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Framework of the Thesis



Chapter 1

Production Planning with
Load-Dependent Lead Times and
Sustainability Aspects

The research contained in this thesis was undertaken partly as an bdtatosal candidate
and partly as a research and teaching assistant at the Institute of Ititori8gstems, Uni-
versity of Hamburg. It contains eight articles and a technical report ifigltbof aggregate
production planning and supply chain management. The research questianent to this
work is how lead times that are load dependent are taken into account inmaaided mod-
els for the tactical planning level, how they influence other planning levelsranresulting
production plan. There is empirical evidence that lead times exponentialgeisemwith the
increase of capacity utilization measured in workload or work-in-procegse production
system long before the capacity limit is reached. This can lead to signifidéeredces
in planned and realized lead times. Abstraction from such nonlinearitieseindly takes
place, mainly in favor of complexity reduction of mathematical models for usedcatice
and implementation into standard software such as advanced planning systnterprise
resource planning. Variabilities of lead times may become significant whestitagd.00%
resource utilization. This leads to longer waiting times of production parts muilipts and
lead to quality losses of such items. In the worst case, they cannot béouskeeir original
purpose, anymore, and have to be discarded or reworked if techrpceijble. Therefore,
another research question is how quality losses and lifetime restrictionskareitao ac-
count in the literature up to date. The latter mentioned aspects pertain to thedyghalyic
research field of green supply chain management that contains, ameng, afhestions of
rendering production processes more environmentally friendly. Thigesafrom product
design that influences all fields of production to optimal recycling, renzatufing, and
rework processes. It further comprises actions from wastage avsdispeductions also in
terms of energy usage translated in related costs that not only @{pyemission reduc-
tions, but also long-term recovery actions of exploited lands and emagots. Related lit-
erature surveys show that there do not exist mathematical formulationg fakinraccount
all mentioned aspects. We closed this gap by developing discrete dynamitsradeu-
lated asmixed integer programming (MIPs) including production smoothing that accounts
for load-dependent lead times (LDLT) thus aiming at avoiding peaks of resource utilization
together with lifetime constraints of items as well as rework of items that pass gefirlu
lifetime. Moreover, remanufacturing of externally returned items is integtaggther with
waiting-dependent rework processing times.
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1.1 List of Related Research Articles and Reports
This cumulative dissertation contains the following selection of researclearéind reports.

Peer-Reviewed Articles in Journals

1. Production Planning with Load Dependent Lead Times (with S. Vo3 and D.L
Woodruff),40R: A Quarterly Journal for Operations Research, 3(4): 257-302, 2005,
Abbreviation in Figure 1.1: 40R (05).

2. Production Planning with Load Dependent Lead Times: An Update @dRes (with
S. Vo3 and D.L. Woodruff)Annals of Operations Research 153(1): 297-345, 2007,
Abbreviation in Figure 1.1: Annals of OR (07).

Peer-Reviewed Articles in Journals Under Review

3. Depreciation Effects in Production Planning and Supply Chain Manageé&ur-
vey, invited review ofuropean Journal of Operations Research, under review, 2011,
Abbreviation in Figure 1.1: EJOR (11).

Peer-Reviewed Conference Proceedings

4. Load Dependent Lead Times — From Empirical Evidence to MathematicdkMo
ing (with S. Vo3 and D.L. Woodruff), In: Kotzab H., S. Seuring S., Miller, lsind
Reiner G. (Eds.), Research Methodologies in Supply Chain Manageniessic®,
Heidelberg, 540-554, 2005, Abbreviation in Figure 1.1: RMSCM (05).

5. Supply Chain Integration: Improvements of Global Lead Times with SCEith ¢
Mies and S. VoR3) in: Geldermann J., Treitz M., Schollenberger H., RentEd3. X
Challenges for Industrial Production, Workshop of the PepOn Prdjeegrated Pro-
cess Design for Inter-Enterprise Plant Layout Planning of DynamicsNréswv Net-
works, Karlsruhe, Nov. 7-8., 79—89, 2005, Abbreviation in Figure SQEM (05).

6. Production Planning and Deterioration Constraints: A Survey (with 8.aval D.L.
Woodruff), In: Ceroni J.A. (Ed.) The Development of Collaborativedction and
Service Systems in Emergent Economk®ceedings of the 19th International Con-
ference on Production Research (IFPR), Valparaiso, Chile, 1-6, 2007, Abbreviation
in Figure 1.1: IFPR (07).

7. Discrete Lot-Sizing and Scheduling with Sequence-Dependent Seétogs Tand
Costs including Deterioration and Perishability Constraints (with S. Vol3 and D.L
Woodruff), IEEE, HICSS-44, 1-10, 2011, Abbreviation in Figure 1.1: HICSS-44 (11).

