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Abstract. The dynamic nature of today's competitive marketl:i compels 
organizations to an incessant rea.ssessment in an effort to respond to con
tinuous challenges. Therefore, warehousel:i as an important linl.; in most 
supply chains, must be continually re-evaluated to ensure that t hey are 
consistent with both markel's demands and managementls strategies. A 
number of warehouse decision support models have been proposed in 
t he literature but considerable difficulties in applying these models st ill 
remain, due to the large amount of information to be processed and 
to the large number of possible alternatives. In this paper we discuss a 
mathematical programming model aiming to support some warehouse 
management and inventory decisions. In particular a large mixed-in teger 
nonlinear programming model (MINLP) is presented to capture the trade
offs among the different inventory and warehouse costs in order to achieve 
global optimal design l:iatisfying throughput requirements. 

Keywords: Supply chain management, Warehouse models, Inventory 
management, Matllematical modelling. 

1 Introduction 

Nlarket competition requires continuous improvement in the design and opera
tion of supply chains. A supply chain can be considered as a network of entities 
whose efficiency and effectivenesti is highly determined by t he performance of 
the overall network (see Fig. 1). 

In a supply chain Iletwork, products need to be physically moved from one 
locat ion to another. During this process, they may be buffered or stored at 
certain facilities (warehouses) for a certain period of time for strat.egic or tactical 
reasons. Within t his context, warehouses play an important role in supply chains 
and are a key aspect in a very demanding: competit ive and uncertain market. 

On the other hand, modern supply chain principles compel companies to 
reduce or eliminate inventory levels. Additionally warehouses require capital, 
labour, and information technologies, which are expensive resources. So, why do 
we still need warehouses'? 

B. !\:Iurgnnte ct al. (Eds.): ICCSA 2012. Part. III, LN C S 7335 , pp. 187- 201,2012. 
© Springcr- Verlag Berlin Heidelberg 2012 
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Fig. 1. A typical supply chain network 

According to Bartholdi and Hackman III t here are four main reasons why 
warehouses a re useful : 

1. To consolidate prod ucts in order to reduce transportation costs and provide 
customer servicej 

2. To take advantage of economies of scalej 
3. To provide value-added processing services, and 
4. To reduce response t ime. 

Thus, warehouses will continue to be all important node at t he logistic network 
by the fact t hat if a warehouse cannot process the orders quickly, effectively, 
and accurately, then all t he supply chain optimization eHo rts will suffer (see 
Tompkins [12]) . 

In distribut ion logistic where market competition requires higher performances 
from the warehouses, eompanies are compelled to continuously improve t he de
sign and planning of warehouse operations. Furthermore, the ever increasing 
variety of products, t he constant changes in customer demands and t he adop
tion of agile management philosophies also bring new challenges to reach flex
ible structures t hat provide qua li ty, efficiency and effectiveness to the logistics 
operations. 

Some major decisions involved in the warehouse design and operat ion prob
lems are illustrated in Fig. 2 (see Gu et al. [4[). Warehouse design and planning 
decisions typically run from a functional description, through a technical spec
ification, to equipment selection and determination of the layout. The overall 
structure decision determines t he material flow patterns within the warehouse, 
the specification of t he functional areas and the flows between t he areas. Siz
ing and dimensioning decisions determine t he total size of t he warehouse as 
well as t he space allocation umong functional a reas. Layout defini tion is t he 
detailed configuration within a functional area and equipment decisions define 



eira 

-
Customers 

-
twork 

Lre four main reasons why 

)ortation costs and provide 

ode at the logistic network 
orders quickly, effectively, 

~ion effor ts will suffer (see 

!quires higher performances 
ntinuously improve the de
rmore, t he ever increasing 
er demands and the adop
w challenges to reach ftex
ffectiveness to the logi tics 

iesign and operation prob
~house design and planning 
, t hrough a technical spec
of t he layout. The overall 

=rns within t he warehouse, 
\vs between the areas. Siz
l size of t he warehouse as 
s. Layout definition is the 
equipment decisions define 

1-------------, 

Warehouse Design and Planning 

Pcrrormancc E;vHluat ion 

, , , , , , , , , , , , 
'---.,---' ,~ , , , , , , , , , , , 

, : 
L ~~~~o~~-:. ~-:.s:~ ________ _________________ ~ 

, , , 
L ~~~~o~~e_~~e~~o~ ___ J 

189 

Fig.2. A framework for des ign and operation p l'Oblems (adapted from Gu et al. [4]) 

an automation level for the warehouse and identify equipment types . Finally 
operat ing policies refer to storage, picking and routing decisions. 

