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For healthcare systems that operate in large, geographically dispersed areas, the quality of the services provided
requires the effective management of a complex transportation problem. We present a decision support system
to help healthcare managers improve the delivery of biological samples collected from patients in hospitals and
outpatient clinics to laboratories that perform tests on them. We develop an optimization model for supporting
strategic decisions on the transport of samples and the assignment of work in a large healthcare network with
geographically dispersed hospitals, clinics, and testing laboratories. We embed our model in a Web-based tool
to provide planners with interactive functions, enabling them to explore solutions and interactively access data
to facilitate the analysis of what-if scenarios. The tool proved invaluable in helping the Andalusian Healthcare
System obtain significant improvements in efficiency, quality of service, and outsourcing costs.
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n the Andalusian autonomous region of southern

Spain, the Andalusian Health Administration
(AHA) provides universal public health services to
more than eight million people. Because of increas-
ing cost constraints, healthcare planners such as
AHA need to enhance their decision-making pro-
cesses to prudently allocate their available resources.
In 2008, AHA undertook an ambitious project for the
Andalusian Regional Network of Clinical Laborato-
ries (RNCL) to implement new processes to meet this
objective. RNCL's new paradigm focuses on coordi-
nation within its laboratories, development of service
level agreements, and integration of laboratory infor-
mation systems.

Clinical laboratories within RNCL provide labora-
tory test services that are crucial to the quality of
patient healthcare. These services are an integral part
of diagnosis, therapy, and patient care, including risk
screening in healthy patients. The process starts with
collecting a biological sample from a patient at any
laboratory within RNCL’s extensive peripheral net-
work. RNCL may test this specimen within its net-
work or may outsource the analysis; we refer to this
analysis as test processing or determination. After

360

the processing laboratory has completed its clinical
tests, it sends the results to the laboratory that col-
lected the sample. Plebani et al. (2006) describe the
sequence of tasks involved. To aid its operational
decisions, AHA periodically issues a report with an
estimate of the processing cost of each determina-
tion as performed by each laboratory (i.e., the result
of a biennial cost-control technique based on relative
value units as commonly used in public hospitals)
(Brezmes et al. 2002).

In early 2008, AHA appointed a multidisciplinary
committee, including healthcare managers, clinicians,
and operations research engineers, to develop strate-
gies to improve the services of RNCL. After study-
ing comprehensive internal reports on RNCL's prior
activities in this area, the committee reached three
major conclusions. First, it determined that in the
absence of a planning procedure to assign work
to laboratories, factors such as provincial boundary
issues, aggressive marketing from private laborato-
ries, and personal relationships often influenced the
choice of the processing laboratory for a test. The
lack of coordination among laboratories led to a gen-
eral pattern of individualistic behavior within RNCL,
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resulting in an unnecessarily high number of out-
sourced determinations. Moreover, although RNCL
had a sufficient number of fully equipped member
laboratories capable of performing the tests, the out-
sourcing costs were one of the highest components in
its service delivery costs.

Second, the committee concluded that shipping
costs were excessive. In the context in which RNCL
managers were negotiating new price structures,
including pricing for reactive products (i.e., products
that interact with specimens to facilitate measure-
ments of the requested parameters) and laboratory
information systems, shipping services had to be
included in these price structures. To obtain better
prices and higher quality from the carrier services,
the committee decided to centralize its procurement
of package carrier firm contracts.

Third, healthcare managers and clinicians on the
committee were confident that RNCL’s laboratories
could handle larger workloads, and some hospitals
should limit the traffic (i.e.,, annual quantity of tests
shipped) they send to their preferred or favorite
higher-level hospitals.

After the committee completed its analysis, it iden-
tified two action items. It would develop (1) a new ref-
erence model (i.e., paradigm), which would be based
on a business process management platform, to facil-
itate cooperation among laboratories and track tests
within RNCL, and (2) a new planning procedure
to better utilize RNCL's laboratories and reduce the
number of outsourced tests. This procedure would
focus on coordination and improved logistics. Our
research group was responsible for developing this
planning procedure, the major output of which is
the decision support system (DSS) that we discuss in
this paper.

We structured this paper as follows. The Problem
Description section outlines the problem for which
RNCL planners required a new planning proce-
dure. The Literature Review section presents a brief
review of the literature related to the problem. The
RNCL’s Long-Term Planning Problem section describes
the modelling assumptions within our proposal to
support all-inclusive managerial decisions for RNCL’s
logistics. The Model section describes our solution,
a mixed-integer linear programming (MILP) model

(see Appendix A). We perform a sensitivity analy-
sis on different parameters of the model to study its
viability to fit a variety of likely midterm scenarios
(see Appendix B). The section DSS Tool Implementa-
tion presents a Web-based interactive tool developed
to implement the MILP model and hence, fulfill the
quantitative analysis requirement dictated by RNCL
management (i.e., the use of an accessible and user-
friendly software tool). Finally, Conclusions summa-
rizes the major results of our work and discusses
future work.