Lecture Notes

8. Discrete Lot-Sizing and Scheduling Including Deterioration and PédailstyaCon-
straints (with S. VoR3), In: Danglmainer W., Blecken A., Delius R., and Klo&er
(ed.), In: Advanced Manufacturing and Sustainable Logistics, Pdiuge of the 8th
International Heinz Nixdorf Symposium, IHNS 201Cscture Notes in Business In-
formation Processing, Springer, Berlin, Heidelberg, 345-357, 2010, Abbreviation in
Figure 1.1: LNBIP (10).
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Working Papers and Technical Reports

9. Production Planning with Load Dependent Lead Times and Sustainabilitgctss
Technical Report, Institute of Information Systems, University of HambR@4 2,
Abbreviation in Figure 1.1: Tech Rep (12).

Further research not included, but undertaken in this time period thatleorapts this
thesis is given subsequently (see also the Curriculum Vitae, Chapter &yern3p.

Peer-Reviewed Conference Proceedings

10. Integrated Aircraft Scheduling Problem: An Auto-Adapting Algorithntod Ro-
bust Aircraft Assignments for Large Flight Plans (with T. Reiners, Mrddaek, C.
Rettig),|EEE, HICSS-45, 2012.

Books and Manuscripts
11. Production Planning with Deterioration and Perishability, Draft Maripis@011.

12. Logistik Management - Systeme, Methoden, Integration (with S. Vol3 &nd
Schwarze (Ed.)), Logistics Management - partly in German and partly itidbng
Physica, Heidelberg, 2009.

13. Network Optimization - International Network Optimization Conferenc€@\2011
(with T. Reiners and S. Vol (Eds.)), Hamburg, Germany, 2Dédtyre Notesin Com-
puter Sciences (LNCS), Springer, Heidelberg, 2011.

Working Papers

14. WIP Management in Practice: Survey and Analysis (with F. Schulteitute of
Information Systems, University of Hamburg, 2011.

15. Efficient Formulations for Lot-Sizing Models with Perishability (with C. $gip
Institute of Information Systems, University of Hamburg, 2011.

1.2 Course of Research

The course of research is depicted in Figure 1.1. Abbreviations of dedéieles and reports
are provided in Section 1.1. Investigations of LDLT and their influenceplanning and
production outputs present an introduction into the research field; séeetPal. (2005b)
[RMSCM (05)], Pahl et al. (2005c) [40OR (05)], Pahl et al. (20p[&nnals of OR (07)].
Special emphasis is on aggregate or mid term planning for production g@ptly sthain
planning. The operational and control level is addressed by analyaatgods and tools
to enhance communication of supply chain partners; see Pahl et al aj2@EEM (05)].
A related tool that emerged approximately a decade agapjdy chain event management
(SCEM). Itidentifies deviations between original plans and their execatiooss the whole
supply network and propose corrective actions according to predefides in order to im-
prove decision making, shorten lead times, and decrease variability/dismsipfiprocesses.
Research revealed that methods and software tools for SCEM are still ifaiteyrand far
from being of practical employment, but they can provide a databaseoags information
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Figure 1.1: Framework of this thesis.

EJOR (11)

that can be analyzed for performance improvement especially regdedidgimes and its
variabilities.

The subsequent body of research investigates the question of how lifedinséraints
of items and, in general, value loss, are taken into account in mathematicalsnadag-
gregate production and supply chain planning; see Pahl et al. (2(06"8 (07)] and Pahl
(2011) [EJOR (11)]. The book presented in Pahl and Vo3 (201tudgées and analyzes
mathematical formulations for depreciation effects. It is still in preparatiah toerefore,
not included in this thesis. The mentioned reviews show that depreciatioguatity loss
of products are taken into account in various fields of production plgmaimging from pro-
curement including ordering and replenishment policies to inventory maregeas well
as lot sizing and rework/recycling management. A classification schemepodaaghes is
provided in Pahl (2011). These approaches are gouped regadndingassumed quality of
information and with respect to their regarded time horizon. The survealevthat little
research is done regarding multiple products and thus setup times andTdustsiajor
number of approaches integrasksinkage of stored items due to deterioration or perisha-
bility into their models. Lifetime constraints that limit storage times are rarely incatpor
It is further revealed that deterministic model formulations prevail overhststic as well
as static over dynamic approaches. A small number of discrete dynamic nraddeting
lifetime constraints exist, but they are not extensively explored althoughitmgortance
for planning is significant due to their aim to avoid quality losses and relatpoghss in
the first place. Furthermore, such approaches may be integrated ueffithgemployed
planning software such as ERP and solved using exact methods otticealgerithms.

