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ABSTRACT

The rapid growth of the eommercehas led to a dynamic increase of shipped parcels in recest year
Operators of transshipment terminals face the challenge to quiekiand transfeparcelsin orderto
successfully compete on the market and to meet¢hstomers’ expectationd. key factor to operate on
high efficiency level is to provide optimal ssgnment decisions in the allocation of existing resources
(e.g. unloading dock assignment, sorting destination assignméf@)present a solution approach that
closely links mathematical optimization and discr@tent simulation in an iterative way. larpicular,

this paper investigates the impact of different objective functiorheterminal systenperformance.
Computational results are presented for tweeddffit transshipment terminals.

1 INTRODUCTION

Emerged from the traditionalessThan-Truckload(LTL) market the parcel delivery industipDI) has
become an important segment of the logistics market. Paetglce providersconcentrateon the
transportation ofmall, standardized packages, that are restricted in terms of sizes and weight. Shipments
are transported icomprehensive transgonetworls andwithin shortdelivery times. Pocesseswithin
theseparcel deliverynetworksare characterized by a high degree of ceficiency achieved byarge
parcel volumes, consolidationf shipments, standardization and process automabanintegnational
level, the market is dominated by worldwide operating integrators, such as UPS (United Parcel Service),
FedEx or Deutsche Post DHL. On continental or national level several additional service provider
compete on geographically restricted markets, e.g. wikhinope Hermes Logistics Group, DPD
(Dynamic Parcel Distribution) or GLS (General Logistics Systems).

Since the emergence of thewtier, Express and ParcelEB) market around fortyears ago there
had been a dynamic and constant market growth. Over the past despelaally the increasing demand
of business customefsr time-critical shipments and thieend towards smaller load units resulted in
increasing parcel volumesn Irecent yearshowever,the end customer driven demand and the rapid
development of the eemmerce habemme the most important growth drivénline retailers, such as
Amazon or Alibaba, gain in importance and offer a wide range of products that are shigoedisered
by parcel service providers.
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In order to process the increased volupascel serice providershave expandedheir networks. A
large number of depot as well as hub termimaésusedand serve as the backbone of the transportation
networks.The schematic material flow of these parcel transshipment tesvsnifilstrated inFigure 1
Incoming vehicles are assigned either to a waiting buffer area or directly to an unloading dock. In the
unloading area vehicgor swap bodiesyith loosely paked parcelre unloadedvith the support of
telescopic conveyors. Shipments that do not meet the specification of the automatic sorting systems (e.g.
very large parcels) are handled a parallel manual sorting systeifhese shipments are called non
conveyable (NC) shipments.

Waiting buffer
@
1
a

Automatic
sorting
system

Manual
sorting

Figure 1: Material flow of a transshipment terminal.

The automatic sorting system consists of a complex conveyor network that singularizes, identifies and
finally discharges the shipments at thedicated destination pointgarious conveyor layouts and also
techniques to move parcels to their destination points exist. For large transshipment dersoialfy
slide shoe, tiltray or crosselt sorters are used as these techniques meet the high performance
requirements (Rushton, Crouchand Baker2010;Bloss 2013) In the loading area parcels are manually
loaded into outgoing vehicles. Once the loading process is completed, the vehicles leave the
transshipment terminal.

To efficiently operate a parcel transshipment termulifferent operational decisionseed to be
solved. As the size and complexity of the terminals with its high speed sorting technology gncrease
synchronizing all different resoure a best possible way to find good operational system configuration
becomes more and more important. In the unloading thee sequencing anassignmenbf incoming
vehicles, hereafter called unloadingock assignmentinfluences the operational efficiency of the
terminal. Typicalpracticalrestrictions of the unloading dock assignment contain maximum waiting times
for incoming vehicles or technical dock astrictions (e.g. dock loading height, telescopic conveyor
needed/available). In the loading area the outbound relations need to be assigned to specific sorting
destination points of the masorters(or corresponding loading docks of terminal sidésiis decision
hereafter called sorting destination assignmaritluences the balancing of workloadser time and
should avoid flow congestion. In addition to that workloads in certain loading areas should be balanced so
that the responsible workers are able to complete the loading on time in order to avoid blockings. Since
the share of the destination in each vehicle is differerg,avidentthat the unloading dock assignment
and the sorting destination assignment possesses strong interdependencies.