Problem Description

The clinical laboratories at RNCL are located inside
hospital buildings or in separate buildings within or
near the hospital complex. The core healthcare net-
work includes about a dozen reference hospitals that
have large central laboratories equipped with total
laboratory automation systems (e.g., advanced ana-
lytical and information technology (IT) techniques),
which are capable of providing results covering many
parameters. Although their portfolios include more
than 1,400 clinical tests, we can observe a Pareto dis-
tribution of the clinical tests requested. Extraneous
tests make up about 10 percent of the tests; accord-
ing to Schleicher (2006, p. 125), “... about 10 percent
of the requests are scattered over a wide variety of
very different parameters which are requested only in
specialized cases.” The core healthcare network also
includes provincial hospital laboratories, which are
not equipped as extensively and often redirect clinical
tests to other processing laboratories.

After the committee completed its analysis,
it encouraged healthcare managers to implement
changes to improve both efficiency and the general
quality of patient care. The committee believed that
the enhanced cooperation among member laborato-
ries would result in clear benefits to patients because
test results would be received earlier. Additionally,
healthcare managers needed comprehensive quanti-
tative analyses to make informed decisions about
efficiency improvements. Because the RNCL port-
folio was comprehensive, savings were possible if
healthcare managers undertook both strategic and
design improvements throughout RNCL. Using deci-
sion tools to assess the alternatives for enhanced
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coordination and logistics in this large and complex
network would be necessary. Specifically, because
RNCL had opened new facilities as part of a general
plan to improve access to medical care (Rodriguez
Diaz 2011), planners needed a tool to respond to
events in the changing RNCL environment. For exam-
ple, a planner must consider that in setting up new
hospitals, a hospital may come online (i.e., be acti-
vated) although its laboratory is still part of RNCL.
The DSS had to be an IT tool that would address three
requirements, as follows.

(1) It must be able to use input data from diverse
sources to construct and resolve different scenarios,
regardless of the amount of computer time needed.

(2) It must allow planners to analyze the workload
and the flow assignments by studying a resolved sce-
nario (i.e., midterm plan) in greater detail.

(3) It must allow planners to compare scenarios.
The tool must allow them to rank each potential plan
based on the average expected satisfaction of patients,
as if the potential plan had been in practice. Planners
must be able to use the tool to make operating deci-
sions on primary care—the RNCL service that drains
the most resources.

Literature Review

We began our review of previous literature by con-
sidering the core models of network design (Ahuja
et al. 1993). Next, we reviewed work that addresses
problems similar to those that RNCL faced.

Because of the difficulties of maintaining stable
conditions for biological samples, decisions on trans-
portation and samples processing are similar to those
needed in the supply chain of perishable goods.
Eksioglu and Jin (2006) address a production and
transportation planning problem in a two-echelon
supply chain for a single perishable product, which
they model as a flow network to which the authors
add a MILP formulation. However, their model does
not consider transportation between the facilities, and
enforces the constraint that each retailer is assigned
to exactly one facility. Eksioglu et al. (2007) use the
same approach, but they extend it to a multiproduct
model. They solve it using Lagrangian decomposi-
tion, although they do not assume that goods have

a limited life. However, their work does not con-
sider production and (or) transportation capacity con-
straints, as required by RNCL planners (e.g., limiting
the traffic from provincial hospitals to higher-level
hospitals, and considering the capacity of the latter).

Because the RNCL planning problem relates largely
to the transportation between nodes (i.e., hospitals
or clinical laboratories), we reviewed studies that
address the perishable nature of goods and focused
on the transportation stage. Andreatta and Lulli
(2008) consider a real-world application of blood
delivery from a blood bank to hospitals within a
city; they model it as a multiperiod travelling sales-
man problem. Osvald and Stirn (2008) formulate a
problem of perishable food distribution as a vehicle
routing problem time window with time-dependent
travel times. Ambrosino and Sciomachen (2007) deter-
mine the distribution plan for two products (fresh
food and frozen food) to minimize the total travel-
ling costs by formulating a vehicle routing problem
with split delivery. These three works use a directed
graph structure, which is also appropriate to repre-
sent the RNCL logistical issues. Nevertheless, they are
not applicable to the RNCL problem, because they are
suitable only for small networks and do not consider
production decisions.