Lifetime constraints for integration in classical inventory and lot size modelsievel-
oped and their effects on lot sizing, production planning, and inventonagement studied
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in Pahl and Vol3 (2010) [LNBIP (10)]. Decisions on the production meiarportant regard-
ing LDLT, because their variations significantly influence resource utilinaffldnerefore,
special emphasis is on setup times and costs that are assumed to be selgpencent in
Pahl et al. (2011) [HICSS-45 (11)]. Hybrid lot sizing models includiogne scheduling
information are regarded. The inclusion of lifetimes is also interesting fromthametical
point of view, because the implication of a maximal lifetime might reduce setupblesia
for periods exceeding these lifetimes. Numerical studies show that sletitnkfs permit
fast solution finding due to the application of lot-for-lot policy, i.e., no aggt®n of lot
sizes and thus no inventory holding takes place and demand is satisfiedéteatiee period.
This is not the case for longer lifetimes that permit different productioentory variations.

The results of the aforementioned research state highlight regardingtdistynamic
deterministic approaches for aggregate production planning and a lankdels that in-
clude LDLT while accounting for sustainability aspects such as the avadaihquality
losses/disposals or wastages due to deterioration and perishability, lifetmsgasots, as
well as rework of passed items. This gap is closed in Pahl (2012) [TepH®2)].

1.3 Conclusions and Research Directions

In this thesis, extensive research on models regarding LDLT anddafiom constraints is
conducted. They highlight research gaps and promising directionsifitnef research. In
the technical report, we developed optimization models for aggregateqti@mayplanning
based on classical lot sizing models that take into account the problemdofifeas that
are dependent on the workload of production systems. This phenonepogevailing in
practice and should be regarded in planning. Classical methods like maggidements
planning, material resource planning that are implemented in enterprisggegoanning
systems do not provide related tools or planning methods. An increaserkiba in the
system leads to increases of lead times, so that items have to wait at varjpsi®fstee
production system. There is empirical evidence that lead times increaseeejadly with
the workload long before 100% resource utilization is reached, so thangdaand real-
ized lead times vary significantly. Additionally empirical evidence shows thstigting due
to the workload of a production resource takes place, so that outputeaproduced at
a specific constant production rate, but at a fraction of the origina) sat¢hat planned
outputs are not realized. There are few model approaches accotottithg link between
order releases, planning and capacity decisions to lead times taking intanatice sys-
tem workload as well as lot sizing and sequencing decisions. We studfededif model
formulations that directly approach the problem with lead times that are loahdept us-
ing diverse methods. These have their advantages and disadvaiiiagesfore, the choice
was made to pursuit with the proposed approach that account for log sigicisions in
order to directly capture the planning circularity regarding lot sizes, setupud capacity
utilization. We developed different formulations for production smoothingtie tactical
planning level. Up to date, production smoothing is rather accounted forpetonal
planning level regarding scheduling decisions mainly in the environmentnahsonized
assembly line systems. No model approaches have been proposedttartited planning
level regarding lot sizing, so far. Our production smoothing appraadistribute produc-
tion jobs evenly or in a way that a certain target utilization sector is achiewd¢tdas LDLT
are avoided.

Besides, a major objective of this work is to regard effects of LDLT on tiedity of
items. If items have a certain lifetime, i.e., time interval in which they are usefuuftiner
employment in production or consumption, lead times that are load-depenagniead to
enhanced quality losses of waiting items. In the worst case, they canosetéor demand
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satisfaction and need to be discarded or reworked if technically posBh#econsideration
of limited lifetimes is a hard constraint on inventory management and its integratmn in
mathematical models for lot sizing, production, and inventory management amtanp
issue. One may argue that longer storage times are avoided by mathematietd nodc-
counting for inventory holding costs in the objective function. This is trug,there is a
difference between being able to store products for long time periods @nuking able
due to lifetime constraints. In this regard, we further regarded aspeststinability such
as avoidance of disposals caused by limited lifetimes of items, rework and uémaur-
ing issues. We proposed related models further including features, wedinte, minimal
lot size constraints, and setup carry overs in order to minimize their effectesmurce
utilization thus already taking into account some scheduling at this stage. Tdelsrare
developed based on the capacitated lot sizing problem with perishability ttatlénpos-
sibilities of remanufacturing of externally returned items and rework of iatgripassed
items that is waiting dependent. An extensive numerical study on this modetdsitex
analyzing functionality and characteristics regarding complexity and its implitatio the
solution finding process. The influence of constraints, e.g., minimal lot siz&tr@ints, life-
times, workloads, etc. are studied. Two different returns rates of itemss agsumed that
significantly influenced results, so that return rates turn out to be a veriam input fac-
tor to the model which confirms conclusions from other authors that theretuecycling
rates significantly influences the planning process. Besides, minimal lat@istraints are
a complicating factor of planning, not only regarding lifetime constraints tliitoverall
planning process. Therefore, more research is needed on this giflgéactor.

