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The efficiency of transportation requests fulfillment can be increased through extending the problem of vehicle rout-
ing and scheduling by the possibility of subcontracting a part of the requests to external carriers. This problem ex-
tension transforms the usual vehicle routing and scheduling problems to the more general integrated operational
transportation problems. In this contribution, we analyze the motivation, the chances, the realization, and the chal-
lenges of the integrated operational planning and report on experiments for extending the plain Vehicle Routing
Problem to a corresponding problem combining vehicle routing and request forwarding by means of different
sub-contraction types. The extended problem is formalized as a mixed integer linear programming model and solved
by a commercial mathematical programming solver. The computational results show tremendous costs savings even
for small problem instances by allowing subcontracting. Additionally, the performed experiments for the opera-
tional transportation planning are used for an analysis of the decision on the optimal fleet size for own vehicles and

regularly hired vehicles.
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1. Introduction

Transportation planning requires both, decisions on
the available transport resources and decisions on the
deployment of the used resources. Therefore, trans-
portation orders (represented by customer transporta-
tion requests) must be assigned to resources for fulfill-
ment while the operations or conditions for the usage
of each resource have to be determined. Most freight
forwarding companies have to cope with a strongly
fluctuating demand on the transportation market which
varies considerably over time. Aside from these long-
term fluctuations they have to manage the daily varia-
tions of their volume of orders. Each day a varying
number of requests are received from customers on
short call. Therefore, freight forwarding companies have
to ensure that enough resources will be provided. On

the other hand, the fixed costs of the own vehicle fleet
(consisting e.g. in the wages for drivers, taxes for ve-
hicles, and amortization costs) force to keep the own
fleet small in order to reach a maximal utilization of
the fleet. Thus, the number of own vehicles is often re-
duced since it makes no sense for a forwarder to pro-
vide enough transportation capacity able to cover the
peaks of a volatile volume of orders. Usually, only a
part of the upcoming requests is fulfilled by own trans-
portation resources. All the remaining orders are out-
sourced. Using own vehicles for the execution of tasks
is called self-fulfillment, while the outsourcing of tran-
sportation requests to external carriers is called sub-
contracting. A rigorous reduction of the own fleet size
is mostly profitable because it allows the so called
cherry-picking which means to perform only the most
suitable requests in a very efficient manner by self-
fulfillment. But cherry-picking does not really make
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sense unless the remaining requests are fulfilled in a
cost-efficient way as well.

The classical Vehicle Routing Problem (VRP) has
first been introduced and investigated by Dantzig and
Ramser (1959). Ball et al. (1983) have proposed the
option for transportation requests fulfillment by using
external carriers. Chu (2005) presented a model con-
sidering simultaneously the determination of routing a
heterogeneous own fleet and the selection of forward-
ing some requests singly to external carriers. Bolduc et
al. (2007) have revised some errors in Chu’s paper and
proposed an advanced heuristic for the problem. Ex-
tending the usual planning problems of vehicle routing
and scheduling by the additional possibility of subcon-
tracting a part of the requests raises two main ques-
tions for the research on operational transportation
planning. The first question concerns the long-term
planning horizon and refers to the optimal size of the
own fleet. The second question affects the short-term
planning horizon and applies to the selection of re-
quests to be performed by self-fulfillment and those to
be fulfilled by subcontracting.

This selection process cannot be reduced to a simple
“either-or” alternative in the sense of an isolated “make-
or buy” decision for each single request supported by
an adequate and easily applicable comparison method.
Instead, the complex decision for self-fulfillment or
sub-contraction has to take into account dependencies
among all available requests since they are to be clus-
tered to common bundles and the resulting trans-
portation costs depend on the bundling performed by
the dispatchers of the freight forwarding company.
The process of constructing an entire fulfillment plan
for self-fulfillment and sub-contraction with the high-
est reachable quality corresponds to solving the com-
bined vehicle routing and forwarding problem which
is also called the integrated operational transportation
problem (IOTP). Although this problem is very im-
portant for forwarders in practice there exist only few
approaches that investigate and solve that problem in
literature. A survey of existing approaches can be
found in Kopfer and Krajewska (2007).

Caused by the tendency to outsource a tremendous
part of the daily transportation requests to external car-
riers, the need for solving the IOTP in practice is even
soaring. The IOTP concerns almost all forwarders
with an own fleet of vehicles. For each request to be
executed during the next planning period they have to
choose an appropriate mode of fulfillment (mode-se-
lection), i.e. they must decide whether a request should

be executed using own resources or whether it should
be forwarded to an external carrier. In order to mini-
mize the costs of the own fleet, the forwarders have to
solve a usual vehicle routing and scheduling problem
for all those requests that are dedicated for self-ful-
fillment. The fulfillment costs incurred by the engage-
ment of carriers can also be influenced for the set of
all forwarded requests by means of a skillful opera-
tional planning of the employment of subcontractors.
This usually can be reached by building favorable
bundles of requests which are tied together and are as-
signed to be forwarded to an elected carrier. The corre-
sponding planning process is called freight consolida-
tion. The goal of the forwarder during the freight con-
solidation process is to minimize the incurring external
freight costs. The solution space of the freight con-
solidation problem is built by all feasible choices on
different possibilities of concentrating requests to bun-
dles and all choices on assigning the constructed bun-
dles to elected carriers of diverse types.

