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Abstract 
Robust and cost-effective distribution is critical to any home delivery network 
growing company, both to meet demand under normal conditions and to 
adapt to temporary disruptions. Home healthcare is anticipated to be a rapidly 
growing modality of healthcare, itself the largest industry in the US and rife 
with optimization needs in areas such as logistics, scheduling, and supply 
chains. We develop two mixed integer programming models to optimize for-
ward storage locations in the supply chain of a national consumable medical 
supplies company with consistent monthly repeating demand, temporary 
disruption of facility operations, and remote international manufacturers. 
Modified p-median single and multi-echelon models are used to determine 
optimal locations of warehouses and distribution facilities that minimize total 
transportation cost, with 13% savings in one application (approximately $1.4 
million annually). Sensitivity analyses to a range of scenarios suggest that the 
optimal solution is robust across a number of potential scenarios. 
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1. Introduction 

A supply chain that ensures timely delivery is essential to almost all markets, 
with a recently growing industry segment being home healthcare, or more 
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simply homecare. As science progresses and the population ages, an increasing 
amount of healthcare is being provided in the home by formal and informal ca-
regivers [1] [2]. While generally better in terms of care quality, costs, and pa-
tient-centeredness [3], this movement also introduces new logistics complexities, 
one being timely and efficient coordinated delivery of homecare medical sup-
plies. Given the complexity of such problems, in other industries mathematical 
models often are used to analyze and optimize locations of manufacturing sites, 
distribution centers, and forward storage locations relative to demand patterns, 
volume, and geography (e.g. [4] [5] [6] [7]). We focus here on multi-mode dis-
tribution networks for consumable homecare supplies involving repeating 
monthly home customer demand, transportation via full truck load (FTL), less 
than truck load (LTL), and couriers, and international or geographically remote 
manufacturers. Examples within and beyond healthcare include monthly dialysis 
fluid, pharmaceutical supplies, cosmetics, perishable food supplies, printed pe-
riodicals, and others. As an illustration, we apply these models to an interna-
tional medical supply company under a variety of demand scenarios. The com-
pany supplies home dialysis fluid and equipment to several thousand US cus-
tomer homes on both regular (e.g. recurring) and emergent (e.g. next day) bases.  

Facility location and supply chain problems have been investigated in various 
contexts for decades, with the general aim being to locate one or more ware-
houses that distribute products across various routes and shipping modalities to 
all demand locations [8] [9] [10]. Originating with Weber’s work to locate a sin-
gle warehouse that minimizes total distance to several customers [11], early stu-
dies often applied a min-max approach to distances between supply and demand 
points [12], whereas more contemporary studies often focus on minimizing total 
transportation and opportunity costs. Most problems of this type have essential-
ly five components [13]: 1) locations of suppliers, 2) locations of customers, 3) 
number of facilities being located, 4) candidate locations for these facilities, and 
5) performance metrics to compare alternatives. While cost is the most common 
criteria [14], others include the number of stages, customer responsiveness and 
backorders, and inventory levels or ordering size. While much of the literature 
focuses on optimizing outbound shipments, inbound shipments also often can 
significantly impact optimal warehouse locations. 

This paper develops two types of multi-modal network models, a p-median 
single-echelon model that minimizes the total weighted distance from p storage 
locations to k customer demand nodes [15] [16] [17] and a hub-and-spoke mul-
ti-echelon model that additionally optimizes the location of distribution facilities 
between warehouses and customers [8] [9] [18] [19] [20]. The remainder of this 
paper is organized as follows. Section 2 describes the topology and assumptions 
of the type of distribution networks studied here. Sections 3 - 5 describe the two 
network models developed for this problem, summarizes their results, and con-
duct several sensitivity analyses. Section 6 discusses general conclusions, in-
sights, and recommendations. 
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2. General Context and Case Study 

The structure of the current supply chain is illustrated in Figure 1, a 1-median 
network with three basic levels: supplier, warehouse, and demand locations. 
Products are manufactured at two international locations and sent to a single US 
warehouse from which they are distributed to home-customers. While monthly 
demand for each product is known and fairly constant, delivery time windows 
are narrow and thus can produce high transportation costs. Products are 
shipped via truck from the warehouse to several forward-storage courier loca-
tions close to customers, and which then deliver them to their final destinations. 
Product demand is fairly stable and time-sensitive, with emergency deliveries 
periodically shipped directly from the warehouse to end-consumers due to either 
additional demand or a supply chain disruption. 