2 RELATED WORK

The modehg and optimization of freight transshipment terminatspecially of @ssDocks (CD) and

LTL terminals is presented in several papérdilinear programming model that assigns inbound and
outbound trailers to minimize forklift travel distances was developed in an early paper by Tsui and Chang
(1992) Bermudez and Cole (200@yudied a similar problem with the objective to minimize total
weighted distance by using genetic algorithri$fects of trailer scheduling with lookhead dock
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assignments under various layouts are discussed by{1986).Based on these papers, several authors
developedmore detailed and complex models using either mathematical optimizatatiacogteevent
simulation (Yu and Egbelu 2008Chmielewskiet al. 2009;Clausen et al. 2011Boysen and Fliedner
(2010) and van Belle Valckenaers and Cattrysse (20f#esentedyood classifications and literature
overviews of currently developed models.

A terminal in the PDUWiffers fromthe above mentioned terminalGL, LTL) by its used handling
equipment (stationary network of conveyoisyen though the amount and complexity of these terminals
raisedin recent years, onlgfew authors havéocused their worlonthis application fieldThe unloading
dock assignment was studied by McWilliams, Stanfield and Geiger (ZD0®)authors investigated the
performance of different unloading schedules on small, medium and large hub terminals by using a
genetic algothm that was linked with discreteeventsimulation mode(simulatiorbased optimization
approach) Their dojective was to find an unloadingchedule that minimize the makespan of transfer
operations. Mdelsand algorithmsveredeveloped further in subsequent works, for example by relaxing
simplifying assumptions like equélatchsizes of inbound trailer or using difent search algorithm, such
as Local SearchSimulated Annealingor Beam SearchMcWilliams, Stanfield and Geiger 20Q8
McWilliams 2010a McWilliams 2010k McWilliams andMcBride 2012).Hane/ah Schutten and Fikse
(2014)also focused their work on the unloading dock assignment of PDI terminals. They developed an
Dynamic Load Balancing Algorithrio find the next best available trailer and to balaheevorkload of
the sortes. Their discreteevent simulation results haveshown improvemens especially for
heterogeneous inbound trailesets.

In contrast to the above mentioned papers, whfobus on the unloading dock assignment, other
authors concentrate their work dhe sorting destination assignmentlasel and Goldsmith(1997)
presented a discretarentsimulation modeln orderto evaluate the effect of different sorting destination
assignment, however no results are shdWasel (1998) uses a Longedtrocessinglime heuristic for
sorting destination assignmerBy minimizing the maximum numbef items assigned to orstation
overall processing times areducedWerners, Thorn and Freiwald (200dgveloped a three-dimensional
assignment model in order to solve the sorting assignment of a PDI terminal. Djesitive is to
minimize the total distance between destination points and loading, dirode their work focuses on the
manually performed internal transport with roll containers. Another contribution of the same authors also
aims at minmizing the totaltransport distance betgn endpoints and loading gaté¥efners and
Wiilfing 2010).In this papera mathematical model is hierarchically decomposediivdasubproblems.

On top level, an even utilization of all sorting and distribution units is derived. On second level, sorting
destination points are assigned to loading gatlee.sorting destination assignment is also treated in the
work of Jarrah,Qi and Bard(2014)and optimizel by minimizing the number of trailer switches along

four different sorting shifts. In a second step the authors use an additional model to optimize the internal
resource scheduling of the loading workers.

