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Abstract A cross-dock is a facility where arriving material®e sorted, grouped

and delivered to destinations, with very limitedrage times, with the overall ob-
jective of optimizing the total management costse Dperational efficiency of a

cross-docking system strongly depends on how tijistio activities are organized.

For this reason, optimization models and methodseavery useful to improve the
system performances. In this paper, we proposethemmatical model to describe
the so-called truck scheduling problem at a crasd¢eg platform. The model con-

siders most of the actual constraints occurringal problems; therefore, it can be
viewed as an interesting basis to define a decisigport system for this kind of
problems. Some preliminary results show that thelehocan be efficiently solved

in limited computational times.

Keywords: supply chain, cross-docking, truck scheduling

Acknowledgments This research was partially supported by the ptdfeomoting Sustainable
Freight Transport in Urban Contexts: Policy and iBiea-Making Approaches (ProSFeT)",
funded by the H2020-MSCA-RISE-2016 programme (GNurhber: 734909).

Introduction

A cross-dock is a facility that receives goods freappliers and sorts them into
alternative groups, based on the downstream dglp@ints. This way, it is possible

to reduce the total distribution costs taking adaga of the benefits of a warehous-
ing strategy in terms of consolidation (enablingreamies of scale through the con-
solidation of multiple less-than-truckload shipngntut avoiding storage costs
and reducing handling operations.

In the literature, several models and methods baea proposed to address differ-
ent kinds of cross-docking optimization problenmsthis paper, we propose a math-
ematical model to describe the so-called truck duliveg problem at a cross-dock.
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The model considers most of the actual constraiatsirring in real-world prob-
lems, striving to define a decision support systemthe management of cross-
docking platforms.

The remainder of the paper is arranged as follbmvihe next section, a review of
the extant literature dealing with cross-dockingimjzation highlights the main
research strands and potential gaps. Then, theiptesc of the model is provided.
Computational results are then illustrated, showtirag the model can be efficiently
solved in limited computational times.

Literature Review

In recent years, many attempts have been madalér to systematize the cross-
docking literature [1-5]. In particular, Buijs dt fb] classified problems on the basis
of spatial and temporal aspects, distinguishing/bet single cross-dock and cross-
docking network management problems, and, accotditiyge temporal dimension,
among strategic, medium term and operational prabl@&lost of the literature con-
cerns with operational decision-making problems latcal level; in particular with:
 the inbound truck scheduling problem, consistinghi@ assignment of the in-
bound trucks to the receiving doors and of thdirssguent scheduling;

* the outbound truck scheduling problem, arising wisggrting from the inbound
trucks’ arrival scheduling, the loading and theestuling of outbound vehicles
should be determined, along with their assignmeshtpping doors;

» the synchronization truck scheduling problem, agsivhen both the previous
problems have to be simultaneously solved.

Considering the interdependencies among the abmldems, global optimization

approaches should include all the planning and gemant aspects. However, the

relevant complexity of the single sub-problems ssfg the development of sepa-
rated models and methods.

Most of the papers in the literature consider \&@mgplifying assumptions, repre-

senting the cross-docking facility with one recegvidoor, one shipping door and

an infinite staging area capacity [6-10]. With @lsi variation, Vahdani and Zan-
dieh [11] and Soltani and Saldjadi [12] consideseztoss-dock that does not allow
storage. Chen and Lee [13] solved the one inbounee-outbound door truck
scheduling, modelling it as a detailed schedulingpfem. Alpan et al. [14] dealt
with a multi-door cross docking problem, considgriemporary and limited stor-
age. Boysen et al. [15-16] determined the scheskdgiences for inbound trailers
in a multiple door cross-dock. Similar problems evaitso tackled by Liao et al.

[17], who also dealt with inbound truck assignmentlock doors and outbound

trucks. Konur and Golias [18] introduced uncertaintinbound truck arrival times,

assuming just arrival time windows are known.

Miao et al. [19] were the first to consider a symgtization problem in a multiple

doors cross-dock. Chen and Song [20] extended tik @f Chen and Lee [13], to

solve the problem with multiple doors for inbountdaoutbound processes. The
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integration of Vehicle Routing Problem into a crossking system was also con-
sidered [21-23].

Most of the proposed cross-docking scheduling sl deal with fixed outbound
schedules and just optimise inbound truck procgsdimdeed, Boysen et al. [16]
mention that fixed outbound schedule representmportant real-world aspect of
cross docking. This is true especially in large-anb-spoke networks. However,
in industries characterised by less-than-trucklmayistics and specific deadlines
for goods (such as postal services or food suppbins), where firms mainly
transport comparatively small and low-valued shipte®f multiple senders, things
may change quite significantly. Indeed, in thisckaf industry the need for consol-
idation, load optimization and minimization of nuentof outbound trucks, while
respecting deadlines, is even more important, dught profit margins. For this
reason, this paper will propose a mathematical naragning framework to deal
with outbound truck scheduling at cross-dockingfplans. The model assumes that
inbound track sequencing is known a-priori, ancksde minimize the number of
departures towards a set of destinations. The gedpoay be viewed as an exten-
sion of models introduced by Bruno et al. [24-2%]the bus scheduling at a transit
terminal. In the next section, the model will beschibed firstly considering the
basic case of one inbound — one outbound doortterdextended to the general
case with more inbound and outbound doors.