In analyzing the logistical issues of RNCL, we char-
acterize it as various clinical sample types travelling
through a distribution network; thus, we choose to
regard it as a multicommodity network-flow problem
(MCF). Therefore, we formulate it as a multicom-
modity minimum-cost flow problem, using link selec-
tion and flow assignment as decision variables, and
cost minimization as its objective. It differs from
standard minimum-cost flow problems in that we
consider the cost of the flow along each link as a
discrete function of the flow along that particular
link. Cohn et al. (2008) use a similar approach to
deal with the cost reduction achieved by a package
carrier firm when contracting with a cargo airline;
they assume that the cargo airline presents a price
offer to each client depending on the cost of the entire
load purchased. However, in Cohn et al. (2008), dis-
counts on shipments are a function of the overall flow
of the network; in our study, we use discount fac-
tors attached to the flow in each connection. More-
over, the carrier firm network comprises fewer than
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50 nodes; we must manage a much larger network
of almost 500 nodes in the RNCL planning problem.
Therefore, our method of quantifying savings in each
link of the network represents an innovation in cur-
rent research—and an even greater innovation when
applied to RNCL's large network.

RNCL’s Long-Term Planning Problem

Our planning procedure focuses on the task of reengi-
neering and redesigning RNCL’s planning problem
(henceforth referred to as the planning problem).
We tackle it by considering long-term planning with a
deterministic data approach, thereby equalizing sea-
sonal issues over the long term.

We create an MCF model explained in a graph of
RNCL. In this model, the flow through a vertex incurs
a processing cost (if the sample is analyzed) or a tran-
shipment cost. Our model also includes costs for flow-
ing along links, whether they represent shipping costs
or outsourcing costs.

Graph Representation
To provide a flexible representation of the network,
we identify the following functional entities:

* Serving center (SC): the clinical laboratory (ver-
tex) that processes tests on samples; its main feature
is its installed capacity.

¢ Outsourcing center (OC): a single entity that
models the service points located outside the RNCL
boundaries.

e Point of extraction (POE): the center that col-
lects samples for analysis; it could be within RNCL
(in an SC) or outside RNCL (in the OC).

* Demand transfer point (DTP): the center at which
samples coming from POEs are collected (a pro-
cess that involves reception, stabilization, and conser-
vation); the samples are shipped later—typically to
an SC.

We next represent RNCL by using a directed graph
(see Figure 1), that contains N + 2 vertices: N vertices
represent the centers (i.e., SCs, POEs, DTPs), an arti-
ficial vertex represents the individual demand inser-
tion point (i.e., the supersource vertex that supplies
the total demand for the planning horizon) that feeds
the POEs, and another artificial vertex represents the
sink vertex for the outsourcing flows. For sample sta-
bility, if the distances between vertices are excessive
(> 250 km), we exclude shipping connections.

Outsourcing

—

Figure 1: This directed graph represents the regional network of clinical
laboratories. Biological samples collected at points of extraction (POEs)
are shipped to demand transfer points (DTPs) or service centers (SCs) for
analysis, or to an outsourcing center (0C).

Model

We develop a MILP model that takes into account the
specific requirements relevant to the planning prob-
lem, to find where to best satisfy the demand for clin-
ical tests (i.e., process the clinical samples) and how
to best route them, with the primary objective of min-
imizing operational costs. Appendix A provides the
detailed formulation of the planning problem.

The objective function includes both the aforemen-
tioned costs (shipping, transhipment, processing, and
outsourcing) and two additional factors that con-
tribute to operational costs. Planners want to prevent
an excessive number of transhipments between labo-
ratories to avoid additional operational costs (see Fig-
ure 2). These additional costs are a piecewise linear
function of transhipments. The threshold that trig-
gers this penalty is expressed as a percentage of the
installed capacity, and the penalty has a linear rela-
tionship to the number of transhipments above the
threshold. However, planners also want to ensure that
workloads are above a specific minimum level when
they select a clinical laboratory for processing a partic-
ular test type. Therefore, we add a second piecewise
linear function that includes a penalty whenever the
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Penalty resulting
from excess transhipments

Transhipments

Threshold:
A percentage of capacity

Penalty resulting
from low usage

Workload

Minimum
workload

Figure 2: A laboratory that receives too few or too many samples to
analyze incurs additional operational costs. When it receives too many
samples, a penalty results from the excessive number of transhipments;
however, when it receives too few samples, a penalty results from the
inadequate use of installed capacity.

established minimum workload at an RNCL labora-
tory is not achieved (see Figure 2). In this figure, we
assume that the penalty, because of this low usage,
follows a piecewise linear function of the workload.
The penalty has a linear relationship to the workload
deficit.

Our model sets the per-unit shipment cost along
each link as a discrete function of the flow along that
link. RNCL managers negotiate discounts based on
volume using a public tender for which carrier firms
bid. To simplify the tender process, each carrier must
present a single price offer for each shipping con-
nection (i.e., offer the same set of discount rangesfor
each link), with each range characterized by a lower
bound, an upper bound, and the discount rate. Recip-
rocally, the firms winning the tender may save costs
by using aggregation (i.e., carrying more freight in a
single shipment). Therefore, our model considers the
cost of flow along each shipping connection; it first
bases the cost on distance and later discounts the
price depending on the flow and carrier choice.

