.

This additional step does not guarantee that no other anomalidar simnthe one noted
above will occur. The choice of strategies and “firssgdgoort will have a great effect on
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whether or not such an anomaly may occur. However, the originaedaly example above was
fixed using the updated heuristic with LA-LB as the “first pgsst in all multiple port trans-

load strategies, and we no longer saw cases where increbsefhge fees at LA-LB led to
increased volume there. (See Appendix A, Table A-3.)

While this updated heuristic is guaranteed to have a lowert@sthe original, it is still not
guaranteed to find an optimal solution. For example, let us detioye @roblem with 4 RDCs:
LA-LB, Seattle, NY-NJ, and Minneapolis; and 3 possible ports: LA-BBattle, and NY-NJ.
We will define LA-LB as the “first pass” port. In order oamsportation + pipeline inventory
cost savings over the LA-LB port, we will describe the following:

RDC Cheapest Port of Entry | Transportation + Pipeline I nventory
Cost Savingsover LA-LB

Seattle Seattle 30

NY-NJ NY-NJ 20

Minneapolis Seattle 10

LA-LB LA-LB 0

In this small example, the updated heuristic will only test the followingmas&nts:

RDC Assignment 1 | Assignment 2 | Assignment 3 | Assignment 4
Seattle LA-LB Seattle Seattle Seattle
NY-NJ LA-LB LA-LB NY-NJ NY-NJ
Minneapolis | LA-LB LA-LB LA-LB Seattle
LA-LB LA-LB LA-LB LA-LB LA-LB

There are three other assignment possibilities that could potentially sbawracbst that

this heuristic will not check:

RDC Unchecked Unchecked Unchecked

Assignment 1 Assignment 2 Assignment 3
Seattle Seattle Seattle LA-LB
NY-NJ LA-LB Seattle NY-NJ
Minneapolis| Seattle Seattle LA-LB
LA-LB LA-LB LA-LB LA-LB

As shown by Unchecked Assignments 1 and 3, it will never skip otahifd’ if it finds the
total costs to be too high. As shown by Unchecked Assignment#| anly ever assign an
RDC to either the “first pass” port or its port of cheapest transportation kngipeventory cost.

As such, there is another potential improvement to be made tbetiéstic. Instead of
choosing a single “first pass” port for each strategy, athefports in a given strategy could be
considered “ordered”. Ports would then be made “available” forruigs order. This would
add additional cost calculations in step 10, as well as add amotHeop between steps 12 and
13 in the updated heuristic as we step through each port asnide “available”. In this
manner, we could consider checking some, but not all, of the above Wadh&ssignments.
For example, if the ports in a strategy are ordered asl{BASeattle, NY-NJ}, the port of NY-
NJ would not be made available for use until stepping through thesRBidg LA-LB and
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Seattle only. In this further updated heuristic, one of Uncheckedmxssnts 1 and 2 would be
tested. If the transportation + pipeline inventory cost to NY-Nhé&aper through LA-LB, then
Unchecked Assignment 1 would be tested; if the costs to NY-liesper through Seattle, then
Unchecked Assignment 2 would be tested. If the ports are ordefgd\-LB, NY-NJ, Seattle},
then Unchecked Assignment 3 would be tested. As we are only addmegassignments to be
checked and not removing any, this “ordered ports” version of the hewtisuld produce
results that are guaranteed to generate an equal or loweha@ogshe “first pass” version of the
heuristic.

Based on tests with our current set of data, there is dnmitarginal improvement in using
this further updated heuristic. The additional complexity in thisléred ports” heuristic does
not seem to be worthwhile, especially given the prominence and amperbf risk pooling and
trans-loading through LA-LB in the United States. However,rgav@énore generic problem, this
further improved heuristic may indeed end up being beneficial, even with the addeexagmpl

5. Network Optimization for Multiple Strategies

For a retailer, we will assume that instead of a homogenequsrting volume, a single
average declared value, and average holding rate, we now have deddistebution of
imported goods. That is, each retail importer will have a sietdrting volumes, each volume
having its own average declared value and average holding rate. W& exmdct that the
weighted average (weighted by volume) of declared values wouldupeaksot to the overall
average declared value, and the weighted average of holding ratesbheoetplivalent to the
overall average holding rate. Therefore, the problem becomesirsglehich optimal strategy
each value bin should employ, and which bins can be combined under the same optimal strategy

5.1. Shortest Path Model

As the inventory holding cost increases, the cost of safety stdtlgnew, eventually
growing large enough to dominate the costs of transportation. Asishalula and Leachman
(2011), direct shipping is likely to be the optimal strategy forapke goods, a multiple port
trans-loading strategy is likely to be optimal for goods witldioma value, and a single port
trans-loading strategy is likely to be optimal for the mogieesive goods. As goods with
similar valuations will use similar strategies, we caruass that we will only ever combine
value bins with consecutive inventory holding rate values under the gjatngal strategy. It
will not make sense for two non-consecutive bins to share the sammalbogtiiategy, while a bin
with an inventory holding rate between those two employs a different optintabstra

We can then examine each set of combined bins as if it were a separae réfailwill only
need to examine sets of combined bins that are combinations of coresbms; thus instead of

having an exponential number of sub-problems, we will only h(%fél)% sub-problems,

whereB is the number of value bins. For example, if we have 4 valuewewill examine the
sub-problems for the following sets, where the aet includes all bins between tlaeth and
b-th inclusive: {(1,1), (1,2), (1,3), (1,4), (2,2), (2,3), (2,4), (3,3), (3,4), (4,4)}. Wetaki the
declared value inventory holding rate of the set as the weighézdge/(weighted by volume) of
the declared value inventory holding rates for the included binst i$hgiven bin inventory
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holding rate valueg; = Vjr;, and bin demandB; for j = (1,...B), for set &, b we will let

b
gijj b

a

O =———— . The total demand for set,(b) would simply beD,, = Z D..

b J

j=a

We can then use the heuristic algorithm to determine the dtrategy and minimum cost
for each set of combined bins. Each of these sets of combined binsowilhave a single
optimal strategy and optimal cost. To get the total optimal fooshe retailer and the set of
optimal strategies, we will need to select a set of thebomed bin sets as defined above such
that all value bins are covered. For example, a valid solution wouttebsets {(1,1), (2,3),
(4,4)}, which does include all bins 1-4. Other valid solutions would be {(12$)}, {(1,3),
(4,4)}, {(1,4)}, etc. As each set of bins has a single optimal costcameexamine this as a
shortest path problem.

To see this, we will create a graph as follows: Let us ®ach bin as a node in the graph
and add a single starting dummy nodeL@t each minimum cost solution for a combined bin set
(a, b) beC(a, b), and let that be the cost on the ad (b) in the graph. Then, the shortest path
from node O to largest nod® in this graph will be equivalent to choosing the optimal set of
combined bin sets, such that all bins must be included. Note thad tios just a Shortest Path
problem; it is equivalent to the even simpler Shortest Path oreetetir acyclic graph (DAG)
problem. See Figure 5-1.

C(1,4)

0000"0

Figure 5-1. Shortest Path Model for a Four-Bin @achValue Distribution

Then, by examining which arcs have been included in the optimal shpéti solution, we
can see which bins should be combined and what strategy eachbset ehould employ in a
total optimal solution for that retailer. This reduction is noted in Chakravaaly @1982).

Note that if we were to not make the assumption that only congedoitis should be
combined, this problem would become substantially more complicated. oid have to solve

20



the optimal strategy sub-problem for each set of bins wherebangan be included in or
excluded from any sub-problem, i.€® 21 possible sets. Additionally, to find the optimal
combination of these sets, it would be equivalent to a weightedsat groblem, which is well
known to be NP-hard. Using the consecutive bins assumption, we have @3)yoptimal
strategies to run, and the subsequent combination of bins problem is equivalent tost Bathrte
on a DAG problem. This will run in @ time wherem is the number of arcs = BY). The
consecutive bins assumption makes this problem tractable, everafbimngbrters with a large
number of volume bins to consider.

There may be some retail importers that have other operationalderations, such as
having a fixed cost to employ each separate strategy, or beiitgd to a certain number of
strategies. We can deal with both of these operational consihsrads extensions of the
shortest path problem. For the fixed cost per strategy issusam&mply add that fixed cost to
each arc as defined in the shortest path problem. For the limitutiiplen strategies, we can
modify the normal Shortest Path on a DAG problem such that it kbéepsotal number of
strategies in memory, and disallows any paths including mosetlzaio the set limit. Neither of
these modifications alters the complexity of the algorithma riétailer has something like a soft
cap on the number of strategies, and would prefer to see all teesf sategies (i.e. best single
strategy, best set of two strategies, best set of thraeges, etc.), we can run the modified
shortest path for each possible limit. This would increase thelegity to O8%), which is still
reasonable for the expected number of bins and available strategies foreamretgiler.

5.2. Consecutive Partitions Proof

Given a reasonable set of assumptions, the consecutive bins spattesolution is in fact
provably optimal. This result is based on conditions given in Chakrastatly (1985). We will
now lay out these assumptions. First, we will assume that therdsnof capital tied up in a unit
of stock in different segments of the supply chain are linealdyest That is, we will define a
singleV value, and assume thdf = V-ks, VN = V-ky, andV * = V-kg for some constantss, ky,
andkg.

Next, we will define how we generate,, the standard deviation of sales distributed from
RDC n. Given a known chain level MAPE vall& we assume that the chain demand is a
normal random variable with medh and standard deviatioo® = 125E[D. We also have
non-identical RDCs underlying that chain, each with known mean de@andVe will now
make two additional assumptions. First, we assume that the demardcforRDC is also
normally distributed. Second, we assume that each RDC has identical MMAB#Een the first,
we know that the total demand normal random variable is the sum of Isormi&us, the
variance of the chain demand is the sum of the variances of tii2 d®ihands. That is,

:Z[(an)z]. Given the second, we know that = 125E [D, - 0, =D,. Thus, we

will let o, =xD,.

= x ERNGIE (J o X=
Zn:[( ]_’ [D ] ;(Dn)z \/
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Note that the assumption that each RDC has identical MAPE mayenaalistic. For an
RDC with lower demand, one would expect that it would have a higheermage error, and
vice versa. However, if the RDCs are close to identical mese similar number of stores, this
assumption will be reasonable.

Lastly, we will assume that all data in each sub-problem iresmdentical, except for the
valuation variablé/, inventory holding cost rate and the total demarid at that valuation. We

. . . D .
will also assume that the proportion of demand required at eadh BP= D” remains

identical in each sub-problem. We can now re-write the total cost objectiveofuastfollows:

DY 3 3 (G5 Chn s DF)
e )(VrD)ZZZ(Liémn.D") (k VD)X 3 (L1610 OF)

m n i

L*(125E P ) + (125 Esz)z (L +18, +R)
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Aazse e f + (125e P ) A o (13)
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Although this seems to be an extremely complicated formusgea$ul for our purposes here,
as we note that the valu¥sr, andD are found solely in the outer coefficients of the five terms:
transportation cost, across-the-water pipeline inventory cost, lanpgidkne inventory cost,
direct strategy safety stock cost, and trans-load stratefpty stock cost respectively. Recall
that we have defined the problem such that the only variablesntthatary between sub-
problems are those three. All other parameters, including transportates, average and
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standard deviations of lead times, and proportions of demand at eachwiRN&, equivalent in
all sub-problems.

According to Chakravarty et al. (1985), the following is a sidfit set of conditions to
conclude that consecutive partitions will be optimal:

1) We can define valueg > 0 andp; > 0 for each ordered sub-problgnsuch that
4. s

B Be
2) For any given set of sub-probleRsa, => a,,8, => B, ;

jop joP

3) We can define the total problem cost as the sum of a functgnamid5p for each set of
sub-problems; i.e. for a set of sets of sub-problems that completebrs all sub-

problemsg, (P,,...,P )= ZL: h(crF1 . Be ); and
=1

4) hlay, B, ) is concave in all of itsr, and g, variables.
If we define a, =V,r;D;, andg, =D,, then we will be ordering these sub-problems by

a. . : .
ﬁ_lzvjrj = p, as before, and we can see that in our defined problem, the weightadesvef

j
inventory holding cost values as weighted by demand fit all oalleve conditions. In fact, in
this case, the total cost function (13) is actually linear inaheand g, variables. Thus, we

have shown that the consecutive bins shortest path solution is optimathmdssumption that
only variablesV, r, andD vary between sub-problems.