A general framework model for cross-docking truck sheduling

Oneinbound - one outbound door case

For sake of clarity, we initially describe the pospd model with reference to the
outbound truck scheduling problem for the one imttb& one outbound door case
(see also Bruno et al. [26]).

In particular, dividing the time horizon intotime periods, the time expansion of
the terminal over the time horizo,T], is given by a graph af nodes, in which
each nodé corresponds to a copy of the terminal in the tiitbat is linked with
the node+1 by an holdover arc (Figure 1a).

At a given time, an inbound truck delivers a certaimber of lots at the door of
the cross-dock. Each lot is generally characteriged destination and a deadline
d, within which it needs to leave the dock. Sets t lwith the same destination can
be grouped together and leave the cross-dodk ifnthere is an outbound truck
leaving toward that destination inOtherwise, they can be stored in the terminal,
flowing through the holdover arcs.

Assuming as parameters:

* 0, set of the possible destinatiofzse 0);

* D, set of the possible deadlings € D);

» d?;.lots with deadlinel and destination arrived at the cross-dock at time
e f;, cost associated with the vehicle leaving thessick at time;
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» Q;, capacity of the outbound vehicles, i.e. the maximmumber of lots which
can be loaded on an outbound truck in petiod

e (, capacity of the cross-dock, i.e. the maximum neindf lots that can be stored
at the facility (assumed to be constant over time)j

and introducing as decision variables:

* x¢y, number of lots with deadling and destination stored in[¢, t + 1];

* q¢;, humber of lots with deadliné and destination leaving at time;

» y? , binary variable equal to 1 if a truck leaves thess-dock at time toward
the destinatiom, O otherwise;

the formulation of the model is given by:
n

(©  minz= > Y fiyp

t=1 0€0
(2)  xpy=x14+d%—ats vt=1,..,n;Yo € 0;V¥d €D
() Xa=tqia < Q¥ vt=1,..,n; Yo €0
4)  YoeoZaepXey =<C vt=1,..,n
(B)  Xoeo¥l =1 vt=1,..,n
(6)  x0q= x34=0 Yo €0; Vvd €D
(1) x{qta =0 Vt=1,..,n; Vo €0;Vd €D
® y?efo;1} Vt=1,..,n; Vo €0

The objective function (1) is the sum of the ca@ssociated with the activation of

outbound trucks across the planning horizon. Caimgs (2) are the so-called mass
balance constraints, i.e. the conditions aboufltve material balance at each time
t. Conditions (3) and (4) assure that capacity camgs of the cross-dock and of

the outbound trucks are satisfied in each timeogeiConstraints (5) indicate that

no more than one truck can leave the cross-doe&ddt timet, because of the pres-

ence of a single shipping door; constraints (6)ralated to the deadlines as they
assure that no lot stay inside the cross-dock #fesr own deadlines. Constraints
(7-8) define the nature of the introduced binargialaes.
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(a) single door (b) multiple doors

Fig. 1 —Cross Docking Dynamic Network.
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The multiple doors case

In this case, more than one truck can arrive atdaudirt from the terminal at each
time t from different doors. Then, two further indicevédeen introduced to iden-
tify the receiving doot and the shipping dogrrespectively. The lots arriving at a
given receiving dooi (d2)) can be temporary stored or directly moved towards o
of the shipping doorg for departure. Lots are stored at the relatedivegedoors
and picked up whenever they have to be loadedtomck at a given doaof. The
times to transfer lots from receiving to shippirgpds cannot be neglected; in par-
ticular, they have been assumed dependent on duifisgair (i, j).

Considering the following further notation:

* [, set of the inbound doo(s € I);
* ], set of the outbound doofg € J);
* m, time to transfer lots from the receiving dédo the shipping dogy,

and introducing as decision variables (Fig. 1b):

+ x2t, number of lots coming from the receiving dépwith deadlined and des-
tinationo stored during the time intervid, t + 1];

« q27, number of lots coming from the receiving doavith deadlined and des-
tinationo leaving at timeg from the shipping doors

. yt"j , binary variable equal to 1 if a truck leavesirthe shipping dogf at time

t to the destination, 0 otherwise.

the model can be formulated as follows:

) minz = Zje]Z?qu eoft}’:j
Xy = xq g + A2 — Vt=1..m0€0;i€l;d€D
(10) Z oij
jer(t+mgj)sn Q(Hmij)d
(11)  Xoeo Zier Zaepxia < C vt=1,..,n
(12) Yuepqor < Quy’ Vt=1..n;0 €0;j €]
(13) Yooy <1 vt=1..n;j €]
(14) x34=0 Vo€ O;i€l;deD
d—mi- .. . . 7 .
(15) Lo [Te" i = Tia dty Vo€ 0l d €D
(16) x2i =0 vt=1..n0€0;i€l;d€D
17 ¢ =0 Vt=1.m0€0;i€;d€D
(18) y” €{0;1} Vt=1.n0€0;j €]