Further research directions that are pursuited are the developmeeitwadri flow for-
mulations for proposed models and their comparison regarding complexitgfacidncy
of solution finding. Besides, we are interested in integrating finished goweelstory distri-
bution decisions to the customer accounting for aspects of packagingeaisibd making
on transportation modes in order to maintain quality while minimizing negative infaisenc
on the environment. This includes the reformulation of different objectivéise objective
function of mathematical models that are dominated by profit maximization or cost min
mization up to date. Additionally, stochastic influences are prevalent riegat®LT, so
that another research direction is to study the influence of stochastitsevethe model
behavior and the resulting plan using szenario techniques and determitustie&ic de-
composition approaches. With the introduction of the GSCM and relatedcesaeachange
is perceptible in the research literature. We pursuit this important topic bgneniy con-
sciousness and sensitivity regarding sustainability in the production {p@rprocess.
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Chapter 2

Cumulative Doctoral Thesis

2.1 Three Thematically Related Research Articles and Reports

The focus of this thesis is on tactical production and supply chain plannithgL®LT
as well as sustainability aspects. Related mathematical models are studiecdseatthre
gaps regarding formulations and characterizations highlighted. Thpsagaclosed by de-
veloping discrete dynamic deterministic approaches including the aforemedhtimpects.
Related surveys are given as follows:

e Load Dependent Lead Times — From Empirical Evidence to Mathematical IMode
ing (with S. Vo3 and D.L. Woodruff), In: Kotzab H., S. Seuring S., Miller, lsind
Reiner G. (Eds.), Research Methodologies in Supply Chain Manageniessic®,
Heidelberg, 540-554, 2005.

e Production Planning with Load Dependent Lead Times (with S. Vo3 and D.L.
Woodruff), 40R: A Quarterly Journal for Operations Research, 3(4): 257-302, 2005.

e Production Planning with Load Dependent Lead Times: An Update of Resgaith
S. Vo3 and D.L. Woodruff)Annals of Operations Research 153(1): 297-345, 2007.

e Production Planning and Deterioration Constraints: A Survey (with S. YiolTal.
Woodruff), In: Ceroni J.A. (Ed.) The Development of Collaborativedction and
Service Systems in Emergent Economkrsceedings of the 19th International Con-
ference on Production Research (IFPR), Valparaiso, Chile, 1-6, 2007.

e Depreciation Effects in Production Planning and Supply Chain Managemeir-
vey, invited review ofEuropean Journal of Operations Research, under review, 2011.

Related mathematical formulations are developed and analyzed in the followitiggs
tions:

e Discrete Lot-Sizing and Scheduling Including Deterioration and Perishakibty-
straints (with S. Vol3), In: Danglmainer W., Blecken A., Delius R., and Klo&er
(ed.), In: Advanced Manufacturing and Sustainable Logistics, Pdinge of the 8th
International Heinz Nixdorf Symposium, IHNS 2010scture Notes in Business In-
formation Processing, Springer, Berlin, Heidelberg, 345-357, 2010.

e Discrete Lot-Sizing and Scheduling with Sequence-Dependent Setup Enmks
Costs including Deterioration and Perishability Constraints (with S. Vo3 and D.L
Woodruff), [EEE, HICSS-44, 1-10, 2011.

e Production Planning with Load Dependent Lead Times and Sustainabilitycsspe
Technical report, Institute of Information Systems, University of Hamp2@d 2.

10
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where the latter mentioned technical report unifies LDLT and aforemeitisusainability
aspects providing mathematical models further including rework and reengaorihg. This
implies a study on closed-loop supply chain management and reverse lotjiatipgrtain
to the field of green supply chain management. Moreover, an in-depthsdisauon lead
time/capacity management, and related planning circularities is provided. Pedetmd
extended models are evaluated. While the first two publications concentrdiietome
constraints, the third contribution comprises all aspects and respondsinitifdgesearch
objective that includes the investigation of models accounting for LDLT whilastbave
limited lifetimes and need to rework them if they passed their useful lifetime.

2.2 Co-Authors and Substantial Contribution of Candidate

The doctorate regulations of the University of Hamburg require a detetiminaf the score
regarding the doctorate performance according to the following equation:

(.2) o

wheren denotes the number of authors per publication. The score of this dodioeate is
5.67. Details are given in Table 2.1.