Using the previous modelling assumptions, we
transform the RNCL planning problem into one of
obtaining a detailed production and transportation
plan to minimize operational costs (i.e., we assign
specific workloads to each SC, select only one pack-
age carrier company to operate each link, and stipu-
late the exact number of each test type that can flow
through each link).

Finally, to fully realize the production and trans-
portation plan that has been generated, the model
estimates the expected quality of service (QoS). QoS is
measured in terms of an average geographical acces-
sibility (AGA) indicator, which indicates the average
number of transhipments each test needs to reach the
laboratory that will process the sample (see Equa-
tion (A18)). This ad hoc indicator considers that each
transhipment involve tasks (i.e., reception, conserva-
tion, storage, and resending of clinical samples) and
has a risk that the sample might deteriorate because of
temperature or time. Clearly, a plan with a low AGA
value would provide good geographical accessibility
performance and timely test results.

The model allows the decision maker to impose
traffic bounds (constraints (A6) and (A7)) and capac-
ity constraints for the processing levels, including the
outsourcing vertex (constraints (A3)). It uses typical
MCEF balance equations for the workload assignment
to vertices and for the evaluation of transhipments in
each SC (constraints (A4) and (A5)). As mentioned ear-
lier, the model supports centralized management of
package carrier services (constraints (A8) and (A10)).
Finally, the penalty shapes in Figure 2 appear lin-
earized (constraints (A11)—(A16)).

Sensitivity Analysis

The model focuses initially on the current RNCL plan-
ning problem. However, extending and adapting it
to other contexts (e.g., the addition of new care ser-
vices or centers, or demographic changes) is possible.
Therefore, a sensitivity analysis of various parameters
of the problem will provide insights about the viabil-
ity of the model for different scenarios.

In approaching the sensitivity analysis, we use
design of experiments (DOE) (Montgomery 2009)
to fine-tune the estimate of the real influence of
parameters using a reduced number of experiments.
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Consequently, we apply a systematic variability of
parameters (factors) and then carefully investigate
the effects of those factors in the observable outputs
(responses). Appendix B shows our DOE sensitivity
analysis.

We group the parameters of our analysis into three
sections, as we describe next.

(1) Parameters related to the optimization tool: the
Tlimit parameter indicates the computation time that
the tool requires to optimally solve the model. Plan-
ners might have to optimally solve multiple scenarios
within one session; hence, short computation times
can be critical in designing an interactive and respon-
sive tool.

(2) Model parameters: the use of the DSS tool for
informed decision making requires that we adjust
the following three model parameters to settings that
the planners recommend: the penalty for inadequate
use, the penalty for excessive transhipments, and the
threshold that triggers these penalties.

(3) Network topology: by using three network
topology parameters, we attempt to reflect different
types of networks and scenarios. The size param-
eter defines the scope and complexity of the net-
work, reflecting the structure of two geographic areas:
provincial and regional levels. The other two network
topology parameters capture the extent of variability
in demand and capacity to be considered in generat-
ing the instances of the various scenarios. Specifically,
they are the coefficients of variation for the stochastic
distributions applied to randomly generate demand
and capacity samples, respectively.

In determining the effects, we consider the follow-
ing responses: the costs reported by the model or
objective function, the geographic accessibility indica-
tor, the outsourcing level, and the MIP gap relative
to the optimal solution. Although we can foresee the
influence of some of these factors in the responses,
we cannot easily estimate these impacts by a cursory
inspection; therefore, our analysis quantifies the rela-
tive impact of each factor on each response.

Based on a statistical examination of the sensitivity
analysis results, we conclude the following:

* All responses are affected by at least two
parameters.

¢ All parameters have a significant effect (not
attributable to error) on the responses; the exception

is the threshold for triggering the penalty because
of excessive transhipments, which only moderately
affects the quality of the solutions.

In addition, we list some additional conclusions
that allow us to give more practical insights to the
decision maker, as follows.

¢ The parameter with the greatest effect on both
the total costs and the degree of accessibility is net-
work size. Its influence on the computational qual-
ity of the solution obtained by the solver software
exceeds that of the time limit. This means that the
regional nature of the RNCL network is the critical
factor in determining the suitability of the DSS tool
for RNCL planning, even if the decision maker uses
long resolution times. Hence, this conclusion justi-
fies the validity of the shortened-computation-time
hypothesis to provide planners with an interactive
and responsive DSS tool.

* The outsourcing level does not depend on the
network size, which means that the model provides
consistent results as it attempts to minimize out-
sourcing. Moreover, outsourcing is affected mainly
by capacity dispersion. This shows that inadequate
capacity distribution may cause outsourcing to appear
more affordable.

* The degree of accessibility (i.e., the expected
QoS) is affected by all the parameters, excluding the
threshold for triggering the penalty from excessive
transhipments. This indicates that the expected QoS is
sensitive to the parameter settings. Therefore, RNCL
planners can be confident that the estimated degree
of accessibility is consistent and will enable them to
rank each potential plan that the DSS tool generates.