Figure 2 illustrates the two alternate network structures mentioned above. In 
other settings, adding a second warehouse tends to be cost efficient whereas 
more than two often becomes inefficient [21]. Our objective in both models is to 
determine the optimal number and location of facilities that minimize total 
transportation cost. Since operational and storage costs are minimal compared 
to transportation cost, for simplicity they are not considered in either model. To 
consolidate inbound shipments from manufacturers, only FTL shipments are 
used, whereas multiple outbound modes (FTL, LTL, courier) are used to distri-
bution facilities, couriers, and customers depending on volume and service level 
needs. Shipments exceeding 15,000 pounds can be shipped only via FTL but 
cannot exceed truck capacity of 44,000 pounds. 

Figure 3 summarizes current supplier, customer, and potential alternate 
warehouses and distribution facility locations. Customer demand at each loca-
tion primarily is deterministic, requiring consistent amounts of consumable  
 

 

Figure 1. Illustration of general architecture of current supply chain network, with mul-
tiple manufacturers supplying a central warehouse that in term forward stores some 
product near destination couriers and home demand locations. 
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(a) 

 
(b) 

Figure 2. Alternate supply chain network structures: (a) p-warehouse single-echelon 
model with multiple central warehouses; (b) Hub-and-spoke multi-echelon model with 
intermediate distribution facilities. 

 

Candidate Warehouse Location
Candidate Distribution Facility

 

Figure 3. Locations of current and candidate warehouses, distribution facilities, courier 
locations, and home customers. 
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supplies monthly. Product currently is supplied to 151 forward store courier lo-
cations and from these delivered to end-customers. For direct shipments to 
home care patients, 380 locations can be served via LTL and 1699 locations can 
be served via courier. Emergency shipments are satisfied directly from the 
warehouse using courier service providers. Twenty-six additional candidate 
warehouse and distribution facility locations (13 of each) were considered in our 
models based on geographic feasibility, zoning, and other logistics considera-
tions. 

3. Mathematical Models 
3.1. P-Warehouse Single-Echelon Model 

Table 1 summarizes parameters and decision variables used to develop a sin-
gle-echelon optimization model. Given a set of candidate warehouse locations J, 
the binary decision variable 1jx =  if location j is selected and 0 otherwise. 
Warehouses can provide shipments of any product l L∈ , with jklf  denoting 
outbound shipment quantities of product l from warehouse j to demand location 
k and ijlf  denoting inbound quantities of product l to warehouse j from sup-
plier i. FTL trucking costs for inbound and outbound shipments, ijc  and 1

jkc , 
respectively, are based on distance while the LTL cost 2

jkc  is based on shipment 
weight. Shipment costs via couriers are denoted by 3

jkc , with the binary variable 
1jky =  if warehouse j supplies courier location k. The decision variables ijt  

and 1
jkt  indicate the number of monthly FTL trucks from manufacturer i to 

warehouse j and from warehouse j to demand location k, respectively. The deci-
sion variable 2

jkt  indicates the weight of an LTL shipment from warehouse j to 
demand location k. 

Using the above notation, the p-median single-echelon model is formulated 
as: 

( ) ( )(
( ) ( ))

1 1

2 2 3

min ij ij ij jk jk jki I j J j J k K

jk jk jk jkj J k K j J k K

d t c d

t y

c t

c c

∈ ∈ ∈ ∈

∈ ∈ ∈ ∈

∗ ∗ ∗ ∗

∗

+

+ ∗

∑ ∑ ∑ ∑

∑ ∑ ∑ ∑
        (1.1) 

s.t. 

jj J x n
∈

=∑                             (1.2) 

( )jk jk K y x j
∈

≥ ∀∑                          (1.3) 

( )jk jk K y x K j
∈

≤ ∗ ∀∑                        (1.4) 

,jk jy x j k≤ ∀ ∀                           (1.5) 

1jkj J y k
∈

≤ ∀∑                           (1.6) 

,jkl klj J f r k l
∈

≥ ∀ ∀∑                        (1.7) 

, ,jkl kl jkf r y j k l≤ ∀ ∀ ∀∗                       (1.8) 

, ,ijl j il klk Kf x a r i j l
∈

≤ ∀ ∀∗ ∗ ∀∑                    (1.9) 
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Table 1. Notation for parameters and decision variables used in both models. 

