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Abstract In order to improve their operational efficiency, small and mid-sized

freight forwarders can establish horizontal coalitions in order to exchange customer

requests. Decentralized operational transportation planning processes enabling

request exchange among forwarders in spite of information asymmetry and dis-

tributed decision-making competences is referred to as collaborative transportation

planning (CTP). CTP can help forwarders take advantage of economies of scale and

reduce their costs of fulfilling customer requests compared to the case of isolated

planning without request exchange. In order to exploit the potential of cost-savings

embedded in CTP, appropriate request exchange mechanisms have to be developed.

In this paper, the dynamic CTP problem of a coalition of freight forwarders serving

full-truckload transport requests is studied. Two rolling horizon planning approa-

ches are proposed to solve the dynamic routing problems. It is analyzed how the

planning results, in particular the cost reduction realized by CTP, are influenced by

different planning settings. Computational experiments show that the planning

results of CTP are considerably superior to those obtained by isolated planning, and

the realized cost-savings in percentage remain relatively constant, independently of

the test settings.
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1 Introduction

A key element of a successful operation of freight forwarders in road haulage is to

keep a high operational efficiency of the fulfillment of their customer transportation

requests. Due to the relatively limited business size, it is much more difficult for

small and mid-sized forwarders to reach the level of operational efficiency that large

forwarding companies on average can achieve, since the latter ones can consolidate

requests to a higher extent. Building horizontal coalitions and seeking for

cooperation with fellow forwarders may be considered as a promising remedy.

Through request exchange within horizontal coalitions, complimentary requests

of different freight forwarders can be consolidated and more efficient vehicle routes

can be constructed. A reduction of the total operational costs of up to 30 % can be

realized by applying centralized planning for request exchange (Cruijssen and

Salomon 2004; Cruijssen et al. 2007a; Krajewska et al. 2008). Centralized planning

means that all information with respect to requests, costs and the availability of

transportation resources as well as all decision-making competences are transferred

to a central planning authority of the coalition. If coalition members want to

preserve their private information and autonomy of decision-making, decentralized

planning approaches have to be developed. Wang and Kopfer (2014) refer to such

decentralized planning processes with respect to vehicle routing and scheduling as

collaborative transportation planning (CTP).

CTP is characterized by the fact that the forwarders in the coalitions generate

plans on their own and only for themselves and these individual plans are

harmonized within the coalition by applying appropriate decentralized request

exchange mechanisms. The specific goal of CTP is to reallocate the requests among

all member forwarders so that the total fulfillment costs are reduced as far as

possible compared to the sum of the forwarders’ individual costs without

cooperation. The obtained cost-savings present the joint benefits of the coalition

that cannot be achieved individually. Forwarders’ profitability can then be improved

by acquiring their shares of the joint benefits.

CTP has been investigated by many researchers in the last decade. However, the

majority of existing research focuses on static CTP scenarios, in which all

information is available a priori. On the contrary, little attention has been paid to

dynamic CTP problems. In this paper, a dynamic CTP problem which is referred to

as the dynamic collaborative full-truckload pickup and delivery problem with

forwarding (DCFPDPF) is introduced. The dynamic CTP extends the static CTP

over a long time horizon with gradually revealed request information. Two rolling

horizon planning (RHP) approaches that solve the static problems periodically

based on the updated current information are used to solve the DCFPDPF. The first

one is introduced in Wang and Kopfer (2013) and solves a new static problem when

a predefined time interval is reached. In the second approach, the static CTP is

triggered whenever a new request becomes urgent and must be irrevocably planned

at that time. In order to solve the static CTP problems, the route-based request

exchange mechanism proposed in Wang and Kopfer (2014) and Wang et al. (2014)

is adapted and used in both RHP approaches.
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The purpose of the study in this paper is to analyze the influence of different

planning strategies on the planning results. Especially, the main contributions of our

paper are: (1) the comparison of the cost-savings that can be achieved by advanced

individual planning techniques and by performing CTP with coalition members, (2)

a systematical analysis of the influence of different planning settings on the

achievable cost-savings through CTP in a dynamic environment, and (3) practical

recommendations for freight forwarders derived from the discussion on our

computational results.

This paper is organized as follows. Literature of related topics is briefly reviewed

in Sect. 2. In Sect. 3, the DCFPDPF is formally described. Two RHP approaches are

proposed in Sect. 4. Computational studies and comprehensive discussions on the

results are shown in Sect. 5. Section 6 concludes this paper.

2 Literature review

On the one hand, research questions on dynamic CTP are closely related to dynamic

and deterministic vehicle routing and on the other hand to collaboration within

operational transportation scenarios.

2.1 Dynamic and deterministic routing

In contrast to static routing problems where all input data of the problems are known

a priori when the routes are constructed, some input data are revealed or updated

during the period of time in which operations take place in a dynamic routing

problem (Berbeglia et al. 2010). Moreover, a routing problem can be either

deterministic or stochastic according to the information quality which reflects

possible uncertainty on the available data (Pillac et al. 2013). The reader is referred

to Pillac et al. (2013) for a recent review on dynamic routing problems. Specifically,

Berbeglia et al. (2010) review the literature on dynamic pickup and delivery

problems (PDP). In this section, we focus on some major contributions to dynamic

and deterministic routing problems.

Pillac et al. (2013) classify the solution approaches for dynamic routing problems

into two categories. The first category comprehends periodic re-optimization

approaches. After having constructed a set of initial routes, these approaches

periodically solve static problems corresponding to the current states triggered by

specific incidences. The first type of such triggers is an update of input data, which

practically can be the release of a new customer request. This strategy is used in

Psaraftis (1980), Yang et al. (1998), and Yang et al. (2004). Psaraftis (1980)

proposes a dynamic programming approach for the dynamic dial-a-ride problem.

RHP approaches are used to solve the real-time full-truckload (FTL) PDP with time

windows (PDPTW) in Yang et al. (1998) and its extension by considering the

possibility of rejecting requests and soft time windows in Yang et al. (2004). Instead

of being triggered by specific incidences, a re-optimization can be started whenever

a predefined interval is reached. Savelsbergh and Sol (1998) apply a branch-and-

price algorithm to solve the static PDPTW for each single re-optimization.
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Similarly, Chen and Xu (2006) use the column generation scheme in a dynamic

approach and solve each time the vehicle routing problem with time windows

(VRPTW). An ant colony system is developed by Montemanni et al. (2005) for a

dynamic vehicle routing problem in which encrypted information about character-

istics of good solutions are conserved in a pheromone matrix and passed on to the

next static problem after a predefined duration.

The second category is referred to as continuous re-optimization. The general

idea is to run the optimization routines and maintain information on good solutions

in an adaptive memory. Whenever an event occurs, e.g., a new request is known or a

vehicle has finished its current job, a decision procedure stops the optimization

routine and updates the routes. After that, the optimization routine is restarted with

the new generated solutions. Different from periodic re-optimization approaches, a

driver doesn’t know the next customer to serve until he has finished his current job.

Diverse optimization routines are used in these approaches. Gendreau et al. (1999)

apply a parallel tabu search proposed in Taillard et al. (1997). Another tabu search

heuristic that uses the concept of ejection chains (Glover 1996) to construct a

powerful neighborhood structure is proposed in Gendreau et al. (2006).