The objective function (9) is defined as the sunmhaf costs associated with the
departure of outbound trucks during the planningzom. Constraints (10) indicate
the flow material balance at each receiving doatreacht. Conditions (11) assure
that, in each period, the lots stored at all the receiving dododo not exceed the
total capacityC of the dock. Conditions (12) guarantee that it ia truck leaves
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from a generic shipping dogtoward the destination (y,” =1), only the lots with
the same destination can be loaded on the trudkoui exceeding its capacity.
Constraints (13) indicate that no more than onektaan depart from the shipping
doorj at each time. Constraints (14) impose that the stock levebahaeceiving
doori is zero at the beginning of the planning horiahile (15) assure that no lot
stay inside the cross-dock after their own deadli@onditions (16-18) define the
nature of the introduced decision variables. Ittedse noticed that conditions (15)
can be also alternatively formulated as follows:

(15.1) qféj:O Viel,0€0;j€];d €D;t=(d+1)..n
(15.2) x% = Vi€ l;VYo € 0;vd ED;Vt=<d—mEi]nmij+1)..n
j

Constraints (15.1) impose that lots with deadiireannot be loaded on a truck later
thand, at any shipping doagt. Conditions (15.2) indicate the last period in e¥hi
lots with deadlinel may be stored at each receiving dadn particular, for each
i, there exists a latest period in which lots witadlined can be picked up and
moved toward the shipping dOj)I(tl-d]- = d —my;). After that, they may be trans-
ferred only towards those dogtgeachable fron in less thann;;. Then, the latest

period in which lots with deadling may be picked up fromistf = d — meljn m;.
]

Computational Experiences

In order to test the suitability of the proposeddeipa set of instances was produced
using a random generator designed and implememe@+i+ language. ILOG
CPLEX Optimization Tool was used to solve the rantjogenerated instances for
the case of unlimited dock capacity, by varyingribienber of time periods T (from
12 to 36), the number of destinations O (from &}@nd the number of inbound
and outbound doors |l|=]J| (from 2 to 6). Resudéiported in Table 1, show that
computational times grow in a reasonable way irtadles. Even in the case of 36
times periods, 6 destinations and 12 doors (6 inband 6 outbound doors,) the
solver is capable of finding a solution to the peoi within four minutes.

Conclusions

In this paper, we analyzed the cross-docking ampraa a tool to improve the per-
formance of a delivery system within a supply ct@ntext. Literature on this topic
has shown that efficiency and effectiveness ofsdiscking strategies strongly de-
pend on the availability of optimization models aidorithms able to support the
decision maker about the choices on the operatms@tcts. However, current lit-
erature on the truck scheduling just provides nm®debrder to solve specific ver-
sions of the problem. For this reason, a genesahéwork has been introduced,
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based on a mathematical model able to describe ofidbe scenarios, which can
occur in practical applications. The first providedults show that the model pro-
duces interesting results both in term of compateti efficiency and from a man-
agerial point of view. Further investigations vii# aimed at improving the compu-
tational efficiency of the model, through purposehtsolution methodologies.

T=12
=1 o2 — —
Avg Min | Max | Avg Min Max | Avg Min Max
2 0.30 | 0.18] 0.38| 0.47] 0.38  0.53 0.63 035 09}
4 0.31 | 0.29] 0.32] 1.50| 0.66 2.1 18.0p 1.40 75.p0
6 0.64 | 028/ 1.46| 1.53] 0.64 2.43 32.0p 1.30 145.00
T=18
=1 o2 — —
Avg Min | Max | Avg Min Max | Avg Min Max
2 0.34 | 0.25] 0.45]| 0.64] 0.39 0.99 0.71 0.39 098
4 0.61 | 0.37] 0.84] 9.10) 0.700 24.00 28.00 21}J00 40J00
6 1.80 | 0.62] 3.26| 10.30 3.90 27.00 14600 68.00 214.00
T=24
=1 o2 — —
Avg Min | Max | Avg Min Max | Avg Min Max
2 0.70 | 0.37] 1.28| 0.82] 0.57 1.33 1.20 0.9 1.6}
4 0.79 | 058/ 0.94] 950| 190 3100 52.00 7.30 121.00
6 2.40 | 1.00] 3.40| 51.00 22.00 82.00 158/00 71.00 22p.0
T=36
=1 o2 — —
Avg Min | Max | Avg Min Max | Avg Min Max
2 1.70 | 0.64] 3.09] 260 120 3.6 3.40 1.30 5.7p
190 | 1.00] 3.10] 164p 430 18.J0 56.J0 13.00 58|00
6 11.30f 6.50] 15.30 66.0p 18.10 73.00 24100 93.065.0D
Tablel — Run Times (seconds)
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