Hassan [7] presented a framework for the design of a warehouse. The proposed 
framework accounts for several factors and operations of warehousing such as: 

1. Specificat ion of warehouse type and purpose; 
2. Analysis and forecasting of the demand ; 
:3. Definition of operating policies; 
4. Establishment of inventory levels; 
5. Class formation ; 
6. Definition of func tional areas and general layout; 
7. Storage partition; 
8. Selection of equipment for handling and storage; 
9. Design of aisles; 

10. Determination of space requirements; 
11. Location and number of Input/O utput points; 
12. Location and number of docks; 
13. Arrangement of storage; 
14. Zone formation. 

Once t hese warehouse decisions are strongly interrelated, warehouse design is a 
highly complex task where conflic t ing objectives impose specific trade-offs. 

Despite t he various decision models available in scientific li terat ure, the ma
jority addresses isolated or simplified problems in order to provide t he best 
solution . However, lllust of t he real problems are unfor t unately not well-defined 
and often cannot be red uced to multiple isolated sub-problems. Therefore, ware
house design often requires a mixture of analytical skills and creativity. Anyhow, 
research aiming an integration of variolls decisions models and methods is badly 
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needed in order to develop a methodology for systematic warehouse design (see 
Rouwenhorst et al. [10]). 

Furthermore, as the literat.ure review in next section shows, most research 
efforts have been dedicated to warehouse operations decisions instead of design 
decisions. This is not surprising since design decisions models are more difficult 
to develop and treat analytically once they require the integration of several and 
comple.x issues. 

In this paper we present a warehouse and inventory mathematical model that 
jointly integrates issues concerning: 

- The size of the warehouse; 
The external storage additional capacity, if needed; 

- The replenishment quantities and reorder points of products to be stored. 

OUf aim is to t est an integrated approach that takes into account inventory and 
some warehouse design decisions. 

In the Section 2 of this paper we will present a brief literature review on ware
house design and planning issues. The purpose of this section is not limited to the 
specific studied problem but also covers other important topics in warehouse lit
erature. The Section 3 will present the proposed warehouse sizing and inventory 
model formulation and a description of the methodology used to solve the model. 
Computational results will be presented and summarized in Section 4, and finally 
some conclusions and future work directions are reported in Section 5. 

2 Literature Review 

\\Tarehousing is concerned with all the material handling activities that take place 
within a warehouse. It includes the receiving of products, storage, order-picking, 
accumulation, sorting and shipping operations. Basically, one can distinguish 
two types of warehouses: dist7~ib'Ution waTelwuse.'3 and production waTehouses. 
According to Van den Berg and Zjim [14], a distribution warehouse is a ware
house in which products from different suppliers are collected (and sometimes 
assembled) for delivery to a number of customers. On the other hand, a produc
tion warehouse is llsed for the storage of raw materials, semi-finished products 
and finished products in a production facility. 

There are many activities that occur at a warehouse. Typically, distribution 
warehouses receive products - Stock Keeping Units (SKUs) - from suppliers, 
unload products from the transport carrier; store products, receive orders from 
customers, assemble orders , repackage SKUs and ship them to their final destina
tion. Frequently, products arrive packaged on large scale units and are packaged 
and shipped on small units. For example, SKUs may arrive in full pallets but 
must be shipped in cases. Fig. 3 shows the typical fUllctional areas and flows 
within warehouses. 