The purpose of this paper is to identify the different
modes of sub-contraction and to investigate the inter-
dependency of these modes and self-fulfillment. The
objective is to take advantage of incorporating diverse
types of sub-contraction in the classical vehicle rout-
ing and scheduling problem by minimizing the total
fulfillment costs which are composed of both, the vari-
able and fixed costs of the own fleet and the total ex-
ternal carrier costs. In order to get meaningful and illu-
minating results the investigation concentrates on a
type of the IOTP which includes all discussed fulfill-
ment modes, but which is easy enough to be solved to
optimality.

This paper is organized as follows. In Section 2 the
expansion of the usual problem of vehicle routing and
scheduling to the IOTP by incorporating different
types of subcontracting is discussed. Approaches de-
veloped to solve such problems are reviewed in Sec-
tion 3. A mathematical model for the expansion of the
plain VRP to a basic type of the IOTP is introduced in
Section 4. Computational results are presented in
Section 5. Finally, conclusions and an outlook for fu-
ture research are drawn in Section 6.

2. Expansion of Vehicle Routing
Problems by Subcontracting

The IOTP is a complex decision problem which con-
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sists of several planning levels with different sub-
problems shown in <Figure 1>. The sub-problems of
mode-selection, vehicle routing and scheduling, as
well as the sub-problem of freight consolidation are
strongly dependent on each other. That is why the op-
timal solution of the entire problem can definitely be
reached only by approaches which perform the sol-
ution process for all involved sub-problems simul-
taneously. Good suboptimal solutions can only be gen-
erated by heuristics which take the dependencies be-
tween the sub-problems into account, for instance by a
tabu search algorithm solving the routing problems in
the different sub-problems and allowing moves for
swaps and insertions which cross the borders of the in-
volved sub-problems. The simultaneous optimization
of both sub-problems of the IOTP (i.e. self-fulfillment
and sub-contraction) is aspired. Since the IOTP is an
extension of the usual vehicle routing the solution
space of the IOTP is greater than that of a correspond-
ing VRP and that is the reason for the superiority of
the solutions of the IOTP compared to those for plain
self-fulfillment.

| Operational Transportation |
/ Mode-
Selection
Self- . 5
Fulfillment Sub-contraction g
8
b3
3
Tour- Flow- &
oriented oriented g
Vehicle Freight
Routing and Consolidation
Scheduling

Figure 1. Sub-problems of the IOTP(cf. Kopfe;
and Schoénberger (2009))

Due to the application of complex and diverse meth-
ods for freight calculation, the complexity of the IOTP
is very high. <Figure 1> shows the relations between
the involved sub-problems. Applying tour-oriented con-
tracts for sub-contraction complete tours are trans-
ferred to external carriers and the transportation fees
depend on the attributes of the tours planned for the
execution of forwarded requests. In contrast, flow ori-
ented contracts are based on the flow of goods caused
by transferring bundles of forwarded requests. Most
freight forwarding companies use several, alternative
forms for compensating external carriers for their emp-

loyment. Of course, for each single carrier the form of
compensation is determined in advance by means of a
contract between the forwarder and the carrier. But
since we consider the employment of several carriers
for the fulfillment of the whole set of upcoming re-
quests, we have to choose between several forms of
compensations simultaneously, i.e. we have to assign
each request to an appropriate type of sub-contraction
with its specific type of freight calculation for the pay-
ment of carriers. The type of sub-contraction (type of
payment) to be applied depends on the choice of the
entrusted carrier, since the contracts with the carriers
are fixed.

We consider three types of sub-contraction in this
paper. The first two types are tour-oriented and the
third one is flow-oriented. In case of a tour-oriented
type of sub-contraction less-than-truckload requests
are combined to full-truckload orders and the resulting
tours are forwarded to external carriers. Applying the
first type of sub-contraction, the carrier is entrusted
with a complete tour and the payment for the ex-
ecution of the tour depends on the length of the route
to be performed. The calculation of the transportation
fee is based on a fixed tariff rate per distance unit, i.e.
the amount of payment is calculated by multiplying
the length of the entrusted route with the agreed tariff
rate. This type of forwarding requests is called sub-
contraction on route basis. If sub-contraction on route
basis is applied, there are no fixed costs for the for-
warding company incurred by the usage of external
vehicles. But compared to the usage of own vehicles
the variable costs for route based sub-contraction are
higher than those for self-fulfillment as the payment of
the forwarder has to cover a part of the fixed costs of
the carrier.

The second type of sub-contraction results from pay-
ing the subcontractors on a daily basis independent of
the size of the forwarded tours. In this case an external
carrier gets a daily flat-rate and has to fulfill all the re-
ceived requests of a single day up to agreed distance
and time limits. This type is called sub-contraction on
daily basis. Costs related to both tour-oriented sub-
contraction types (i.e. route based and daily based
sub-contraction) as well as the comparison of these
types of sub-contraction to the typical costs for
self-fulfillment are shown in <Figure 2>. With respect
to the costs the “degree of activity” in <Figure 2> can
be replaced by the length of the executed tours.
<Figure 2> simplifies the situation by assuming that
the turnover also would linearly depend on the degree
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Figure 2. Comparison of costs for different types of sub-contraction and self-fulfillment(cf. Kopfer and

Krajewska (2007))

of transportation activity, possibly measured by the to-
tal length of all executed tours.

