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Abstract

Vehicle routing is a critical element in managihg global supply chain. Reducing costs and
ensuring quality is still a challenge in the figlfipeople- and goods- logistics. Much research
happens in this field leading to new algorithmsdolving the different kinds of vehicle routing
problems. Comparing the quality of different appttes established by different teams is still
difficult. Therefore a framework as container fegaithms was developed. Researchers will be
able to concentrate on developing methods andratiag their solutions in the framework.
Further studies would be in the position to be suigol and made comparable by this research
and development tool, which will be given to unsies as a base for further investigations in
vehicle routing algorithms. A problem of the newsgadistribution is described and will be
presented in the scope of the framework.

A second part of this paperi{e Structure of Vehicle Routing Problg¢rdsscribes the core unit
of the research proje& Framework for Routing Systems in the Supply CHaicovers the
specification of the technical requirements of $gaortation planning as well as the modelling
and implementation of a method for optimizing thecrkte process which minimizes the total
cost of transportation while observing time constsaand vehicle capacities.

Keywords

cluster — cluster-saving — combinatorial programgnirheuristic—pickup and delivery—
scheduling—heuristic—set covering—set partitionesgfuster—vehicle routing
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1. A Framework for Routing Systems in the Supply Chain

1.1 Introduction

Dantzig and Ramser (1959) formulated the VehiclaitRg Problem (VRP). In its basic

version, it calls for the construction of a setrofites from a given number of customers.
Since this time a huge number of exact and hecns@thods were developed. The original
problem was extended with a huge number of restrist Toth, Vigo (2002) and Cordeau
(2001) distinguish:

Table 1 VRP versions

CVRP VRP with Capacity Restrictions
VRPTW CVRP with Time Windows
VRPB VRP with Backhaul

VRPPD Pickup and Delivery
VRPPDTW VRPPD with Time Windows
MDVRP VRP with Multiple Depots
PVRP Periodic VRP

PVRPTW Periodic VRPTW

SVRP Stochastic VRP

The methods used in practice are developed fromeaciz institutions as well as from route
planning suppliers. E.g., the company ILOG (De Rack000) concentrates upon
optimization methods and offers libraries for maagl and solution of route planning
problems based on metaheuristics.

A huge number of practical optimization problemswre@ be solved with these standard
libraries and still requires an individual problemalysis and academic research. An example
for this is the extension of the MDVRPTW with defoae time restrictions as they appear in
the press distribution. The vehicles cannot leavihe most early possible time because the
product to be delivered, i.e. the newspaper, isavailable at the beginning. This leads to
staggered departure times. We call this planningatran SCVRP (Supply Chain Vehicle
Routing Problem).

The purpose of this work is a framework, which sthates the abovementioned planning
variations and makes available the well-known testords in a uniform format. The
processing of the planning scenarios occurs withis framework and these data are made
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available through an interface. After occurred myation, the results are evaluated and
presented by the framework. Within the scope of thork, new reference records are also
provided for the SCVRP.

The Liechtenstein University of Applied Science$erd free download of the framework.
Well-known test records, for example from Solomarg offered in the form of databases.
The framework has access to these databases.

The test of algorithms from other academic ingting is planned as free service. Thus a
neutral institution, the Liechtenstein Universitly Applied Sciences can verify optimization
results.

1.2 Architecture

A huge number of VRP packages are available imtheket. They consists of three layers
1. Graphical Information System (GIS)
2. Administration
3. Operations Research Methods

The framework follows this architecture.

The GIS layer is responsible for distance calcatgtgeocoding (the process of assigning a
customer to the traffic-network by his address) graphical representation of the calculated
results. The street network is delivered by the mamy's Teleatlas or Navtech. As a new
actor in this market Microsoft is recently actividie GIS program MapPoint is offered which

has a complete automation interface and can betheegfore as a component.

The Framework is able to use Euclidean calculatibngever, can use alternatively also the
MapPoint distance calculation based on the stretork. This should close the gap between
theory and practice as the theoretical referensescase primarily Euclidean distances. In
practice a distance calculation is used based oriestt path methods on the underlying street
network.

The administration layer manages the businessathataisualises the results. Furthermore the
administration layer should yield the possibilibyrhanipulate the calculated results via drag
and drop to react on short-term problems of théerglan. E.g. auxiliary functions offer the
possibility to integrate unplanned deliveries ia tbute plan.