At the receiving area products (or items) are unloaded and inspected to ver
ify any quantity and quality inconsistency. Afterwards, items are transferred 
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Shipping 

Fig. 3. Typical warehouse functions and flows 

to a storage zone or are directly placed to the shipping area (this is called a 
cross-docking operation). \~le can distinguish two types of storage areas: reserve 
storage area and forward 01' picking area. The reserve area is the place where 
the products stay until they are required by costumers' orders. The picking area 
is a relatively small area, typically used to store fas t moving prod ucts. Ivlost of 
the flows between these areas are the result of replenishment processes . Order 
picking is one of the most important functions in most warehouses. SKUs are 
retrieved from their storage positions based on customers' orders and moved to 
the accumulation and sorting area or directly to the shipment area. The picked 
units are then grouped by customers order, packaged and stacked on the right 
unit load and transferred to the shipping area. 

2.1 Warehouse Design and Planning 

Vlarehouse design can be defined as a structured approach of decision making 
at distinct decision levels in an attempt to meet a number of well-defined per
formance criteria. At each level, multiple decisions are interrelated and t herefore 
it is necessary to cluster relevant problems t hat are to be solved simultaneously. 
According to R.ouwenhorst et al. [10] a warehouse design problem is a "coherent 
cluster of decisions" and they define decisions to be coherent when a sequential 
optimization does not guarantee a globally optimal solution. 

The design of a warehouse is a highly complex problem. It includes a large nUJIl
bel' of interrelated decisions involving warehouse processes, warehouse resources 
und the organizution of the warehouse (see Heragu [8]). Rouwenhorst et al. [10] 
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classify the management decisions concerning warehousing into strategic decisions, 
tactical decis ions and operational decis ions. Strategic decisions are long term deci
s ions and always mean high investments. The two main issues are concerned with 
the design of the process 1I0w and with the selection of the types of the wurehous
ing systems. Tactical management decisions are medium term decis ions based on 
the outcomes of the strategic decisions. The tactical decisions have a lower impact 
than the strategic decisions, but still require some investments and should there
fore not be reconsidered too often. At the operational level, processes have to be 
carried out within the constraints set by the strategic and tactical decisions made 
at the higher levels. In this level, the concern includes the operational policies such 
as storage policies and picking and routing operations. 

After determining warehouse location and its size, layout decisions must in
clude areas definition and what size should be allocated to each functional area. 
The forward-reserve problem (FR.P) is the problem of assigning products to the 
functional areas. In this problem the critical decision concerns the choice of prod
ucts that will be stored in the forward area. Van den Berg et a!. [13] proposed 
a binary programming model to solve the FR P in the case of unit load replen
ishment, and presented efficient heuristics that provide tight performances guar
anties. These replenishments can occlir during busy or idle picking periods. The 
objective was to minimize the number of urgellt or concurrent replenishments of 
t he forward area during the busy periods. Although addressing this problem is a 
strategic decision problem, it is strongly associated upon some tactical problems 
such as how the items will be distributed among the functional areas. However, 
the approach usually adopted is to solve the problems sequentially by generating 
multiples alternatives for the functional area size problem and then determine 
how the prod ucts can be allocated for each of the alternatives. 

Gray et a!. [5] developed an integrated approach for the design and operation 
of a typical order-consolidation warehollse. This approach included warehouse 
layout, equipment and technology select ion, item location, zoning, picker rout
ing, pick generation list and order batching. Due to the complexity of the over
all problem, they developed a multi-stage hierarchical decision approach. This 
hierarchical approach used a sequence of coordinated mathematical models to 
evaluate the major economic trade-offs and to reduce the decision space to a few 
number of alternatives. They also used s imulation technique for validation and 
fine tuning of the resulting design and operating policies. 

Heragu et a!. [8] developed a mathemat ical model and a heuristic algorithm 
that jointly determines the size of the functional areas and the allocation of the 
prod uct in a way that minimizes the total material handling and storage costs. 
The proposed model uses real data readily available to a warehouse manager 
and considers realistic constraints. 