In summary, the results of the sensitivity analysis
indicate that both DSS real-time usability and suitabil-
ity to the RNCL plan are affected mainly by network
size. Furthermore, the embedded model offers consid-
erable flexibility to allow decision makers to imple-
ment a variety of policies because of the sensitivity of
the expected QoS to the parameter settings.

DSS Tool Implementation

The committee launched a collaborative pilot project
to implement a DSS tool in conjunction with the
new RNCL planning approach. The objective was to
generate a plan for the service that consumes the
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most RNCL resources: the provision of laboratory
tests for primary care. The RNCL authorities assisted
us by providing data, sharing the business rules of
RNCL, and providing access to technical staff from
the regional government, the Junta de Andalucia,
including specialists from the geographical informa-
tion systems department, cost controllers, and clinical
personnel. They also increased awareness and over-
came any resistance to change by extolling the impor-
tance of improved coordination in managing RNCL
through in situ briefings to RNCL personnel affected
by the project.

Framework Architecture

We coded the RNCL planning model in AMPL
(Fourer et al. 2003) to create a core computational
application (i.e., optimization engine), which reads
input data from a relational database that contains
data collected from RNCL, computes the solution by
resolving the large-scale MILP described in the sec-
tion RNCL’s Long-Term Planning Problem, and places
the solution into the same database.

We packaged the optimization engine as a com-
ponent of a Web-based DSS that uses state-of-the-
art IT tools to allow planners to revise input data,
change parameter settings, run the planning model,
and perform detailed analyses of the plans generated.
We embedded an interactive graphical user interface
(GUI) to facilitate these steps and allow the user to
generate the appropriate RNCL annual production
and transportation plan.

We coded the GUI using the PHP server-side
scripting language, which allows planners to run the
optimization engine and shows them a graphical
representation of the output solutions based on the
Google Maps API. The GUI allows the user to revise
or modify the plan and to project and analyze what-
if scenarios by changing data from the relational
database to create new scenarios. The DSS provides
user-friendly tools to enable the user to study a
resolved scenario in greater detail and save it for
future study or comparison, making it possible to
compare two archived scenarios.

In addition to the Google Maps API standard func-
tionalities (e.g., zoom, drag), our graphical representa-
tion of solutions is characterized by various icons (see
Figure 3). It uses larger triangles (laboratories with

higher values for the displayed decision variable) and
thicker lines (links with heavy traffic for the displayed
layer commodity k) for easier identification of issues.
In addition, interactive access to a resolved scenario
is possible by clicking on a specific laboratory (i.e.,
displaying its workload variable values) or by click-
ing on a specific link (i.e., displaying its flow variable
values), as Figure 3 illustrates.

Exploiting the DSS

The RNCL planners extensively used our DSS to
determine which subset of the available new facili-
ties to activate in 2009 (Rodriguez Diaz 2011). In 2009,
we also provided consultancy services for planning
the primary care service, based on historical data from
2008, and on the RNCL network map for the facili-
ties scheduled to be opened. Historical performance
data from 2009 showed that this service had greater
geographical coverage and QoS; in addition, costs fell
from eight million euros in 2008 to 0.2 million euros in
2009, primarily because of reduced outsourcing costs.

The graph under discussion consisted of 488 ver-
tices and 2,477 links, whereas we considered six
commodities (i.e., groups of test types suggested by
managers). The controlling parameters, which we
derived from the decision-makers” preferences, were
(1) excess transhipment penalties of 50 euros with a
trigger at 120 percent of capacity, and (2) penalties of
10 euros when the designated workload did not meet
10 percent of installed capacity.

Conclusions

Efficiency and cost containment are essential elements
in healthcare service provision. In Andalusia, AHA
launched a project to analyze RNCL'’s processes and
make appropriate changes to improve their efficiency
and quality of care. The recommended organizational
changes are (1) a new reference model to facilitate
cooperation among laboratories, and (2) centralized
management of logistics based on a new RNCL plan-
ning procedure that focuses on the optimum use of
its fully equipped laboratories and a reduction in the
number of outsourced tests.

This paper investigates a new planning method to
enhance logistics management within RNCL and pro-
vide planners with a DSS tool to conduct quantitative
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Figure 3: The DSS provides a user-friendly interface based on the Google Maps API to allow a user to explore

a solution.

analysis before reassigning resources, redistributing
charges, or reorganizing flows. This innovative appli-
cation is based on network-flow modelling that uses
a MILP formulation. Its implementation is character-
ized by a user-friendly GUI to exploit an optimiza-
tion engine based on AMPL. Under the conditions we
tested, the MILP is a huge problem with about 47,000
variables, of which 14,300 are binary, and approxi-
mately 36,000 constraints. Our experience shows that
obtaining the exact resolution for the RNCL planning
problem is challenging. Although the DSS users are
satisfied with the approximated solutions generated
(using commercial solvers Gurobi 2.2 and CPLEX 11,
the gap to the optimum is less than 10 percent after
1,800 seconds of computation time), we must investi-
gate ways to speed up the computations.