In addition to work on developing efficient solution approaches for dynamic

routing problems, the influence of waiting strategies on the quality of solutions to

dynamic routing problems is studied by Mitrović-Minić and Laporte (2004).

Tjokroamidjojo et al. (2006) and Zolfagharinia and Haughton (2014) analyze how

valuable it is for forwarders to have the advanced request information.

2.2 Collaborative transportation planning

For small and mid-sized forwarders, their relatively limited business size restricts

the potential for taking advantage of economies of scale with respect to vehicle

routing. In order to overcome this drawback, forwarders can seek for partnerships

within horizontal collaboration. Some general opportunities and impediments of

horizontal cooperation in logistics are revealed in Cruijssen et al. (2007b). A

literature review can be found in Cruijssen et al. (2007c).

Appropriate request exchange mechanisms must be developed to exploit the cost-

saving potential embedded in CTP. Such mechanisms have to be (1) simple and

implementable, (2) effective in terms of generating high joint benefits (Özener et al.

2011), and (3) able to deal with distributed information and decision-making

competences (Wang and Kopfer 2014).

Some mechanisms are proposed to tackle the task of exchanging requests in static

CTP. Schönberger (2005) proposes an approach based on combinatorial auctions (CA)

for a static CTP scenario where eachmember of the coalition has only one vehicle with

unlimited capacity. Since time window constraints are considered, the coalition has

not enough capacity to fulfill all the acquired requests and must subcontract some

requests to external common carriers. Krajewska and Kopfer (2006) also use a CA to

solve a simplified case of static CTP while making the assumption that the fulfillment

costs for any bundle of requests can be exactly evaluated. An incentive compatible

approach using cryptographic techniques for swapping pickup and delivery requests

among independent forwarders is proposed by Clifton et al. (2008). They develop a
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protocol that is secure against a centralized model referred to as the ‘‘trusted broker’’

model, where all parties give their input to the broker and the broker computes and

returns the result. Schwind et al. (2009) use both a one-round auction and an iterative

auction to exchange requests among profit centers (warehouses) of a single company

serving its customers with single commodity goods. The proposed mechanisms try to

identify profitable request exchanges between adjacent profit centers while each of

them independently solves its own VRPTW. Berger and Bierwirth (2010) propose

both aVickrey auction (Vickrey 1961) and aCA for another static CTP scenario. Since

vehicle capacity is not considered, the underlying routing problem of each coalition

member is the traveling salesman problem with pickup and delivery. Özener et al.

(2011) study the lane exchange problem of collaborating FTL forwarders and propose

bilateral exchangemechanisms. In order to solve the problemof exchanging less-than-

truckload (LTL) requests with timewindowswhile taking the capacity limit of vehicle

fleets into account, a route-based request exchange mechanism is proposed by Wang

and Kopfer (2014) and is extended to solve static CTP problems with heterogeneous

fleet in Wang et al. (2014).

In contrast to static CTP, little research has been conducted on its dynamic

counterpart. Song and Regan (2003) study a variant of dynamic CTP of a coalition

of forwarders fulfilling FTL pickup and delivery requests. Whenever a member

forwarder acquires a customer request, he launches an auction for the assignment of

this request and acts as an auctioneer. Other coalition members acting as bidders

calculate the marginal costs of inserting this request into their existing routes. The

request will be transferred to the bidder with the lowest bid price if this price is

lower than the auctioneer’s own marginal costs. Wang and Kopfer (2013) propose

an RHP approach with a predefined time interval between two successive static CTP

procedures. Computational study shows that CTP is especially preferable in a highly

dynamic environment. The authors further recommend using advanced request

information and planning in a forward-looking way for better solution quality.

However, it is not analyzed how the cost-reduction realized by CTP is affected by

changes of parameter settings of the used CTP approach.

3 Problem definition

The DCFPDPF deals with a horizontal coalition of m independent freight forwarding

companies who offer FTL transportation services. Each forwarder in the coalition

i; i ¼ 1; . . .;m, has an own homogeneous fleet Ki with .i vehicles. At the beginning
time t0 ¼ 0 of the entire time horizon ½0;1Þ, these vehicles are located at different

locations. No specific end depots are assigned for them in the dynamic situation. Let

K ¼ [m
i¼1Ki denote the entire fleet of the coalition. We assume that all vehicles in K

are equally equipped so that every request can be fulfilled by any vehicle in K.

However, all forwarders may use their own scheme to calculate route costs for their

own fleet, i.e., the vehicles may have different variable cost rates bk.
Each forwarder i in the coalition acquires requests from his customers during the

entire time horizon. The set of requests of forwarder i over the entire time horizon is
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denoted as Ri. Let R ¼ [m
i¼1Ri denote the set of all requests. A request r 2 R must be

transported from its pickup location to the corresponding delivery location. At each

location u, the operation (pickup or delivery) must be started in a customer defined

time window ½au; bu�. The service time at u is given by su. In a static PDP, all request

information is available at the time of planning. In a dynamic PDP, however,

requests may be released while the routes are executed. The time when a request r is

released to a forwarder is called the release time and is denoted as trlsr .

In dynamic environments it is important to define the corresponding request sets

associated with a point in time t. At any t, only a subset of requests Rt
i � Ri is known

to forwarder i. Rt
i is the set of i’s requests released no later than t, i.e.,

Rt
i ¼ fr 2 Rijtrlsr � tg. Rt

i can be further divided into two parts. The first part consists

of all requests that have not been planned yet and is denoted as R
t;a
i , where the index

a means that these requests are still ‘‘active’’ for the planning. The complement

Rt
i n R

t;a
i is the set of requests that have already been irrevocably planned and thus

are no more relevant for the planning at t. These requests cannot be reassigned

either because their services have already been started or even finished or because

their services must be started soon after t.

Three fulfillment modes can optionally be used by a forwarder to fulfill one of his

customer requests: The first one is self-fulfillment, i.e., to assign this request to a

forwarder’s own vehicle. The second one is to subcontract it to a common carrier

and pay a certain freight charge cr. The third one is to transfer it to another coalition

member through request exchange. The DCFPDPF aims at minimizing the overall

costs of the entire coalition to fulfill all requests in R.

4 Solution approaches

In this section, two RHP approaches are presented for the DCFPDPF. The two basic

frameworks for these approaches are illustrated in Fig. 1 and described in more

planning
time

timet0 t1 t2 t3 t4 t5

t0

t1

t2

a planning horizon

a planning period

an irrevocable planning period

a changeable planning period

(a)

planning
time

timet0 t1 t2

t0

t1

t2

a planning horizon

the irrevocable part of a plan

the changeable part of a plan

(b)

Fig. 1 Frameworks of rolling horizon planning. a RHP with fixed interval. b Request triggered RHP
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detail subsequently. Some important issues related to the DCFPDPF are then

discussed.