The third type of sub-contraction is characterized by
a payment for the pure transportation service per-
formed by the carrier and not on the basis of travelled
distances. The transportation service is measured by
the extensiveness of the flows representing the trans-
port of the goods of the transferred requests. This type
is called sub-contraction on flow basis. The fee due for
payment depends on the flow of goods related to the
forwarded requests. The transportation flows reach from
the source of the goods of the forwarded requests to
the destinations of these goods and might be combined
to consolidated flows according to the solution of an
underlying flow problem (cf. Krajewska and Kopfer
(2009)). The amount of payment for flow based sub-
contraction arises from the length of the transportation
flows and from the amount of goods to be transported
on those flows.

An analysis of existing operational transport opti-
mization systems on the software market for freight
forwarders has shown that the problem is underes-
timated. There is no suitable system for freight con-
solidation on the market, and a system for integrating
self-fulfillment and subcontracting is not available,
anyway. Due to the lack of software, the problem of
splitting the request portfolio into a self-fulfillment
and a sub-contraction cluster is solved manually by the
dispatchers of the forwarder. An appropriate software
support is only available for the sub-problem of self-
fulfillment (i.e. for vehicle routing and scheduling).
But finding good solutions for the global planning task
of splitting the combined problem into sub-problems is
even more important than generating high quality sol-

utions for a single sub-problem, since an unfavorable
assignment of requests to fulfillment modes may have
a more severe impact on the total solution quality than
the generation of moderate plans for vehicle routing or
freight consolidation.

In practice, planning of the combined routing and
forwarding problem is made hierarchically. In the first
place the most attractive requests with high contribu-
tion margins are planned into the self-fulfillment clus-
ter until all own vehicles are charged to capacity. Here,
the schedulers can be supported by software that opti-
mizes the sub-problem of building round routes for a
given set of vehicles in the own fleet. Then the other
types of sub-contraction are also planned hierarchically.
They are considered in a sequential fashion, first plan-
ning the forwarding according to the route based
sub-contraction type completely, followed by the plan-
ning of the daily based sub-contraction type and fi-
nally by the flow-based type. Following the above pro-
cedure commonly used in practice, the mutual depend-
encies between the planning for the different fulfill-
ment-modes are ignored and consequently the advan-
tages of simultaneous planning are lost.

3. Approaches for the Integration of
the Clusters

The IOTP consists of three sub-problems: splitting the
requests into disjoint clusters for different fulfillment
modes, cost optimization for the set of requests per-
formed by self-fulfillment (i.e. assignment of requests
to vehicles as well as sequencing for vehicle routing
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and scheduling), and cost optimization (or calculation)
for the set of requests dedicated for sub-contraction
(with several different types of subcontracting). Dif-
ferent methods of combining these three sub-problems
result in different types of the IOTP with different re-
lations between self-fulfillment and sub-contraction.
There are three main approaches for combining the in-
volved sub-problems: hierarchical, semi-hierarchical
and global integration. These three approaches of in-
tegration are shown in <Figure 3>.

In case of a hierarchical integration (multi-stage
planning), the total request portfolio is first split into
two subsets that are assigned to the clusters by apply-
ing a simple decision rule. This rule does not antici-
pate the attributes of optimal or near-optimal solutions
of the involved subsets. After the splitting into two
subsets for self-fulfillment and sub-contraction has
been completed, the cost optimization process (possibly
cost calculation for the sub-contraction) is performed
inside each cluster independently. Such an approach is
presented by Chu (2005). When the volume of re-
quests exceeds the available capacity of the own fleet,
while time window constraints prevent the extension
of the routes, subcontractors have to be involved. Thus,

a. Hierarchical (multi-stage)

request portfolio

the main idea of the hierarchical planning of Chu
(2005) is to choose as many requests as possible for
self-fulfillment and to select them in advance on the
basis of a costs assessment of tours, and then to opti-
mize the routes for the own fleet. Afterwards, the costs
for subcontracting the remaining requests are just cal-
culated, since the freight calculation is performed in-
dependently for each request applying a tariff rate for
single requests. Due to the level of the tariff rate,
sub-contraction is always more expensive than self-
fulfillment. The heuristic proposed by Bolduc et al.
(2007) uses the same general approach as Chu’s algo-
rithm while their improvement concentrates on a better
solution of the sub-problem to be solved for self-
fulfillment.

The semi-hierarchical approach, e.g. in Pankratz
(2002), runs repeatedly by reassigning the requests to
clusters in an iterative process. In the first step the sol-
ution process builds sets of requests (bundles) which
are to be handled in common. Then these bundles are
assigned either to the self-fulfillment cluster or to the
sub-contraction cluster. Next, different optimization
procedures run in the clusters for each bundle sep-
arately. They perform the sequencing and scheduling

assignment to the cluster

A\
/

cost optimization set of requests in

the self-fulfillment cluster

b. Semi-hierarchical (repeatedly)

request portfolio

set of requests in cost calculation
the sub-contraction cluster / optimization

(re-) assignment to the cluster

A
/

cost optimization set of requests in

the self-fulfillment cluster

c. Global (flat, i.e., single-stage)
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Figure 3. Different types of cluster integration(cf. Kopfer and Krajewska (2007))
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for each bundle in the self-fulfillment cluster and the
cost optimization for each bundle in the sub-con-
traction cluster. Afterwards, using a Genetic Algorithm,
new proposals for splitting and bundling are generated
by reassigning the requests to the clusters. The bundles
of these new solutions are also optimized and eval-
uated, and so on. As the optimization tasks for the
bundles in both clusters cause high time-consumption,
the semi-hierarchical planning approach allows changes
concerning the division of the request portfolio into
the clusters only on the basis of cost estimations and
not on the basis of exact optimizations of the sub-
problems of the two clusters.