Index Sets: 

I Index set of manufacturers 

J Index set of candidate warehouse locations 

K Index set of home customer demand locations 

L Index set of products 

Parameters: 

n Number of selected warehouses 

klr  Required quantity at demand location k for product l (in lbs.) 

ijd  Distance between manufacturer location i and warehouse location j (in miles) 

jkd  Distance between warehouse location j and demand location k (in miles) 

ijc  FTL cost per truck from manufacturer i to warehouse j (in $/mile) 
1
jkc  FTL cost per truck from warehouse location j to demand location k (in $/mile) 
2
jkc  LTL cost per pound from warehouse location j to demand location k (in $/lbs.) 
3
jkc  Cost of courier shipment from warehouse location j to demand location k (in $/shipment) 

ila  
1 if manufacturer produces product
0 otherwise

i l
= 


 

Decision Variables: 

ijlf  Quantity of product l shipped from manufacturer i to warehouse j (in lbs.) 

jklf  Quantity of product l shipped from warehouse j to demand location k (in lbs.) 

ijt  Number of FTL trucks from manufacturer i to warehouse location j 
1
jkt  Number of FTL trucks from warehouse location j to demand location k 
2
jkt  Weight of LTL shipment from warehouse location j to demand location k (in lbs.) 

jx  
1 if there is an operating warehouse at location 
0 otherwise

j
= 


 

jky  
1 if the operating warehouse at location serves demand location 
0 otherwise

j k
= 


 

 

,jkl ijlk K i If f j l
∈ ∈

≤ ∀ ∀∑ ∑                     (1.10) 

44000 ,ijl ijl L f t i j
∈

∀∗≤ ∀∑                     (1.11) 

1 244000 ,jkl jk jkl L f t t j k
∈

+ ∀∗≤ ∀∑                  (1.12) 

2 15000 ,jkt j k≤ ∀ ∀                         (1.13) 

1 2, , , ,ijl jkl ij jk jkf f t t t +∈                        (1.14) 

{ }, 0,1j jkx y ∈                           (1.15) 

The objective function 1.1 minimizes total inbound and outbound cost, with 
the first term based on the number of FTL trucks from manufacturers to ware-
houses, the second term based on the number of FTL trucks from warehouses to 
demand locations, the third term based on LTL shipment weight from ware-
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houses to demand locations, and the fourth term based on courier costs from 
warehouses to demand locations. Constraint 1.2 specifies the number of ware-
houses to use, n, while constraints 1.3 and 1.4 ensure only these selected ware-
houses serve demand locations and that all serve at least one demand location 
but not more than the total number of demand locations. Constraints 1.5 and 1.6 
ensure a shipping route can be used only if the associated warehouse is operating 
and that each demand location is served by at most one warehouse. 

Constraints 1.7 and 1.8 ensure that the total amount of product received by a 
demand location satisfies demand and that products only ship via open routes. 
Constraints 1.9 and 1.10 ensure that products shipped to a warehouse come 
from suppliers who produce them and that the outflow of products from a 
warehouse does not exceed its inflow. Constraints 1.11 and 1.12 determine the 
number of inbound and outbound FTL trucks required, as well as the total 
weight of LTL shipments. Constraint 1.13 limits the capacity of LTL shipments. 
Constraint 1.14 ensures non-negativity of product flow, number of FTL trucks, 
and weight of LTL shipments and constraint 1.15 defines decision variables jx  
and jky  to be binary. 

3.2. Hub-and-Spoke Multi-Echelon Model 

To also include intermediate distribution facilities, some additional notation is 
needed (Table 2). The term sklf  denotes outbound shipment quantities from 
distribution facility s to demand location k of product l, and ˆ

jslf  denotes in-
bound shipment quantities from warehouse j to distribution facility s of product 
l. The decision variables ˆ

jst  and 1
skt  indicate the number of FTL trucks from 

warehouse j to distribution facility s and from distribution facility s to demand 
location k, respectively. The decision variable 2

skt  indicates the weight of LTL 
shipments from distribution facility s to demand location k. Transportation cost 
in each of these segments is denoted by ˆ jsc , 1

jkc , and 2
jkc , respectively, and 

3
jkc  denotes the courier cost. 
The hub-and-spoke multi-echelon model then is: 
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Table 2. Additional parameters and decision variables used in multi-echelon 
hub-and-spoke model. 