Table 2.1: Determination of score regarding the doctoral thesis

Nr. of
Nr. Title authors Score

1. Production Planning with Load Dependent Lead Times 3 50
2. Production Planning with Load Dependent Lead Times:

An Update of Research 3 0.5
3. Depreciation Effects in Production Planning and

Supply Chain Management: A Survey 1 1
4. Load Dependent Lead Times — From Empirical Evidence

to Mathematical Modeling 3 0.5
5. Supply Chain Integration: Improvements of Global Lead Times

with SCEM 3 0.5
6. Production Planning and Deterioration Constraints:

A Survey 3 05

7. Discrete Lot-Sizing and Scheduling with Sequence-Dependent
Setup Times and Costs including Deterioration and

Perishability Constraints 3 0.5
8. Discrete Lot-Sizing and Scheduling Including Deterioration and
Perishability Constraints 2 0.67
9. Production Planning with Load Dependent Lead Times and
Sustainability Aspects 1 1
Total: 5.67

The contribution of the doctoral candidate regarding the presenteatcbds substantial
which is also reflected by the order of authors on related publicationsforhe of the
contribution given in Pahl (2012) is selected due to constraints regatidiegand space.
In general, journal publications should not exceed-12) pages unless they are surveys
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that are allowed to extend to 31 pages. Additionally, the investigative dearache study
should be preserved, so that a book form is chosen. The final ptidfidarm is decided at
a later stage. No contribution included in this thesis constitutes an element oleatoor

concluded dissertation project.

2.3 Publication of Research Articles and Reports

The publication and provision of research results is a fundamental esgeit to take
part in the advancement of research. The interdisciplinary chardatéoomation systems
(management) and operations research/management science is refléiotesialection of
publication character where business management may prefers pub8datjmofessional
journals whereas informatics favor publications in conference praoged

The evaluation of related publications may also be done by rankings tlyadepending
on different criteria. Table 2.2 provides the ranking of A.-W. Harzir@l. 2000-2016 for
Annals of Operations research (Annals), European Journal afafipes Research (EJOR),
and 40R: A Quarterly Journal for Operations Research (40R).

Table 2.2: Ranking of selected publications

Rankings
Journals VHB2003 Aeres08 Wie08 VHB08 VHBJQ 2.1
Annals A A A B B
EJOR A A A A A
40R - - - - C

Lhttp://www.harzing.com/download/jql.zip.
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Personal Data

Name

Title
Residence
Date of Birth
Homepage

Professional Career
Since Jul 2008

Jan 2006 — Jul 2008

May 2005 — Jan 2006
May 2004 — May 2005
Mar 2004 — May 2004

Education and Studies
Oct 1997 — May 2003

Oct 1999 — Oct 2000

Jun 1983 — Jun 1995

Stays Abroad

May 2004
Oct 2008

Honors and Awards

May 2004
Oct 2010
Jan 2012

Languages

Fluent
Advanced Knowledge

Abilities
Aviation:

Julia Pahl
Diploma in Business Administration

Blankeneser Hauptstrasse 82, 22587 Hamburg, Germany
27. June 1975 in Hamburg, Germany
http://iwi.econ.uni-hamburg.de/IWIWeb/Default.as@atitd=174

Researcher and Teaching Assistant,
University of Hamburg, Germany
Business Analyst, Quality Authorized Agent ford&,
Lead Auditor EFQM, Deutsches Zentrum fir Luft- und
Raumfahrt (DLR e.V.), Cologne, Germany
Researcher, University of Hamburg, Germany
Young Graduate Trainee, Project Controlling,
VEGA Small Launcher Department, Frascati, Italy
Assistance and Support in Sales and Marketing,
IBM Deutschland GmbH, Hamburg, Germany

Diploma in Business Administration on 22. May 2003,
University of Hamburg with the gradeefriedigend (B)

Study abroad at the Universita degli Studi Tayaver
Rome, Italy with the gradexcellent (A)

Secondary School at Ernst-Schlee Gymnasium,
with the gradebefriedigend (B)

Young Graduate Traineeship, Frascati, Italy
Research Visit in Davis, California, USA

Young Graduate Traineeship at VEGA Small Launcher
Research Grant for HICSS-44
DAAD-PPP Vigoni Research Project,
Cooperation with Universita degli Studi di Salerno,
Dipartimento di Informatica, Fiscano, Italy,
Total budget 1300, — Euro

German (Native Speaker), English, French, Italian
Spanish

Private Pilot License PPL-A, JAR-FCL
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Description of Academic Employment and Experiences (Selection)

1. Research Interests

Research: Doctoral Thesis (PhD)
Title: Title “Production Planning with Load Dependent Lead Times and

Sustainability Aspects.”
Research Fields: Green Production and Supply Chain Planning, Leadvidmege-

ment, Sustainability, Network Planning, Airline and Airport Man-
agement.

2. Assistance to Lectures, Exercises

Course Title:  Production and Logistics

Level: Bachelor, Diploma, Master

Details: Introduction to Production (Planning) and Supply Chain Manage-
ment with interest in organizational aspects and quantitative models
for lot-sizing and mrp/MRP II/ERP. The course further introduces
into complexity theory, decision science, and heuristic methods. Ad-
ditional discussion is on scheduling, assembly line balancing, flow
shops, postponement strategies, lead time management, Computer In-
tegrated Manufacturing (CIM), Computer Aided Design (CAD), dis-
ruption management, stochastic optimization models and methods.