Note that this consecutive bins shortest path approach is natditaitusing the provided
heuristic to find the total cost for an optimal single strategya set of value bins. The arc costs
can be generated by any optimization procedure that providesabpimmear-optimal total
transportation + pipeline inventory + safety stock costs for a singtegpgreetailer.

5.3. Simulation Results

We have thus extended the single retail importer problem to coresdgioying multiple
strategies across the importer’s product portfolio. Each retpdrter utilizing this method must
have a value distribution defined as a set of value bins, each bngleayre-specified declared
value holding rate and demand volume. By treating sets of consebunsvas if each set was a
separate retail importer in the original problem, and utilizil8hartest Path algorithm to cover
all bins, we can find the optimal set of strategies and lowest total cost foetdiaimporter.

Based on the data from the case study retailer as welh &ustoms data collected on all
Asia — USA importers, an approximate value distribution with nine wassgenerated as below.
The weighted mean declared value of the goods in this distribution is $25 per cubic foot.
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Figure 5-2. Histogram of Goods Valuation Distriloutifor the Case Study Retailer.

Although not all imported containers destined for a specific RDCabilays use the same
port of entry, it will be a reasonable approximation to assume fhigis, we can approximate
the case study retailer's current overall supply chain siyradegl its associated costs. (See
Appendix B.) We can then examine the cost differences betigdapproximated) current
strategy and the optimal set of strategies as found by our model.

Table 5-1. Cost Reduction Using the Heuristic &&#st Path Multi-Strategy Model for the Case StReyailer.

Number of Cost Reduction Using | Selected Strategies Using Multi-Strategy &

Strategies Multi-Strategy & Heuristic (Volume Employing Each

Allowed Heuristic Strategy)

1 2.16% TL-2-WC (100%)

2 2.83% Direct (26%), TL-2-WC (74%)

3 2.95% Direct (26%), TL-3-Sav (48%), TL-LA (26%)

4 3.0396% Direct (26%), TL-3-Sav (48%),
TL-2-WC (31%), TL-LA (11%)

5 3.0404% Direct (26%), TL-3-Sav (48%),
TL-2-WC (31%), TL-LA (11%)

6 3.0406% Direct (26%), TL-3-Sav (48%),
TL-2-WC (31%), TL-LA (11%)

Allowing more than six strategies does not change the mirdasdlsolution and optimal set
of strategies in this case. Note that the optimal solutionthéocases of up to four strategies
allowed, up to five strategies allowed, and up to six stradeglewed actually send the same
volumes via the same strategies. However, underlying thegpraelection is the allocation of
the particular RDC volumes to particular ports. When these undgrifiacations differ for
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different bins of goods, the strategies are considered to beediffeThus, using these given
transportation rate and transit time data, there is a beaedltowing some merchandise to use
the same strategy but with slightly altered port-RDC allocations.

To be assured that this is a robust result, we introduced a secondapetdne distribution
for the retailer’'s imported goods. This distribution introduces mmse &nd high-value goods
and reduces the volume of medium-value goods, while keeping the weigrdadhtee goods
value the same.
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Figure 5-3. Histogram of Modified Goods Valuatioisfibution for the Case Study Retailer.

Using this modified value distribution, we find that there is an even greatetiozdunccost
afforded this retailer by employing multiple import strategies.

Table 5-2. Cost Reduction Using the Heuristic &@#st Path Multi-Strategy Model
for the Case Study Retailer Under the Modified Gowdluation Distribution.

Number of Cost Reduction Using | Selected Strategies Using Multi-Strategy &
Strategies Multi-Strategy & Heuristic (Volume Employing Each
Allowed Heuristic Strategy)
1 2.21% TL-2-WC (100%)
2 3.00% Direct (31%), TL-2-WC (69%)
3 3.19% Direct (31%), TL-3-Sav (40%), TL-LA (29%)
4 3.263% Direct (31%) TL-3-Sav (27%),

TL-2-WC (26%), TL-LA (16%)
5 3.2639% Direct (31%) TL-3-Sav (27%),

TL-2-WC (26%), TL-LA (16%)
6 3.2641% Direct (31%) TL-3-Sav (27%),

TL-2-WC (26%), TL-LA (16%)
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The total demand for our case study retailer is approximately 350@06 per year and has
a total supply chain cost of approximately $1.4 billion per year. ersee that by using these
optimal strategies, they can save between $30 million and $4onmiér year, depending on
what their true goods valuation distribution is, and depending upon how rapply £hain
strategies they can operationally handle. There may be additipeational costs associated
with increasing the number of strategies that the ret@ddes handle. This analysis does not take
any of these costs into account.

Note also that the large majority of the cost benefit ifizexh when optimizing to a two-
strategy solution. Adding additional strategies reduces the sofaply chain cost only
marginally. The cost reduction in using the two-strategy swlygrimarily comes from splitting
off the cheap goods that can be handled with a Direct strategytiimore expensive goods
that should be handled with a Trans-loading strategy. By fintliaigsingle breakpoint for the
retailer, we can capture over 90% of the total possible cost redlizised on our optimization
heuristic.

6. Less-Than-Container Shipments

The total shipped volume of a set of goods from a particular porp&staular destination
RDC will usually not fit exactly into an integer number of @nérs. As much as a retailer will
attempt to balance the number of shipments to minimize this prothemwill often have to
make some less-than-container shipments. This can be considefezemefas the retailer
would be paying the full transportation cost, or a higher than expguobetion of that
transportation cost to ship a non-full container.

Considering the shipments fulfilling the weekly volume for a givern-B&C combination,
this will likely affect only one container, as all but one canflly packed. To accurately
calculate transportation costs for a given port-RDC combination¢camethen round up the
volume to an integer number of containers. We can take tlteafathe rounded-up integer
number of containers to the fractional number, and multiply that bghkcable transportation
costs. As the original volume becomes large, the amount added when rounding upowik laec
smaller proportion of the original amount, so this ratio will ckelécome closer to 1. Using
this rounding factor, we would be more likely to aggregate more volnotoghe same strategy,
in order to economize on transportation costs.

Let ¢ be the total volume that a single container used for transportatodei can hold,
whereepr is the total volume that a single marine container can hold wisesn Direct shipping
strategy, aner_ is the total volume that a single domestic container can hold wikea Trans-
loading strategy. Generate a rounding factor as

( -alb
ni = D |e (14)

This factor only applies to the transportation costs. No mattemmaetr empty space there
is in a container, the same amount of inventory will be in tranditetst as safety stock. To
model the costs for a retailer using less-than-container shipm&e can further modify the
updated heuristic from Section 4.7. by replacing all instances of formula (Bhomtula (15).
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Note that now for all strategies, we apply the Direct shippoogd-up factor to across-the-
water volume for both strategies. For the landside volume, we dpplsotnd-up factor that
reflects the actual weekly volume and transportation mode of thaiypar strategy. For Trans-
loading strategies, this is not a perfectly accurate repeagandf the partial container usage for
the across-the-water transportation. Under the heuristic, we krawatly how much volume
needs to reach each RDC Ideally, for the Trans-loading strategies, we would applyrtagne
container round-up factor to the total volume coming into a given pawekker, at that stage of
the heuristic, we do not know how much volume will be entering eachtpose volumes are
chosen in setting the optimal strategy. Therefore, we cannot dpplideal round-up factor to
the across-the-water transportation costs. We will insteaq #pplmarine container round-up
factor to each RDC’s volume. This will also better accountiose cases where the shipper at
the Asian origin cannot perfectly consolidate shipments of disparate goods.

It is important to note that by introducing this round-up factorcea® no longer say that a
consecutive bins shortest path solution is optimal. The total traagportost, i.e. the first term
from the objective function (13), can be written as

;ani((fn,D.RCSH cr s, D, )=
Zm);Z((eDIR{De[D 103 {Dmpwcgmjd J (16)

DIR q

This is clearly no longer concavel due to the ceiling function in the round-up factor.

In fact, it is quite simple to construct a pathological cask thet the optimal result utilizes
the same strategy in non-consecutive bins. For example, we caatgengh a case as follows.
Develop a value distribution of three bins. Assume that in thastiewvithout the less-than-
container round-up factor, the optimal solution would set the strategioyed by the volume in
bin 1 tos;, and the strategy employed by the volume in both bins 2 and,3 teet the demand
for all RDCs in bin 1 be large, and such that the volumes arecl@sg to an integer number of
containers. That i$; > 1, but is very close to 1. Let the demand for all RDCs ir2liie large,
and such that the volumes exactly fill containers,fi.e.1. Finally, let the demand in bin 3 be
very small, and such that all RDCs will need a very large rounthair to fill a single
container, i.efs3 >> 1. However, we will also say that if the demands in binadL 3awere
pooled, then those combined volumes would exactly fill container$;,.bes 1. It is easy to see
that a set of transportation rate, lead time, etc. parametatd be generated such that the
optimal solution would pool bins 1 and 3 and they would utilize stradggyhile bin 2 would
utilize s,. That is, the increase in costs for using a sub-optimaéggrdor the small volume in
bin 3 would be less than the increase in costs that would resultHamimg the less-than-
container round-up factors applied to both the volume in bin 1 under stratemyd the
combined volume from bins 2 and 3 under stratggy

When some bins have very low volumes, those bins might be most rffigi@oled with
some other bin that is not a neighbor. However, given reasonably large volumes in every bin, the
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consecutive partitions shortest path solution will likely provide opémal results. As such,
we will continue to use the shortest path solution for our studyefrulti-strategy optimal
solution even when including the less-than-container round-up factor in the transpaaats.

We subsequently analyzed the data from the case study ratargrthis rounding factor to
account for less-than-container shipments. We again examined thdifte®nces between
their approximated current strategy and the optimal set of strategies:

Table 6-1. Cost Reduction Using the Heuristic Miedifor Less-than-Container Shipments with ther&st Path
Multi-Strategy Model for the Case Study Retailer

Number of Cost Reduction Using | Selected Strategies Using Multi-Strategy &
Strategies Multi-Strategy & Heuristic (Volume Employing Each
Allowed Heuristic Strategy)

1 2.15% TL-2-WC (100%)

2 2.61% Direct (26%), TL-2-WC (74%)

The two-strategy solution given is optimal under this modified héyristen when more
than two strategies are allowed. This is an expected chantie asdified transportation cost
formula implies that aggregating more volume into the saméegyravould generate cost
savings. We note that the cost reduction is not as great imthigied heuristic. This is also an
expected result, as there is now an additional penalty for bgeéthéngoods up into separate
strategies. Nonetheless, the cost savings for the two-stratdgiyon are still impressive for a
high-volume importer; the case study retail importer would savadditional $6.5 million per
year over the best single strategy solution. (This comparesawairzgs of $9.4 million calculated
in Table 5-1 for the case of all full-container shipments.)

7. Breakpoint Analysis

Using the less-than-container analysis as outlined in the previous section, warcameghe
sensitivity of the specific optimal strategy to variatiominumber of parameters. By running an
exhaustive set of simulations, we can approximate the breakpoitisene the various
strategies. It is useful to note that if we do not use the less-than-contisien of the analysis,
the optimal strategy would not be affected by the retailmfgorting volume per year. If we do
allow fractional container loads with no cost penalties, the impodiéngand can always be split
as necessary without affecting the cost per TEU. As thgeoStEU for a given strategy would
remain the same for all retailers at a declared good vdlaepgtimal strategy will remain the
same for all importing volumes.