The optimization data as well as the results aneedtin a Microsoft or Oracle SQL-database.
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The algorithms were integrated by means of a Weabi&e The optimization data such as
customers, deliveries, depots and vehicles aresfemed to the OR-method. The use of the
Web Service technology requires an application eselike Tomcat or Internet Information
Server (11IS). The communication via SOAP and HTTIBwas the integration of algorithms
that do not run in the intranet, i.e. from exteraahdemic institutions. The influence of an
application server on the velocity of the OR-methall be investigated. Another advantage
that we see is the independence of a concrete demlpmguage. The web interface must be
supported what is a standard feature of currenfpcten languages (C#, Java, Delphi).

Figure 1 Model of the proposed framework
GIS-Layer - .
(Microsoft-MapPoint) Administration-Layer OR-Method
Database
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1.3 Test data

A huge number of test records for the base problamsavailable. They have different
formats according to their origin. The describest teecords were processed in a uniform
database structure. Only Euclidean data were takertonsideration.

1.3.1 CVRP Toth-Vigo

Toth and Vigo (2002) have processed test datehfar tvork in the area of CVRP. According
to the convention of Vigo (2000) the records anmed in the form tnnnvkkp.

Table 2 VRP-data according to Vigo (2000)

t E euclidean
A asymmetric

D symmetric
nnn Number of nodes in the graph
v Separation character
kk Number of vehicles

a Hays and Eilon, Watson-Gandy and Christofides

¢ Christofides, Mingozzi and Toth

d Dantzig and Ramser and Eilon, Watson-Gandy anct6hdes
e Christofides and Eilon

f Fisher

g Gaskell and Eilon, Watson-Gandy, and Christofides
h Hadjiconstantinou, Christofides, and Mingozzi

k Golden et.al

m Chistofides, Mingozzi, and Toth

n Noon, Mittenthal, and Pillai

v Fischetti, Toth, and Vigo

w Clarke and Wright and Eilon, Watson-Gandy andistbfides
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1.3.2 VRPTW Solomon

The records of Solomon (1987) are divided intodifierent groups and contain in each case
100 customers. These test records were extendétbimperger and Gehring (1999) to 200,
400, 600, 800 and 1000 customers.

Table 3 VRPTW:-classes according to Solomon

R1 Customers are steadily distributed with shahping horizon

C1l Customers are geographically clustered withtgilanning horizon
RC1 Customers have R1 type or C1 type

R2 Customers are steadily distributed with longhplag horizon

C2 Customers are geographically clustered with jgagning horizon
RC2 Customers have R2 type or C2 type

1.3.3 MDVRP Gillett, Johnson; Chao; Chao Golden und Wasil

For MDVRP 23, classical test problems exist fronig&i and Johnson (1967), Chao (1993)
and Chao, Golden and Wasil (1993). The problemsagometween 50 and 360 customers
and two to nine depots.

1.3.4 MDVRP Cordeau, Gendreau und Laporte

Other ten test problems MDVRP come from CordeawndBsau and Laporte (1997). They
contain between four and six depots, between 482&8customers and between two and
twelve vehicles per depot.

1.3.5 MDVRPTW Cordeau, Laporte, Mercier

The test problems 1.2.3 were extended by Cordeaporte and Mercier (2001) with time
windows. Here two variations were provided withnitleal geographical data but different
time windows.

1.3.6 VRPPDLi & Lim

Li and Lim (2002) provide test records with 1000200, 600, 800 and 1000 customers. The
dataset is generated out of the Solomon (1987)Homberger, Gehring (1999) VRPTW
cases and has six problem classes C1, R1, RCRZL;RC2.
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1.4 SCVRP Vehicle Routing Problem in the Supply Chain

With the help of the framework a solution for a @an forwarder will be developed. It
concerns a problem of MDVRPTW type with an addiéibrestriction which arises from the
production of the press articles.

1.4.1 Influence of Production

The production of the press products is carried aiua location near Hannover and starts
against 20:00. The printing lines deliver constabgtween 15000 and 18000 newspapers per
hour. They are loaded onto vehicles, driven to tee@nd are further distributed. This leads to
the necessity to let drive off the vehicles at phimting location as well as from the depots
temporally staggered.

1.4.2 Time Windows

The observance of the given narrow time window ésitical restriction in this problem class.
If e.g., newspapers are delivered too late in #ilevay station bookshop they cannot be sold.
The time windows are put very narrowly and detesressentially the structure of the result.

1.4.3 Vehicles

At the printing location as well as in the depoiffedent vehicle classes are available.