The global (flat) integration, e.g. in the approaches
of Schonberger (2005) and Krajewska (2008), is ori-
ented towards the global view at the total costs of
self-fulfillment and sub-contraction and tries to mini-
mize these costs holistically. The meta-heuristics used
in the presented flat approaches assume that the re-
quests are initially assigned to one of both clusters.
Then the cost optimization procedure takes place by
altering this initial solution in several iterations. In sin-
gle iterations of the optimization procedure, the in-
tegrated problem is not divided into different sub-
problems which are solved by assessment, but there
exists a uniform problem representation with a com-
plete implementation plan for all requests. The mod-
ification of such a plan for the next iteration runs on
the global level. In order to get the next modified plan
the requests are shifted not only at other positions
within one cluster, but are also possibly shifted from
one cluster to a position in another cluster. Conse-
quently, a request can be planned out of the sub-con-
traction cluster and assigned to a route of an own ve-
hicle, and vice versa.

In particular, Stumpf (1998) as well as Savelsbergh
and Sol (1998) can be classified as global planning ap-
proaches, as there exists no difference between the
strategies for planning the own vehicles and the ve-
hicles of subcontractors in those algorithms; i.e. the
same planning procedures are applied for all fulfill-
ment-modes. The optimal routes are aspired for each
mode and the requests are shifted between all the
routes as well as within one particular route.

Almost all approaches for the IOTP presented in lit-
erature concentrate on the extension of a specific type
of vehicle routing and scheduling by only one single
type of sub-contraction. An advanced approach com-
bining several concurrent types of sub-contraction with

vehicle routing and scheduling is presented in
Krajewska (2008) and Krajewska and Kopfer (2009).
In that approach the PDP-TW is extended by several
types of sub-contraction based on the payment for
tours and on the payment for flows of goods. The re-
sulting complex decision problem for transportation
planning is solved using a tabu search algorithm.

A comparison between the self-fulfillment and sub-
contraction mode as well as an investigation of a com-
peting usage of these modes can be found in Schon-
berger and Kopfer (2009) and in Krajewska (2008).
Schonberger and Kopfer (2009) analyze the benefits of
the combination of sub-contraction with self-fulfill-
ment in volatile order situations. They use the addi-
tional mode of sub-contraction for an enhancement of
the flexibility and service quality in case of an over-
strained own fleet. Krajewska (2008) describes and
solves an IOTP consisting in a global integration of
the PDP-TW with the following three types of sub-
contraction : route basis, daily basis, and flow basis.
She proposes a tabu search algorithm for the solution
of that operational planning problem allowing a mixed
usage of self-fulfillment and sub-contraction. The pro-
posed tabu search algorithm is also used for experi-
ments on the mid-term planning level by comparing
problem instances with different fleet sizes. Since the
IOTP has not yet been solved exactly by any opti-
mization algorithm it has not been possible to perform
a benchmark for the proposed algorithm. So, it cannot
be judged to which extend the results are disturbed by
the aberration from the exact solution. The planning
situation investigated by Krajewska (2008) includes
time windows and is typical for freight forwarding
companies in practice. Time windows have a perturb-
ing and complicated effect on the absolute comparison
of fulfillment modes since they are treated differently
in the various modes with respect to costs and feasi-
bility. Because of their strong and unpredictable influ-
ence on the mix of different fulfillment modes time
windows are omitted in this paper. This will concen-
trate the analysis on the investigation of the basic rea-
sons for choosing a fulfillment mode and will keep
computational experiments as simple as possible.

None of the existing approaches for integrating self-
fulfillment and subcontracting presented in literature
really tries to solve the entire IOTP simultaneously for
all involved sub-problems. This is due to the high
complexity of this problem. But an exact optimization
of small problem instances may render some important
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theoretical insights on the relations between different
fulfillment modes. In the following section of this pa-
per a totally integrating approach is pursued by using a
mixed integer linear programming (MILP) model.

4. A Mathematical Model for
Combined Vehicle Routing and
Forwarding

In order to allow a straight competition between the
considered fulfillment modes, to enable experimental
computations with exact solutions, and to investigate
the resulting mix of modes in an unbiased situation,
the plain VRP is chosen for the combination with the
above mentioned types of sub-contraction. The com-
bined problem is modeled as an MILP and is solved to
optimality for small test instances.