We leave the exploration of more efficient solu-
tion techniques for future work. This future work
could include algorithms based on Benders decom-
position—separating the complicating variables z:jg,
which disrupt the network-flow structure—or on

constructive heuristics procedures that could provide
good results by starting with a feasible solution.
Another possibility for future work is a time-based
addition to study the provision of other services: spe-
cialized, critical, and emergency care. Depending on
the type of service required, we could identify two
primary delivery modes—express or regular mode
(Andreatta and Lulli 2008). Express mode would be
associated with urgent demands that must be met
within 24 hours; regular mode (i.e., the remaining
demands) could have a more flexible response time
(typically two—four days). The inclusion of the time
factor would compel us to use space-time network
models (Clark et al. 2004, Cohn et al. 2007, Durbin and
Hoffman 2008, Marin 2006, Marin and Codina 2008,
Yan et al. 2006). We could load the RNCL routing
problem with both urgent and regular requests, and
determine which requests must be serviced immedi-
ately and which can be satisfied later. However, this
extension would undoubtedly require modifications
to the existing GUL
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Appendix A. Mathematical Formulation

Sets of Indices

1%

L

1%

K

Set of vertices in graph G= (V, i), with elements:
v;eV,i={0,..., N+1}.

Set of links in graph G = (V, L), with elements:
(v;,v)€L|v;,v;€V, i={0,...,N}, j={1,..., N+1}.

Set of vertices representing real-life centers, with ele-
ments: v; € V, i={1,...,N}. These are all the vertices
inV, except the demand insertion vertex v, and the
outsourcing vertex vy, .

Set of links representing real shipping connections,
with elements: (v;,v))€L|v;,v;,€V, i=(1,...,N}, j=
{1,...,N},i#j.

Set of indices marking the successors of vertex j: §; =
{m|3(v;, v,)€L}.

Set of indices marking the predecessors of vertex
jo Pr={m|3(v,, v;) €L}.

Set of package carrier companies considered for ship-
ping services: g € G| g =1...N,. There are N, different
carriers.

Set of discount ranges offered by carrier g: r € RS.
The discounts depend on the traffic committed to each
shipping connection (v;, v;) € L, if assigned to be oper-
ated by g. These ranges fully partition the feasible vol-
ume of total flow on each link: L'® and U'® are the
lower and upper bounds, respectively, on this flow for
the discount range r, and DF'? is the discount factor.
Set of clinical tests types: ke K |k=1...N;.

Model Parameters

ik

Number of type k tests demanded by vertex v; € V,
with nonzero values only for POEs.

Upper bound to the number of type k test deter-
minations produced by vertex v; € V (i.e., installed
capacity). Nonzero values are applicable for only the
executor vertices: OC and SC.

Processing cost of type k tests in vertex v; € V: fixed
per-unit-based cost with nonzero value applicable
only for the executor vertices: OC and SC.

Shipment costs based on distance for link (v;, v;) € L.
Externalization (outsourcing) costs of type k tests
purchased by vertex v; e V.

Transhipment costs in the ith vertex of type k tests,
because of fixed per-unit-based inventory cost in
each v; e V.

Percentage to apply to C; to obtain the threshold
that triggers a penalty because of excessive tranship-
ments.

Per-unit penalty when excessive transhipments occur.
Upper bound for aggregated traffic through link
(v;, v;) L.

Upper bound for a type k traffic through link
(v;, vj) € L.

Minimum workload with nonzero values applicable
only for vertices v; € V | C;, > 0.

p°"  Per-unit penalty when the established minimum
workload Wj, is not met.
L'®  Lower bounds on flow for discount range r offered
by carrier g.
ur Upper bounds on flow for discount range r offered
by carrier g.
DF’¢  Discount factor offered by carrier g € G to be applied
if the total flow committed in a specific link is in
[L'$, U] (i.e., in range r € R?).
M A large number, well above any possible number of
transhipments (i.e., an upper bound for the number
of transhipments).

Variables
e;.  Number of type k test determinations to be produced
in vertex v; € V (i.e., workload assignment).
sjx  Number of type k tests flowing through link (v;, v;) €
L.
ty  Number of type k test transhipments in vertex v; € V.
aQT 1,if v; € V is above the threshold for the penalty trig-
ger (t; > u-C;) and consequently, in the excessive
transhipment range for type k tests; 0 otherwise.

ti, if a7 =1; 0 otherwise.

s 1, if v; € V does not meet the minimum workload for
type k tests (e;; < Wy); 0 otherwise.

etV ey, if BEY =1; 0 otherwise.

z; 1, if aggregated flow on link (v;, v;) € L is operated
by carrier g, with the discount for range r € R¢; 0
otherwise.

y;  Number of tests flowing on link (v;, v;) € L, shipped
by carrier g, and priced based on the discount factor
for range r € RS.