4.1 Rolling horizon planning with fixed interval

The first approach is based on an RHP framework with a fixed interval. This

approach, which is also used in Wang and Kopfer (2013), is illustrated in Fig. 1a

and is denoted as RHP-INT. The entire time horizon is divided into a series of

planning periods (PP). All PPs have the same length s. We use identifier p to denote

a PP, p ¼ 1; 2; . . .;1. At t0 ¼ 0, an initial plan P1 for the first planning horizon

(PH) including f following PPs, i.e., p ¼ 1; 2; . . .; f, is constructed. The length of a

PH is then given by LPH ¼ fs. The plan for the first PP is irrevocable. The plan for

the next PPs, i.e., p ¼ 2; . . .; f, however, will be actualized in the forthcoming plans

as a result of the dynamically released new requests during the execution of planned

routes. After that, at the end of each PP p, i.e., at the planning time

tp ¼ ps; p ¼ 1; 2; . . .;1, a new plan Ppþ1 for the next PH ranging from pþ 1 to

pþ f will be made based on the updated status. Again, the partial plan constructed

for PP pþ 1 will be irrevocable while the remaining part of the current PH will be

kept changeable. Figure 1a shows the case when f is set to 3.

At each planning time tp; p ¼ 1; 2; . . .;1, a vehicle can be assigned new requests

after it has finished fulfilling all the requests that have been planned irrevocably in

its route previously. If a vehicle has already finished serving all assigned requests, it

waits at the location of the last customer for new requests.

4.2 Request triggered rolling horizon planning

Another possibility of doing RHP is to adjust the plan after each actualization of the

status of the request portfolio. This variant is referred to as RHP-RT and illustrated

in Fig. 1b. At t0 ¼ 0, an initial plan P1 for the first PH with a predefined length LPH
is constructed. At t1, the status of the requests is changed and a new plan is made.

The part from t0 to t1 of the first plan P1 has already been executed and it is the

irrevocable part of P1. The remaining part, i.e., from t1 to t0 þ LPH will be

actualized due to the new plan. At t2, the status of the request portfolio changes

again, and the process repeats. As a result, the irrevocable part of a plan in RHP-RT

is dynamically determined.

Different triggers can be used within this framework. Song and Regan (2003) use

the release of a new request as the trigger. As soon as a new request is known to a

coalition member, a single-item auction is initiated, through which this request will

be unalterably assigned. Another option that will be used here is to initiate an

exchange process at the time when a request r becomes urgent and must be

irrevocably planned immediately, which is referred to as the due time tduer of r. For a

request r, its due time can be calculated as tduer ¼ erþ � tld, where erþ is the latest

time when the service of this request must begin, i.e., the end of the time window of

the related pickup operation, and tld is a predefined lead time. The lead time is an

important parameter of RHP that must be set before the planning starts. Without loss
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of generality, tld is identical for all requests in this paper. The lead time should not

only include the time for planning but also the time a vehicle needs to get from its

current location to the pickup location of the request.

4.3 Determination of due requests

In a dynamic environment, requests are released as time goes on. Some of them may

be released shortly before the latest time when the service must begin and need a

quick response of the forwarders. Others may be known quite a long time before

their time windows open and leave the forwarders much more time to seek for the

best plans. Thus, it is necessary in RHP to differentiate requests according to their

urgency.

The set R
t;a
i of all active requests of forwarder i at the planning time t can be

further differentiated into three subsets according to their urgency: (1) the due

requests R
t;d
i that must be irrevocably planned at t, (2) the non-due requests R

t;n
i

comprising the remaining part of requests to be considered in the current PH, and

(3) the requests whose due time lies beyond the PH and thus will be excluded from

the planning R
t;e
i . Then we have R

t;a
i ¼ R

t;d
i [ R

t;n
i [ R

t;e
i . The sets of all active, due,

non-due and excluded requests of the entire coalition at t can be defined as

Rt;a ¼ [m
i¼1R

t;a
i , Rt;d ¼ [m

i¼1R
t;d
i , Rt;n ¼ [m

i¼1R
t;n
i , and Rt;e ¼ [m

i¼1R
t;e
i , respectively.

Due requests are differently defined for the two different RHP frameworks. In

case of RHP-RT, a new planning will be launched when one or more requests

become due requests. Here, a request r is defined as a due request at time t if tduer � t

holds. More precisely, r triggers a new planning process when tduer ¼ t. In RHP-INT,

the definition of due requests is not based on the due time of requests but on the

appendant PP. Obviously, at the planning time t ¼ ps which is the beginning time of

the ðpþ 1Þth PP, all those requests that must be picked up within the ðpþ 1Þth PP

are due requests. I.e., Rt;d consists of the requests whose service must be started

before the end of the ðpþ 1Þth PP at their pickup locations. Additionally, in order to

improve the continuity of the plan, requests whose pickups must be served soon

after the end of the ðpþ 1Þth PP are also considered as due requests in RHP-INT.

4.4 Planning strategies using advanced request information

In a dynamic environment, forwarders can improve the quality of their planning if

they are offered the request information in advance. However, the value of the

advanced request information is not always the same according to how much in

advance the information is released (Tjokroamidjojo et al. 2006). For a given

request, the shorter the time is from the current time to the latest time allowed to

begin the service, i.e., the more urgent the request is, the more valuable the

information about this request is. On the contrary, the longer the time is and the less

urgent the request is, the less valuable the related request information is for the

planning at the current time. Thus, it is also important in RHP to specify planning

strategies that differentiate the importance of the known requests to the current

planning according to their urgency.
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There are two factors influencing the planning strategies. The first one is LPH .

The longer the PH is, the more forward-looking the planning is. Specifically for

RHP-INT, the minimum value of LPH equals to the length s of a PP, which means

that the planning focuses only on the most urgent requests. Thus, for RHP-INT, any

strategy with LPH ¼ s is referred to as myopic planning (MYP), and any strategy

with LPH ¼ fs, f[ 1, is denoted as forward-looking planning (FLP). For RHP-RT,

MYP means that requests are considered singly in static planning, i.e., only the costs

of moving a vehicle from its current position to the pickup location of this request

and bringing the goods then to the corresponding delivery location are considered.

In this case, LPH is practically determined as the time span between the due times of

two requests to be planned consecutively and it is no more a constant.

The second factor is a weight function that assigns each considered request a

weight reflecting its urgency. The weight can also be interpreted as a valuation of

the advanced information of requests associated with a specific point in time. The

weight function has a simple form in any MYP: since only due requests are

considered and all due requests have the same importance at the planning time, we

can assign them the same weight of 1 and other requests the weight of 0. In FLP, the

situation is more complicated since a weight between 0 and 1 has to be assigned to

the non-due requests additionally.

4.5 Identification of requests for exchange

A strategy for the usage of advanced request information specifies the requests to be

considered in each static planning and the evaluation of their urgency. For CTP,

however, we must additionally determine the candidate requests for exchange. In

case of RHP-RT, all requests that have triggered the new planning at the same time

are candidates for exchange, since a CTP will be launched when some requests

become due and must be irrevocably planned at that moment. For RHP-INT, two

situations have to be differentiated: MYP and FLP. As MYP only deals with

requests in Rt;d, all requests in Rt;d are candidates for exchange; i.e., they are

considered in the planning and have to be irrevocably assigned to the forwarders

through request exchange. For the FLP, however, all requests in Rt;d [ Rt;n, i.e., all

active requests which are currently known for the next f PPs are included for

constructing the plan. Nonetheless, only the most urgent requests, i.e., the requests

in Rt;d that must be irrevocably planned, will be candidates for exchange. Actually,

MYP can be realized by assigning all non-due requests in Rt;n the weight of zero and

thus be regarded as a special case of FLP in a broader sense.