In summary, it can be notatiat minimizing the makespan and balancing workloads are the main
objectives of current works. @d operational models for the unloading dock assignment as well as the
sorting destination exist. These models, however, only focus odem&on Our approach aims at an
integratedsolution hat solvesoth, unloading dock andorting destination assigrent in order to find a
good system configuration. Oarethodological approach will be described in the following section

3 METHODOLOGICAL LINKI NG OF OPTIMIZATION A ND SIMULATION

A parcel transshipmeri$ a complex system that consists ofaaiomaticconveyornetworkand manual
handling activities. Therefongsingdiscreteevent simulation to evaluate such a terminal seems obvious
and is often used in literature. However, finding the “best” system configuration can only be done in a
time-consuming approach of comparing different scenarios. As the number of possible unloading dock
andsorting destination assignments is viange, it becomeslear thathis is a challenging task. Thus, we

will make use ofa mathematical optimizatiomodel herg that offers the ability to make complex
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decisions and find (near) optimal solutions, admittedly on a less detailed level and without stochastic
behavior.

The idea of linking the mathematical optimization model and disexetntsimulation model is
shown in Figure?. Instead of usin@g simulatiorbased optimization approach, applied for example by
McWilliams for a PDI terminalwe developed stanealone optimization model that interacts via an
interface with our detailedventdiscrete simulation modéDiekmann Clauserand Baudach 2014 a
first step the current system load (incomwehicles) as described in€stion 4, is loaded into both
models. Therthe mathematicamodelprocesseshe optimization. Aghis papeffocuses orthe impact of
different objective function of the mathematical model, our selected objective funetimhshe
mathematical model will be exptadin detail (seeSection 5).After that, the gained optimal decision
variables (unloading dock assignment, sorting destination assignment) are imported ihiscrite-
event simulation model.In a next step the detailed discreteent simulation model performs the
simulation runs and summarizes the results in the evaluation méthrie. theoutput of both methods
are analyzed. Results of the evaluation module are showrdtio®$6. The output of the detailed
discreteeventsimulation model is used to iteratively adapt and validate the optimization model according
to the identified dynamic system behaviof the discreteevent simulation model. In this way
modification and adjustments (modification module) of the optimization model can be made, which
allows us to find good system configurations.

| Systemload |

Decisionvariables

5> (e.g. unloading dock
assignment, sorting

destination assignment)

A
Readin module

Solution

Optimization Model Simulation Model

Evaluation module

' Evaluation Opt.
1\ (e.g.workload balance, !
makespansystem i

Modification

module
(e.g parameters
variables, NC)

Evaluation Sim.

(e.g. workload balance, ||,

makespansystem A
performance)

Stopping
rule satisfied?,
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| Report results

Figure 2: Methodological linking of discre&gvent simulation and optimization

4 SYSTEM LOAD AND TRANSSHIPMENT TERMINALS

To study the effectof ourapproachwe have investigated layout designs and performance parameters of
several parcdransshipment terminalBased on this evaluation and also on real shipment data, we have
created two reference termisalWe decided to choose-g&haped terminals, as this form is commonly
used for lageterminalsand offers a good perimetararearatio. Reference system 1 (RS1) characterizes

a depot terminal handling up to 4,000 pasgeér hour. The second reference system (RS2) presents a
modern hub reaching sorting capacities up to 35,000 parcels per hours.
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4.1  Reference $steml

The first depoterminalwith around 6,000m2 building areds partitioned in one unloading ameat the
front side of the building and two terminal sides for loadiBaring the investigatedvork shift 144
trucks are unloadedAs shown in Figure3 quantities of truckloads vary significantlgeveral local
vehicles carry only a small amount of parcels (often less than 100 parcels), whereas swap loodjes of
distance vehiclegarry up to 1,000 parcel®©n the left side a&creenshot of the simulation modsl
displayed Beside the automated sorting t&ya there is a second manual sorthygtem for NC parcels
that accounts for around 10% of total shipments.
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Figure 3: Reference system 1 (depot).

4.2 Reference §stem?2

Reference system as shown in Figuré, is alarge hub with 24,000 m2 building areZix unloading area
are located at the front dks, feeding two main sorter that transport the patoeiwo loadingareas. This
resuls into four (logical) main sorters, thaive beerconsidered in both models. The system load of the
considereashift consists of 230 vehicles it af them are swap bodies with up to 1,450 parcels.