Index Sets: 

S Index set of candidate distribution facility locations 

Parameters: 

m Number of selected distribution facilities 

ˆ
jsd  Distance between warehouse location j and distribution facility s (in miles) 

skd  Distance between distribution facility s and demand locations k (in miles) 

ˆ jsc  FTL cost per truck from warehouse j to distribution facility s (in $/mile) 
1
skc  FTL cost per truck from distribution facility s to demand location k (in $/mile) 
2
skc  LTL cost per pound from distribution facility s to demand location k (in $/lbs.) 
3
skc  Cost of courier shipment from distribution facility s to demand location k (in $) 

Decision Variables: 

ˆ
jslf  Quantity of product l from warehouse j to distribution facility s (in lbs.) 

sklf  Quantity of product l from distribution facility s to demand location k (in lbs.) 

ˆ
jst  Number of FTL trucks from warehouse location j to distribution facility s (in trucks) 
1
skt  Number of FTL trucks from distribution facility s to demand location k (in trucks) 
2

skt  Weight of LTL from distribution facility s to demand location k (in lbs.) 

sx  
1 if there is an operating distribution facility at 
0 otherwise

s
= 


 

ˆ jsz  
1 if an operating warehouse at serves an operating distribution facility at
0 otherwise

j s
= 


 

sky  
1 if the operating distribution facility at  serves demand location
0 otherwise

s k
= 


 

 

( )jk jk K y x j
∈

≥ ∀∑                       (2.6) 

( )jk jk K y x K j
∈

≤ ∗ ∀∑                     (2.7) 

( )sk sk K y x s
∈

≥ ∀∑                         (2.8) 

( )sk sk K y x K s
∈

≤ ∀∗∑                       (2.9) 

,jk jy x j k≤ ∀ ∀                        (2.10) 

ˆ ,js jxz j s≤ ∀ ∀                        (2.11) 

ˆ ,js sz x j s≤ ∀ ∀                        (2.12) 

ˆ js sj J z sx
∈

≤ ∀∑                        (2.13) 

,sk sy x s k≤ ∀ ∀                         (2.14) 

1jk skj J s Sy y k
∈ ∈

+ ≤ ∀∑ ∑                   (2.15) 

,jkl skl klj J s Sf f r k l
∈ ∈

+ ≥ ∀ ∀∑ ∑                (2.16) 
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, ,jkl kl jkf r y j k l≤ ∀ ∀ ∀∗                  (2.17) 

, ,skl kl skf r y s k l≤ ∀ ∀ ∀∗

                  (2.18) 

, ,ijl j il klk Kf x a r i j l
∈

≤ ∀ ∀∗ ∗ ∀∑               (2.19) 

ˆ ˆ , ,jsl js klk Kf z r j s l
∈

≤ ∀ ∀∗ ∀∑                (2.20) 

ˆ ,jkl jsl ijlk K s S i If f f j l
∈ ∈ ∈

+ ≤ ∀ ∀∑ ∑ ∑             (2.21) 

ˆ ,skl jslk K j Jf f s l
∈ ∈

≤ ∀ ∀∑ ∑                (2.22) 

44000 ,ijl ijl L f t i j
∈

∀∗≤ ∀∑                (2.23) 

1 244000 ,jkl jk jkl L f t t j k
∈

+ ∀∗≤ ∀∑             (2.24) 

2 15000 ,jkt j k≤ ∀ ∀                    (2.25) 

ˆ ˆ 44000 ,jsl jsl L f t j s
∈

∀∗≤ ∀∑                (2.26) 

1 244000 ,skl sk skl L f t t s k
∈

≤ + ∀∗ ∀∑ 

              (2.27) 

2 15000 ,skt s k≤ ∀ ∀                    (2.28) 

1 2 1 2ˆ ˆ, , , , , , , , ,ijl jkl jsl skl ij jk jk js sk skf f f f t t t t t t +∈

            (2.29) 

{ }ˆ, , , , 0,1j jk s sk jsx y x y z ∈                   (2.30) 

The objective function 2.1 minimizes the total transportation cost as pre-
viously, but now including inbound and outbound costs for distribution facili-
ties. The first four cost terms are the same as the previously, with the additional 
fifth term being the transportation cost between warehouses and distribution fa-
cilities, and the remaining three terms being the transportation costs from dis-
tribution facilities to demand locations based on number of FTL trucks, LTL 
shipment weights, and courier shipments, respectively. Constraints 2.2 and 2.3 
specify the number of warehouses and distribution facilities, while constraints 
2.4 and 2.5 ensure that only open warehouses supply distribution facilities and 
that all distribution facilities are supplied by at least one warehouse. 