We have three sets of parameters for which we will conduct breakpoint analysis:

1) Transportation rates, transit times, and RDC demand distributiopgrathe average
United States retailer according to Customs data, as used origheal case studies
produced for the Ports of Los Angeles and Long Beach from Leachman (2008).

2) Transportation rates, transit times, and RDC demand distributiqgpreaded by our top-
5 national big-box case study retailer.
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3) Transportation rates and transit times as provided by our eaberstailer, but applied
to RDC demand distributions as per the average United Statderreiecording to
Customs data.

These three sets of parameters allow us to test the optiratdgses for both an average
retailer as well as an actual top-5 retailer that ie &bleverage its economies of scale and large
presence to potentially receive favorable transportation ratesthifdescenario is put in place
to attempt to reduce the effect of our case study retailefrastructure and geographically
varying market shares. This retailer has a particularygtpresence in the South and a weaker
presence in the Northeast. As such, by setting the RD@rdewfistribution to look more like
the average US retailer, we can attempt to find the optmprting strategy for a “generic top-
5” retailer. This set of parameters cannot perfectly appm@bera “generic top-5” retailer, as the
case study retailer’s regional presence is also reflant¢he provided transportation rates and
transit times, but we may be able to capture some interesting differences.

7.1. Single Strategy Breakpoints

First, we will examine the cases where the retailer @aly utilize a single importing
strategy. For each set of parameters described above, Wtestvd variety of declared values of
the goods, from cheap goods valued at $5 per cubic foot to expensive goods v&L@per
cubic foot. We will also test a variety of retailer impagtivolumes, from a very small retailer
importing only 1,000 TEUs per year to a “Walmart-sized” retaitgyorting 1,000,000 TEUs per
year. Each combination of goods declared value and yearly importing velhmeave its
optimal supply chain strategy. We will examine where those optimal sési&tange.

7.1.1. Single Strategy — Average US Retailer

Here we show a chart describing the optimal supply chairegyrainder the Average US
Retailer set of parameters. As we would expect, Direct stgpps prevalent at low goods
valuations, Trans-loading becomes viable at higher goods valuationseanaina-load at fewer
and fewer ports as the goods valuations increase. All charts bbatow the importing volume
per year in TEUs on a logarithmic axis, as it is more suteah analysis of strategy shifts at
different magnitudes of volume.
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Figure 7-1. Optimal Importing Strategy for Varidagporting Volumes and
Various Declared Goods Values for an Average U3iRet

We note many interesting observations about this chart. Firsieevthat a Direct strategy is
used, but only at the lowest importing volumes and goods valuations. Amthee containers
are smaller than the domestic containers used for Trans-loduknigss-than-container round-up
factor will affect Direct shipping less. At low importing volam the round-up factor for
domestic containers applied to over-land transportation cost to eachsRID@paratively large.
For the smallest volume retailers, the cost benefit by ugieground-up factor for marine
containers only is enough to limit the optimal strategy to Dishgpping, even at medium to
high goods valuation. As the importing volume increases, the goodsialu&cessary to
generate a Trans-loading shipping strategy reduces, until loalgheapest $5 per cubic foot
goods require Direct shipping. Once a retailer has an importingneolarger than 5,000 TEUs
per year, Direct shipping is no longer the optimal strategy, no matter the \gdodson.

At the highest volumes, we would expect the container round-up factwavio the least
effect, and thus we would expect that the strategies selactedse highest volumes would be
equivalent to the selected strategies had we not used the parttainer analysis round-up
factors. At the largest simulated volume, we see that the dpdinadegies are TL-5 (Trans-
loading at LA-LB, Seattle, Houston, Savannah, and NY-NJ) for $5 per éottiqggoods, TL-
WC-Oak (Trans-loading at LA-LB, Seattle, and Oakland) for $10-$15 good$yYCL(Trans-
loading at LA-LB and Seattle) for $20-$40 goods, and TL-LA (Trans-wpdi LA-LB only)
for goods with a valuation greater than $50.

We see a pattern for each subsequent Trans-loading strateityr sonthat of the Direct
strategy. There are “bands” associated with each Transipattiategy, with higher importing
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volumes and low goods valuations utilizing the same strategidsoas with low importing

volumes and high goods valuations. While TL-5 is only optimal for $seahighest volumes, it
becomes optimal for some cases of more expensive goods aspihited volume is reduced.
This again has to do with the round-up factor used in the analysis.TLFAestrategy (Trans-

load at LA-LB, Seattle, Savannah, and NY-NJ) is never used aarpest volumes, but it is a
prevalent optimal strategy at lower volumes.

This largely has to do with the round-up factors, and specifibally they interact with the
Direct Dray transportation method. At the low volumes, the domestitainer round-up factor
is proportionally larger than the marine container round-up factor. Howewen under Trans-
loading strategies, the Direct Dray transportation method b&esnarine container round-up
factor for over-land transportation. Thus, at low volumes therbéénafit to providing access to
the Direct Dray method for additional ports. Once the importeusarthose Direct Drays from
ports to nearby RDCs, it encourages trans-loading out of those pathe volumes increase,
the benefit from using the marine container round-up factor for thectDDray paths stops
outweighing the benefit of risk pooling at fewer locations, and veetise optimal strategies
move to fewer ports. We note that this explains the changemrartfre TL-4 strategy to the
TL-WC-Oak strategy in that approximate 3-4 port “band”, seemoxppately at 10,000 TEUs
per year with a declared good value of $15.

It is also worth noting that the “bands,” i.e., the regions describezhbly optimal strategy,
are not exact. Sometimes, as the volume or goods valuation vaeaiesrall region, the optimal
strategy will switch back and forth a few times beforeliagtdown to a single optimal strategy
in that region. For example, note the area at $15 goods between 10,08@,G0@I TEUs per
year. Here, there is ambiguity as to whether the optitrategy is TL-4 or TL-WC-Oak. These
strategies have similar cost structures and similar riskippalnd are thus fairly interchangeable
in this region. The minor differences can likely be attributethéochanging partial container
round-up factors. As the volume increases, the round-up factor tdR&4ctwill decrease until
it hits 1 (as the container fills exactly), after which il yymp back to a number greater than 1.
The “ambiguous” regions described above are likely due to thegssjiumthe round-up factor
happening at different volumes for different RDCs.

We can also examine how the total supply chain cost per TEU ehdag the different
importing volumes and goods valuations.
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Figure 7-2. Cost per TEU for Different Importing Mmes and
Declared Goods Values for an Average US Retailer.

Here we note that for a given goods valuation, as the importing vohoreases from the
lowest volumes, the average cost per TEU drops very drastaallywery quickly converges to
some stable average cost. Additionally, we find that for angivgorting volume, the cost per
TEU increases sub-linearly with the goods valuation. Based on fo(tB)jawe note that the
declared goods value/x) is a linear factor in the total cost function. Thus, within rRgea
utilizing the same importing strategy and port-RDC allocatitims, cost will increase exactly
linearly. When the optimal strategy changes at a partigolads valuation the cost per TEU can
only increase sub-linearly. If the model recommended a diffstestegy that produced a cost
per TEU that increased super-linearly in the declared goode,velle model could have instead
selected the same strategy as for the lower importing volundenareased the cost linearly.
Therefore, for a given importing volume, switching strategiest ipasiuce a cost per TEU that
increases either linearly or sub-linearly in declared goods value.

7.1.2. Single Strategy — Top-5 Retailer

Here we show the optimal strategies for the different inmpprivolumes and goods
valuations for the transportation cost and RDC distribution for our case study topées.reta
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Figure 7-3. Optimal Importing Strategy for Diffetdmporting Volumes and
Declared Good Values for the Case Study Top-5 USilRe

There are some substantial differences between this chath@rwhe for the average US
retailer. First we note that the Direct shipping strategynuch more prevalent. This would
suggest that this retailer has received very favorable Dshepping rates from certain logistics
providers. Such reduced rates would incentivize the retailer tthedeirect shipping strategy
even at high volumes for the cheapest goods, as well as atdogs galuation for very small
volumes.

We now see that the optimal strategies at the highest vol(imegnoring partial container
round-up factors) are Direct shipping for $5-$10 per cubic foot goods, Tdv3T3ans-loading
at LA-LB, Seattle, and Savannah) for goods valued between $15-$20, Tloi¢Gods valued
between $25-$40, and TL-LA for goods valued at $50 or above.

The TL-3-Sav strategy has basically replaced the multi-fland” that we saw for the
average US retailer scenario, abandoning any usage of the NY-NJApother difference is for
goods valued around $50. We note that in the average retailer ca3eariedoad at LA-LB
only strategy becomes optimal above about 30,000 TEUs per year. Hpfoetke case study
retailer, the TL-LA strategy becomes optimal only above 250,000 TEBsth of these
differences can largely be attributed to the infrastructurihefcase study retailer, and the fact
that their operational strategies are centered on the Southernidwds¥iregions of the United
States, and not in the Northeast or West Coast.
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Figure 7-4. Cost per TEU for Different Importing Mmes and Declared Good Values
for the Case Study Top-5 US Retailer.

7.1.3. Single Strategy — Top-5 Retailer, Average US ReRIié} Demand Distribution
Here we show the optimal strategies for the different impgprblumes and good valuations

for the transportation cost for our case study top-5 retailer, usi@gapproximated RDC
distribution of the average United States retailer.
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This chart has a very similar structure to the previous seen@he Direct shipping strategy
has become even more prevalent, though the different betweenctired scenario and this
scenario is much smaller than the difference between the sibestario and the second.
Additionally, we note that the TL-LA strategy has returned emdp optimal for the $50 per
cubic foot goods for volumes between about 30,000 and 250,000 TEUs per yeavalitlasites
the claim made above that this change mostly has to do with thdicgDC demand
distribution of this case study retailer.
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Figure 7-6. Cost per TEU for Different Importing Mmes and Declared Goods Values for the Transpontat
Parameters of the Case Study Top-5 US Retailerglthim Average Retailer RDC Distribution.

While we are testing these transportation rate and RDChdisom parameters for many
importing volumes and goods valuations, it may not be entirely reasot@tdxpect that a
retailer at any particular intersection of volume and valuesusarthese particular parameters.
As mentioned previously, the top-5 retailer likely has used itgdgeeto negotiate favorable
Direct shipping rates, using their economies of scale to jub&fyower rates. These rates likely
would not be made available to retailers with smaller volumes. tiaddlly, for retailers having
the smallest importing volumes, it is unlikely that they will igpe in a manner consistent with
the assumptions of this model. First, it is unlikely that such all smtailer will have the
infrastructure and scale to operate over 20 RDCs across thel Steties. It is also unlikely that
a small retailer would choose to import goods once a week. Ibrie likely that these smallest
retailers would have fewer RDCs and import once every two wee&seor less often. At the
smallest volumes that we’re testing, 1,000 TEUs per year, wisarg tthe given RDC
distribution, the demand for most RDCs is less than one TEU péd. weEhus, this model
breaks down at these lowest volumes. Nonetheless, it is stilimafive to examine the
breakpoints, as we can see the substantial number of situationsavfrares-loading strategy is
optimal, when those strategies are made available to retailers.

7.2. Multiple Strategy Breakpoints

We will now examine a similar set of breakpoints for thosdleesathat can apply different
supply chain strategies to goods with different values in their ptgdortfolio. As in the
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previous section, we will use the goods valuation distribution as éstiniar our case study
retailer. As a reminder, this retailer has an average gooudiatizal of about $25 per cubic foot.
For many major retailers, however, trans-Pacific supply chainghéir most expensive goods
(electronics, etc.) are managed by the Original Equipment Manudast(OEMs). That is, the
OEMs control the importing strategy of these expensive goodsthegilarrive at the retailer’s
RDC. As such, we will also test a distribution that is klsiequivalent to that used in the case
study, but removing all goods with a valuation of $40 per cubic foot otegrehln this truncated
distribution, the mean goods valuation is just under $15 per cubic foot.
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Figure 7-7. Histogram of Truncated Goods Valuafastribution

Clearly, the goods valuation distribution will have a major efecthe optimal strategy or
set of strategies, but this analysis will show that we canthesenodel to find the importing
volume at which it is reasonable to switch strategies origphitmultiple strategies. We will not
show the exact set of goods that would be recommended to each gategystas that would
overly complicate these graphs. However, it should be cleathtbatheapest goods will be
utilizing Direct shipping strategies, slightly more expengeeds will use a multi-port Trans-
loading strategy, and as we continue increasing goods valuation we teééucumber of ports
until the most expensive goods use the Trans-load only at LA-LB strategy.