Arrival time

Figure 4: Reference system 2 (hub)
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5 MODELING PRO CESS AND OBJECTIVE FUNCTIONS

This sectiondescribeghe modeling of our approackirst, the modeling process tie discreteevent
simulation model ipresented briefly. fer that he mathematical model is explained. The kesttion
discusses the evaluated objective functions.

5.1 Discrete-Event Simulation Model

The discreteeventsimulation modelfiave beerreatedwith ED Transportwhich was developed by the
Institute of Transport Logistics (Neumarand Deymann 2008)it is based on the evediscrete
simulation software Enterprise Dynamics (ED). In order to crgateel transshipment terminals several
application specific objects have been develq@dusen and Diekmann 2012).

In comparison to the optimization model, tiscreteeventsimulation model considers important
aspects for the sorting operations, such as stochastic unloading operation times, sequersifgtloeder
parcels in the unloading process, manual handling areas foraggparcels as well as occupancy of the
sorterbelts at the induction of parcels and recirculating parcels. As a result, detailed conclusions about
the actual system behavior can be drawn by measuring the actual system performance and its impact on
upstream processes. These aspects are not or only coveless detail in the optimizatiomodeldue to
limitations in complexity.

5.2 Mathematical Model

The general modeling approach is suitablebfuth considered reference systems and only requires minor
adjustments due to structural or technical differences. Before we discuss the selected objectws functi
of our models in &ction 5.3 we first introduce all relevant sets, variables and restsctin our
optimization model € I denotes the inbound vehiclesg U the unloading docks, € S all (logical)

main sorters; € J the outbound relations (with subsgfs,; snorc S/ for short and long distance
relations),l € L the loading ddcs (with subsetd;,,g/snore S L for short and long distance relations
docks) and € T all time slices. We use time slices of five minutes length as this discretization has
proven to be a good compromise between model size, computing time draf thatail.

Our modeling approach combines both, assignment decisions in the unloading and loading areas of
the parcel transshipment terminal. As an equal distribution of shipments among the main sorters is crucial
for the performance of the sorting system within the transshipment terminal, we chose two types of binary
decision variables: variable$ become one if an inbound trailestarts unloading at time slicgat a
certain unloading dock) and variabigsindicate if an outbound relatigris assigned to main sorter

In order to avoid a quadratic model we introduce positive variaﬁ!ﬁé”““ for the shipment flows
from inbound trailer in time slicet via main sortes.

The linear optimization models contain different types of constraints. We will start with the
commonly used unloading restrictions:

;rf =1 Vi 1)

SORED DR - (T
i t—dur; <t<t (2)
Restrictiong1) make sure that each inbound vehicle is assigned to exactly one time slice. In addition,
at each time slice the maximal number of unloading docks must not be exceeded (2). As the unloading
duration of a vehicle can laséveral time slices (depending on its load quantity), we have to keep track of
all vehicles that have started, but not finished, the unloading process in previous time slices.
The load restrictions include the unique assignment of each outbound relation to one of the main
sorters(3) a well as the limited number of long and short distance docks, respectively, which are
available on the terminal sides for the corresponding outbound relations (4).
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2 =1 VYj (3)

E]

28 < |Lj Vs, zi < |L% - Vs
A,iEJZ!,mg 7 = | long Sy Jegm't 7 = | m’zo?t' 8 (4)

Correct shipmet flows are guaranteed by constraints (5) and (6). First, for each inbound vehicle and
each time slice of unloading the right amount of shipments has to leave the vehicle (5). Secondly, these
shipments have to be correctly divided towards the @itersand according to the assigned outbound
relations (6). Note that constraints (5) and (6) are ideritic&C-shipments.