It is important to differentiate the requests to be considered and those being

candidates for exchange. Each reallocation of requests will result in transfer

payments among the members and the amounts of the payments are determined on

the basis of the costs of routes. These costs are supposed to be as accurate as

possible. In a dynamic environment, these costs can only be precisely determined

for the partial routes serving the most urgent requests since they will not be changed

during their execution. Another important reason is that although advanced request
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information should be considered in planning, the plan for requests that are not

urgent should not be fixed as soon as the plan is made (Tjokroamidjojo et al. 2006).

4.6 Extended route-based request exchange mechanism

The static CTP problems are solved periodically within the RHP frameworks using

an extended version of the route-based request exchange mechanism of Wang et al.

(2014). The readers are referred to Wang and Kopfer (2014) and Wang et al. (2014)

for a comprehensive description of the static approach. The most important

extension is to integrate the weight factor described in Sect. 4.4 into the routing

problems. Figure 2 gives an overview of the adapted mechanism.

Each time a new planning is initiated at time t, all partners first propose all their

active requests relevant to the current planning, i.e., R
t;d
i in case of MYP and R

t;n
i

additionally in case of FLP into the common request pool, which is denoted as Rt;p.

All due requests in Rt;d � Rt;p will be irrevocably assigned through CTP.

Next, each forwarder i performs an isolated planning (IP) by solving a routing

problem for himself using his own fleet and common carriers to fulfill only his own

requests in R
t;p
i . In this routing problem, a request can either be planned in a vehicle

route or be outsourced to a common carrier. By introducing a weight wt
r for each

request r 2 R
t;p
i , we can formulate the objective function of this routing problem as

follows:

min
X

k2Kt
i

X

ðu;vÞ2At
i

bkduvxuvk þ
X

r2Rt;p
i

crw
t
rzr ð1Þ

where Kt
i � Ki is the set of available vehicles in the current planning, At

i is the set of

arcs defined by forwarder i’s own requests and vehicle locations, and duv is the

travel distance given by arc ðu; vÞ. The decision variable xuvk 2 f0; 1g indicates if an

Propose active requests in request pool

Specify transfer price for due requests

Initial route generation

Temporary winner determination

Iterative route generation

Final winner determination and
solution repair (if necessary)

Stop criterion satisfied?

No

Yes

Fig. 2 Overview of the adapted
route-based request exchange
mechanism
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arc ðu; vÞ is used in vehicle k’s route and the other binary variable zr indicates if a

request is outsourced to a common carrier. The weighted freight charge crw
t
r of r

can be seen as a penalty cost for not including it in any route. Requests with wt
r ¼ 0

will thus be practically excluded from the planning. In case of MYP, all requests in

R
t;n
i have wt

r ¼ 0 and all due requests have a weight of one. In case of FLP, all due

requests also have the weight of one while other requests have a weight less than

one. After having solved this routing problem, each forwarder i declares the costs of

fulfilling his own requests in R
t;d
i without request exchange as the transfer price,

which is the maximum amount he would pay if these requests are fulfilled by

someone else. In case of FLP, a route may have both due and non-due requests.

Only the first part containing the due requests is considered for the determination of

the transfer price, i.e., the partial route costs until the delivery location of the last

due request in a route are used. Denote this transfer price as C
t;d
i . The sum of all

transfer prices TC
t;d
IP ¼

Pm
i¼1 C

t;d
i represents the total costs for due requests at t

without cooperation. This information is used for the acceptance of CTP solutions,

which will only be accepted when they are better than the solutions of IP, i.e.,

TC
t;d
CTP\TC

t;d
IP .

The next step is initial route generation. Each forwarder i solves a routing

problem for his own available vehicles Kt
i and generates a set of routes fulfilling the

requests selected from the request pool Rt;p. The objective function is the same as

(1) except that At
i and R

t;p
i are replaced by At and Rt;p, respectively.
X

k2Kt
i

X

ðu;vÞ2At

bkduvxuvk þ
X

r2Rt;p

crw
t
rzr ð2Þ

Through solving this problem in a heuristic manner, a set of different solutions can

be obtained. The first part of the routes in these solutions containing only the due

requests is reported as candidate routes to the agent. The costs of the partial routes

will be declared as the costs of these candidate routes.

After the set of candidate routes has been initialized, the iterative process starts.

In each iteration, the agent solves the winner determination problem (WDP) in form

of a linear relaxed set partitioning problem (SPP) to minimize the total fulfillment

costs of all due requests. In the SPP, each due request r 2 Rt;d is either assigned to a

winning candidate route or to some common carrier for the price cr, which is the

same for all coalition members.

Suppose that jRt;dj ¼ nt and bi candidate routes have been proposed by forwarder

i in the initial route generation step. For each request r 2 Rt;d, a fictive route

representing the common carrier option with the route cost of cr is also added into

the set of candidate routes. Thus, b ¼
Pm

i¼1 bi þ nt candidate routes are there in

total. Let arj ¼ 1 indicate that request r is in route j and arj ¼ 0 otherwise,

j ¼ 1; 2; . . .; b. We use fkj ¼ 1 to indicate that route j is proposed for vehicle k,

k 2 Kt. The cost of a candidate route is denoted by cj. The WDP can be formulated

as follows by introducing the binary variable yj, j ¼ 1; 2; . . .; b to indicate whether a

route is chosen as a winning route.
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min TC
t;d
CTP ¼

Xb

j¼1

cjyj ð3Þ

subject to:

Xb

j¼1

arjyj ¼ 1 8r 2 Rt;d ð4Þ

Xb

j¼1

fkjyj � 1 8k 2 Kt ð5Þ

Constraints (4) ensure that each request is assigned to exactly one winning route and

constraints (5) ensure that each vehicle is assigned no more than one route. The agent

solves the linear relaxationof thismodel andgets thedual values related to (4) for requests

pr. They are sent back to the forwarders for the next iteration of route generation.

Using this feedback information, forwarders can generate and submit new

candidate routes in the iterative route generation step by solving another routing

problem with the following objective function:

min
X

k2Kt
i

X

ðu;vÞ2Ap

bkduvxuvk þ
X

r2Rt;d

przr þ
X

r2Rt;p

crw
t
rzr ð6Þ

Again, only the first part of each route in the obtained solutions is proposed as a

candidate route. The adaptive large neighborhood search (ALNS) heuristic pre-

sented in Wang et al. (2014) is used to generate candidate routes in both the initial

and iterative route generation steps.

Iterative route generation ends when predefined criteria are satisfied. The agent

solves then in the Step final winner determination the WDP which is formulated as a

set covering problem by replacing (4) with

Xb

j¼1

arjyj � 1 8r 2 Rt;d ð7Þ

If some requests belong to several winning routes in the WDP solution, the agent

calls a simple repair routine to obtain a feasible solution for the CTP problem. The

result of the WDP will only be accepted if TC
t;d
CTP\TC

t;d
IP . In this case, the partners

pay the transfer prices C
t;d
i to the coalition and get the route costs back from the

coalition for each of their winning routes. The difference TC
t;d
IP � TC

t;d
CTP is the

mutual benefits of the collaboration that will be shared within the coalition.