The model is then:

: _ soc
min Z= ) > i’ Sivsk
v;eV keK

+2 X X o (-DFf)yf

8€G reRS8 (v;, vj)el

XY chent Y D ity

keKv;eV keKv;eV

+3 X P - Coayl)

keKv;eV | Cy>0

+3 X PR Wa—eil),

keK v;eV | Ci>0

st. > euw=0, (A1)
keK
Sk =ay, VkeK, Vilv eV, (A2)
e, <Cyp, VYkeK,Vi£0|v,eV, (A3)
> Sk — 2 Sik=¢x, VkeKk,
ieP; leS;

VilvjeV, (A4)
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> Sk — e =ty, Vkek, indicator using the following expression:
iePi

Vilvje{V|Cy >0}, (A5) AGA = Z[ > ospt s,-(NH)k] > 3 a..  (A18)

s <Yy Vi jl(@,v)el, (A6) -
keK
Sik < Sijk,  VkeK, Vi, j|(v;, v;) €L, (A7)
Y > zi=1, Vi jl(v, v)€L, (A8)
g reR8

Z Z yzr/g = Z sijkr VZ'/ ] | (vi/ Uj) € L/ (A9)

g reR$ keK
rg rg
y; =U®-zi, Vr,g,
Vi, jl(v;, v)) €L,

g g
Yij ZLTS'Z,']‘/ vr,g,

Vi, jl(v;, v;))el, (AlO)
i =ty +u-Cy-af’ <u-Cy,
VkeK,Vi|ve(V|Cy>0}, (All)
tT>u-Cy-al’, VkeKk,
Vilo e{V|Cy>0), (A12)
tr <M-al", VkeKk,
Vilo,e{V|Cy>0), (Al3)
e’ < Wi By, VkeKk,
Vilo,e[V|Cy>0}, (Ald)
e —ei’ =Wy -(1-B7"), VkeK,
Vilo,e[V|Cy>0}, (Al5)
ex—ei’ +Ciy-Bi' <Cy, VkeK,
Vilo,e{V|Cy >0}, (Al6)
Cis Sijer biks Vi s et =0,
zf, aQ", B binary >0.  (A17)

Our MILP formulation has an integer optimal solution
when the values for capacity, demands, and bounds (i.e.,
Yj, Sk, L'8, and U'8) are also integer. We do not need to
force the integrality of decision variables e;, s, t; (and
consequently of y;¥, t07, ef"V) because of the special struc-
tural properties resulting from constraints (A1-A7). This
subproblem is a separable multicommodity flow problem
with arc capacity, with the unimodularity and separability
nice properties (Bertsekas 1998). Unfortunately, the separa-
bility property is lost in the RNCL problem formulation,
making its exact resolution difficult.

When the MILP is solved, planners obtain a production
and transportation plan. At this point, and as the last step
to fully specify the plan, we estimate the QoS by the AGA

(vi, vj)eL v;eV keKv;eV

Appendix B. Sensitivity Analysis Report

The DOE we selected to conduct our tests is a reversed
16-run Plackett-Burman (Wheeler 1989). We generated 160
instances of the planning problem, which we solved using
a server with a 2.4 GHz Intel Core2 Quad Q6600 proces-
sor, 4 GB of memory, and a Windows XP professional x64
operating system. We used an optimization engine coded
using AMPL v10.1 (Fourer et al. 2003) and resolved using
ILOG CPLEX 11.

We used fa to obtain the values for demands as samples
of a random variable (4}, = a; - fa- Uniform(0, 2)), and fc to
do so for the installed capacities (C}, = Norm(Cy, fc - Cy)),
where fa=1, fc=1 are historical values.

We summarize the factors and levels we studied as fol-
lows:

* The penalty because of excessive transhipments: p (10,
50, 100) €.

® The threshold that triggers this penalty: u(1.2, 1.5).

® The penalty for inadequate use above the minimum
workload: p'°"(10, 20, 30) €.

® The scope and complexity of the network: size (provin-
cial, regional). Two testing maps of RNCL, corresponding to
the Huelva province (G! = (V!, L1)), with 110 vertices and
306 links, or to the Andalusia region (G* = (V?2, L?)), with
more than 400 vertices and almost 2,500 links.

* The variation coefficients used to obtain demand sam-
ples: a;, fa(1, 1.25).

¢ The variation coefficients used to obtain capacity sam-
ples: Cj, fc(0.1, 0.2).

e The stop time for the MILP: Tlimit (900, 1,200, 1,800)
seconds.

We measured the following responses:

e The value of the objective function: VTotal_Cost.

* The AGA indicator: VAga.

¢ The total outsourcing cost output: VExtern.

* The gap to the optimal solution reported by the solver
software, VOpt_mipgap.