Geraldes et a!. [2] adapted the mixed-integer programming model proposed 
by Heragu et a!. [8] to tackle the storage allocation and assignment problems 
during the redesign process of a Portuguese company warehouse. 
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More recent ly Struck anel Poehet 111 J presenteei a robust approaeh that inte
grutes aspects sueh us: (i) the size of the funetiolllll areas; (ii) the assignment 
anel allocation of products to storage locations in the warehou.e; (iii) the re
plenishment decision in the inventory management. This is probably the most 
integrated decision model found in this area, nevertheless still assumes fixed and 
knowll capacity for the warehouse. 

2.2 Inventory Decisions -
The adoption af new management philosaphies compels t;ompunies to eliminate 
ar reduce inventory leveI::;. In uclclition to wurehouse munagelllent decisions, 1:111 

appl'opriute inventory poliey may result in a I'ed uction af the total wurehotlsing 
costs anel can also improve the efficiency of the opel'uting policies within the 
warehollse. The aim of inventory management is to minimize total aperating 
costs satisfying customer service requirements (see Ghiani et aI. 13]). To aceom
plish this, un optimal ordering poliey must answer questions, for eueh SI<U, such 
us when to arder anel how much to arder. 

T wo different inventory policies arise (see Radley and Whitin 16]): continuous 
review policy anel the pel'iodie review polic)'. The first polie)' implies that the 
stock leveI will be monitored eont inuously. Whenever the inventory on hand 
deereases to U pl'eeletermined levei, referreel to as the 7Y~o1'de1' point, a new arder 
is placed to replellish the illventory leveI. The plllced order is a fixed quant ity 
that minimizes the total inventory costs anel is nOl'lllally calleel the economic 
onle,' quant'ity. In the seeond poliey, the inventory leveI is checked at specifie 
fi..xed time periods anel un arder deeision i ~ mude to complete the stock to a 
desil'ed uppel' limito In this system the inventol'y levei is not monitored ut ali 
eluring the time interval bet.ween orders, so it has the udvantuge of litt le OI' no 
required recorel "eeping. The disadvuntage is less direct control. Sueh system 
also I'equ ires that a new order quantity must be determined each time a periodie 
order is made. The operating costs taken into account in both inventory policies 
are the acquisition cost, the holding cost anel the shortage cost. 

These busic policies call be adapted to take into uccount special situations sueh 
us single or multi-iteul moelels with ar without a construiut on the total storage 
space, detenninistic ar stochastic dell1unels, lost sales, etc. For more details and 
examples see Ghiani et a I. 13J anel Nahmias 19J. 

3 Mathematical Programming Model 

Storage may be eonsielered one af the major warehollse fllnctions. Some funda
mentai deeisions occur during the elesign anel plnnning of a warehouse: (i) how 
much illvelltory sllOu lel be kept in the warehouse tal' eaeh SKU; (ii) how fre
quently anel ut what time should the inventory for u SKU be replenished, aliei 
(iii) what should be the size of the warehouse. 

The first two decisions lead to the traditional inventory munagement problem 
anel the )ust one is probably oue of the most importaut aspecto in designing a 
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warehouse. Once warehouse size is determined, it will act as a constraint t hat 
may last for a long period of t ime. 

Genera lly t here a re two basic choices for warehousing. T he fi rst is to operate 
a owned (or private) warehouse and t he second is to rent storage space from a 
public warehouse. Depending on which is least expensive a warehouse manager 
may use only one type or adopt a mLxed strategy - bot h owned and rented 
storage space. 

In this section we present a mathematical programming model t hat integrates 
t he warehouse sizing problem and the inventory decisions. The mathematical 
model determines t he opt imal overa ll size for a warehouse in a way that mini
mizes the inventory and warehouse costs. In developing t he model we a lso assume 
t hat external storage space is ava ilable to rent to allow the selection of t he most 
adequate storage alternat ive: storage space ownership, rented warehouse space 
or a combined solut ion. Furt hermore, an inventory cont rol policy will be based 
on continuous review policy (reorder point system). 