7.2.1. Multi-Strategy — Average US Retailer

We will examine a chart that shows the optimal strategyhi®retailer at different volumes.
This chart will also show the average cost per TEU imported,sthosing how the economies
of scale provide an advantage to the larger retailers, spdyifitdaerms of the partial container
round-up effect. We will now show hypothetical retailers witlpam volumes ranging up to a
volume that would be approximately equivalent to five times thenteiceport volume of
Walmart, for illustrative purposes.

37



$12,000

$10,000 ‘\
$8,000

2 \
w
-
~
g $6,000
Qo
H

$4,000

e
$2,000
$0 T T 1 rrrrrf T T 1 1T rrrrg T T T rrrrry T 1 rrrrry T T —rrrrrj
100 1,000 10,000 100,000 1,000,000 10,000,000
TEU Volume / Year
—&—Direct =—l—TL-4 TL-WC  =>¢—TL-WC- TL-LA TL-WC-Oak - TL-WC - TL-LA

Figure 7-8. Average Cost Per TEU and Optimal Sgnafer an Average US Retailer with the CapabildyHandle
Multiple Strategies, All Goods Included

Up to an import volume of approximately 525,000 TEUs per year, our aalyggests that
a single strategy is optimal, matching what we saw fronofitienal single strategy for a retailer
with a goods valuation of $25 per cubic foot. Between 550,000 and 1,000,000 TEUW=per y
the analysis suggests that the retailer should split their goodstisaicthe cheapest goods are
Trans-loaded through both LA-LB and Seattle while the most expegsods are Trans-loaded
through LA-LB only. For a retailer importing greater than 1,000,000 TEhks analysis
recommends a third category, where the cheapest goods ardobded-through an additional
port, Oakland. The medium value goods will now use TL-WC. Even atr‘$Mpkmart” levels
of volume, this analysis never recommends splitting goods such thaejoamrate strategies are
applied. Also, this analysis never recommends the use of Bhgmbing in optimal multi-
strategies. This is an expected result for this parameteas we saw that the single optimal
strategy at this volume even for the cheapest goods uses Trans-loading.

At the lowest importing volumes, the average cost per TEU is vigty, over $5,000 per
TEU. However, it quickly drops off, decreasing to under $4,000 at 6,000 PebUgyear,
dropping below $3,600 at 25,000 TEUs per year, and converging to approxi8&ady as the
volume continues to increase.

We would also like to examine how much benefit a retailer of argngrolume will gain by
utilizing more than one strategy.
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Figure 7-9. Relative Cost Reduction for an AverdigRetailer
By Utilizing Multiple Strategies, All Goods Include

Here we see that the relative cost benefit available toetader for utilizing more than one
strategy. In this scenario, the cost benefits are almosgitgl Even for a retailer the size of
Walmart, adding a second strategy reduces the total supply abstitby approximately 0.1%,
and adding a third reduces costs only 0.05% more. Even for the "&(gherart”, the reduction
for adding a second strategy is approximately 0.15%, and addingrthsttategy again reduces
the costs only about 0.05% more.

Note that this is the relative cost reduction from the total sugipdyn cost. However, for
any given retailer volume, there is a lower bound of supply cleshtbat must be paid by the
retailer. We can find this lower bound by assuming zero demamanee and zero lead time
variance. Under these assumptions, no additional safety stock ndselhétd. As such, the
supply chain cost is generated solely by the transportationacdspipeline inventory cost.
Under this new objective function, we can re-optimize to find therdoeand of the total supply
chain cost.

Under these cost parameters, this lower bound of supply chairs @strioximately 90% of
the optimal total supply chain cost with variance included. As no sgppin strategy can ever
reduce costs below this lower bound, we can feasibly reduce thesupially chain cost by no
more than 10%. This 10% is the “potentially reducible” cost, ane ifinstead compare the cost
reduction generated by the optimal multi-strategy to this “piainteducible” cost, the relative
value increases by a factor of ten. As such, for these parameters, we tat dagy relative cost
reduction can approach 2% at high volumes. This factor of ten inappses to this and all
subsequent relative cost reduction figures in this section.
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Figure 7-11. Absolute Cost Reduction for an Averd@eRetailer By Utilizing Multiple Strategies, ABoods

If we examine this in absolute dollars, we see that under treessportation cost and transit
time parameters, a Walmart sized retailer will reducie tb&al costs by no more than $5 million
per year, even with access to three strategies. Even the “supeaitValees a reduction of only
$25 million for two strategies and approximately $35 million for thateategies. As the volume
of the retailer increases, the cost reduction increases apptekminearly. This becomes clear

Included — Linear Scaled Volume Axis

when we examine the chart with the volume axis scaled linearly.

We will now show the same analysis for the truncated goods Maludistribution. That is,
the analysis discusses how to split strategies and the ahsttioms available by utilizing

multiple strategies, given that we are ignoring all goods valued at $4Qiperfoot or greater.
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Figure 7-12. Average Cost Per TEU and Optimal 8gafor an Average US Retailer with the Capability
Handle Multiple Strategies, Goods Limited to Valaas Under $40

We see a similar pattern here, with a few differences.wésre examining a set of goods
with a different mean valuation, we see that the dominant sstigleegy at the higher volumes
(TL-WC-Oak) uses more ports than the dominant single stratethyeitfiull distribution (TL-
WC). Additionally, because the most expensive goods in this distnibate only $30 per cubic
foot, the model will never recommend that a set of goods use thé\Tdirategy. As such, it
does not suggest a multiple strategy solution until an importing votdroger 850,000 TEUs
per year. It doesn't recommend splitting into a third strategy approximately 4,250,000
TEUs per year, which is substantially larger than the culaegést US importer. The similarity
of these strategies, all multi-port Trans-loading strategigggests that the minor benefits from
utilizing different but similar strategies for different wations of goods is outweighed by the
cost of the increased partial container round-up factor caused tiywgaiioods up into different
supply chains.

As this valuation distribution includes less expensive goods, we wouldcexhat the
average cost per TEU would be lower than the full distribution. iSHi®rne out by the data.
The 1,000 TEU per year retailer has a cost of about $5,750 per TEU. This drops to below $4,000
at only 2,000 TEUs, below $3,000 at 7,000 TEUs, and converges to approximately $2,650 at
high volumes.
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Figure 7-14. Absolute Cost Reduction for an Averd@eRetailer By Utilizing Multiple Strategies, Gaotimited
to Valuations Under $40

Due to the limited diversity of goods in the supply chain, the costtiedador the truncated
value distribution diminish even further. The Walmart sized |lestasees a relative cost
reduction of approximately 0.05%, under $2 million per year. The “sum¥/t’ retailer sees
a maximum benefit of 0.12%, about $16 million per year. Adding a $lviatiegy is only viable
for the very largest retailers and the benefits over twoegfieg is minimal. Because this
truncated value distribution does not include the most expensive gooesistimer need for the
TL-LA strategy to be used. The multi-port trans-loading strasegenerate such similar total
supply chain costs that adding additional strategies provides negligibletbenefi
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Thus, we must conclude that for this parameter set, it may nebttewhile for a retailer to
take advantage of a multi-strategy supply chain. It isyikbht there will be operational
overhead and indirect costs such as to negate any supply chamedwstion generated by a
multi-strategy solution.

7.2.2. Multi-Strategy — Top-5 Retailer

We will now examine multiple strategy recommendations for rdmesportation rates, transit
times, and RDC distribution parameters from case study top-5 US retailer.
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Figure 7-15. Average Cost Per TEU and Optimal 8¢nafor the Case Study Top-5 US Retailer with thgability
to Handle Multiple Strategies, All Goods Included

Again, we note that until we start splitting into multiple sias, the single strategy
matches with the recommended strategy in the single strategyon for this scenario.
However, as this retailer has favorable Direct shipping rates,see that the analysis
recommends splitting into multiple strategies at much smatlemes, at only 110,000 TEUs
per year. The analysis now recommends that the first spiitdv@ Direct shipping portion and
a Trans-loading portion, the latter portion using LA-LB and Seatflbove 500,000 TEUs, the
analysis recommends splitting into three strategies: the etegwods shipped Direct; the
medium value goods Trans-loaded at LA-LB, Seattle, and Savannahhemdost expensive
goods Trans-loaded at LA-LB only. Above 1,000,000 TEUs, we add back in h &rategy,
Trans-loading at LA-LB and Seattle. We see that under thesenpters, the specificity of
which ports to Trans-load through has enough of a cost benefitteightthe additional cost of
the partial container round-up factor. Additionally, we now seerecDstrategy being used for
the less expensive goods, and that the two-strategy solution sds gto those that should
use a Direct strategy and those that should use a multi-port Trans-loadiagystr

The cost per TEU is slightly higher under these parameteandlitaafor the average retailer.
At the smallest volume, the average cost per TEU is just ®v@00. It doesn’t drop below
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$4,000 until 20,000 TEUs, and converges to approximately $3,780. This is liketp the fact
that the transportation rate data was captured at an earleefdr the average retailer than for
the case study retailer.
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Figure 7-16. Relative Cost Reduction for the Casel\sTop-5 US Retailer By Utilizing Multiple Stragies, All
Goods Included
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Figure 7-17. Absolute Cost Reduction for the Casely5Top-5 US Retailer
By Utilizing Multiple Strategies, All Goods Include

Under these transportation rate and lead time parameters, weeraavresuch greater cost
reduction for the multi-strategy solution, as well as a real peguction for much smaller
retailers. A retailer importing about 100,000 TEUs per year (appetly the size of GE or
Costco) utilizing a two-strategy supply chain would see a beofkeéibout 0.2% over the single
optimal strategy, which would be approximately $1 million per ygaWalmart sized retailer
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would see a cost reduction of 0.6% for a two-strategy solution, witddditional 0.05% for a

three-strategy solution, equivalent to $22 million for the two-styasedution and an additional

$2 million for the third strategy. For the “super-Walmarttailer, we see a maximum cost
reduction of about 0.65% for two strategies, about $130 million per year. Adding a thtiedystr
reduces costs by an additional 0.1%, about $20 million more per ydas. folirth strategy

reduces costs further by about 0.07%, or $15 million per year. Thusewieaséf a retailer has

access to favorable Direct shipping rates, taking advantagenaftiastrategy solution becomes
much more profitable.

When considering the truncated distribution for goods values, the resuitst a pattern
similar to that for the complete distribution.
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Figure 7-18. Average Cost Per TEU and Optimal 8gwafor the Case Study Top-5 US Retailer with the
Capability to Handle Multiple Strategies, Goods ltad to Valuations Under $40

The first split into a Direct-shipped portion and a Trans-loadedopottsing three ports
occurs at a volume of 70,000 TEUs per year. As we no longer havepbese/e goods that
necessitate the use of the Trans-load at LA-LB strategydon’'t recommend another split until
a volume of 1,750,000 TEUs. This would split goods into those Trans-loaded-laB laAhd
Seattle and those Trans-loaded at LA-LB, Seattle, and Savannalthege strategies are so
similar, we need a very large volume to justify such a split.