Ship’;)(i reel

el “ N i
DUies =2 o > xp W(i,t) (5)
8 7 t—dur; <t<t

,,parcel < -“f“:."?,arcel St 6
Yit,s = E e (i,t,8) (6)
7

The next two constraints, summarized in (7), are required in order to obtain the makespan of all
unloading, sorting and loading operations in the parcel transshipment terminal
Sy xh > MmSstare Vi and 3 (ny +dur;) zt < mSena Vi (7)
t t
Here,n; € N denotes the number of tinséicet anddur; € N the duration (in time slices) of vehicle
i. The two integer variablemsg;,,+ andms,,4 represent the begin of unloading and the end of loading,
respectively.Other practical restrictions, for example the maximum permitted waiting time of inbound
vehicles after their arrival at the transshipment terminal, can be implemented by preprocessing and
variable fixing.

5.3  Objective functions

In this paper, we focuen optimization approaches that minimize the makespan of operations or/and
equally distribute/balance trghipments among the main sortbexause these objectsvare of main
importance in order to reach a high utilization and best performance of the sosiamsy pure
makespan minimization model requires the constraints (1), (2) and (7) with the objective function:

min (MSend — MSstart)

An optimization model that minimizes the maximum workload on one of the main soversll
time slices consistof constraints (1) — (6) completed by the following objective function:

min max g (yf(:':f! +uits)
(s,t) = v
T

The developed mathematical maal@lereimplemented via GAMS 24.3 and solved by Cplex 12.6.
Tablel showshe optimization results for RS1 and RS

Tablel: Optimization results RSdnd RS2.

Reference System 1 (RS1) Time Unit UB LB Gap UB Gap
Model / objective function (OF) (UB, LB) (makespan solution
OF1 makespan 54 sec | time sliced 126 1246 0,00%
OF2 min max workloagl 24 h shipments 15416 138.41 13}46% I l
OF3 makespan + min max workload 24 h shipmgnts 161.3 1p4.62 1. 14% P06.42
OF4| Mmakespan+minmaxworkf oo 0g (ol chiomenls 161157 16157  0po% 20642 2]
(with fixed unloading assignmen
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Reference System 2 (RS2) Time Unit UB LB Gap UB Gap
Model / objective function (OF) (UB, LB) (makespan solution
OF1 makespah 0.70 sec | time sliceq 94 9 0,00% ﬁ
OF2 min max workloafl 20 h shipmengs 543.12 412.34  24J08%

OF3 makespan + min max workload 12 h shipmdnts 734.89 6p1.73 1J1.32%  1563.98
makespan + min max workio

OF4| , . . .

(with fixed unloading assignmen

2h shipment 735.06 72037 2.00% 1568.98 53

Finally, our main observations and conclusibased on extensive computational testing of real life
data for each reference system are:

e As expected, just minimizing the makesg@#¥1) is no challenge as all decision and restrictions
concerning (balanced) shipment flows are neglected. This results in poor upper bound/ solutions
measured by the best min max workleallitions éee last columns dfable 1).

e The minimization of the maximum workloach the main sorter{OF2) is much more
challenging, especially for the big reference system RS3. But we expect the existing optimization
gaps mostt to be a result of improvable lower bounds as the best upper bounds are received
much earlier before the stopping time limit.

o A sequential makespaand min max workloadcapproach (OF3 & OF4) seems to be the most
promising approach ag combines a high utilization (short makespan) with a best possible
performance (balanced workload) of the sorting system

6 EVALUATION OF OPTIMI ZATION RESULTS BY DISCRETE -EVENT SIMULATION

As described inSection3 the optimization resulteere subsequently transferredairthe discreteevent
simulation modebnd evaluatedrigure5 showsthe impact of the four different objective functsdior
RS1.The results of the optimization model are shown on the left side, whereas the right side visualizes
the results of thdiscreteeventsimulation model. To track the workload balance (WLB) we compute the
amount of handled shipments per (logical) main sorter over time. The share of workload per main sorter
of each time slide is plotted on the left hand y-axis. The deviation of the output from the black dotted line
(RS1 50%, RS2 25Yisualizes the imbalanc&he makespan (MSRJescribes the time of sorting and is
shown on the horizontal x-axis. Thaterval between thérst and the last time slice is marked with a
black double arrowFinally, the grey background shows the sorter throughput rate per time slice. The
amount of sorted parcels is counted every five minutes and displayed on the right hand y-axis. Our
findings and conclusions of each @ RSlare discussed in the following:

¢ OF1 minimizes the overall MSP without considering the BYltesulting in a large gap between
thetwo main sorters. The curve of M8 is subjectd expected fluctuation due to the stochastic in
the simulation model Nonetheless the determined simulation key figures correspiahdthe
optimizationresult

e OF2 minimizes the \MB resulting in a 30% longdviISP comparedo OF1. The WL.B deviation
is only 5% in the optimizatiomesults. The simulated WLB, however, is significantly higher
(10%). The sortation of smadl amounts of parcel per time slice is superior affected by random
effects in simulation.

e OR3 is a combined approach that minimizes thePMist and optimizes the WLB afterwards.
This results in a short MSP such as OF1 with an even smaller MArBOF2. The simulation
shows, that higher workloagwr time slice enables a better B/in operations. The simulated
WLB (6%) is again superior than in optimization (2%) but the difference is not asdsarige
OF2.
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o Finally, OF4 presents an alternative to OF3 as the optimization problem was simplified by fixing
the truck allocation after minimizing tHdSP in a first step Anyhow, OF4 presents a solution
which is about equivalent to OF3 in terms of MSP reduction and the level of WLB

Results of optimization model Results of simulation model
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MSP
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WLB:10%

1% 1000
MSP:163 MSP:166

OF2
min max workload

WLB:2%

OF3
Comb. MSP&WLB

Mse2s [ 25 MSE:126

- '." fo 14" 0 Javaltadfe » "‘___ -
o - - NG RRE Y - - -

100

MSP:125

MSP:126

OF4
Comb.+fixed x

1140 1290 1440 1590 1760 840 w0 1180 1290 140 1550 1748

sorter throughput / h —=—upper side +lower side

Figure 5: Resudt of R.

Computational results for RS2 are showrrigure6. In comparison to RS1, the WLB for RS2 shows
four logical sorters. Thereforeperfectlybalanced WLB is achieved at 25% workload on each sorter. Our
findings and conclusions of each OF for RS2 are discussed in the following:

e As already determined in RS1, OF 1 minimizes the overall Bt$Bpting large fluctuation in the
WLB. RS2 suffers even more from the unbalanced workload as the system does not reach the
assumed maximum performance causing massive efficiency decline at the end of the shift. The
resulting delay generates a gap of 38% in the ovelalP compared to the optimization model.

e Similar to RS2, OF2 tries to create a balanced workload with low system utilizatieroverall
MSP is 67% longer compared to the other OF which is not acceptable for practical use.
Nonetheless, the achieved balance in workload creates a fluent systermaeck resulting in
appropriately equal results in optimization and diseeetent simulation.

o OF3againprovidesvery good values for both WLBASP and sorter throughput raféhe system
works stable at maximum capacity for the whole shift without pigyas or backlogs, showing
approximately optimal key figures for the measured scenario.
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o OF4 provides similar results as OFAs the used computational time is lower than OF3 this
objective function is highly promising for practical application.

Results of optimization model Results of simulation model
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Figure 6: Results of RS2

7 CONCLUSION

This paper evaluates four different objective funcsiom improve parcel transshipment operations in a
combined optimization and discretgentsimulation approach. The results of our study show that only
workload balancingobjective function 1pr makespaminimization (objective function 23lone are not
sufficient to create applicable solutions for our two tested reference tesmwhobjective functions
result in poor performance or long sorting intervdlserefore we tested two sequential optimization
approaches which combine makespan minimizing and workload balancing. The two combined
approaches provided good solutions. Objective function 3 reaches the best reésuits iof minimizing
makespan and balancing workload. However, objective function 4 offers a \atigimative to OF3 with
significantly lower computation time. An important issue when it comapptication in practie

The results are promising as they show that the developed objective functiors ilepdotvements
in the operation®f both depot and hub facilities. Future works within the research project will further
improve and establish an iterative linking method between both optimization awdetdisvent
simulation model in order to find the best system configuration
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