The problem can be stated as follow: a distribut ion company delivers a set 
of i products to its customers. Customers demand is well defi ned and uni t ac
quisit ion , processing, storage and inventory carrying costs are known. Given 
warehousing costs (both own storage space and rented space) t he objective is to 
determine t he size and type (own or rented ) of storage space required as well as 
t he quant ity of each product to order and respective reorder point, for a level of 
service and t hat minimizes total system costs. 

3.1 A MINLP M o del fo r the Warehouse Design Proble m 

The following notation, adapted fro m Strack and Pochet [11], is used: 

Parameters: 

CostCm' 

CoslAcqUi 

CostSh01·t 

C ostRecp 

: Product number (i = 1, .. . , 1) 

: Inventory carrying cost 

: Acquisition cost of product 'i 

: Sho rtage cost 

: Recept ion cost 

CostCapaS : External capacity cost 

Cosi.C apal'V : Capacity cost of t he private warehouse 

CostCupuFI,V: Private warehouse capacity fixed cost 

E(Uj ) : Expected va lue of t he demand of product ·i 

L : Supply lead t illie 

: Demand of product ·i d uring L 

: Average demand of product .j during L 

: Standard dev iat ion of demand of product i during L 
: Large positive number 
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Decision variables: 

{
I if we have a private warehouse 

10 = o otherwise 

CapaH/ : Capacity of the private warehouse 

CapaS: External additional s torage capacity 

Qj : Replenishment quantity of product 'i 

l'j : Reorder point of product i 

The general formulation of the model can be stuted as: 

nt'inint'ize 

subject to: 

J (Q ) J 8 Costcar· x 2' + '1"; -IlT + 8 CAcqu; x E(Ui ) 

J E(U) 1.00 

+ 8 CostS/lOrt x ---zi- x ,., (df - '·i)f(df) ddf 

J E(U) 
+ L CostReep x --'- + CostCapaS x CapaS 

i =1 Qi 

+ CapaW x w x (CostCapaW + CostCapaFW) , 

J 

L(Qi + r; - Ilf) :0: CapaW + CapaS , 
;= 1 

CalJaW :0: Mw , 

CapaW;::w, 

Qj, 7'-; 2: 0 , 

CapaW, CapaS;:: 0, 

wE {O, l} . 
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(1 ) 

(2) 

(3) 

(4) 

(5) 

( 6) 

(7) 

The objective function (1) is the expected warehouse and inventory costs per 
period. Concerning t he inventory cost.s we have taken into account: carrying 
cost, acquis ition cost and shortage cost. The warehouse costs are composed by 
the reception cost, the additional external storage capacity cost and the cost.s 
of the private warehouse. The integrity of the model is ensured by the capacity 
constraint (2) that guaranties that the required storage capacity is met. Con
straints (3)-(4) serve to include the costs of the private warehouse. Finally, a set 
of variables must be nonnegative (5)-(6) and another is considered binary (7). 
The above model considers inventory and warehouse size decisions since it in
tegrates both issues supporting decision makers defining the best warehousing 
alternative, taking into account space requirements determined by customers' 
demand. 
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3.2 Methodology 

The above model jointly integrates inventory decisions and size decisions (both 
ownership and rented storage space). It is a mixed-integer nonlinear program
ming model with a large number of variables when real cases are considered. 

To evaluate t he computational performance involved in solving the proposed 
integrated model, experimental tests were performed using LINGO 12.0 solver 
which lIses branch-ancl-bound algorithm for integer nonlinear problems. All tests 
were performed on an Intel Core 2Duo 1.4 GHz CPU and 3GB RAM. 

4 Computational Results 

Instances for different scenarios were randomly generated to assess the behaviour 
of the model when the number of products increases (see Table 1). Table 2 shows 
parameter val ues lIsed to generate the testing problems. 