Course Title:  Information Management

Level: Bachelor, Master

Detalils: Introduction to Information Management especially focussing en so
cial aspects of organization, e.g., Principal-Agent Theory and dis-
cussing various Decision Support Systems including Data Manage-
ment, Information Requirement Analysis, Knowledge Management,
Logistics of Information, Data Warehouse, Online Analytical Process-
ing, Data Mining.

Course Title:  Statistics

Level: Bachelor, Diploma, Master

Details: Introduction to Conclusive Statistics, Probability Mass Functions,
Theoretical Distributions, Distribution Model for Discrete Random
Variable, Parameter Estimation, Maximum-Likelihood, Hypothesis
Testing (Tests Regarding Single Control Samples, Comparison of Pa-
rameters Regarding Independent Samples, Welch Test), Analysis of
Variances, Chi-Quadrat-Adjustment, Wilcoxon Rang Sum Test.

3. Conference Organizations

Conference Title:  LMO09, INOC 2011

Level: ca. 150 participants

Details: Planning, preparation, and execution of several confesanee
cluding the preparation of LNCS proceedings, communication
with publishing houses, financial planning and control, cost con-
trol, program planning and execution.
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Description of Professional Employment and Experiences

1. Deutsches Zentrum fur Luft- und Raumfahrt e.V., Cologne, Germary

Job Title: Business Analyst, Quality Manager

Dep.: Finance and Controlling

Years: 2006—-2008

Details:  Corporate Controlling of the administrative and technical infrastructure,
controlling of Project Execution Organizations, coordination of the over-
head cost planning, reengineering of standard planning and (addpmr}-
Ing,
Quality managementaccording to ISO 9001 standards and EFQM, Project
coordination and support of the implementation of Quality Management in
the overall DLR administration,
Risk managemenincl. system administration and coordinator correspond-
ing to KonTraG Standards, preparation of risk reports and continuoans mo
itoring of high-risk classes, representation of the RMS vis-a-vis financia
auditors or international delegations such as EASA.

2. ESA, ESRIN, Frascati, Italy

Job Title: Young Graduate Trainee

Dep.: VEGA Small Launcher

Years: 2004-2005

Details:  Process Optimization Analysis Mapping and reengineering of the budget
and financial flows and processes of the VEGA Small Launcher Project,
preparation of standard reports of the Contract Status Monitoring,-Quar
terly Report to Council, Backdating, Geopgraphical Return, monitoring
of the status of milestones and re-scheduling, Cost Controlling (Cost-at-
Completion, Geographical Return, Mission Expenditure Reporting) -deve
opment of online reports, overall documentation.

3. IBM Deutschland GmbH, Hamburg, Germany

Job Title: Project Assistant
Dep.: Marketing and Sales

Years: 2004-2004
Details:  Optimization of Supply Chain Processesetween IBM and subcontrac-

tors, due date monitoring, critical status reporting of orders, initializing es-
calation process for overdue orders, standard monitoring reporting.

4. Hapag-Lloyd AG

Job Title: Internship
Dep.: Corporate Controlling

Years: 2002-2003
Details: Development and Consulting Development of a planning reporting system using

MIS Alea (OLAP technology), analysis and optimization of personnel odlimtg
reporting, development of the user interface and standard repovislpogment of
user documentations, end user training regarding the developed tools.
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Additional Academic Activities

1. Editorial Board
Journal:  International Journal of Operations Research and Infanm@ystems
(IJORIS)
2. Programme Commitee, Reviewer (selection)
Conference Organization:  LMQ09, INOC2011
Programme Commitee: MIC (2009), LM (2009), ICCL (2011)

Reviewer: IEEE Transactions, IJPR, IJPE, IJORIS, ITOR,
Information Sciences.

3. Memberships and Affiliations

INFORMS Institute for Operations Research and the
Management Science,
GOR Society of Operations Research,
VORMS Virtual Operations Research and Management Science,
INFORMS Aviation Application Section,
INFORMS Transportation and Logistics Section,

4. International Research Cooperations
1. Prof. Dr. David L. Woodruff, Graduate School of ManagemengifaCA, USA

2. Assistant Prof. Dr. Monica Gentili, University of Salerno, Fiscateay!|
3. Senior Lecturer Dr. Torsten Reiners, Curtin University, Perthtralia

5. Expertise in Modern Technologies (Selection)

SAP R/3 Modules Fl, CO, MM, SD,

MS Office including Access, Project, One Note, Publisher,
OLAP MIS Alea,

Optimization Software ILOG OPL, Xpress-IVE, AMPL/CPLEX,
Programming Java, VB.Net, PHP, MySQL

6. Assessment and Professional Training

Quality Management EFQM Assessor, Lead Auditor LRQA (complete formigtion
Internal Auditor, TUV Rheinland Groupe and DGQ

Risk Management Assigned Risk Management Coordinator

Project Management Intensiv Traning

Controller Academy Level | and I,
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Statistic of Publications

Peer-reviewed Journal Articles: T3
Peer-reviewed Proceedings Articles: 5
Books: 3
Lecture Notes: 1
Technical Report: 1
Working Papers: 2
Sum: 15

T of this 1 invited review, currently under review
* additional 1 manuscript to be finalized
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Publications
Peer-reviewed Articles

1. Production Planning with Load Dependent Lead Times (with S. Vo3 and D.L
Woodruff),40R: A Quarterly Journal for Operations Research, 3(4): 257-302, 2005.