Given a set of vertices V'=1{0, :-, n}, the VRP is
concerned with the optimum routing of a fleet of
trucks between the depot (i =0) and a given set of n
customers i (i € V'\ {0}) which are to be delivered
with goods available at the depot. The distances dj; (i,
j € V'\{0}) between all customer locations (i, j) as
well as the distances dy (j  V'\ {0}) from the depot
to each customer are known. Cycles from a customer
location to itself are prohibited, i.e. d;=+ ° (i € V),
and all distances are symmetric, i.e. d; = d;i (i, j € V).
The quantity ¢; of the demand for goods is given for
each customer i. Each vehicle & has a limited capacity
Q. Therefore, in general several vehicles are needed
for customer satisfaction. The planning task of the
VRP is to find an assignment of customers to vehicles
and to find for each vehicle a sequence of serving its
customers in such a way that all customer demands are
satisfied and the total mileage travelled by the fleet is a
minimum, while the restrictions of the capacity limi-
tation of the vehicles are met.

Now, the extension of vehicle routing to a combined
IOTP will be demonstrated and investigated for the
VRP, i.e. the VRP is extended to the Vehicle Routing
and Forwarding Problem (VRFP). Self-fulfillment and
three sub-contraction types are used for the execution
of requests. For self-fulfillment a homogeneous fleet
with a limited number of vehicles is available. The
own fleet is represented by a set K, holding m;, equal
vehicles. A cost rate cd; per travel unit is used to cal-
culate the variable costs for the self-fulfillment of a

tour. The maximal tour length of any own vehicle is
limited by dmax s. Additionally, each own vehicle is as-
sociated with fixed costs defined as cf;. Of course,
these fixed costs cf; do not affect the optimal solution
resulting from the operational planning but they are of
importance for the long-term analysis of the overall
cost structures for request execution.

Long-term agreements establish the conditions and
the amount of payment for the employment of sub-
contractors. The employed vehicles of external carriers
are equal to the forwarder’s vehicles with respect to
type and capacity. Moreover, it is assumed that within
one type of sub-contraction all carriers are equal with
respect to the applied tariff. On the basis of tour-ori-
ented contracts, vehicles can be hired from subcon-
tractors for an exclusive use by the forwarder. Not all
of the available vehicles owned by a subcontractor
have to be in service. Thus, a payment is made only
for those external vehicles that are actually used. On
the basis of flow-oriented contracts, the costs for for-
warding requests depend on the length and amount of
transportation. Usually, the requests forwarded to a
carrier by flow based sub-contraction are less-than-
truckload transportation orders. The carrier will try to
combine the received requests together with further re-
quests from other shippers to full-truckload bundles.
This planning process of the carrier is not visible to the
forwarder.

For the first type of forwarding (route basis) the set
K, consisting of m, vehicles of subcontractors paid on
route basis is disposable. The tariff rate cd, per travel
unit of a vehicle £ € K, corresponds to the cost rate
cds for the own fleet, but it is higher than cdj, i.e. cd, >
cd,. The tour length of any vehicle from K, is not al-
lowed to exceed the limit dmax -

For the second type of forwarding (daily basis) a set
Ky of my vehicles is available. These vehicles can be
hired from subcontractors paid on daily basis. Only a
flat-rate cf; per day has to be paid for any actual used
vehicle of K;. The maximal tour length of any vehicle
from K is limited by dmax 4.

The third type of forwarding is realized by sub-con-
traction on flow basis. The presented model does not
take into account a freight consolidation by means of
flow optimization, i.e. all requests in the flow cluster
are forwarded separately. The payment Cr depends on
the length and the volume of transportation. The length
of transportation is given by the distance dy; from the
depot to the customer location of request i. The trans-
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portation costs are assumed to depend on the trans-
portation length with a linear cost rate cdy per distance
unit from the depot to the customer i. The volume of
transportation is given by the demand ¢;. With respect
to the amount of transportation the sub-contraction
costs are calculated on a pro-rata basis. The pro-rate
function p(g;) depends on ¢; and reflects the degree of
utilization of a vehicle. In order to get a simple MILP
the pro-rata function p(g;) is assumed to be linear or
%,pz(qf) =lorps(g) =
max{pi, a-p,} with a suitable parameter «. Alto-
gether, with respect to the length and amount of trans-
portation the forwarding costs are computed to Cy=
(i) doi - cdy.

The solution of the VRFP consists in a feasible total
fulfillment plan with the minimal execution costs. The
objective function C comprehends the entire costs in-
cluding the costs C; for self-fulfillment, the costs C.
for sub-contraction on route basis, the costs C; for
sub-contraction on daily basis, and the costs C; for
sub-contraction on flow basis :

piecewise linear, e.g. pi(g;) =

minC=CS+C,,+Cd+Cf (1)

Altogether there is a set K=K, U K. U K; with m
vehicles (m = m; + m, + my) that can be used for build-

ing tours. Let in;' be a binary variable such that xil; =
1 if and only if any vehicle k¥ € K travels between
customer locations i and j. For the formulation of the
constraints of the VRFP we need two additional binary

variables ¥, and Z. The binary variable y! denotes
the assignment of customers to vehicles, i.e. yi=1if
customer i is served by vehicle & . Let Z; be the binary
variable such that Z; =1 if and only if the request of
customer i is assigned to be fulfilled by flow based
sub-contraction. The components of the fulfillment
costs Cs, C, C; and C; can be calculated according to
the equations (1a), (1b), (1c) and (1d).