Table 1. Analysed scenarios 

Scenario II III IV V 

SKU (unitsl 10 100 500 1000 5000 

Table 2. Parameter values for the numerical examples 

Parameter Value 

CostCa:1' 3 

C ostS /wl'f. 50 

CoslRecp 5 

C ostCapuB 20 
C ostCapa\t1! :J 

CostCapaFl'" 10 

E( Ui ) Uniform (1, 501 
el f N(J-lf, ah 

The computational results for t he different testing cases are shown in Table :3, 
As it can be seen it was possible to analytically solve to optimality all the test 
scenarios in a very satisfactory computat ional time. In general the algorithm is 
very efficient and converge to the optimal solution in a very short time. Never
theless, t he computat ional time of LINGO rises as the problem size increases. 
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Table 3. l'vlodel computational results 

Scenario 

I II III IV V 

Total variables 13 lOa 503 1003 5003 

Nonlinear variables ll 12 102 502 1002 5002 

Iterat ions 203 647 1762 4020 16021 

CPU time Imm : 55) 00: 03 00: 11 00: 41 01 : 20 14: 01 

State 
Global Global Global Global Global 

Opt. Opt. Opt. Opt. Opt. 

" Variables involved in the nonlinear relationships of the model. 

In oreler to point out some more features of the proposed rnodel, more exper
iments were conducted for a warehouse problem with 500 SKU, (scenario III). 
Again parameter values from Table 2 were used and service levels between 95% 
and 99% were considered . 

Table 4 shows that a privute warehouse can be less expensive than renting all 
the storage capacity, even considering higher amounts of stock. vVhen the pri
vately operated warehouse has an upper storage limit) the total optimal storage 
capacity equals the optimal capacity for the strategy of using only a public ware
house. This happens whenever t he storage upper limit of the private warehouse 
is less than the optimal storage solution of t he public warehouse. 

Table 4. Warehouse dimension and cost 

w AI CapaS Capa Hi Total Cost 

0 694 51060 
!lnli'lllJ/,ed 0 842 45724 

30n :194 300 48960 
500 194 500 47560 
600 94 600 46860 
700 0 700 461'19 
900 0 842 4572:\ 

Additional results also show that the inventory costs have a s ignificant im
pact in warehouse management (see Table 5). As expected the integration of an 
appropriate inventory policy may result in a reduction of the totul warehousing 
costs. 

The gathered results also indicate that a mLxed strategy (both owned and 
rented) would be better than renting all the storage space. \¥arehouse munage
ment should then achieve high levels of utilization for owned storage space and 
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Table 5. Warehouse tot.al costs 

UI M Inventory Costs Warehouse Cost.s Total Costs 

0 23908 27152 51060 

unlimited 2387S 21846 45724 

300 2:1110S 25052 4S960 

500 2:190S 2:1652 47560 

600 23fJ08 22H52 46860 

700 2390:3 22246 46149 

900 23~7S 21846 45724 

use additional rented space on a short-term basis to meet peak space require
ments . 

As it can be seen in Table 6, different cost elements have different impacts in 
warehouse total cost. 

Table 6. vVarehouse inventory and operational costs 

LU AI CostC lL.,. C08t.4qu Cosi.S lwr{ C ostRecp 

a lO5G 21436 1416 13272 

unl£m'it.ed 1279 21436 1W3 10900 

300 1056 21436 14](; 13272 

500 1056 21436 1416 13272 

000 105(1 214:16 1411; 13272 

700 1065 2143fl 1402 1:1140 

900 1279 21430 116:1 10900 

Since numerical tests were performed without having the real value of the dif
ferent parameters involved in the model, and in order to highlight some relevant 
issues in the performance of the model, it is important to investigate how much 
influence some fluctuations in different cost elements may have in the optimal 
solution. For t his purpose some of t hese costs will be selected and will vary (-10% 
und 25%) one at a time. 

Denoting :1: and :1:* as the initial parameter value and the new value, and 
w(x) and w(x*) as the size of the storage capadty we will measure the impact 
on warehouse size of some variations using the following equation: 

w(:z:}-w(:z:'} u 
w(:c'} x 100 1(, . (8) 

Table 7 sununarizes the impact of cost Hm:tuutions in the warehouse optimal 
size. A detailed look at t.he different cost, changes reveals that the reception cost 
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(CoBtRecp) has a larger impact in warehouse size, As expected, an increase in 
this cost forces the model to increase the optimal order quantities and conse
quently the warehouse storage size increases. In a similar way decreasing the 
reception cost causes a decrease of the storage size area. On the other hand, the 
carrying cost (CostCa.l·) and the shortage cost (CostSh01·t) have lower impacts 
in the optimal solution with changes in warehouse size less than 1.2%. 