2. Production Planning with Load Dependent Lead Times: An Update @dRels (with
S. Vo3 and D.L. Woodruff)Annals of Operations Research 153(1), 297-345, 2007.

Peer-Reviewed Submitted Article in Review

3. Depreciation Effects in Production Planning and Supply Chain Manageé&ur-
vey, invited review ofEuropean Journal of Operations Research, under review, 2011.

Peer-Reviewed Conference Proceedings

4. Load Dependent Lead Times — From Empirical Evidence to MathematicdeMo
ing (with S. Vo3 and D.L. Woodruff), In: Kotzab H., S. Seuring S., Mller, léind
Reiner G. (Eds.), Research Methodologies in Supply Chain Managente/sic®,
Heidelberg, 540-554, 2005.

5. Supply Chain Integration: Improvements of Global Lead Times with SCEith (&
Mies and S. Vo) in: Geldermann J., Treitz M., Schollenberger H., RentE@. Y
Challenges for Industrial Production, Workshop of the PepOn Prdjgegrated Pro-
cess Design for Inter-Enterprise Plant Layout Planning of Dynamics\#ésv Net-
works, Karlsruhe, Nov. 7-8., 79-89, 2005.

6. Production Planning and Deterioration Constraints: A Survey (with 8.ava D.L.
Woodruff), In: Ceroni J.A. (Ed.) The Development of CollaborativedRiction and
Service Systems in Emergent EconomRr®ceedings of the 19th International Con-
ference on Production Research (IFPR), Valparaiso, Chile, 1-6, 2007.

7. Discrete Lot-Sizing and Scheduling with Sequence-Dependent Sétogs Tand
Costs including Deterioration and Perishability Constraints (with S. Vol3 and D.L
Woodruff), IEEE, HICSS-44, 1-10, 2011.

8. Integrated Aircraft Scheduling Problem: An Auto-Adapting Algorithm todFRo-
bust Aircraft Assignments for Large Flight Plans (with T. Reiners, Mrddaek, C.
Rettig),|IEEE, HICSS-45, 2012.
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Books
9. Production Planning with Deterioration and Perishability, Draft Manps@011.

10. Logistik Management - Systeme, Methoden, Integration (with S. Vol3 &nd
Schwarze (Ed.)), Logistics Management - partly in German and partly ihidang
Physica, Heidelberg, 2009.

11. Network Optimization - International Network Optimization Conferenc€@\2011
(with T. Reiners and S. Vol (Eds.)), Hamburg, Germany, 2Dédture Notesin Com-
puter Sciences (LNCS), Springer, Heidelberg, 2011.

Lecture Notes

12. Discrete Lot-Sizing and Scheduling Including Deterioration and Ragikty Con-
straints (with S. VoR3), In: Danglmainer W., Blecken A., Delius R., and Klo&er
(ed.), In: Advanced Manufacturing and Sustainable Logistics, Pdioge of the 8th
International Heinz Nixdorf Symposium, IHNS 2010scture Notes in Business In-
formation Processing, Springer, Berlin, Heidelberg, 345-357, 2010.

Working Papers and Technical Reports

13. WIP Management in Practice: Survey and Analysis (with F. Schulteitute of
Information Systems, University of Hamburg, 2011.

14. Efficient Formulations for Lot-Sizing Models with Perishability (with C. $gilmsti-
tute of Information Systems, University of Hamburg, 2011.

15. Production Planning with Load Dependent Lead Times and Sustainalsifigcts,
Technical Report, Institute of Information Systems, University of Ham2042.
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network models highlight the relationship between the capacity, loading and production
mix as well as the resulting WIP levels and effects on lead times providing important
information on the causes of congestion phenomena (e.g. (Chen et al., 1988)). Finally,
direct approaches of modelling load dependent lead times integrate the nonlinear de-
pendency between lead times and workload using clearing functions which model ca-
pacity as a function of system workload with a clearing factor that specifies the fraction
of actual WIP “cleared” by a resource in a given time period. Work in this direction is
provided by (Asmundsson et al., 2002), (Asmundsson et al., 2003), (Graves, 1986),
(Karmarkar, 1989), (Missbauer, 1998). However, there does not exist work relating
SCEM to load dependent lead times. In order to analyse how SCEM can be integrated
in production planning systems (models) accounting for load dependent lead times we
investigate the state of the art modelling approaches in the next section.