Finally, we analyzed the experimental results using three
ANOVA techniques. The first technique is a single-factor
(SF) analysis of variance (i.e., a one-way ANOVA) to eval-
uate significant results for each response. The second tech-
nique is a single-degree-of-freedom (SDF) ANOVA to show
the influence of each factor on each response. Alternatively,
we tracked the progress of responses for the different levels
of factors using an analysis-of-means (ANOM) technique.

Table B.1 shows the one-way ANOVA results from which
we observe significant effects in all the responses because of
the combination of factors (and levels selected for the fac-
tors u, p, pl"w, size, fa, fc, Tlimit), not only because of the ran-
dom error component. Table B.2 shows the results of SDF
and ANOM tests. Whenever a significant effect is detected
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Responses

SF-ANOVA V_Total_Cost V_Aga V_Opt_milpgap VExtern
Sum of squares 2.67E+16 5.01E+14 3.61 0.19 3.068 65.41 4.06E+09 2.48E+10
Degree of freedom 15 144 15 144 15 144 15 144
Mean square 1.78E+15 3.48E+12 0.24 0 204.5 0.45 2.71E+-08 1.72E4-08
F-ratio 511.4* 186.2* 450.3+ 1.57¢
P-value <0.001 <0.001 <0.001 0.09

B W B W B W B W

Table B.1: We analyzed the factors’ effects on responses using experimental design theory; we first looked at
significant effects for each response. The table shows one-way ANOVA results for a confidence level of « = 1.
Note. Boldface and asterisk denote statistical significance. B: Between Experiments; W: Within Error.

VTotal cost VAga VOpt_mipgap VExtern
0.8 0.1
p X X
o 0.9
X [0)
Tlimit ! 0.1
X X
u
[0)
Size 97.1 90.2 97.2
X X X
o 1.1 1.3 0.4 2.7
X X X X
0.9 9.1
fe X 0 X
ANOVA

ANOM

Table B.2: We analyzed the factors that are responsible for the response variations we observed. The table com-
prises the results of SDF ANOVA and ANOM for a confidence level of o =1.

in the SDF test, the contribution of the significant factor
to the involved response appears in the upper left corners.
Similarly, the ANOM test results appear in the bottom right
corners, with an “X” if the results are above the ANOM
control boundaries (i.e., the factor is significant) and an “O”
if they are close but not above the control boundaries. We
interpret the results in the Sensitivity Analysis section.
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Verification Letter

Antonio Nunez-Roldan, M.D. Ph.D., Manager, Plan
Regional de Laboratorios Clinicos, Sistema Sanitario Ptiblico
Andaluz, Sevilla, Spain writes:

“In our organization we are in charge of planning issues
in the context of Andalusian Public Health Services. We state
that we are using the graphical user-interface (GUI) tool pre-
sented in the work entitled “A Decision Making Tool for a
Regional Network of Clinical Laboratories” (see the enclosed
abstract) to support our planning decisions in the Andalu-
sian Regional Network of Clinical Laboratories (RNCL).

“We are about to open a variety of new clinical labs, and
the tool is being employed to decide which is the optimal
priority. We have to redesign coverage and establish new

connections in a very extensive region (up to 8 million peo-
ple), so changes need to be progressive. In our continuous
improvement approach, this tool is assessing us in the adop-
tion of Annual Plans, in which we pursue a balance between
the economic point of view (i.e., budget constraints) and the
quality of service provided to citizens.

“The adoption of the GUI tool has represented a very
noticeable advance in our decision process. We must remark
the following features:

e “Itis a GUI tool that meets our needs and expectations,
which consisted in a user-friendly software tool to make
quantitative decisions.

e “User-computer communications is easy, based on a
well-known intuitive graphical interface (Google Maps).
Thus, our healthcare managers are constructing new scenar-
ios (network maps) by simply interacting with the GUI, for
example fixing new settings in some of our Clinical Labs.

e “Later, optimization tools are launched in order to give
us the proper Annual Plan, which is the result of solving
the new scenario with Operation Research tools, although
the process is completely transparent for us.

* “The GUI design ensures that our decision makers can
use and reuse existing efforts and knowledge. They are
enabled to derive new scenarios (network maps) and, after
looking into the desired performance, to archive the solved
map for later use.

® “Graphical comparison between saved solved maps is
supported as well. We compare scenarios to choose the one
to be implemented among them.

“With quantitative support for decisions, the coordina-
tion tasks inside the Primary Care public network is being
easier. We are proud to announce that big savings are
resulting just in the first year (2009), reducing outsourcing
costs above a 15 percent in the first six months. This is a
result of the new coordination paradigm, which is strongly
related with our forecasting of demands and with the abil-
ity to set the proper workload (productions levels) to each
Clinical Lab.

“As a conclusion, we verify the actual use of the GUI
tool and its resulting benefits in the adoption of the bet-
ter Annual Plans in the Andalusian Regional Network of
Clinical Laboratories.”
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