Table 7. Impact in warehouse size (%) 

Parameter Variation C apaS Capa\'V 

CostCm' 
-10 - 0.71 - 0.59 

25 1.01 1.20 

C ostShol'l, - 10 0.58 0.48 

25 -0.99 -1.17 

C ostRecp 
- 10 4.8:1 4.7:3 

25 -9.51 -9.55 

CostC apaS - 10 -4 .67 

25 10.86 

CostCapaF\'V 
-10 - :1.55 

25 8.08 

The results also show that despite the inventory costs have a significant im
pact in the total warehouse costs, also variations in the warehouse costs mean 
significant impact in the storage size area. For example, the model is very sensi
tive to the external capacity cost (CostCapaS) where an increase of 25% causes 
a reduction of 10.86% of t he rented area. In a similar way a 25% increase in the 
cost of the owned warehouse (Cu.<tCapaFW) causes an reduction of 8.08% of 
the size storage area. 

The fluctuations that were carried out in some of t he parameters of t he model 
revealed that the size of the warehouse is more sensitive to changes of Home 
parameters than to others, Nonetheless, the warehouse size solution is quite 
robust once the proposed model integrates the different costs in a way that 
balance8 the trade-offs among them, minimizing the effect of the change. 

Finally it should be noted t hat in aUf numerical results the parameter vari
ations were done one at a time. Future research might also be performed to 
investigate joint effects of different parameters all the quality of the solution of 
the model. 

5 Conclusions and Future Work 

Ivlost of the t imes, inventory decisions and warehouse design decisions are in
dependently considered . In fact, a single decision model that integrates several 
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decisions concerning warehouse design and planning is very complex due to the 
t remendous amount of information to be processed, to the large number of ex
isting al ternatives, to the existence of various and often conflicting objectives 
and to the uncertainty inherent in the material ftow into , through and out of the 
warellouse. 

Throughout this work our aim was to show the value of integrating inventory 
decisions and warehouse design decisions, in particular t he strategic decision that 
concerns the size of a warehouse. For that purpose a mathematical programming 
model was proposed and disc ussed . 

The proposed mat hematical programming model joint ly integrates: (i) the size 
of a private storage warehouse; (ii) t he external additional storage capacity, if 
needed; and (iii) t he replenishment quantities and reorder points of t he products. 

Although the model is a mixed-integer nonlinear programming model with 
a large number of variables, usually difficul t to solve by general optimization 
packages, it was possible to solve to optimality some test scenarios in a very sat
isfactory computational time. Nevertheless for large instances t he computat ional 
t ime increases considerably. 

Computational results were obtained for five different scenarios randomly gen
erated. The gathered results also suggest t hat, for this particular situation, a 
mixed strategy, both owned and rented storage capacity, would have lower to
tal costs than renting all t he storage space. High levels of utilizat ion should be 
achieved for owned storage space and addit ional rented space should be used to 
meet peak space requirements. It has also been shown that inventory costs have 
a significant impact ill warehouse system costs. 

A sensitivity analysis was performed to observe the impact of cost fluctuations 
in t he warehouse optimal size. For this purpose some costs were selected and 
varied one at a t ime. The results show that t he size of t he warehouse is more 
sensitive to changes of some parameters than to others. 

Even though the presented rnodel integrates two important decisions con
eerning t he design of a warehouse, many other dedsions were not included. For 
example the size of the fUllctional areas inside the warehouse; the assignment 
and allocation problem of the products; the piddng and routing strategies, etc. 

In summary, despite some advances in integrated approaches, further research 
focusing integrated models where different processes in the warehouse are jointly 
considered (and its corresponding dynamic nature), is still required. Given the 
prevalence of warehouses in t he supply chain networks we believe that such research 
achievements can have a significant impact in t he supply chain performance. 
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