The cost per TEU is as we expect given the previous observatioseows a lower level
than when using the full value distribution for the case studyleetaut has a higher cost than
that for the truncated distribution for the average US retailkgai(, the latter effect has to do
with the increases in transportation rates between the timassdtt were prepared for the
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average US retailer and for the case study retailer.ofisdbelow $3,000 per TEU at 40,000
TEUs per year and converges to approximately $2,880 at high volumes.
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Figure 7-19. Relative Cost Reduction for the Casel\sTop-5 US Retailer By Utilizing Multiple Strages, Goods
Limited to Valuations Under $40
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Figure 7-20. Absolute Cost Reduction for the Casel\sTop-5 US Retailer By Utilizing Handle Multiple
Strategies, Goods Limited to Valuations Under $40

Under these transportation rate and lead time parametergillveees a larger relative and
absolute supply chain cost reduction by allowing multiple importiregegies. The majority of
this cost reduction comes from the split to a two-strategy salutvhere we send the low-value
items via a Direct strategy and the more expensive itemsavirans-loading strategy. The
relative reduction is even greater than that for the complete g@bals distribution. This is
because the proportion of goods utilizing that second strategy ategreThe absolute cost
reduction is only slightly greater than that for the complete vdisgibution. As the goods
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being imported have a reduced average inventory holding cost, theuptdl chain cost for
these retailers will start out lower, and thus the increasative benefit will be mitigated. For
the 100,000 TEU retailer, there is a 0.3% cost reduction, again just $thaeillion per year.
The Walmart sized retailer will see a 0.9% reduction, apprdei;n&25 million per year. The
“super-Walmart” retailer will have approximately a 1% redugtior $140 million per year. As
we saw previously with the truncated goods value distribution, adding themmetwo strategies
does not change the cost substantially. This is due to the factndhgioods will be
recommended to utilize the TL-LA strategy, and the differancasts between the multi-port
Trans-loading strategies is minimal.

7.2.3. Multi-Strategy — Top-5 Retailer, Average US RetRIRC Demand Distribution

Lastly, we will examine multiple strategy recommendationsttier transportation rates and
transit times from the case study top-5 US retailer and RiBCibution parameters from the
average US retailer.
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Figure 7-21. Average Cost Per TEU and Optimal 8¢nafor the Case Study Top-5 US Retailer with the#bility
to Handle Multiple Strategies Using Average Retdl®C Demand, All Goods Included

This shows a very similar pattern to that for the case statiyler using its own RDC
demand distribution, but with two main differences. The recommendatonsoth the split
from one to two strategies and the split from two to threeegjied come at lower importing
volumes. While in the previous scenario the split to two stiedegpmes at 110,000 TEUs per
year, the version using average US retailer RDC demands wsartstwo strategies at 55,000
TEUs. The split from two to three strategies is similagiguced from 550,000 TEUs per year to
350,000 TEUs. This suggests that for retailers that have builtth8onal infrastructure to
conform more to the average US retailer and have access to favorabtesBippang rates, there
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is more of an opportunity to benefit from multiple supply chain grese even at lower
importing volumes.

The average cost per TEU remains very similar to that ot#éise study retailer. At the
smallest volume, the average cost per TEU is now just above $7,280usdt above $4,000 at
20,000 TEUs, and converges to approximately $3,870 at high volumes. Cotitghéyetsgher
here than in the case study retailer scenario. This isylileé to the transportation rates
reflecting the infrastructure purely of the case study estaiAdditional demand in regions that
this retailer is not built to handle will slightly increase costs.
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Figure 7-22. Relative Cost Reduction for the CaselysTop-5 US Retailer Using Average Retailer RDéntand
By Utilizing Multiple Strategies, All Goods Include
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Figure 7-23. Absolute Cost Reduction for the CaselysTop-5 US Retailer Using Average Retailer RDéntand
By Utilizing Multiple Strategies, All Goods Include
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Again, we see a similar pattern to what we saw for the estasdy retailer's demand
distribution, with an increased benefit coming at lower volumes. Kowhe 100,000 TEU
retailer, there is a benefit of 0.6%, under $2 million per year aflales cost savings. The
Walmart sized retailer utilizing two strategies will haaecost reduction of 1%, about $40
million per year. Adding a third strategy, sending some goodsheialt-LA strategy will
further decrease the costs by 0.12%, or $5 million per year. For the “supeaitVaktailer, the
relative cost reduction only slightly increases to 1.07%, approziyn&210 million per year.
The third strategy allowed further reduces costs by 0.16%, about #&hmir year. Adding
the fourth strategy reduces costs by only an additional 0.05%, under $10 million per year.

Considering the truncated goods valuation distribution for this case simimgeresting but
not unexpected feature.
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Figure 7-24. Average Cost Per TEU and Optimal 8¢nafor the Case Study Top-5 US Retailer with thgability
to Handle Multiple Strategies Using Average Reta®C Demand, Goods Limited to Valuations Under $40

We no longer see single strategy recommendations for Transgoadims is not surprising,
as the single optimal strategy remained Direct shipping, evie dighest volumes for the case
study rates with the average US RDC demand scenario at $1%ilperfaot average goods
valuation. The split to two strategies happens at 90,000 TEUs per yde split to three
strategies occurs at a volume of 3,750,000 TEUSs.

The cost per TEU is as we expect given the previous observatibsbows a lower cost
than the full distribution for the case study retailer, but a higlost than the truncated
distribution for the average US retailer. The cost is just aB8y@00 per TEU at 40,000 TEUs
per year and converges to approximately $2,950 at high volumes.
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Figure 7-26. Absolute Cost Reduction for the Casel\5Top-5 US Retailer Using Average Retailer RDé€hiand
By Utilizing Multiple Strategies, Goods Limited Yaluations Under $40

We see similar patterns here as previous. Splitting thdereich that the inexpensive
goods are imported via a Direct strategy while the expensive gmedsnported via Trans-
loading shows the bulk of the benefit. Again, when the third syratiliged is not a single port
trans-loading strategy, additional benefit from that third sisate negligible. For the 100,000
TEU per year retailer, the relative benefit is approxinya®eb5%, or just under $2 million per
year. The Walmart sized retailer shows a cost reductionsbfoyer 1.3%, approximately $40
million per year. The “super-Walmart” retailer has a cedtiction of 1.4%, or $210 million per
year. The third strategy again adds very little when using tilincated good valuation
distribution, under 0.01% cost reduction, about $1 million per year.
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Using this model, for a given set of transportation rates, Rle@ands, and a goods
valuation distribution, we can pinpoint the annual volumes that would bémafita multiple
strategy solution, what sets of goods should be shipped via whiokggstand which RDCs
should be allocated to each port within each strategy.

While the conclusion is clearly dependant on the goods value distrbiati these retailers
as well as the particular cost structure negotiated witd-grarty logistics providers, we believe
that there are at least 10, and possibly up to 40 US retailer®pbedte at a large enough
importing volume to potentially take advantage of splitting their gawoids multiple importing
supply chain strategies. The more varied the goods imported bstéiler, the more likely that
they can take advantage of this splitting. The bulk of this cdsictien will be generated by
splitting goods into those that are imported via a Direct styarnd those that are imported via a
Trans-loading strategy, as long as the cost structure issaich tetailer can take advantage of a
Direct shipping strategy. Adding a third strategy may be tabenerate value, but generally
only when that new strategy is to import goods by Trans-loadiagsatgle port, specifically in
our case at LA-LB.

8. Port Redundancy Analysis

Interviews with a number of large retail importers revedl ithactuality these large retailers
manage import warehouses and trans-loading operations at morthporgould be considered
optimal by the analysis of the preceding sections. For exafopliéneir normal operations, the
case study retailer employs a modified 4-port trans-loadiagesly, with import warehousing
and trans-loading infrastructure at Los Angeles-Long Beachfl&§e8avannah, and Norfolk.
For any given product in its portfolio, they will generally import into ¢hoéthe four ports listed
above, always using LA-LB and Seattle, and for goods destined foralteceast entering
through either Savannah or Norfolk. As per section 7.1.2., for a tofbri volume of
approximately 350,000 TEUs per year and an average goods value of $2fbipefoot, the
single optimal strategy would use only two ports: LA-LB and &eatfs per section 7.2.2., if
we were to allow the case study retailer to use a mukipétegy solution, our analysis would
suggest adding only Direct shipping operations, with no need for mares-ltvading
infrastructure than at the two aforementioned ports. At a slighiler average goods value, the
model does recommend the use of Savannah as a third port for txdimggloperations. We do
not find any cases for the case study retailer where amalpstrategy would be to use all four
ports.

Similar patterns are found for other retailers. Our model recamds either using fewer
ports for trans-loading import operations, or using as many poeseaactually used only for a
very small subset of goods. We must now consider why thestenrgthuild and utilize this
infrastructure for their importing operations, as the costs foelaasing rent and trans-loading
operations at any given port are substantial.

There are two potential factors that we will touch on briefly, illitnot analyze in depth.
The first factor is capacity. A retailer may for somasen have only a certain amount of
capacity for importing at a given port, perhaps in terms oel@use space or in trans-loading
labor or operating shifts available at facilities in the hiatatl of that port. For a long-term
steady state analysis of a retailer’'s operations, neithérese should be an issue. We assume
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that warehouse space can be freely expanded as necessaryheitisumk costs for building or
additional rent payment. Similarly, trans-loading capaistprovided by third-party logistics
companies, and can generally be expanded as necessary with new contracts.

The second factor that we will not analyze is that of negogjd¢éiverage. By utilizing more
ports for warehousing and trans-loading infrastructure, the metadsy be able to negotiate
reduced costs for both that infrastructure as well as transipartasts. We have already noted
in the previous section that the case study retailer has beetoa#eure comparatively lower
rates for their direct shipping transportation than the averageat®fquotations to many
importers. It is conceivable that by having infrastructuradalitional ports, they can negotiate
better rates for adding trans-loading volume at any given popidyng the landlords, third-
party logistics companies, and transportation carriers at thi#eent ports against each other.
We cannot quantify how much of a cost reduction this will provide tayargn retailer, as these
negotiations will certainly be kept private.

Robustness or redundancy is another reason to build infrastructureegponisrthan may be
optimal according to a steady state model. There may be whses a port becomes more
costly to use for a short amount of time, due to some sort of shacROOK, the ports of Los
Angeles and Long Beach were in a situation such that theremvaamg more incoming container
ships than they could handle during their peak season. They were over thety@pmhas such
their container dwell times sky-rocketed. We consider evarnih as a labor strike or the 2004
over-capacity meltdown in Los Angeles and Long Beach as examplsuch a shock. If a
shock were to occur at any given port, the cost of using thatyoutd increase substantially.
By having infrastructure and rates at other ports in place betaie a shock, a retailer may
attempt to avoid some of that additional cost.

We can attempt to model the additional cost to a retailer deiectoa shock. We will model
the cost increases to the total supply chain as increases ltdicheeat the ports of Los Angeles
and Long Beach until they become basically unusable. We have dbidd® as our port to
“shock” as it is clearly the most common port recommended fomusarimodel, and will thus
show the largest total cost increases. As the transportatientirough LA-LB increases, the
inventory cost of imports allocated to that port will increasevedifferent baseline strategies,
we will examine how the total supply chain cost increaseseasavease the dwell time through
LA-LB, up to an additional 50 days. At 50 additional days through LA-LB,atailer tested
will allocate any imports to LA-LB unless forced to.