Therefore, e.g., a smaller vehicle at the prinfimgation can drive off earlier, because it is

fully loaded at an earlier time. If smaller vehiglare used, the costs will increase, on the
other hand the product can be delivered earlierthedefore the temporal restrictions can

better be fulfilled.
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1.4.4 Literature Review

The SCVRP-Problem was not paid much attention ke flesearch from Holt, Watts (1988)
and Hurter, Van Buer (1996) describe single lev&tridhution (i.e. transport from the printing
location directly to the destination locations) andestigate staggered departure times as an
effect of the production times. Jacobsen und Mad4680) optimize a SCVRP problem.
Additionally they determine the most favorable dgpaints (instead of fixed depots). Modern
metaheuristics like Tabu-Search (Glover 1993) ateused.

Figure 2 The SCVRP-problem

@ riinting location 20:00-24:00
Bl Depot with individual handling time
©  Destination location with time-window

—— Transport
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2. The Structure of Vehicle Routing Problems

2.1 General Structure of the VRPPD

In its basic form the problem consists of a fleewvehicles and a set of customer requests.
Each request specifies an origin location, a dastin location and some particular side
constraints. The vehicles must travel through tlwations so that each origin is visited before
the corresponding destination. In practice thekificand Delivery Problem' (VRPPD) has a
number of variations, but its basic structure isnown to all variants of the problem
(Savelsbergh 1995).

Figure 3 Structure of a Vehicle Routing Problem

VRP VRP solution

The VRPPD is called a 'Vehicle Routing Problem' BYRf either all pickup-nodes or all

delivery-nodes are located at a common vehicletimegcentral hub, depository-node); i.e.
either goods or persons are distributed by the sltpg (0) on the certain final destinations
(Fig. 3), or they are loaded at their respectivgiomplace and transported to the depository (0

).
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Figure 4 Structure of a Standard Pickup and Delitaoblem

SVRPPD SVRPPD solutio
1- 3+
3- 5-
1+ 1+ 24+ 9
1 -~
2+ 2+ /i:,/
// \
[ P
v _~-"" 6-
4- 5>
2- i s
2 (o2
6+ 6+

At the 'Standard Pickup and Delivery Problem' (SPRIP every route also starts and ends at
the vehicle location (0) but the pickup- and delweodes can be put arbitrarily (Fig. 4).
Another generalisation of this problem structuradie to the 'General Pickup and Delivery
Problem' (GVRPPD) where the vehicles are availabrbitrary places (Fig. 5). The central

node (0) serves now as a virtual location for fadirag agency vehicles which can be used at
additional vehicle need.

Figure 5 Structure of a General Pickup and Delivngblem

GVRPPD GVRPPD solutiol
8+

10
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2.2 Definition of the VRPPD

Let D = (V, A) be a digraph, V = {QINOM a set of locations and A VXV its set of links.
The central node 0 denotes a virtual depot asagedl location for subcontracting (forwarding
agency) vehicles which can be used at additionaicleneed. N = KON~ covers the origins
i"ON" and destinationsiN~ of all transportation requests. M ="MM™ represents the set of
all start locations KIM™ and end locations "KM~ of the vehicles of a fleet F. Each link (a,
b)UA is weighted by two functions c: A, t: A~ [ which indicates the costgcand the
time ty, of the travel from point a to pointlb.

The customer requests are characterised by th¢*sef (i*, i") | i'ON", i'D N™ }. Each pair
(i, i) O N* is assigned its requested loafll polarised in the positive quantumfqr the
pickup location T and the negative quantum;-fgr its joined delivery location™i Each
vehicle KJF is bounded by a capacityQ.2

Definition 1 A pickup and delivery route for vehicléfk is a directed trail R = (Vx, A) 7D
starting in K and stopping inksuch that for all £N:

1. if i+ 7V then i=7Vi 2
2. if i+ /JV then location i+ is visited before Iocation‘l—,

3. the vehicle load never exceeds.Q

! The time function, is represented by the time-distance matrix T &1§]) which arises from a shortest path
calculation of the given road network. Shortesthpatan be solved very efficiently. For static pwg® T is
computed completely in advance by the Floyd-Watshigiorithm (runs inO(CVCF) time, requiresO(0V[F)
space). For meeting dynamic aspects of the vekiteduling problem, T must be adapted partiallgeatain
times during the optimisation process by Dijkstralgorithm (which updates a single shortest pat®(nV (F)
time). The cost function,g can be composed of weighted sub-functions (exgdfi time- or distance-costs)
according to the business management objective.