CS:ZZ inf.-dy.-cds+ms-cfs

ieV jeVkekK, (la)
€33 Yt d,
ieV jeVkek, (1b)
C, = z zng'cfd
iV \[0} keK, (Ic)
C, = Zi'p(q,')'di'Cd
! Z{} v (1d)

The feasibility of the entire fulfillment plan is as-

sured if each request is assigned to exactly one fulfill-
ment mode and if the constraints for each fulfillment
mode are maintained. For aspects of constraint analy-
sis, all vehicles £ € K can be considered together, as
only the objective function differs, while all re-
strictions are alike. Since the sets K;, K,, K, are dis-
joint, round routes have to be constructed for all own
and external vehicles £ in a similar way like in a usual
VRP with a homogeneous fleet. The difference be-
tween the vehicles out of different pools is realized by
the components of the objective function summing up
the costs for each type of sub-contraction including all
vehicles which belong to this type.

Equation (2) assures that each customer is either as-
signed to exactly one vehicle £ € K or otherwise that
the customer i is served by means of flow based
sub-contraction. Since | K | = m;, | K| =m, and | Ky | =
my, the numbers of actually used vehicles for self-ful-
fillment, for route based sub-contraction, and for daily
based sub-contraction cannot exceed the number of
available vehicles of each type respectively.

Zy’.k+zl.:l

VieV\{0) @

In equation (3) it is assured that each customer as-
signed to a vehicle is approached by that vehicle ex-
actly once and that it is left by the same vehicle once.
Additionally, equation (3) guarantees that a customer
is only served by that vehicle that he is assigned to and
that customers served by flow based sub-contraction
are not visited by any vehicle at all.

ko Kk
2= %=,

Jjev jev

VieV,kekK 3)

Equation (4) and (5) enforce that the sum of the de-
mands of all customers served by a vehicle £ does not
exceed the capacity limit Q of the vehicles. Additio-
nally (4) and (5) prohibit for each tour of a vehicle the
execution of short cycles, i.e. they prevent cycles with-
out visiting the depot. So, (4) and (5) guarantee that
each vehicle performs a Hamiltonean cycle without
exceeding the capacity limit Q.

uf‘—uf+Q-x§ <Q-gq,
Vi,jeV\{O},keK 4)
g, <u <Q VieV\{O},keK (5)

Constraint (6), (7), and (8) enforce that the limits for
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the maximal length of tours are observed. Finally, the

constraints characterizing xil; , y' and Z as binary
variables are represented by (9), (10), and (11).

szzl; "y < dyy

ieV jev Vk € KS (6)
x’k' d S dmaxr

2254 ke K, -
xik‘ dl S max

ZZ rovTomt Vkek, )

x; €{0, 1} Vi, jeV,kek )

yiefo, 1} VieV,kekK (10)

z, €10, 1} VielV (11)

The objective function (1) together with the con-
straints (2) to (11) constitute a complete MILP model
for the short-term planning of the VRFP. For the stra-
tegical fleet size problem, the fixed costs of the own
fleet would strongly influence its scale. The best value
of the number of own vehicles m; has then to be re-
garded as a decision variable and to be determined for
the long-term. This can be achieved by substituting the

Z ngi 'Cfs

term my - cfs by idmo}iex, . This substitution
yields the new objective function (1) applicable for
the determination of the best fleet size, both for the
own fleet and for the fleet subcontracted from external
carriers.

minZZinf.-d[j'cder Z Zx(’;.-cfs

ieV jeV kekK, iV \{0} keK,
k
-I—ZZ Z x;+d,-cd,
ieV jeV kek,
k
+ me' ofy + Z Zi'p(ql')'dOi'Cd/ ,
iV \{0} keK, ieV\{0} (1 )

For operational planning the optimal usage of the
available fleet is searched while the size (ms, m,, mq) of
the own fleet and of the fleet available from subcon-
tractors is restricted according to the decision already
made by the forwarder at the strategical level. For
long-term planning the values of m;, m,, and m, are set
to be great enough so that for all fulfillment modes
there will be an oversupply on available vehicles. The
objective function (1) then will not only offer the best
execution plan, but also the best fleet composition. As
the set of constraints allows some £ in K not to be
designated to any request and the objective function
(1’) ensures that these vehicles will not cause any
costs, the actual quantity of used vehicles in the opti-

mal execution plan can be directly used for the deter-
mination of my, m,, and m.

5. Computational Experiments

In this Section some computational experiments for
balancing different fulfillment modes at the short-term
and at the long-term levels are performed. The comm-
ercial mathematical programming solver ILOG CPLEX
11 was used to find optimal solutions of all the test
problems, which are generated from the real situation
of a forwarder in Central Germany. The comparison
between VRP and VRFP indicates how much cost
could be saved by incorporating external carriers and
to which extend cherry-picking could improve the uti-
lization of the own fleet.

For the realization of computational experiments,
five test instances simulating the customers’ demands
in one week are generated (D1, D2, D3, D4 and D5).
There are altogether 20 geographically scattered cus-
tomer locations. From these 20 customers, a random
integer number n (n=9, -+, 12) of randomly chosen
customers are selected for each instance. Demands of
chosen customers are then generated according to the
Poisson distribution g; ~ Poisson(8). Details of these
test problems can be found in the appendix. Distances
between two vertices are rounded to the nearest small-
er integers in our computation. Values of the parame-
ters are chosen as follows. It is assumed that the for-
warder has four vehicles available for the execution of
all these transportation requests. Two of them are own
vehicles (m; = 2), one vehicle is paid on route basis (1,
=1) and one vehicle is paid on daily basis (m;=1).
The cost rate per distance unit for an own vehicle is set
to cd;=0.8 monetary units. The values of the other
cost/tariff parameters are as follows : cd, = 1.7 mone-
tary units per distance unit; cdy= 3 monetary units per
distance unit, p(q;) = 1; ¢f; = 500 monetary units; cfy =
630 monetary units. The values set for the remaining
parameters are Q =25 tons, dmax s = dmax » = 850 dis-
tance units and dmax « = 400 distance units. <Figure 4>
illustrates the optimal plan of test instance D1.