Constraints 2.6 - 2.9 ensure that only open facilities supply demand locations 
and that all open facilities supply at least one demand location. Constraints 2.10 
and 2.11 ensure possible shipping routes exist only between open warehouses 
and distribution facilities, while constraint 2.12 allows only one warehouse to 
supply to each distribution facility. Constraints 2.13 and 2.14 ensure that either a 
warehouse or a distribution facility serve any particular demand point, con-
straint 2.15 ensures at most one incoming route to each demand location (either 
from warehouse or distribution facility), and constraint 2.16 ensures that all 
customer demand is satisfied. Constraints 2.17 and 2.18 ensure that products 
ship only across allowed routes. 

As previously, constraint 2.19 ensures that shipments to warehouses only 
come from suppliers that produce that product and constraint 2.20 similarly en-
sures shipments from warehouses to distribution facilities only through open 
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routes. Constraints 2.21 and 2.22 ensure outbound shipments from warehouses 
and distribution facilities do not exceed their inbound shipments. Constraint 
2.23 and 2.24 compute the number of inbound FTL shipments to a warehouse, 
outbound FTL shipments, and total LTL weight to be shipped via each route. 
Constraint 2.25 enforces the capacity limit on LTL shipments. Similarly, con-
straints 2.26 - 2.28 compute FTL shipments and LTL weight for distribution fa-
cilities. Constraint 2.29 ensures non-negativity of the number of FTL trucks, LTL 
shipment weights, and product flow to and from all warehouses and distribution 
facilities, and constraint 2.30 defines the decision variables , , ,j jk s skx xy y   and 
ˆ jsz  to be binary. 

4. Results 

Both models were implemented in IBM ILOG CPLEX Optimization Studio Ver-
sion 12.6.0.0 running on a 64-bit Windows 7 computer with Intel Core i7-4770 
CPU @ 3.40GHz and 8.00 GB of RAM. Although both types of problems can be 
difficult to solve, with their computational complexity being of order 0(n3) [22] 
[23] [24] and thus NP-hard (Kariv and Hakimi, 1979), reasonable run times are 
obtained in our applications (Table 3). FTL transportation costs are based on 
distances and historical pricings collected from the internet  
(https://www.truckloadrate.com). LTL transportation cost per pound was calcu-
lated from an industry standard pricing using the “CzarLite tables”, while couri-
er costs were calculated based on route and weight shipments.  

Table 3 summarizes results for the single echelon p-warehouse network model,  
 
Table 3. Optimization results for p-warehouse network analysis. 

 
Number of warehouses 

1 2 3 4 

Warehouse locations Texas Texas, California 
Texas, 

California, 
Kentucky 

Texas, 
California,  

Kentucky, North 
Carolina 

Shipment cost from  
manufacturer to warehouse 

locations 
$271,898 $204,184 $258,566 $276,286 

Shipment cost from  
warehouses to demand  

locations 
$321,907 $295,999 $252,262 $226,603 

Emergency shipment cost 
from warehouses to demand 

locations 
$300,855 $320,320 $275,408 $267,275 

Monthly transportation cost $894,660 $820,503 $786,236 $770,164 

Savings - $74,157 $108,424 $124,496 

Annual savings - $889,884 $1,301,088 $1,493,952 

% of savings - 8.29% 12.12% 13.92% 

Model run time 501.03 Sec 152.19 Sec 872.37 Sec 581.14 Sec 
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successively solved setting p = 1, 2, 3, 4 warehouses, with the first two ware-
houses located in the southwest and the next two in the southeast. A substantial 
savings results by increasing the number of warehouses from one to two, with 
fewer saving beyond that. These results also indicate that warehouse locations 
depend to a greater extent on the locations of manufacturers than of home cus-
tomers, with in this case warehouse proximity to the Mexican border being op-
timal (Figure 4). To improve robustness to short-term facility shutdowns, a 
second warehouse in California is optimal, producing roughly $74,000 savings 
monthly in transportation cost. 

Table 4 and Table 5 summarize results for the multi-echelon model, assum-
ing just one warehouse or multiple warehouses respectively, and for practical 
purposes using the warehouse locations from the results of model 1 and then 
finding the optimal number and locations of distribution facilities. 