8.1. Locked Strategies

As in the previous section, we will run this analysis for all combinations of tmgorolume
and declared goods values. We will use the single stratdbyawerage US retailer costs as a
baseline (parameters as per Section 7.1.1.). We will firstieratine case where each retailer
must use the same set of ports available to them in thatrisasé&lor example, for a retailer with
an importing volume of 10,000 TEUs per year and a declared goods value pér$&ibic foot,
the optimal single strategy is TL-WC, or trans-loading at L\dnd Seattle. For this section of
the analysis, we will allow the use of both LA-LB and Seattl&e will also allow imports
destined for an RDC that had previously been allocated to LA-LB tbtehbeattle as the cost
through LA-LB increases. We have selected six representatai&€importing volumes to focus
this analysis: 1,000 TEUs per year; 3,000; 7,000; 10,000; 70,000; and 400,000. These six
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representative volumes provide enough variation to examine all possiaitegies for the
baseline LA-LB transit time.
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Figure 8-1. Cost Increase Due to Disruption fompke Retailers with $5 Good Valuation, Required/se the
Same Strategy as would be Optimal Under No Delay

At a declared goods value of $5 per cubic foot, we see two diffdratéges represented:
Direct Shipping for the lowest volumes, and trans-loading throughpiores for the higher
volumes. The increase in cost for the Direct shipping stratetggs pretty low, approximately
1% at the most, even when LA-LB becomes unusable. Because ofttiimithd nature of this
strategy, the retailers can mostly avoid LA-LB while not iasieg their costs too much. For
those retailers whose baseline optimal strategy is TL-5seee their total costs increasing
between 1% and 2% for an additional dwell time below 10 days, up to amateky 4.5%
additional cost when LA-LB becomes unusable.
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Figure 8-2. Cost Increase Due to Disruption fomgle Retailers with $10 Good Valuation, Requiredse the
Same Strategy as would be Optimal Under No Delay

For the $10 per cubic foot goods value retailers, we see a l@gemncrease, as expected.
The increase in dwell time affects the inventory cost, which gneith the declared value. The
retailer using the Direct strategy as baseline st s increase of approximately 1%. The TL-
5 retailers now see an increase of between 2% and 3%aatd@onal dwell time of 10 days,
with a maximum increase of between 5% and 6%. The other retalldhave different optimal
baseline strategies, utilizing fewer and fewer ports asadhene increases. The additional cost
increases faster and has a larger maximum with fewelableaports. At 10 days, the retailers
whose baseline strategies utilize between two and four p@ta sest increase of between 3%
and 4% at 10 days of additional dwell time, and about 7% at maxin@learly, as we reduce
the number of ports available to a retailer, the more cost wilhdaered by a shock to any one
of those ports.
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Figure 8-3. Cost Increase Due to Disruption fomgle Retailers with $20 Good Valuation, Requiredse the
Same Strategy as would be Optimal Under No Delay

As the declared goods value increases, the cost increasesréacmaximum at fewer and
fewer days of additional dwell time. Due to higher inventory tastugh LA-LB, more of the
RDCs allocated to LA-LB in the baseline strategy will stofa different available port. While
the maximum cost increase stays approximately the samedioea baseline strategy, we see
the increase at the additional 10-day dwell time grows to leetVB&6 and 6% for the retailers
using two to four port baseline strategies for a goods value of $20 per cubic foot.
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Figure 8-4. Cost Increase Due to Disruption fomgle Retailers with $30 Good Valuation, Requiredse the
Same Strategy as would be Optimal Under No Delay

At $30 per cubic foot declared goods value, we see most RDCs shiftangfrom LA-LB at
10 days of additional dwell time. The maximum additional cost renhaitvgeen 6% and 7% for
these retailers, all using between two and four ports in their baseline ogtiiatagies.
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Figure 8-5. Cost Increase Due to Disruption fomBke Retailers with $50 Good Valuation, RequiretUse the
Same Strategy as would be Optimal Under No Delay
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At a declared goods value of $50 per cubic foot, we now introduce retaitmse optimal
baseline strategy is to trans-load at LA-LB only. If thesailers are locked into only using LA-
LB, their costs will increase linearly with the additional dviene. For those retailers with a
TL-LA baseline, at 10 days of additional dwell time, we see arase of approximately 17%.
With the 50 day disruption, these retailers would almost double thalrsopply chain cost.
Obviously, a shock to a retailer’s only available port could cause disastrousccesses.

Even if that shock does not last a long, it could affect the rnésaitdal yearly supply chain
cost. We can formulate a simple example of a TL-LA rataleountering a single event that
causes LA-LB to be unavailable for exactly 10 days, but regainihgdpacity and clearing all
backed up goods immediately once that 10 days is over. In this example, goods coming in on the
first day of “shut down” would be delayed exactly 10 days, goods comiwg ithe third day
would be delayed by exactly 8 days, etc. Goods coming in as theegmpéns would have no
additional delay. In this example, this single event would incrieseotal yearly supply chain
costs by 0.24%. In fact, this simple example is likely an wesdienation of the effect a true shut
down would have at a port. It is unlikely that all goods would betalibe cleared immediately
when the port re-opens, and thus we would expect that capacity v8sulk cause lingering
after-effects as the labor at the port catches up to the inthatteave been delayed. If we were
instead to spread that 10-day shut down such that the delay reducés back over the course
of a month after the port re-opens, this single event would inctieadetal yearly supply chain
costs by 0.94%.

This total supply chain increase in cost increases linearlizartime it takes for the port
operations to return to normal. However, as the length of the shaelases, the cost increases
grow super-linearly. If the shock were to last 20 days adsté 10 days, even if all goods clear
immediately, the cost increase to the supply chain would be 0.94%t wibuld take an
additional month to clear the goods from the shock, the cost incretse gapply chain would
be 2.35%.

8.2. Allowing a Single Additional Port
We now would like to examine the cost increases when we all@tager to open a single

additional port for use in their trans-loading strategy. Weéalsb allow retailers to revert to a
Direct shipping strategy, if that generates the optimal cost as thetdedagh LA-LB increases.
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Figure 8-6. Cost Increase Due to Disruption fample Retailers with $5 Good Valuation, Allowin@engle
Additional Port for Trans-load Usage

As we would expect, the cost increases do not change for thlersethat use the Direct
shipping strategy for their baseline. This change will onlgcffetailers who previously used
the TL-5 baseline strategy. For those retailers that do Usens-loading strategy at five ports
for their baseline, we see them reduce their cost incrdpsesverting to a Direct shipping
strategy. While we had previously seen these trans-loadingergethave a maximum cost
increase of between 4% and 5%, we now see that the smaliégrechave a maximum increase
of only about 2%, and the larger retailers have a maximum imcadasetween 3.5% and 4%.
The smaller retailers will have a larger trans-loading-tean-container round-up factor than the
larger retailers and thus will see a greater benefit from reveadiadirect strategy.
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Figure 8-7. Cost Reduction from Locked Strategpltowing a Single Additional Port for Trans-loacsage for
Sample Retailers with $5 Good Valuation

We see that each of the trans-loading retailers with $5 yleic doot goods valuation
deviates from their baseline strategy to Direct shippingcati@in point so as to take advantage
of the lower less-than-container round-up factor for marine containers.

For more expensive goods, we have the opportunity to see the dostiors as a retailer
opens additional ports for use in trans-loading strategies. We will starg@ods with a $10 per
cubic foot declared value, and show how their optimal strategiegelamnthe delay at LA-LB
increases.

Table 8-1. Optimal Strategy for Sample Retaileith %10 Good Valuation
at Increasing Delays through the Ports of LA-LB

Import Volume 1,000 |3,000 |7,000 | 10,000 | 70,000 400,000

Basdline Strategy Direct | TL-5 TL-5 TL-4 TL-3-Sav| TL-WC

Delay 2 Direct | TL-5 TL-5 TL-5 TL-4 TL-3-Sav
4 Direct | TL-5 TL-5 TL-5 TL-4 TL-3-Sav
6 Direct | TL-5 TL-5 TL-5 TL-4 TL-3-Sav
8 Direct | TL-5 TL-5 TL-5 TL-4 TL-3-Sav
10 Direct | TL-5 TL-5 TL-5 TL-4 TL-3-Sav
15 Direct | TL-5 TL-5 TL-5 TL-4 TL-3-Sav
20 Direct | TL-5 TL-5 TL-5 TL-4 TL-3-Sav
25 Direct | Direct | TL-5 Direct | TL-4 TL-3-Sav
30 Direct | Direct | TL-5 Direct | TL-4 TL-3-Sav
35 Direct | Direct | Direct | Direct| TL-3-Say TL-3-Sav
40 Direct | Direct | Direct | Direct| TL-3-Say TL-3-SaV
45 Direct | Direct | Direct | Direct| TL-3-Say TL-3-Sav
50 Direct | Direct | Direct | Direct| TL-3-Say TL-3-SaV
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For the retailers with import volumes between 3,000 and 7,000 TEUs perwyeaee a
reversion to a Direct strategy at a large enough LA-LBydelThe baseline optimal strategy for
the retailer with a 10,000 TEU volume is to trans-load at fourspowe see that opening the
fifth port to trans-loading, Houston in this case, has an immediatfibéor this retailer as the
LA-LB delay increases. We also see that it too will ewalty shift to a Direct shipping strategy
to take advantage of the lower less-than-container round-up facka.refailer with a 70,000
TEU volume shows an interesting pattern. Its baseline strédegytrans-load at three ports:
LA-LB, Seattle and Savannah. When facing a delay at LA-LBgés an immediate benefit by
opening a fourth port: NY-NJ. However, when the LA-LB delay growslezge enough level,
this retailer will no longer allocate any RDCs to LA-L&nd its optimal strategy will be to
consolidate at only Seattle and Savannah. That is, at a cerayn tthe optimal strategy will
only use ports available in the baseline strategy. Theréowvifio additional benefit to opening
an additional port to trans-loading volume. However, delays of thggituae are unlikely to
occur.
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Figure 8-8. Cost Increase Due to Disruption fomple Retailers with $10 Good Valuation, Allowingangle
Additional Port for Trans-load Usage
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Figure 8-9. Cost Reduction from Locked Strategpltowing a Single Additional Port for Trans-loacsage for
Sample Retailers with $10 Good Valuation

The reductions in the cost increases are the most notable at titewbare a retailer
transitions to Direct shipping. The addition of the fourth port forrt@00 TEU retailer or the
third port for the 400,000 TEU retailer reduces those cost incregsesegligible amount. The
addition of the fifth port for the 10,000 TEU retailer shows a grdageefit, though still not
substantial. We would expect that adding ports has marginal lsen&fir a baseline strategy
with more available ports, adding additional ports does not show benefits as great.
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For retailers with greater declared goods values, we see asadgelLB drops with greater
delays, but generally without the need to add more ports. For the $20kpe foot declared
goods value retailers, we see the following set of strategies forB_Aelays.

Table 8-2. Optimal Strategy for Sample Retaileith %20 Good Valuation

at Increasing Delays through the Ports of LA-LB

Import Volume 1,000 |3,000 | 7,000 | 10,000 70,000 | 400,000

Basdline Strategy Direct | TL-5 TL-4 TL-3-Sav | TL-WC| TL-WC

Delay 2 Direct | TL-5 TL-4 TL-3-Sav | TL-WC| TL-WC
4 Direct | TL-5 TL-4 TL-3-Sav | TL-WC| TL-WC
6 Direct | TL-5 TL-4 TL-3-Sav | TL-WC| TL-WC
8 Direct | TL-5 TL-5 TL-3-Sav | TL-WC| TL-WC
10 Direct | TL-5 TL-5 TL-3-Sav | TL-WC| TL-WC
15 Direct | TL-5 TL-5 TL-3-Sav | TL-Seg TL-Sea
20 Direct | TL-5 TL-5 TL-3-Sav | TL-Sega TL-Sea
25 Direct | TL-5 TL-5 TL-3-Sav | TL-Sea TL-Sea
30 Direct | TL-5 TL-5 TL-3-Sav | TL-Segq TL-Sea
35 Direct | TL-5 TL-5 TL-3-Sav | TL-Sea TL-Sea
40 Direct | TL-5 TL-5 TL-3-Sav | TL-Sea TL-Sea
45 Direct | TL-5 TL-5 TL-3-Sav | TL-Sea TL-Sea
50 Direct | TL-5 TL-5 TL-3-Sav | TL-Sea TL-Sea

Only the 7,000 TEU retailer adds ports to its optimal strategtha delay through LA-LB
increases. All of the other retailers use the same gmirtsf but shift the allocations away from
LA-LB until that port is no longer used. (TL-Sea is the strategerein all containers are trans-
loaded at Seattle.) However, it is worthwhile to note thatdnyg these strategies, these retailers
are now very vulnerable if a shock were to occur at both LA-LB arattlSeespecially the
70,000 and 400,000 TEU retailers. This is not an unlikely occurrence. piothef LA-LB
were to face a labor strike or other shock, a substantial volunmepoits from many retailers
may abandon LA-LB for Seattle, and in the process cause an apacity shock to Seattle.
After the over-capacity meltdown at LA-LB in 2004, many retailsent more of their goods to
Seattle in 2005, thus causing an over-capacity issue in Sealtft@ugh these events occurred a
year apart, a shock at one port directly caused a shock at the other.
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Figure 8-10. Cost Increase Due to Disruption famle Retailers with $20 Good Valuation, Allowin@egle
Additional Port for Trans-load Usage
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Figure 8-11. Cost Reduction from Locked Strategpfowing a Single Additional Port for Trans-loatsage for
Sample Retailers with $20 Good Valuation

As we noted, only the 7,000 TEU retailer shows any additional bdrye&itlding ports to its
optimal strategy. However, all of the other retailers becornee mulnerable to additional
shocks.