5 Computational experiments

To obtain some insights into dynamic CTP, a comprehensive simulation study is

conducted. A lot of scenarios are simulated to analyze the influence of several
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factors on three aspects: the total costs related to the planning results, the potential

cost-savings that are theoretically achievable by request exchange, as well as the

efficiency of the proposed CTP approach in realizing this potential.

5.1 Test case generation

For our simulations 30 theoretical instances are generated in the similar way as in

Wang and Kopfer (2013). The instances can be found at www.logistik.uni-bremen.

de. Customer locations are randomly distributed in a rectangle of size 200	 150.

Pickup operations are distributed in the time horizon [0, 4,500] which is 50 %

longer than that of the instances tested in Wang and Kopfer (2013), so that we can

simulate with large LPH-values. To make sure that all requests can be fulfilled, the

entire time horizon is extended to ½0; 4800�. Vehicles are located at randomly

generated start locations with empty load at t0 ¼ 0. Without loss of generality, the

variable cost rate per distance unit is set to one for all vehicles k 2 K and the fixed

costs of vehicles are supposed to be the same for all forwarders so that they can be

ignored in our study. The velocity of all vehicles is assumed to be one distance unit

per time unit so that the driving time between two nodes directly corresponds to the

distance.

The outsourcing cost cr for a request r is calculated as cr ¼ udrh
dr , where u ¼ 2

is a constant cost rate and dr ¼ maxf5; drþr�g is the adjusted distance between

pickup and delivery locations drþr� . The motivation to use the adjusted distance is

that common carriers charge a fixed minimum fee if the distance to travel lies below

a specific level. The parameter h is set to 0.9986 so that hdr can be seen as a

distance-dependent discount on the cost rate, which captures the fact in practice that

freight rates reduce with increasing distance.

Let ttsr ¼ brþ � trlsr denote the time span between the release time trlsr of request r

and the beginning of the time window of its pickup operation brþ . The test cases are

generated in such a way that 5 % of all requests have ttsr ¼ 450, 10 % have

ttsr ¼ 400, another 10 % have ttsr ¼ 350, 15 % have ttsr ¼ 300, 30 % have ttsr ¼ 250,

20 % have ttsr ¼ 200, and the remaining portion of 10 % have ttsr ¼ 150.

5.2 Performance of RHP-INT

In the first part of our simulation study the performance of RHP-INT is analyzed.

Several scenarios are simulated using the generated 30 test cases. The results are

statistically analyzed to draw some conclusions.

5.2.1 Simulation scenarios

Three factors are considered in this study: (1) the strategy using advanced request

information, (2) the length of the planning horizon, and (3) the type of planning with

respect to collaboration.

If forwarders can acquire request information in advance, they can use it to

improve their planning quality. Zolfagharinia and Haughton (2014) report a cost
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reduction of 22 % by using request information for the next PP as well as a 6 %

reduction for the PP after that. Similar results are also reported in Tjokroamidjojo

et al. (2006). It is also reported in both studies that the request information for the

remaining PPs has no significantly sufficient influence on the solution quality. We

thus formulated three strategies: MYP totally ignores the not urgent requests and the

advanced request information; FLP-I considers all know requests and FLP-II

includes only future requests to a limited extent which is specified as the next 2.5

PPs. The degree of urgency of requests can be expressed by proper weight values.

By changing the weight values the advanced request information can be considered

in RHP in different manners. Specifically, the three strategies are defined as follows:

MYP can be realized by assigning due requests that must be served in ðpþ 1:25Þs
the weight of 1 and non-due requests the weight of 0. For FLP-I, the weight of due

requests is 1. Non-due requests with ðpþ 1:25Þs\erþ � ðpþ 2Þs have a weight of

0.75 and all other non-due requests have a weight of 0:752 
 0:56. FLP-II differs
from FLP-I as non-due requests with erþ [ ðpþ 2:5Þs are ignored and assigned a

weight of 0 instead of 0.56.

The second factor studied here is the length s of the PP. Instead of being studied

as a variable parameter of the RHP, it is often considered as a given value in

literature reflecting for instance a day in the real world (Mitrović-Minić and Laporte

2004; Tjokroamidjojo et al. 2006; Zolfagharinia and Haughton 2014). In our

simulation, we consider this parameter as a variable and six different values: 25, 50,

75, 100, 125 and 150 are tested. The purpose is to find out if it makes sense to

change the frequency of the RHP.

The last factor concerns the information transparency of the planning in the

coalition. Three situations are introduced: without information exchange and

request exchange (IP), collaborative request exchange based on limited information

exchange (CTP), and centralized planning (CP) with full information transparency.

In CP, all coalition members share their private information with respect to requests,

fleet capacity, and cost structure. Moreover, they give up their decision-making

competences and let a central authority plan for the entire coalition. This is the way

with the best results achievable for the single static planning within a predefined

RHP framework.

In total, 54 scenarios can be defined by combining the possibilities of the three

factors. The same 30 test cases are calculated for all 54 scenarios. The results are

shown and analyzed in detail in the next part of this section.

5.2.2 Value of advanced request information

The benefit of planning with advanced request information can be recognized from

Table 1. DI and DII give the average cost reduction of the 30 simulations in each

scenario achieved by using FLP-I and FLP-II against MYP. As FLP-II considers less

information than FLP-I, this strategy also needs less computational efforts compared

to FLP-I. Dt in the last column refers to the average computational time reduction.

Although the value of advanced request information in our tests lies below 1 %,

results of the t-test ða ¼ 0:05Þ strongly suggest its statistical significance except for
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the scenario fCTP; s ¼ 150g. Thus, it can be concluded that FLP is generally better

than MYP.

A further comparison of the performance of FLP-I and FLP-II shows that

although less information is considered in FLP-II, it works statistically equally well

except for the scenarios fIP; s ¼ 25g and fCP; s ¼ 50; 75; 100g. Even for the four

exceptions the t-values exceed only slightly the critical values of the two-tailed

t-test ða ¼ 0:05Þ used for the comparison of the two variants of FLP. However, as

indicated in the last column Dt, up to 85.91 % computational time can be reduced

by using FLP-II. A direct conclusion for forwarders is that advanced request

information is valuable and has to be considered. However, ignoring requests to be

fulfilled in the far future can significantly reduce the computational efforts without

necessarily worsening the overall results.

Nonetheless, the performance of FLP is strongly influenced by the value of s,
since larger s-values indicate less information known in advance and this logically

leads to a convergence of the performance of MYP and FLP.