Note that distribution facilities are located more widely across the country and 
closer to customer home locations than the warehouses (Figure 5). Opening a 
distribution facility in North Carolina would save $50,398 per month, a 5.63%  

 
Table 4. Results for multi-echelon model assuming just one warehouse. 

 
Number of distribution facilities 

0 1 2 3 4 

Distribution facility locations - 
North  

Carolina 
Georgia, 
Illinois 

Illinois, 
Georgia, 

North  
Carolina 

Georgia,  
Illinois, North  

Carolina, 
California 

Shipment cost from  
manufacturer to warehouse 

location 
$271,898 $271,898 $271,898 $271,898 $271,898 

Shipment cost from warehouse 
to demand locations 

$321,907 $194,324 $108,930 $108,930 $58,840 

Emergency shipment cost from 
warehouse to demand locations 

$300,855 $170,097 $134,262 $134,175 $108,530 

Shipment cost from warehouse 
to distribution facilities 

- $52,484 $67,440 $75,891 $98,248 

Shipment cost from  
distribution facility to demand  

locations 
- $60,265 $121,652 $99,599 $120,915 

Emergency shipment cost from 
distribution facility to demand 

locations 
- $95,197 $119,063 $115,144 $133,610 

Monthly transportation cost $894,660 $844,265 $823,245 $805,637 $792,041 

Savings  $50,395 $71,415 $89,023 $102,619 

Annual savings  $604,740 $856,980 $1,068,276 $1,231,428 

% of savings  5.63% 7.98% 9.95% 11.47% 

Model run time 12.53 Sec 532.26 Sec 36.63 Sec 44.98 Sec 53.63 Sec 
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Table 5. Results for multi-echelon model assuming multiple warehouses. 

Number of  
warehouses 

1 2 3 

Number of  
distribution facilities 

0 0 1 2 3 4 0 1 2 

Warehouse locations Texas 
Texas,  

California 
Texas,  

California 
Texas,  

California 
Texas,  

California 
Texas,  

California 

Texas, 
California, 
Kentucky 

Texas, 
California,  
Kentucky 

Texas, 
California, 
Kentucky 

Distribution facility 
locations 

- - 
North  

Carolina 

North  
Carolina, 
Illinois 

North  
Carolina, 
Illinois, 
Nevada 

Pennsylvania, 
Illinois,  
Nevada,  
Georgia 

- 
North  

Carolina 

North  
Carolina, 
Nevada 

Monthly  
transportation cost 

$894,660 $820,503 $778,010 $754,499 $739,677 $727,684 $786,236 $763,322 $743,129 

Savings - $74,157 $116,650 $140,161 $154,983 $166,976 $108,424 $131,338 $151,531 

Annual savings - $889,884 $1,399,800 $1,681,932 $1,859,796 $2,003,712 $1,301,088 $1,576,056 $1,818,372 

% of savings - 8.29% 13.04% 15.67% 17.32% 18.66% 12.12% 14.68% 16.94% 
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Figure 4. Composition of transportation costs by number of warehouses. 
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Figure 5. Composition of transportation costs by number of distribution facility (for sin-
gle-warehouse and two-warehouse networks). 
 
savings, whereas adding two distribution facilities would save an additional 
$21,020 per month. Importantly, additional warehouses both will reduce total 
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transportation cost and make the supply chain more robust to temporary failure 
of facilities. For example, adding a second warehouse for this robustness also 
reduces costs by $74,157 per month, an 8.29% savings, whereas adding a second 
warehouse and a distribution facility reduces costs by $116,650 per month, a 
13% savings.  

5. Sensitivity Analysis 

Two types of sensitivity analyses were conducted to investigate the effect of geo-
graphical changes in demand and the effect of short-term facility shut downs 
due to weather events or other factors. In the first case, the current demand pat-
tern has 51% of customers located in the eastern US, 27% in the western region, 
and 22% in the central and mountain regions. As a somewhat extreme-case 
analysis, Figure 6 and Table 6 summarize optimization results if all demand in-
stead was shifted entirely to either the eastern or western regions of the country. 
Interestingly, the optimal location of the first warehouse remains unchanged for  
 

Table 6. Impact of changes in customer locations on optimal network. (a) Single-echelon network; (b) One-warehouse mul-
ti-echelon network; (c) Two-warehouse multi-echelon network. 