In order to explore the potentials of cost saving by
sub-contraction, the total fulfillment costs for the VRP
and the VRFP are compared. In case of the VRP, the
forwarder has to hold an own fleet with at least 5 ve-
hicles if he wants to execute all the requests on his
own. In contrast, by integrated planning which is mod-
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|:| Depot
O Customers

Routes of Self-fulfilment

Routes of Subcontracted
Vehicles Paid on Route Basis

Routes of Subcontracted
Vehicles Paid on Daily Basis

Freight Flows

Figure 4. Fulfillment plan for the exemplary Vehicle Routing and Forwarding Problem D1

eled as the VRFP, he can reduce fleet size incorporat-
ing external carriers. Using the same fleet size as
shown in <Figure 4>, i.e. two own vehicles, one ve-
hicle paid on route basis and one vehicle paid on daily
basis, the total execution costs for each day (D1, D2,
D3, D4 and D5) are presented in <Table 1>. The total
costs for the whole week (sum) are also shown for the
variable costs, the fixed costs and the total costs. The
weekly total costs for the VRP are regarded as refer-
ence and set as 100%. The last row in <Table 1>
shows the percentage of the arising expenses in rela-
tion to that reference value. The utilization factor rep-
resents the fraction of the really used own vehicles to
the number of available own vehicles for each day. In
this simulation, sub-contraction and cherry-picking
can reduce the total execution costs for one week by
more than 20 percent as well as improve the average
utilization of the own fleet from 88% to 100%.

To hold an own fleet increases the self-sufficiency
of the forwarder. His own fleet is primarily used for

cherry-picking. The carriers paid on route basis are
premium subcontractors which are compensated for
their service on a relative high level. Usually, they are
employed by the forwarder every day. They ensure a
reliable execution of the requests assigned to them and
enable the forwarder to practice the cherry-picking
strategy for the own fleet. The forwarder tries to sup-
ply the carriers engaged on route basis with well-bun-
dled tours because he pays them on the basis of the
tour length. Compared to his own fleet he will try to
assign relatively short tours to route based sub-con-
traction as the tariff rate for each travel unit is higher
than in the case of self-fulfillment.

The carriers paid on daily basis are mainly used to
manage the daily fluctuations in the volume of orders
and they are indispensable for covering the load peaks.
The related costs are relatively high compared to the
variable costs of self-fulfillment. Therefore, the break-
even point cannot be reached unless the daily limit is
actually utilized. In practice, this sub-contraction type
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Table 1. Comparison between VRP and VRFP at the operational level

Fulfillment only with own fleet(VRP) Integrated tra(n\s/;l){%rgtlon planning
m._=5
s m=2 m =1 m,=1
Test
Problem Variabl I:Ii(l)izog Utilization of I:Ii(l){zofl Utilization of
costs € |Fixed costs| Total costs uowrf the own fleet | Total costs uowrf the own
0, 0,
vehicles (%) vehicles fleet7 (%)

D1 2153.6 2500.0 4653.6 5 100 4228.8 2 100
D2 1491.2 2500.0 3991.2 4 80 2847.7 2 100
D3 1704.0 2500.0 4204.0 4 80 3360.6 2 100
D4 1482.4 2500.0 3982.4 5 100 2880.7 2 100
D5 1734.4 2500.0 42344 4 80 3325.5 2 100
sum 8565.6 12500.0 21065.6 - - 16643.3 - -

% 40.66 59.34 100.00 - 7:88 79.01 - 7:100

is used for requests which do not match very well but
are combined to a tour which exploits the maximal
tour length for daily paid vehicles.

The flow based sub-contraction is mostly applied for
less-than-truckload orders forwarded to independent
carriers. From the forwarder’s point of view it is favor-
able to entrust these carriers with requests which can-
not efficiently combined by the forwarder to routes,
for instance because they run into directions where no
favorable clustering is possible.

For the long-term planning problem at the strategical
level, it is an essential issue for the forwarder, how
many vehicles in the own fleet should be held (cf. e.g.
Ball et al.) and how many vehicles from external car-
riers should be obtained by signing different types of
contracts with subcontractors. We investigate that stra-
tegical planning problem for the scenario presented in
this paper by comparing the solutions of the VRFP at
the short-term level with that at the long-term level. In
our experiments, we assume that the number of own ve-
hicles could have been changed everyday of the week
and we determine the optimal number of vehicles for
each test problem (D1 to D5). The results of this kind of
experiments yield a lower bound for the optimal sol-
ution for the fleet size at the strategical level, because
the solution space of the stragetical planning is enlarged
by allowing to vary the number of own vehicles in our
experiments instead of an optimal but fixed number of
vehicles in the original long-term planning.