5.2.3 Cost reduction through request exchange

Two other important topics to discuss are the cost reduction achievable by request

exchange and the efficiency of CTP. The results of our simulation are shown in

Table 2. The costs given are the average total costs of the 30 test cases in each

scenario. The results of CP are used to approximate the minimal costs achievable

through request exchange in all scenarios. D1 ¼ 100 � ðTCIP � TCCPÞ=TCIP% shows

the relative cost-savings if all members would totally give up their autonomy in the

planning. D2 ¼ 100 � ðTCIP � TCCTPÞ=TCIP% shows the cost reduction using the

proposed CTP approach. g ¼ 100 � ðD1 � D2Þ=D1% indicates the efficiency of the

collaborative approach in realizing the potential cost-savings. The results in Table 2

indicate a very high efficiency of the CTP approach for the DCFPDPF. It must be

mentioned that although CP leads to superior solutions in the static planning of each

PP, the overall results can be even slightly worse than the CTP solutions in dynamic

environments as in the scenarios {FLP-I, s ¼ 25} and fMYP; s ¼ 50g.
If we consider the scenarios {MYP, IP}, i.e., all scenarios with myopic isolated

planning, and compare the cost-savings realized by FLP ({FLP, IP}) with those by

Table 1 Value of planning with advanced request information

s IP CP CTP Dt (%)

DI (%) DII (%) DI (%) DII (%) DI (%) DII (%)

25 9.22 8.40 5.02 5.18 6.77 6.38 85.91

50 5.07 4.82 6.53 5.76 4.47 5.10 73.61

75 4.34 4.27 5.78 5.07 2.93 3.32 51.44

100 3.50 3.59 4.47 3.71 2.47 2.30 33.78

125 2.41 2.25 2.45 2.22 0.79 0.75 17.55

150 2.44 2.10 1.11 0.97 -0.11 0.18 9.08
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CTP ({MYP, CTP}), it can be concluded that introducing collaboration has more

positive impact than establishing FLP: even the worst solution of CTP is much

better than the best solution of IP. It is worth mentioning that this comparison does

not indicate a conquer between CTP and FLP. In fact, the best results are achieved

by conjointly applying both of them. For forwarders, it is thus recommendable seek

for cooperation with proper partners besides planning in a forward-looking way.

5.2.4 Influence of the length of planning periods

As indicated previously, the length of the PP/PH is considered as a given parameter

in the majority of the research in literature. However, our simulations show that

s and the frequency of planning significantly influence the overall total costs. The

best results in all three constellations IP, CP and CTP are obtained using FLP-I with

s ¼ 125, 100 and 100, respectively. The benefits of adjusting s amount to 0.94–

1.77 %. These results suggest that forwarders can improve their forward-looking

strategy by choosing a proper s-value instead of regarding it as a given parameter in

RHP if applicable in practice.

The influence of s on the potential cost-savings D1 and D2 by request exchange

remain relatively insignificant. The cost-savings with large s-values are slightly less

than those with small values. It can be explained by the fact that in planning with

Table 2 Cost reduction through centralized and collaborative planning

s Strategy IP CP CTP

TCIP TCCP D1(%) TCCTP D2 (%) g (%)

25 MYP 239,175.08 222,949.77 6.78 223,333.19 6.62 97.64

FLP-I 236,970.18 221,830.64 6.39 221,821.65 6.39 100.06

FLP-II 237,165.73 221,794.64 6.48 221,908.37 6.43 99.26

50 MYP 236,738.31 221,495.67 6.44 221,426.06 6.47 100.46

FLP-I 235,537.74 220,048.91 6.58 220,436.73 6.41 97.50

FLP-II 235,596.61 220,219.77 6.53 220,296.27 6.49 99.50

75 MYP 235,916.15 220,560.73 6.51 220,588.04 6.50 99.82

FLP-I 234,893.31 219,285.62 6.64 219,940.95 6.37 95.80

FLP-II 234,908.42 219,442.00 6.58 219,855.29 6.41 97.33

100 MYP 235,357.45 220,067.73 6.50 220,289.96 6.40 98.55

FLP-I 234,533.09 219,084.40 6.59 219,746.25 6.30 95.72

FLP-II 234,513.66 219,250.76 6.51 219,782.24 6.28 96.52

125 MYP 235,013.20 220,125.53 6.33 220,240.55 6.29 99.23

FLP-I 234,446.40 219,586.71 6.34 220,066.90 6.13 96.77

FLP-II 234,483.95 219,637.22 6.33 220,074.70 6.15 97.05

150 MYP 235,080.97 220,418.29 6.24 220,666.77 6.13 98.31

FLP-I 234,507.99 220,174.58 6.11 220,691.22 5.89 96.40

FLP-II 234,587.36 220,203.60 6.13 220,627.57 5.95 97.05
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short PHs, forwarders can hardly construct efficient routes in the IP scenarios. In the

CP/CTP scenarios, however, the coalition has a larger request pool and a larger fleet

so that request exchange among the members can considerably improve the results.

On the contrary, a long PH means at the same time a large number of requests to be

planned in each PP and forwarders can better bundle their requests in the IP

scenario, too. As a result, the potential of further improvement of the routes by CTP

decreases a little. It means for forwarders that they can always achieve a further

noticeable improvement besides FLP through collaboration, especially in highly

dynamic environments that require quick responses of forwarders and thus short

PPs.

In order to better understand how the routing results are influenced by s, it is
helpful to take a glance at the cost composition of these results. Table 3 reports the

total costs TC and the two components: total route costs RC and total outsourcing

costs OC. Since the results of CP and CTP are almost the same, we only give the

detailed information for CP.

It is not surprising that a too small or a too large value of s leads to solutions

inferior to those based on well-chosen moderate s-values. The shorter the PP is, the

less requests are considered in the planning. As a result, there exist few opportunities

to bundle requests for efficient routes, and the repositioning costs caused by sending

vehicles from one request to another also tend to be higher than in case of longer PPs.

The average insertion cost, which is defined as the cost increment caused by inserting

r into routes at the best position overall, also increases with decreasing number of

requests to be planned each time. On the contrary, a longer PP allows more requests

to be inserted into routes and thus increases the possibility that the considered

requests will be well bundled, i.e., better routes can be found. The distance from a

delivery location to the pickup location of the next request also tends to be shorter.

The higher efficiency of the own vehicle routes lead to better solutions in general.

But if s is set too large, the planning process tries to fix the plan for too many requests

and it becomes unresponsive to dynamics.

Last but not least, request exchange enables in all scenarios a stable improvement

of the route efficiency beyond the increment of the degree of usage of the own fleet.

The efficiency of the vehicle routes can be measured by the parameter gK , which is

defined as the ratio of total driven distances with loads to the total route lengths of

all vehicles in K, where K is the entire vehicle set of the coalition. The absolute

Table 3 Cost composition of planning results using FLP-II

s 25 50 75 100 125 150

IP TC 237,165.73 235,596.61 234,908.42 234,513.66 234,483.95 234,587.37

RC 129,893.70 127,777.64 125,792.49 123,781.73 122,331.58 120,441.50

OC 107,272.03 107,818.97 109,115.93 110,731.93 112,152.37 114,145.87

CP TC 221,794.64 220,219.77 219,442.00 219,250.76 219,637.22 220,203.60

RC 144,601.21 142,846.60 140,698.67 138,205.93 135,662.18 133,021.83

OC 77,193.43 77,373.17 78,743.33 81,044.83 83,975.04 87,181.77
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improvement of route efficiency DgK through request exchange by CTP and the

number of additional requests fulfilled with own vehicles Dn are given in Table 4.

The saved OC at the same time overcompensate the increment of RC and result in

better plans.

5.3 Performance of RHP-RT

The performance of the second framework variant RHP-RT is analyzed and

compared with that of RHP-INT. Since FLP-II performs equally well as FLP-I but

requires significantly less computational efforts, only FLP-II is used in the following

simulations. In order to enable a fair performance comparison between RHP-RT and

RHP-INT, the same lengths LPH of PH as those tested previously in the performance

study of RHP-INT in Sect. 5.2 are used here, too. We can introduce a fictive PP with

the duration of LPH=2:5 and use the same weight function as introduced for FLP-II.