(a) 

 Demand evenly spread on the east coast Demand evenly spread on the west coast 

Number of 
warehouses 

1 2 3 4 1 2 3 4 

Warehouse 
location 

Texas 
Texas,  

Kentucky 

Texas,  
Kentucky, 

North Carolina 

Texas, Kentucky, 
North Carolina, 

Georgia 
Texas 

Texas,  
California 

Texas,  
California, Ne-

vada 

Texas,  
California, 

Nevada,  
Arizona 

Monthly  
transportation 

cost 
$874,560 $832,230 $812,169 $800,663 $926,568 $592,351 $573,400 $565,524 

Model run time 12.37 Sec 545.04 Sec 72.322 Sec 612.772 Sec 12.09 Sec 45.942 Sec 370.518 Sec 99.013 Sec 

(b) 

Warehouse 
location 

Texas Texas 

Number of 
distribution 

facilities 
0 1 2 3 4 0 1 2 3 4 

Distribution 
facility  

location 
- 

North  
Carolina 

Ohio, North 
Carolina 

Georgia, 
Ohio, North 

Carolina 

Georgia, Ohio, 
North  

Carolina, 
Pennsylvania 

- 
Southern 
California 

Southern 
California, 
Northern 
California 

Southern 
California, 
Northern 
California, 

Washington 

Southern 
California, 
Northern 
California, 
Georgia, 

Washington 

Monthly  
transportation 

cost 
$874,560 $816,062 $794,030 $776,992 $764,154 $926,568 $882,811 $864,463 $849,589 $837,879 

Model run  
time 

12.43 Sec 569.75 Sec 28.66 Sec 55.55 Sec 49.37 Sec 12.26 Sec 36.07 Sec 24.07 Sec 43.32 Sec 41.70 Sec 
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(c) 

Warehouse 
locations 

Texas, California Texas, California 

Number of 
distribution 

facilities 
0 1 2 3 4 0 1 2 3 4 

Distribution 
facility  

location 
- 

North  
Carolina 

Pennsylvania, 
Nevada 

Pennsylvania, 
Ohio, Nevada 

Georgia, 
Pennsylvania, 
Ohio, Nevada 

- Washington 
Northern 
California, 

Washington 

Northern 
California, 

Washington, 
Utah 

Northern 
California 

Washington, 
Utah,  

Nevada 
Monthly 

transportation 
cost 

$867,749 $821,181 $780,316 $760,594 $746,593 $592,351 $576,732 $564,828 $560,281 $558,872 

Model run 
time 

15.83 Sec 914.59 Sec 914.85 Sec 376.48 Sec 375.57 Sec 15.65 Sec 615.08 Sec 283.81 Sec 614.83 Sec 374.57 Sec 
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Figure 6. Impact of customer location on monthly transportation cost. (a) Single-echelon; 
(b) Single-warehouse multi-echelon; (c) Two-warehouse multi-echelon. 
 
all single and multi-echelon models and scenarios, but with second and third 
warehouses now concentrating closer to customer demand in the respective re-
gion. Cost savings from additional warehouses or distribution facilities also sig-
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nificantly increases as the demand shifts to the west coast. 
Conversely, Table 7 summarizes the cost impact if demand changes but in-

stead the original optimal locations still are used (i.e., without re-optimization). 
As shown, the original optimal locations remain optimal for roughly 30% of 
demand redistribution scenarios, although costs increase by roughly 4% if de-
mand shifts to the east coast and 7% if the demand shifts to the west coast. 
As a second sensitivity analysis, we analyzed transportation costs if one or more 
facilities are unable to ship product for a short period of time (e.g., one month) 
such as due to weather, stock outs, or operational issues. We assumed a “worse 
case” shut down scenario of one month and that other facilities can deliver prod-
ucts to customers if and when this occurs (except when only p = 1 warehouse). 
Table 8 summarizes the change in costs if either one or two warehouses fail, 
with each number of warehouses being optimal when all facilities are operating. 
As shown, costs significantly increase when the warehouse in Texas fails in a 
2-warehouse network but much less so in a 3-warehouse network. Although a 
second warehouse less significantly reduces outbound cost, overall transporta-
tion cost therefore favors locating a second warehouse in California.  

For the three-warehouse single-echelon network, there is a savings of 
$108,424 per month over a one-warehouse network, or $1.3 million (12%) an-
nually, as well as improvement in network stability. For the multi-echelon case, 
 

Table 7. Change in cost for optimal network under change in demand. 