For our experiments determining the optimal fleet
size for each day anew, we can use the objective func-
tion (1”) presented in Section 4 by giving m;, m,, and

my values great enough so that they will not have an
impact on the restriction of the solution space. Howev-
er, because of the enormous computational expense,
we have obtained the optimal solution for only one in-
stance (D2) by solving the complex problem with
CPLEX. Thus, we made experiments for different sce-
narios of fleet size imposing some more restrictions:

> vy =m,

keK (123)
k
= mr
Zy " (12b)

These two constraints imply that for a given scenar-
10, all the available vehicles in the own fleet and those
subcontracted on route basis have to execute some of
the requests. We then compared the optimal plans of
different scenarios with different possible sets of pa-
rameter values and found the best scenario for the
long-term. The results are shown in <Table 2>. The to-
tal costs for the whole week are also compared with
both, the VRP and VRFP test cases. The assumption
for this comparison is that the forwarder could have
for each day the optimal fleet size. Even under this un-
realistic assumption, it is obvious from <Table 2> that
little costs could be further reduced from the situation
with the fleet size my=2, m;=1 and m,=1, which
could be seen as a very reasonable solution for the
long-term operation.

On the other hand, this simulation assumes deter-
ministic data sets for each single day, usually not avai-
lable for the strategical decision-making. For the long-
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Table 2. Comparison between operational planning and strategical planning

Operational planning )
- . . Lower bound for strategical
Fulfillment only with own | Integrated transportation planning planning
Test Problem flect (VRP) ™, (VREP) 7, = 2,m, =1,
No. of utilized No. of utilized
Total costs Total costs vehicles : Total costs vehicles :
(mg/m, /m,) (mg/m, Im;)
D1 4653.6 4228.8 2/111 4167.2 221
D2 3991.2 2847.7 2/1/0 2847.7 2/1/0
D3 4204.0 3360.6 2/11 3360.6 2/1/1
D4 3982.4 2880.7 2/1/0 2848.7 1/2/0
D5 4234.4 33255 2/1/0 3325.5 2/1/0
sum 21065.6 16643.3 - 16549.7 -
% 100.00 79.01 - 78.56 -

term planning, some aggregated information should be
gathered. The objective function (1) can then facili-
tate the decision-making for the determination of the
best fleet size.

6. Conclusions and Future Research

We have analyzed an extension of the VRP to the
VREFP allowing the combination of self-fulfillment and
sub-contraction of different types. This extension is in-
line with an often practiced strategy of freight for-
warders. By applying optional sub-contraction the to-
tal execution costs for transportation can be reduced.
This is not surprising, since the solution space of the
VRP is enlarged. But the amount of savings that can
be achieved in our experiments is impressive.

Future research has to take into account important
realistic assumptions of the combined vehicle routing
and forwarding. The cost function for sub-contraction
on flow basis often has a nonlinear, degressive shape
in practical applications. Additionally, flows are merged
to jointed flows, containing different combined req-
uests. Thus, the merging of flows yields a minimum
cost flow problem to be combined with the routing
problem. For further investigations on the effect of
combining vehicle routing and forwarding it is neces-
sary to be able to solve medium-sized and large prob-
lems of that type. Of course, this can only be achieved
by heuristic approaches. Thus, the development of

powerful heuristics is an important challenge for the
next steps in the research on the IOTP.
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Appendix
Details of problem D1
No. i 0 1 2 3 4 5 6 7 8 9 10 11
X, 0 365 53 35 10 -38 -88 246 136 219 116 52
Vi 0 198 55 125 252 72 -7 -233 120 -156 -35 -6
q 0 9 7 7 14 10 13 14 13 9 8 8

Total demands : 112
Min. number of vehicles needed for the VRP : 5

Details of problem D2
No. i 0 1 2 3 4 5 6 7 8 9 10
X, 0 90 104 51 10 -75 46 258 219 116 52
Vi 0 28 50 247 252 10 -87 -302 -156  -35 -6
7 0 8 8 4 8 9 3 10 8 11 3
Total demands : 72
Min. number of vehicles needed for the VRP : 3
Details of problem D3
No. i 0 1 2 3 4 5 6 7 8 9 10 11 12
X 0 90 104 100 35 51 10 -38 -81 46 219 116 52
Vi 0 28 50 147 125 247 252 72 232 -87 -156  -35 -6
4 0 8 9 12 11 7 10 6 5 7 7 9 4
Total demands : 95
Min. number of vehicles needed for the VRP : 4
Details of problem D4
No. i 0 1 2 3 4 5 6 7 8 9 10 11
X; 0 90 104 53 -4 -75 -88 46 258 219 116 52
Vi 0 28 50 55 155 10 -7 -87 -302 -156 35 -6
q 0 7 3 10 7 12 14 10 10 3 7 11

Total demands : 94
Min. number of vehicles needed for the VRP : 4
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Details of problem D5
No. i 0 1 2 3 4 5 6 7 8 9 10
X, 0 53 -4 -75 -81 46 258 136 219 116 52
Vi 0 55 155 10 -232 87 302 -120 -156  -35 -6
q; 0 5 4 16 10 9 8 10 11 7 4

Total demands : 84
Min. number of vehicles needed for the VRP : 4

For customer 7, (x;, ;) are the coordinates of his location and ¢; represents his demand.
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