Lastly, we will examine the cases of retailers whoselin@septimal strategy is to trans-load
at LA-LB only. We will examine the retailers with a declared goods vali$&0 per cubic foot.
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Table 8-3. Optimal Strategy for Sample Retaileith %50 Good Valuation
at Increasing Delays through the Ports of LA-LB

Import Volume 1,000 | 3,000 7,000 10,000 | 70,000 | 400,000

Basdline Strategy TL-4 TL-3-Sav | TL-WC TL-WC| TL-LA |TL-LA

Delay 2 TL-4 TL-3-Sav | TL-3-Sav| TL-WC TL-WC | TL-WC
4 TL-4 TL-3-Sav | TL-WC TL-WC| TL-WC | TL-WC
6 TL-5 TL-3-Sav | TL-3-Sav| TL-Sea TL-Sea TL-Sea
8 TL-5 TL-3-Sav | TL-3-Sav| TL-Seg TL-Sea TL-Sea
10 TL-5 TL-3-Sav | TL-3-Sav| TL-Sea TL-Sea TL-Sea
15 TL-5 TL-3-Sav | TL-3-Sav| TL-Seg TL-Sea TL-Sea
20 TL-5 TL-3-Sav | TL-3-Sav| TL-Sea TL-Sea TL-Sea
25 TL-5 TL-3-Sav | TL-3-Sav| TL-Seg TL-Sea TL-Sea
30 TL-5 TL-3-Sav | TL-3-Sav| TL-Seg TL-Sea TL-Sea
35 TL-5 TL-3-Sav | TL-3-Sav| TL-Sea TL-Sea TL-Sea
40 TL-5 TL-3-Sav | TL-3-Sav| TL-Seg TL-Sea TL-Sea
45 TL-5 TL-3-Sav | TL-3-Sav| TL-Sea TL-Sea TL-Sea
50 TL-5 TL-3-Sav | TL-3-Sav| TL-Seg TL-Sea TL-Sea

The 1,000 TEU and 7,000 TEU retailers do show a benefit by adding avpdabée for
trans-loading as the delay through LA-LB grows, a fifth portthe 1,000 TEU retailer and a
third port for the 7,000 TEU retailer. As is expected, the lamggsilers do recommend adding
Seattle as a second port as soon as the delay through LA-UiBateigthan zero. We would
expect to see a major reduction in the cost increases for these twog.etailer
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Figure 8-12. Cost Increase Due to Disruption fam$le Retailers with $50 Good Valuation, Allowingigle
Additional Port for Trans-load Usage
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Figure 8-13. Cost Reduction from Locked Strategpowing a Single Additional Port for Trans-lo&atsage for
Sample Retailers with $50 Good Valuation

Now instead of the massive cost increases for the 70,000 and 400,000 &it#dsrerve at
most see cost increases of approximately 7%, more in linethvd@thost increases seen for all of
the other retailers who use two or more ports in their baselinmairategy. The addition of
one more port for trans-loading substantially reduces the cosiaserue to a shock for the
retailers who rely solely on that one port.

Under this paradigm of adding additional ports, we can analyze thapexdrom the
previous section where the TL-LA retailer encounters the sing@t that causes LA-LB to be
unavailable for exactly 10 days. Now, when the LA-LB port shatwnd goods can start
transferring to a new port, instead of being required to face this delay. Undsstimeption that
goods clear immediately after the shut down ends, this single eamendl increase the total
yearly supply chain costs by 0.15%. If we were instead to spinedd 0-day shut down such
that the delay through LA-LB reduces back to zero over the cousenointh after the port re-
opens, this event would increase the total yearly supply chainlyo®t$9%. This is a yearly
cost reduction of 0.34% from the single shock case where the retailer is only abéeltA-LB.

If the shock were to increase to 20 days, the cost increaskefemmediate clearing cost
case would increase from 0.15% to 0.34%. The cost increase foagkewhere it takes the
additional month to clear the goods would be 0.86%. This is a reduction ofrbrfs%he single
shock case where the retailer is only able to use LA-LB.thAdength of the shock increases,
there is more benefit can be derived from having a redundant poraldeaibr trans-loading
operations.

We can also examine situations where we allow retailers to moee than one additional
port for trans-loading operations. However, this seems to have b @ff¢he cost reduction in
most cases, even with long shocks to LA-LB. There are verydewinations of declared good
value and importing volume that do show any benefit by adding infcaste to two or more
ports, and the benefit over simply adding one port is negligible.
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We can now examine the costs of adding trans-loading operationpaxicular port and
compare this to the cost savings in the case of shocks. Most opespecific to cross-docking
and swapping cargo are run by third-party logistics companies,ewtmsractual costs will
likely be similar at various ports around the country. The masgt associated with opening
trans-loading operations will be that of leasing land for and buil@monport warehouse in the
hinterland of that port. Depending on the yearly importing volume afetiader, the size of the
warehouse necessary for maintaining these operations will vBoy retailers with a yearly
importing volume greater than 50,000 TEUs per year, these facihiigsbe anywhere between
half a million and two million square feet. Based on informatiorived from a land and
property management company specializing in these operatiofigumathat construction costs
at the hinterland of the port would likely be around $25 per square foobthdesing costs
(including utilities and tax) would be between $0.30 and $0.35 per square dpotear,
depending on the age and efficiency of the building.

Thus, for the large retailers, building costs would be between $12i6mahd $50 million.
Leasing costs would be between $150,000 and $700,000 per year. We can now thisipare
with the total costs of the supply chain operations for the varietaslars to see how this
compares to the benefits of opening a new port for trans-loading operations.

The $50 per cubic foot declared good value retailers with a yeapprting volume of
70,000 TEUSs per year and greater were examples of retailerasgdddrans-loading only at LA-
LB as their optimal strategy when there were no shocks caadditional delay at LA-LB. The
yearly supply chain cost to the 70,000 TEU per year retailer ixppately $320 million per
year, and the cost to the 400,000 TEU retailer is approximately $1IR lmer year. If we
assume normal operations over a year except for a single aylgéhdek with an additional
month to clear goods as a baseline to compare against, we see that the 70,000 [EEWaelzh
save $1.1 million by expanding operations to a second port. The 400,000ef&€r would
save $6.3 million by expanding to a second port. If we assume a 20 day shock with anadditi
month to clear goods, we see a cost savings of $4.8 million for the 7DEDO0etailer and a
cost savings of $27.3 million for the 400,000 TEU retailer. Given an apatelyrisized
warehouse for the retailer, the additional port acts as protegjensa cost increases caused by
these shocks. As there is a comparatively low rental cost, dfg olownside of opening the
second port is the initial building cost, which can also be mitigdwexaigh amortization. The
retailer can consider this as insurance against these kinds of shocks.

For the retailers who already have at least two portdadaifor trans-loading, the cost
protection against these shocks from an additional port of entry igibégl We will use the
retailers with a $10 per cubic foot declared good value as exarhplte. The 70,000 TEU
retailer with $10 declared good value uses trans-loading at three gsoits baseline optimal
strategy. The 400,000 TEU retailer uses trans-loading at two @®rtss baseline optimal
strategy. For the larger retailers, opening a third or liopdrt saves no more than 0.02% of
yearly cost even for the 20 day shock with an additional month to clElais equates to a
savings no greater than $200,000. Smaller retailers may dgatby $arger relative savings, but
a similarly low absolute savings. As this would not even covecdbkeof the rent on the import
warehouse property, the additional insurance of the third or fourth postradeseem to be
worthwhile investment for retailers whose baseline optimalegiyaalready includes at least two
ports. It is again worthwhile to note this analysis only considestsock to a single port without
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considering the possibility of shocks to two ports at the same, tand does not take into
account any negotiation benefits that the retailer can derive from thixdipgistics providers at
multiple ports.

We now see that most large importers design supply chains with poas of entry than is
deterministically optimal. We analyzed the value of such redundarieyms of cost avoidance
should there be a temporary disruption to imports at the Ports cAingasles and Long Beach.
Our analysis suggests that only modest gains are availabtesiuch redundancy, probably not
enough to justify the redundant investment. We are left with thduoc that an increased
position of power in negotiations with transportation carriers, third¢pagistics operators, and
landlords must be a more prominent justification for redundancyissadtually practiced. It is
also conceivable that the use of these additional ports is due riegibeal history of a retailer,
previous to when its operations became truly national.

9. Conclusionsand Further Studies

In this dissertation, we proposed a heuristic algorithm and shortgstnpadel for the
optimization of the supply chains of importers of waterborne contagtegnods from Asia to
USA. This optimization model determines the set of leastsggply chain strategies for an
importer, in terms of ports and landside channels to be used fosetcof goods. The costs
considered include costs for transportation and handling, pipeline inventorgatetg stock
inventory at RDCs. We then showed how the optimal strategy fér ®stcof goods can be
combined into an optimal set of importing strategies.

In general, use of the trans-loading channels entails a premiterms of transportation and
handling charges over the costs for direct shipping. These extrgportation costs must be
traded off against potential inventory savings afforded by poohipngents to multiple regional
destinations over the segment of the supply chain between Asia arahtfvoading warehouse.
Therefore, the best strategy for low-value goods can be gtfiteedit from the best strategy for
high-value goods. Our study shows that for high-value goods, such cotientida
deconsolidation supply chain strategies are attractive; for lowevgbods, much less so.
Moreover, to achieve the least total cost, the set of trans-loathagpgies must be tailored
according to the value of the goods. For very-high-value goods, consolidgtiegishment of
all Continental USA RDCs via Los Angeles-Long Beach is neffstient. For medium-value
goods, it is more efficient to practice a policy of trans-loadingultiple ports. For the lower
medium-value goods, the policy will likely include at least omstECoast port, while for the
higher medium-value goods, the policy will likely use only West Coast ports.

We examined how to capture value from a multiple strategy supgmin.c The cost
reduction for multi-strategy is heavily dependent on the transportatite and lead time
parameters as well as the goods valuation distribution for the retailer. géstleost reductions
can be achieved by splitting goods into a set that will be ingbergea Direct shipping strategy
and a set that will be imported via a Trans-loading strategyadalitional cost reduction can be
attained by splitting out the most expensive goods into a set thdienmported via Trans-
loading at a single port only; in our case, that port will be Logefes-Long Beach. The cost
reductions resulting from splitting between different strageghat Trans-load at multiple ports
will be negligible and will almost certainly not outweigh the énv&d costs to the retailer of
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implementing an additional importing strategy. Our analysis of Custormsnditates that there
are between 10 and 40 retailers in the United States that caade&etage of multi-strategy
supply chains, though we do not have access to the complete data, inttirdipagrty logistics
negotiated costs and goods valuation distributions, to narrow that number down further.