2V is enumerated by the interval.[®n+2m], OV O=1+0NCHOM CEL+0ON THON THOM ' THOM CE 2n+2m+1,
i.e. the problem deals witiN*0=0ON"C=CN = n requests andFC=0M "C=00M = m vehicles.

Sie. (i(TO{iDn V=0 or (i 0{i P n Vi={i"T0{i ).

* Each location in Vis visited by vehicle k exactly once is a featafe 'trail' according to its definition in the
Graph Theory.

11
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A generalised form arises out of definition 1 ifgart 3 (the feasibility of the vehicle load) a
function is used which observes all constraintsluiting the capacities of the vehicle and the
requests.

Definition 2 A pickup and delivery plan P is a set of pickup detivery routes Psuch that:

1. P ={Dy/kCF}
2. { A /KCF }is partition of N°°

Definition 3 The Pickup and Delivery Problem is finding a plamvigh the lowest prizesc
corresponding to a certain objective function®®D) - /7 such that = min{ ¢ /P 2(D) }
where P is a plan of the sé(D) of all pickup and delivery plans.

There are many variants of the pickup and deliyemgblem structure. According to the
definitions 1-3 the simplest one is called 'Stadd@ickup and Delivery Problem' (SVRPPD)
if all routes are cycles starting and ending atdéetral depot 0. The most important type is
called 'Multiple Depot Pickup and Delivery ProblgifDVRPPD) if the routes start and end
at arbitrarily situated depots. Mainly from a thetaral point of view the MDVRPPD can be
generalised by the 'General Pickup and Deliveryblera' (GVRPPD) in the way that a
request and its load are subdivided (Savelsber@8)foA Pickup and Delivery Problem is
called 'Dial-A-Ride Problem' (DARP) if persons iatl of goods are transported
(Savelsbergh 1995). A DARP has its specific reqqjesich as short planning horizons and
fewer orders with very short time intervals and Ben@apacities (Weinmann 1998).

® The edge-oriented formulation considers a custaeguest as a complete object. The node-orientatehis
focussed on the locations as the graphical compgsméma request: { ¥| kOF } is partition of N.

® Often a complex request of a GPDP can be sulesditoy several independent single requests, eveasies of
subdivided requests has to be served by a singlielee

" Similar problem variants occur also at the tramsion of animals.

12
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2.3 Common Set Partitioning of the VRPPD

Numerous optimization tasks from different areasechnology and economics are based on
a common problem structure. Its solution contalres partitioning of a set of objects under
economic points of view. The goal of the invesiigiatis to gain a high capacity utilization
rate of the corresponding system. In many casegjulaéity of a partition depends on the
measure in which a favorable sequence (permutatibthe elements within the cluster can
be reached. The described problem is an instantieeadrdered set partition problem, where
the order of the sets (assignment probfeas)well as the order of the objects within the set
(sequencing problemnatters (Weinmann 2000).

Let N be a finite set of objects,[R" a subset of N and cN2. 0, f: 2Y_{0,1} functions
which indicates the costs c(R) and the feasibf(iR)=1 of a cluster R. Find a cost minimal
feasible super-cluster S of R:

miny " c(R) (2.1)

subject to
2ores F (R =[S (22)
OXOS)@YDOS—{XP[ X nY =0] (2.3)
ogs (2.4)
0S=N (2.5)

Set partitioning structures arises in scheduliegt8 of vehicles or aircraft and in many other
problems, as setting up networks without causingcapacity transgressions, fault testing of
electronic circuits or locating fire stations inban areas. The Set Covering Problem has the
same form except the clusters need not to be digj@i3). This would mean for the VRP that
orders don't have to be fulfilled absolutely intjume route. The linear programming
formulation expresses the problem of selectingtaoseolumns (sets) that together cover all
rows (elements) at minimum cost. Although in mamstances the LP relaxation is known to
give solutions close to optimality (if applicatiepecific restrictions can delimit the number
of the feasible solutions), the combinatorial lad# generally remains enormously large so
that heuristic procedures to the solution of thieaed problems should be applied (Rosen

® The Resources Assignment Problem corresponde tBithPacking Problem if there are identical caljei
® Sequencing (of any requests) problems are mostigred by the Travelling Salesman Problem.

19 A super-cluster S is a partition of A, i.e. a paise disjoint family of nonempty subsets whoseoaris A.

13
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2000). Furthermore the Bin Packing Problem antyaks of the GVRPPD, even the simplest
variant, the 'Travelling Salesman Problem' (TSP, dP-hard (Lenstra 1981). The current
state of knowledge in the area of the Algorithms &omplexity Theory doesn't give any
certainty about the P-NP Problem yet. A heuristterapt at the solution of the GVRPPD
therefore seems appropriate in addition.