 Demand evenly spread on the east coast Demand evenly spread on the west coast 

Number of 
Warehouses 

1 1 2 2 3 1 1 2 2 3 

Number of 
distribution 

facilities 
1 2 0 1 0 1 2 0 1 0 

Warehouse 
location 

Texas Texas 
Texas,  

California 
Texas,  

California 

Texas,  
Kentucky, 
California 

Texas Texas 
Texas,  

California 
Texas,  

California 

Texas,  
Kentucky, 
California 

Distribution 
facility  

location 

North 
Carolina 

Georgia, 
Illinois 

- 
North  

Carolina 
- 

North  
Carolina 

Georgia, 
Illinois 

- 
North  

Carolina 
- 

Monthly 
transportation 

cost 
$816,062 $811,517 $867,749 $821,181 $832,230 $928,493 $926,568 $592,351 $594,390 $598,959 

Monthly 
transportation 

cost from 
network  

optimization 
for the  

demand 

$816,062 $794,030 $832,230 $821,181 $812,169 $882,811 $864,463 $592,351 $576,732 $573,400 

Cost Increase - $17,487 $35,519 - $20,061 $45,682 $62,105 - $17,658 $25,559 

% increase - 2.20% 4.27% - 2.47% 5.17% 7.18% - 3.06% 4.46% 

Model run 
time 

15.68 Sec 15.80 Sec 13.56 Sec 161.43 Sec 110.65 Sec 15.36 Sec 15.30 Sec 13.09 Sec 16.10 Sec 20.39 Sec 
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Table 8. Facility failure analysis: (a) Single-echelon network; (b) Multi-echelon network. 

(a) 

Number of  
warehouses 

1 2 3 

Optimal 
locations 

Texas Texas, California Texas, California, Kentucky 

Operating 
locations 

Texas California Texas, California Kentucky Texas, Kentucky Kentucky, California 
Texas, Kentucky, 

California 

Outbound cost $622,762 $868,699 $616,320 $568,746 $533,486 $550,990 $527,670 

Transportation 
monthly cost 

$894,660 $970,486 $820,503 $971,015 $855,246 $821,157 $786,236 

(b) 

Number of  
warehouses 

1 1 2 

Number of  
distribution  

facilities 
1 2 1 

Optimal 
warehouse 
locations 

Texas Texas Texas, California 

Optimal 
distribution  

facilities 
North Carolina Georgia, Illinois North Carolina 

Operating  
warehouse 

location 
Texas Texas Texas Texas Texas California California 

Texas,  
California 

Texas,  
California 

Operating  
distribution facility 

location 
- 

North  
Carolina 

Georgia Illinois 
Georgia, 
Illinois 

- 
North  

Carolina 
- 

North  
Carolina 

Outbound cost $622,762 $519,815 $521,611 $544,505 $483,977 $868,699 $678,745 $619,086 $516,792 

Transportation 
monthly cost 

$894,660 $844,196 $844,302 $857,248 $823,308 $970,486 $902,722 $820,503 $778,010 

 

the two-warehouse network with one distribution facility tends to be optimal 
both under regular and facility failure scenarios, producing a monthly savings of 
$116,650 (13%), or $1.4 million annually, as compared to a one-warehouse net-
work. 

6. Discussion 

Optimal supply chains can significantly affect transportation costs and profit mar-
gins [5]. Two network structures for a homecare medical supply distribution net-
work were analyzed in this paper in order to minimize total cost and provide pro-
tection against temporary facility shutdowns. The remote locations of manufac-
turers have greater influence on the network structure than the end-customers, 
with a significant reduction in total transportation cost if two warehouses are used. 
More than one distribution facility shows marginal savings, however, due to the 
substantial increase in transportation cost from warehouses.  
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In our case, one additional warehouse and one distribution facility saves ap-
proximately 13% in total transportation cost, or roughly $1.4 million annually. 
Although additional facilities continue to produce a bit more savings, operation-
al and inventory management costs likely will increase as well. Recall that we 
focused only on transportation cost since it comprises roughly 80% of total lo-
gistics cost in this case, rather than also including inventory and operational 
costs. We also assume no trans-shipment between facilities [25] and that ship-
ping routes have no capacity constraints, in essence equating to unbounded 
truck company availability, which seems reasonable.  
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