We also analyzed the value of building redundancy into the importingysappin. We
noted that many retailers seem to utilize more ports fosti@ading than we would consider
optimal. We found that having access to at least two ports fs-kbading will almost certainly
be of value, so as to prevent a major cost increase in the casdistiption or shock at any
single port. However, we do not see a clear need for additiortalfpodisruption mitigation, if
the optimal strategy recommended already uses at least tégfpotrans-loading operations.
We thus conclude that there must be a non-operational reason thatetzleys use additional
ports. Our hypothesis is that retailers gain negotiating lgeenath their third-party logistics
partners and transportation providers by utilizing these additiona. pdittere may also be a
historical inertia component, in that some retailers may not wantodify or eliminate their
operations in a given port location once infrastructure has been built nearby.

There are several directions to pursue for further researchi®nopic. First, one could
examine contractual terms and obligations at various points alongupiy chain. In the
simplest case, importers may have contractual requirementgliames by port or channel.
Additionally, there could exist a fixed cost for any utilizationaofparticular port. Another
example could be penalties imposed by railroads for imbalancesntainer flows. That is,
there could be penalties imposed on the beneficial cargo ownersuwissip lines if the number
of containers outgoing from a port is not equal to the number of inergaincoming (for
exporting purposes). When this is the case, the railroads would hieely to send empty
containers from point to point to maintain a reasonable steaay atad they may be able to
collect fees from the beneficial cargo owners to handle theédiéiamal costs that they must
carry.

For many importers the supply chain strategies over a givan aqe not homogeneous.
Some importers may have one-off specials, i.e. seasonal dayaiems that are only in stores
for a short time, and may require special handling along the sapgiy. Some importers may
be able to take advantage of a different set of strategteeaent times of the year. There may
additionally be capacity limits for different supply chain mhels. In this case, it may be
worthwhile to study the excess capacities at differentgiaighe year, when the import volume
is lower.

To better account for the smaller retailers, we could expanchdigel so that it allows for a
different review interval. If we were to modify the reviemterval, the cost of cycle inventory
would have to be added to the objective function.

In addition to transportation and inventory costs, the proposed model couldther fur
expanded to include other parameters such as environmental impexg.fathe efficiency and
effectiveness of different models of the cost of environmentphaincould be further studied
under various scenarios.
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Appendix A. Anomalous RDC-Port Assignmentsfor the Case Study Retailer

Table A-1. Original Heuristic — RDC-Port Assignrhéor the Case Study Retailer — $150 LA-LB Wharfage

Strategy = TL-LA Fee =$150 |Strategy = TL-4 Fee = $150
Land Transport Lowest Trans + Land Transport Lowest Trans +

RDC Mode Pipe Cost Port  Cost Mode Pipe Cost Port  Cost

Seattle-Tacoma |TL Rail 53 LA-Long Beach $110,660|Direct Dray Seattle-Tacoma $88,855
Oakland TL Truck 53 LA-Long Beach $159,248|TL Truck 53 LA-Long Beach $160,062
LA-Long Beach |Direct Dray LA-Long Beach $233,371|Direct Dray LA-Long Beach $235,245
Dallas TL Rail 53 LA-Long Beach $128,158|TL Rail 53 LA-Long Beach $128,561
Houston TL Rail 53 LA-Long Beach $162,723|TL Rail 53 LA-Long Beach $163,271
Memphis TL Rail 53 LA-Long Beach $108,241|TL Rail 53 LA-Long Beach $108,525
Kansas City TL Rail 53 LA-Long Beach $118,830|TL Rail 53 LA-Long Beach $119,186
Minneapolis TL Rail 53 LA-Long Beach $102,647|TL Rail 53 Seattle-Tacoma $97,994
Chicago TL Rail 53 LA-Long Beach $310,681|TL Rail 53 LA-Long Beach $312,222
Cleveland TL Rail 53 LA-Long Beach $115,612|TL Rail 53 LA-Long Beach $115,888
Columbus TL Rail 53 LA-Long Beach $58,527|TL Rail 53 LA-Long Beach $58,617
Pittsburgh TL Rail 53 LA-Long Beach $87,330|TL Rail 53 LA-Long Beach $87,485
Atlanta TL Rail 53 LA-Long Beach $218,525|TL Rail 53 LA-Long Beach $219,246
Savannah TL Rail 53 LA-Long Beach $93,217|Direct Dray Savannah $99,632
Charleston TL Rail 53 LA-Long Beach $22,006|TL Rail 53 LA-Long Beach $22,019
Charlotte TL Rail 53 LA-Long Beach $105,824|TL Rail 53 LA-Long Beach $106,017
Harrisburg TL Rail 53 LA-Long Beach $72,644|TL Rail 53 LA-Long Beach $72,750
Norfolk TL Rail 53 LA-Long Beach $95,504|TL Rail 53 LA-Long Beach $95,646
Baltimore TL Rail 53 LA-Long Beach $96,126|TL Rail 53 LA-Long Beach $96,293
NY-NJ TL Rail 53 LA-Long Beach $369,061|Direct Dray NY-NJ $380,624
Boston TL Rail 53 LA-Long Beach $148,523|TL Rail 53 LA-Long Beach $148,833
Total $2,917,459 $2,916,971

Table A-2. Original Heuristic — RDC-Port Assignméar the Case Study Retailer — $200 LA-LB Wharfage

Strategy = TL-LA Fee =$200 |Strategy = TL-4 Fee = $200
Land Transport Lowest Trans + Land Transport Lowest Trans +

RDC Mode Pipe Cost Port  Cost Mode Pipe Cost Port  Cost

Seattle-Tacoma |TL Rail 53 LA-Long Beach $111,612|Direct Dray Seattle-Tacoma $79,757
Oakland TL Truck 53 LA-Long Beach $160,817|TL Truck 53 LA-Long Beach $163,882
LA-Long Beach |Direct Dray LA-Long Beach $236,159|Direct Dray LA-Long Beach $243,119
Dallas TL Rail 53 LA-Long Beach $129,240|TL Rail 53 LA-Long Beach $130,806
Houston TL Rail 53 LA-Long Beach $164,042|TL Rail 53 LA-Long Beach $166,157
Memphis TL Rail 53 LA-Long Beach $109,132|TL Rail 53 LA-Long Beach $110,246
Kansas City TL Rail 53 LA-Long Beach $119,829|TL Rail 53 LA-Long Beach $121,215
Minneapolis TL Rail 53 LA-Long Beach $103,419|TL Rail 53 Seattle-Tacoma $91,503
Chicago TL Rail 53 LA-Long Beach $313,282|TL Rail 53 Seattle-Tacoma $321,052
Cleveland TL Rail 53 LA-Long Beach $116,513|TL Rail 53 Seattle-Tacoma $117,862
Columbus TL Rail 53 LA-Long Beach $58,974|TL Rail 53 Seattle-Tacoma $59,377
Pittsburgh TL Rail 53 LA-Long Beach $87,958|TL Rail 53 Seattle-Tacoma $88,688
Atlanta TL Rail 53 LA-Long Beach $220,162|TL Rail 53 LA-Long Beach $222,941
Savannah TL Rail 53 LA-Long Beach $93,883|Direct Dray Savannah $99,632
Charleston TL Rail 53 LA-Long Beach $22,147|TL Rail 53 LA-Long Beach $22,201
Charlotte TL Rail 53 LA-Long Beach $106,586|TL Rail 53 LA-Long Beach $107,355
Harrisburg TL Rail 53 LA-Long Beach $73,155|TL Rail 53 Seattle-Tacoma $73,633
Norfolk TL Rail 53 LA-Long Beach $96,152|TL Rail 53 Seattle-Tacoma $96,807
Baltimore TL Rail 53 LA-Long Beach $96,805|TL Rail 53 Seattle-Tacoma $97,595
NY-NJ TL Rail 53 LA-Long Beach $371,719|Direct Dray NY-NJ $380,624
Boston TL Rail 53 LA-Long Beach $149,538|TL Rail 53 Seattle-Tacoma $151,059
Total $2,941,127 $2,945,510
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Table A-3. Improved Heuristic — RDC-Port Assignmfam the Case Study Retailer — New Lowest Cost

Assignment for both the $150 and $200 LA-LB Whaef&ges

Strategy = TL-4 Fee =$150 |Strategy = TL-4 Fee = $200
Land Transport Lowest Trans + Land Transport Lowest Trans +

RDC Mode Pipe Cost Port  Cost Mode Pipe Cost Port  Cost

Seattle-Tacoma |Direct Dray Seattle-Tacoma $88,855|Direct Dray Seattle-Tacoma $88,855
Oakland TL Truck 53 LA-Long Beach $159,490|TL Truck 53 LA-Long Beach $161,059
LA-Long Beach |Direct Dray LA-Long Beach $233,930|Direct Dray LA-Long Beach $236,718
Dallas TL Rail 53 LA-Long Beach $128,276|TL Rail 53 LA-Long Beach $129,358
Houston TL Rail 53 LA-Long Beach $162,884|TL Rail 53 LA-Long Beach $164,204
Memphis TL Rail 53 LA-Long Beach $108,325|TL Rail 53 LA-Long Beach $109,216
Kansas City TL Rail 53 LA-Long Beach $118,935|TL Rail 53 LA-Long Beach $119,933
Minneapolis TL Rail 53 Seattle-Tacoma $97,994|TL Rail 53 Seattle-Tacoma $97,994
Chicago TL Rail 53 LA-Long Beach $311,138|TL Rail 53 LA-Long Beach $313,739
Cleveland TL Rail 53 LA-Long Beach $115,693|TL Rail 53 LA-Long Beach $116,594
Columbus TL Rail 53 LA-Long Beach $58,554|TL Rail 53 LA-Long Beach $59,000
Pittsburgh TL Rail 53 LA-Long Beach $87,375|TL Rail 53 LA-Long Beach $88,003
Atlanta TL Rail 53 LA-Long Beach $218,738|TL Rail 53 LA-Long Beach $220,374
Savannah TL Rail 53 LA-Long Beach $93,262|TL Rail 53 LA-Long Beach $93,928
Charleston TL Rail 53 LA-Long Beach $22,010|TL Rail 53 LA-Long Beach $22,151
Charlotte TL Rail 53 LA-Long Beach $105,881|TL Rail 53 LA-Long Beach $106,643
Harrisburg TL Rail 53 LA-Long Beach $72,675|TL Rail 53 LA-Long Beach $73,186
Norfolk TL Rail 53 LA-Long Beach $95,545|TL Rail 53 LA-Long Beach $96,194
Baltimore TL Rail 53 LA-Long Beach $96,175|TL Rail 53 LA-Long Beach $96,854
NY-NJ TL Rail 53 LA-Long Beach $369,517|TL Rail 53 LA-Long Beach $372,175
Boston TL Rail 53 LA-Long Beach $148,614|TL Rail 53 LA-Long Beach $149,629
Total $2,893,866 $2,915,808
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Appendix B. Approximated Single Import Strategy for Case Study Retailer

RDC Port of Entry

Pueblo, CO Seattle

Cedar Falls, 1A Seattle

Dekalb, IL Los Angeles-Long Beach

Indianapolis, IN

Los Angeles-Long Beach

Kalamazoo, Ml

Los Angeles-Long Beach

Fridley, MN

Seattle

West Jefferson, OH

Los Angeles-Long Beach

Oconomowoc, WI

Seattle

Wilton/Amsterdam, NY Seattle

Chambersburg, PA Seattle

Stuarts Draft, VA Savannah/Norfolk
Albany, OR Seattle

Phoenix, AZ Los Angeles-Long Beach
Fontana/Rialto, CA Los Angeles-Long Beach
Woodland, CA Los Angeles-Long Beach
Shafter, CA Los Angeles-Long Beach
Huntsville, AL Los Angeles-Long Beach
Tifton, GA Savannah/Norfolk
Midway, GA Savannah/Norfolk
Newton, NC Savannah/Norfolk
Lugoff, SC Savannah/Norfolk

Tyler, TX Los Angeles-Long Beach
Midlothian, TX Los Angeles-Long Beach
Topeka, KS Los Angeles-Long Beach

74