2.4 Heuristic approaches to the VRPPD

Some heuristic methods use variants of strategmeshvware successful applied to the simplest
type of the discussed problem structure, the VRP.

Figure 6 Initial status and first step of a savihgaristic solving a VRP

The savings method in its basic form, using congten steps with a grade of complexity
O(INP), gain useful results just for the case of a VRig.(6) or a 'Full Load VRPPD' where a
customer request has the same quantity as theigapéche assigned vehicle (Weinmann
1998). Dethloff (1994) therefore proposed inserfiomctions in combination with the savings
method with an efforO(INf). Weinmann (1998) introduced a generalised varithh a
complexity O(|N[) applying different insert operations and weightearameters which
prevent optimisation processes in principle frondieg in sub-optimal solutions by a less
myopic clustering?

A savings method is primarily greedy heuristiavhich produces an optimal set ovematroid (Whitney,
1935)

14
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2.5 Transformation of the MDVRPPD to the SVRPPD

Formulations and solutions of the Standard Pickugh @elivery Problem are often discussed
and well described in many research reports, stierblumes and monographs (Toth and
Vigo 2002). Since algorithms for a SVRPPD can bsigied with less effort as algorithms
for a MDVRPPD, a transformation of the MDVRPPD be tSVRPPD is particularly useful.
Reducing a MDVRPPD to a SVRPPD means replacingtig nodes KIM™ of all vehicles
by the central location 0 such that each vehi€l€ ks available at its origin locatior lat its
origin start timeTX . Real routes from eacli ko K are modelled by virtual trips starting and
ending at the centre 0. To make sure that vehidtaks at its origin knot later than at the
time of T and stops at its destination Rot later than at the time of;, the virtual trip

mustn't start at O later than at the timergf tox+ and mustn't end at O later than at the time of

T'Z;"‘ tk-o.

Let [tir.t,;] and [t, ,t\;] be time windows of request i ="(ii") wheret, specifies the

a a

earliest,ti/; the latest possible pickup time agid the earliest;:‘/,? the latest possible delivery
time. The respective maximum pickup and delivemetispaces of request i &é = t‘/;— t
andd™ = ti/;—ti;- Let KOF be a vehicle at its origin locatioiliM™* which doesn't start before
the time of T and doesn't end at its destinatioflM ™~ after the time ofr’ . A route of the

vehicle k therefore cannot last longer thér=T* 7% .

Figure 7 Transformation of a route between two tego k™ to a route of a central depot
k v k
k+ T »0 k+ T »O
o--"""7" o--"""7"
W
0 u 0
(@]

Let O denote the (virtual) central depot and us (@), v = (v, v), w = (W', w) be (virtual)
requests of M= { (i*, i) | i'0{0} OM", i'0{0} OM~ }. An equivalent SPDP formulation can
be constructed as follows: u = (0)kv = (K, K), w = (K, 0) are (vehicle-) requests without
loads but with strict time constraints which ensl@@ving and arriving at the locations 0, k
k™, 0 on the dotd"" =3 =8" =8 =8""=3""=0, 4" = Th—tow, t" = TE, th" = TY.

a
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The additional requests u and w are positioneti@éintst arc and as the last arc in a SVRPPD
route of vehicle k: (0,%i", ..., I", kK, 0). Just v has the flexibility of the vehicle &rtimits to
fulfil customer requests which are located in theaaof origin K and destination k(Fig. 7).

If a vehicle j starts and ends at the same point {j), the transformation requires merely two
requests u = (0,"), w = (, 0) with its time windowsty =t4 =T\— to, ty =ty =Ti,
ty =ty =Tk, to =ty =Ts+t-0 (Fig. 8). No additional requests are requireché simplest

(SVRPPD) case appears where a vehicle starts atsda¢ithe centre’(F j = 0).

Figure 8 Transformation of a MDVRPPD to a SVRPPD

The node 0 can be an arbitrary geocoded positiahantraffic-network such as the initial
position of a vehicle or it also can be definedtlas location of a forwarding agent. This
pragmatic approach for a MDVRPPD is primarily uglgfin the case, that an application has
merely an algorithm for the VRPPD. So the solutiéthe extended problem can be obtained
by an expansion of the input data combined withsttlection of the result data (by filtering
the virtual transformation orders out). The avdaadgorithm doesn't have to be replaced by
a more expensive one.
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