Different toRHP-INT, the number of plannings ofRHP-RT does not depend on LPH
but on the number of requests and the average number of requests of the 30 test cases is

1,767.4. As some requests have the same due time and several requests are planned at

once at t ¼ 0, the number of actually performed plannings in the entire time horizon is

somehow less than the number of requests and accounts to 1,442.13 on average.

Table 5 shows the results of the simulations. It can be observed that the results of

RHP-RT are worse than those obtained by RHP-INT (FLP-II) shown in Table 2. The

total costs in scenarios IP and CP are on average 1.20 and 1.23 % higher whereas

the relative cost-savings defined by CP remain on the same level as those of RHP-

INT. The high frequency of planning strongly degrades the performance of CTP and

results in an increment of total costs of 3.83 % and a loss of efficiency of the CTP of

about 38 % on average. The best results in each of these scenarios are achieved with

the largest simulated value of LHP ¼ 325, which is equivalent to s ¼ 150. The

length LPH of the PH is no more irrelevant to the solution quality achieved in

scenarios IP, CP, and CTP: while the performance of CTP remains the same with all

tested LPH-values, a cost reduction of 1.39 and 0.65 % can be expected by changing

LPH in the IP and CP scenarios, respectively.

As RHP-INT performs better than RHP-RT with respect of the solution quality,

RHP-INT is used in the following simulations for further analysis.

5.4 Planning with high subcontracting costs

Subcontracting cost is an important factor in the DCFPDPF which influences the

results a lot. An increment of this cost will boost the pressure on forwarders to

Table 4 Route efficiency: comparison between IP and CP

s 25 50 75 100 125 150

DgK ð%Þ 4.37 4.39 4.50 4.52 4.59 4.55

Dn 186.40 176.07 170.87 163.60 150.03 140.37
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exploit their own fleet more intensively. We simulate the situation when freight

charges for subcontracting requests are increased by 50 %, i.e., the value of u used

for generating the test cases is increased from 2 to 3. In this case, subcontracting

becomes so expensive that for a given request r with the travel distance drþr� the

freight charges for outsourcing can cover almost the vehicle cost for traveling a

distance that is three times as long as drþr� . Such extremely subcontracting costs

force the planning to avoid any outsourcing whenever the capacity of the fleet is not

exhausted.

The results are given in Table 6. Compared to the results in Table 3, the total

costs TC increase on average by 22.34 and 18.64 % in IP and CP, respectively. That

means request exchange can mitigate the effects of high subcontracting costs. The

fact that significant smaller s-values 75, 50 and 50 are now the ones that result in the

smallest TC in IP, CP and CTP recommends a higher frequency of planning.

Table 5 Results of FHP-RT

LPHðsÞ IP CP CTP

TCIP TCCP D1 (%) TCCTP D2 (%) g (%)

62(25) 240,455.50 223,817.17 6.92 228,869.72 4.82 69.63

125(50) 238,493.18 222,988.84 6.50 228,870.40 4.03 62.07

187(75) 237,656.47 222,716.95 6.29 228,869.90 3.70 58.81

250(100) 237,321.74 222,416.72 6.28 228,869.46 3.56 56.71

312(125) 237,124.48 222,428.00 6.20 228,870.40 3.48 56.16

375(150) 237,114.19 222,368.10 6.22 228,842.67 3.49 56.09

Table 6 Results of simulation with high subcontracting cost

s 25 50 75 100 125 150

IP

TC 289,976.30 286,755.17 286,587.32 287,006.44 287,632.19 288,613.12

RC 144,703.33 143,383.30 141,815.09 140,001.14 138,844.92 138,056.15

OC 145,272.97 143,371.87 144,772.23 147,005.30 148,787.27 150,556.97

CP

TC 261,029.53 258,966.68 259,212.53 260,469.47 262,438.37 264,516.39

RC 151,445.00 150,456.21 148,063.03 146,166.67 144,551.60 143,156.06

OC 109,584.53 108,510.47 111,149.50 114,302.80 117,886.77 121,360.33

CTP

TC 262,698.38 262,504.25 263,673.67 264,727.84 266,506.55 268,654.52

RC 149,642.48 146,956.88 145,484.44 144,234.04 143,028.48 141,493.59

OC 113,055.90 115,547.37 118,189.23 120,493.80 123,478.07 127,160.93

D1 (%) 9.98 9.69 9.55 9.25 8.76 8.35

g (%) 94.23 87.27 83.70 83.95 83.85 82.83
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Comparing the composition of costs in Table 6 with Table 3, it can be observed

that due to higher subcontracting costs the increment of the total route costs RC is

stronger for IP than for CP and conversely the increment of the outsourcing costs

OC is stronger for CP than for IP. It can be explained by the fact that the higher

degree of vehicle utilization reached for CP limits the potential to shift requests

from subcontracting to the own fleet. The higher total costs also lead to higher cost-

saving potential ðD1Þ. However, the efficiency of the collaborative approach ðgÞ
becomes slightly lower due to the increased difficulty of the planning.

The extent of transportation service realized by engaging subcontractors can be

quantified by the total amount of freight charges paid for the subcontracted requests.

Although the freight rate is increased by 50 %, the total amount of freight charges

paid to subcontractors is only increasing by 33.07 % for IP and 40.66 % for CP, and

not by 50 % which would have been expected if the share in total transport volume

realized by subcontracting would remain unchanged. This means that the

subcontracted transportation volume (measured in freight charge with a fixed

freight rate as uniform reference value) decreases if the price for subcontracting is

raised. The number of subcontracted requests also reduces significantly by 8.41 %

on average for IP and 3.13 % for CP. Interestingly, in case of CTP and for small

s-values from 25 to 75, raising the freight rate has the effect that the number of

outsourced requests is increased while the total freight charges are reduced. On

average 3.80 % more requests are outsourced to common carriers. The reason for

this is that the CTP approach compares the freight charges with the potential route

costs only for due requests. Due to small s-values and short PP the potential of

bundling these due requests is strongly limited so that in most cases the costs of

fulfilling only one or two requests using own vehicles are compared with the freight

charges. In case of high subcontracting rates, the CTP approach predominantly

subcontracts transportation requests with short distances and uses primarily own

vehicles to fulfill those with longer distances, because the longer the transportation

distance of a request is, the more freight charges can be saved by serving it by self-

fulfillment.

5.5 Planning with increased capacity

The capacity of the own fleet is another important factor that influences the

planning. We simulate the situation when the number of available own vehicles is

increased by 50 %. Table 7 shows the detailed results. The additional vehicles

create more potential of bundling requests in routes which can be better exploited by

request exchange. Compared to the results in Table 3, the total costs TC can be

reduced on average by 5.92 and 7.71 % in IP and CP, respectively. The increment of

TC is over compensated by the reduction of OC. The expansion of the fleet does not

significantly influence the choice of the s-value.
The potential cost-savings ðD1Þ show that the cost reduction can be increased by

expanding the own fleet. An interesting observation is that the CTP efficiency ðgÞ in
some cases even exceeds 100 %. In this case, the collaborative approach for

dynamic scenarios can be considered as an alternative solution methodology for the
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ALNS heuristic used for CP. However, the time consumption of the CTP approach

accounts to about twice as much as that needed by the ALNS.

5.6 Influence of distribution of request length

The last factor analyzed in our simulation study is the distribution of the request

length drþr� . The distribution of requests simulated so far can be regarded as a

Bernoulli distribution shown in Fig. 3a, which is depicted using all requests of the

30 test cases. To analyze the influence of the distribution, we generated 30 new test

cases with the request length uniformly distributed from 0 to 200. Figure 3b shows

the distribution of these new test cases. The means of the 53477 requests of all 30

new test cases of the uniform distribution is 94.57 and slightly higher than the

average length of the 53022 requests of the Bernoulli distribution which accounts to

92.30.

The results of this simulation are given in Table 8. Compared to the results in

Table 3, the total costs TC are higher due to the larger number of requests but

unchanged fleet capacity. The trends of the costs are quite similar to that of the

results in Table 3, and the best results are obtained with exactly the same s-values.
This indicates only an insignificant influence of the distribution of request length on

the choice of the best s setting. The subcontracting costs OC increase more than the

route costs RC with small s in IP. With larger s-values, the routes can be generally

more efficiently planned and the RC also increase considerably and account for up

to over 60 % of the increment of TC. Both the potential cost-savings D1 and the

efficiency g here are slightly lower than those in Table 2, but a statistical difference

cannot be concluded.

Table 7 Results of simulation with high fleet capacity

s 25 50 75 100 125 150

IP

TC 289976.30 286,755.17 286,587.32 287,006.44 287,632.19 288,613.12

RC 144,703.33 143,383.30 141,815.09 140,001.14 138,844.92 138,056.15

OC 145,272.97 143,371.87 144,772.23 147,005.30 148,787.27 150,556.97

CP

TC 261,029.53 258,966.68 259,212.53 260,469.47 262,438.37 264,516.39

RC 151,445.00 150,456.21 148,063.03 146,166.67 144,551.60 143,156.06

OC 109,584.53 108,510.47 111,149.50 114,302.80 117,886.77 121,360.33

CTP

TC 262,698.38 262,504.25 263,673.67 264,727.84 266,506.55 268,654.52

RC 149,642.48 146,956.88 145,484.44 144,234.04 143,028.48 141,493.59

OC 113,055.90 115,547.37 118,189.23 120,493.80 123,478.07 127,160.93

D1 (%) 8.83 8.44 8.29 8.23 7.92 7.56

g (%) 98.66 102.72 105.18 104.40 105.92 108.15
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6 Conclusions

Forwarders can improve their operational efficiency by integrating external

transportation resources into their planning processes. Besides outsourcing requests

to common carriers, they can also set up horizontal coalitions with fellow

companies and perform CTP. The static CTP has been studied for different

situations in the last decade. However, little research has been conducted to study

CTP in a dynamic environment, which is a more challenging task in the research on

transportation logistics. In order to fill this gap, the DCFPDPF is introduced and

solved using two RHP approaches in this paper. For the approach RHP-INT, a new

planning is triggered by a fixed interval between two consecutive planning

processes. The approach RHP-RT uses another trigger for new planning which is the

actualization of request status.

A comprehensive computational study on the DCFPDPF has been conducted to

evaluate the proposed approaches and to derive some practical suggestions for

(a) (b)

Fig. 3 Distribution of request length drþr� . a Bernoulli distribution. b Uniform distribution

Table 8 Results of simulation with uniformly distributed request length

s 25 50 75 100 125 150

IP

TC 241,670.39 240,282.22 239,569.49 239,083.16 239,033.55 239,161.46

RC 132,034.56 129,974.29 128,553.02 127,023.86 125,322.15 123,605.16

OC 109,635.83 110,307.93 111,016.47 112,059.30 113,711.40 115,556.30

CP

TC 227,137.79 225,709.52 225,047.77 224,768.74 224,880.61 225,449.76

RC 146,325.02 144,372.49 142,339.04 140,170.94 138,468.31 136,030.49

OC 80,812.77 81,337.03 82,708.73 84,597.80 86,412.30 89,419.27

CTP

TC 227,268.05 225,927.17 225,497.46 225,443.37 225,683.80 225,980.27

RC 145,198.28 143,011.07 140,985.66 139,053.04 137,169.50 135,106.24

OC 82,069.77 82,916.10 84,511.80 86,390.33 88,514.30 90,874.03

D1 (%) 6.01 6.06 6.06 5.99 5.92 5.73

g (%) 99.10 98.51 96.90 95.29 94.32 96.13
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forwarders: First, CTP outperforms IP by far in all simulations and the coalition can

always expect the similar amount of cost-savings by CTP in almost all cases

independent of the applied approach and the parameter settings. Second, if

forwarders can get the request information in advance, they can improve their plans.

However, they can ignore the requests that are to be fulfilled in the far future

without worsening the solution quality. Third, the choice of the proper approach and

configurations significantly affects the results. RHP-INT outperforms RHP-RT in

terms of solution quality. Fourth, stable percentage cost-savings through CTP

indicate that CTP has no disturbing effect on the tuning of the planning techniques

by choosing promising configurations for the planning techniques. Altogether,

forwarders can improve their efficiency on three ways: CTP, forward-looking

planning, and choosing adequate configurations. Comparison of these ways shows

that CTP has the strongest effect on improving efficiency. Individual planning

settings that have proved to be successful can be used for deriving proper

configurations of the CTP in coalitions by simulation studies.

Through the analysis of the influence on the planning results of specific factors,

more information can be obtained. If the costs of applying common carriers increase

to an extremely high level, short intervals should be chosen for the RHP. In this

case, CTP can better compensate the increasing freight charges of common carriers.

Increasing the capacity of the own fleet can reduce the total costs and increase the

potential of cost-savings through CTP. Finally, the tested distributions of request

length in our simulation study affect little the results in all respects and need not be

considered separately in searching for the proper configurations of the CTP.

The dynamic CTP approach using the adapted route-based request exchange

mechanism of Wang et al. (2014) is proven efficient in realizing the cost-saving

potential embedded in collaborative planning and is better compatible with the

planning framework RHP-INT.

Our study on the DCFPDPF can help better understand the CTP of forwarder

coalitions in dynamic environments and appeal to more intensive studies in this

area. A limitation of the proposed approaches is that they focus only on the latest

possible time to start the services. The earliest time that is the beginning of the time

window is ignored. In the future research, the possibility of assigning requests with

wide time windows that can be fulfilled before they become urgent has to be

considered. Another challenging work is to consider LTL requests in dynamic CTP.
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Cruijssen F, Bräysy O, Dullaert W, Fleuren H, Salomon M (2007a) Joint route planning under varying

market conditions. Int J Phys Distrib Log Manag 37:287–304

Cruijssen F, Cools M, Dullaert W (2007b) Horizontal cooperation in logistics: opportunities and

impediments. Transp Res E 43:129–142

Cruijssen F, Dullaert W, Fleuren H (2007c) Horizontal cooperation in transport and logistics: a literature

review. Transp J 46:22–39

Gendreau M, Guertin F, Potvin JY, Taillard E (1999) Parallel tabu search for real-time vehicle routing

and dispatching. Transp Sci 33:381–390
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