FORMAL MODELING APPROACHES

Approaches to integrate the SCEM concept into supply chains include Petri nets
(Liu et al., 2004) or agent based technology (see (Zimmermann & Paschke, 2003),
(Zimmermann et al., 2006). (Liu et al., 2004) present a Petri net approach which formu-
lates supply chain event rules for analysing the cause-effect relationships between
events. They categorize possible events in fask state related events, events produced by
a task and external |events and present seven basic event patterns in order to capture
cause-effect relationships which can be combined as building blocks so as to create
more complex Petrinets reflecting supply chains and their interdependencies or interac-
tions. Agent-based technology is primarily used in supply chains to optimise schedules
through decentralized coordination mechanisms or to support planning and execution of
processes (see (Fox et al., 2000)). Nevertheless, an agent-based SCEM concept for order
management is presented by (Zimmermann & Paschke, 2003). They argue that most
SCEM systems whose capabilities and functionalities are added to ERP systems do not
allow for adaptive behaviour regarding environmental changes resulting in extensive
and time-consuming customisation of such systems and increased related costs which
can be avoided using an agent-based approach. The authors provide SCEM functional-
ities concentrating on information gathering from different data sources across the sup-
ply chain with diverse types of agents (see Figure 2) analysing and comparing the data
and sending reports and alerts (exception messages) if critical values are reached in or-
der to monitor orders and suborders.

The SCEM algorithm is mapped on the agent architecture composed of three
layers of agents: discourse agents, coordination agents, surveillance agents, and wrapper
agents where the discourse agents on the first layer communicate the monitored infor-
mation across the supply chain interacting with the other supply chain partner’s agent
systems. The tracking function is located at the second and third layer where the coor-
dination agent executes the order profiling function triggering surveillance agents for
every single monitored order that collects status information from, e.g., ERP systems,
and communicates it to the discourse agents. Wrapper agents are located at the various
information systems allowing for query functionalities. The monitored event data and
state notes are stored in a data warehouse for analysis purposes through, e.g., data min-
ing methods.
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The model is|stated as follows:

(2) minz = i{i

=1] i=1 j

N’
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Conservation equations at each workstation:

1 =
(3) PVW = Wy,J—l w()‘/yr - an,r—l)+ RJj! + ZYur Vi, Jst
2 YasA(J.r)
@ 1,=1,,-+x,-x,.)-D,-5,- XY, Vi, jut
YaeB(/,i)
State dependent capacity constraint (Clearing Function):
(5) Xﬂ s f;r (Wu ’Wg},f—l 2 Rr’,ﬂ.’) vj!t
Non-zero initial loading:
(6) W, :H_/!“ with W, >0
Reliability constraint:
e
(7 Y.6, log(T,) = log@,) with 0 < <1, Vit
J=1

Non-negativity constraint:
(8) X, WY Ry Syl 20

it u’;! i U[’ ,J,,u, it ?

The objective function minimizes the costs of WIP (@, W, ), production
(ﬂI,X

other workstations

). FGI inventory (¢,1,,), releases (r,R,,), shortages (o ,S,,) and transfer to

it
(6,Y,,). The conservation equations denote that the WIP of item i
in workstation j in period + must equal the WIP from the preceding period minus the
average production Wwith Xj;, denoting production over the latter half of period 7 and the
first half of period ¢+, deduced the raw material releases and the transfer to subsequent
workstations. Furthermore, FGI inventory of period # must equal the FGI inventory of
the previous period ¢-/ minus average production, demand, shortages and transportation
to subsequent workstations. The clearing function is given by (5). Equation (6) gives
non-zero initial loading; the reliability constraint is presented by equation (7) and (8)
gives the usual non-negativity constraint.

The reliability constraint deserves further consideration: the reliability meas-

ure , derived by data mining methods from SCEM data based on KPIs, e.g., down-

it *
time, setup time (which could vary for specific products), throughout rate etc., must
equal or be greater than a predefined threshold @, with 0 <ea, <1 which is a global

reliability objective set as the product of all workstation reliabilities: l—[m”r " I 2, s

Information about the reliability measure can be derived by data-mining meth-
ods searching in data warehouse applications of SCEM systems. Furthermore, agent
based approaches of SCEM can pass trend information about WIP and FGI inventory
levels and, consequently, provide a better data basis for the derivation of clearing func-
tions used in mathematical models.

CONCLUSIONS

In order to increase global efficiency and responsiveness within supply chains it
is increasingly impartant to ensure the uninterruptible flow of goods and information. A
critical success factor is the creation of reliable plans in tactical production planning.
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Abstract

As organizations move from creating plans for individual production lines to entire supply chains it is
increasingly important to recognize that planning decisions impact the quality of parts and products and,
consequently, the production output. The consideration of product characteristics, e.g., fixed or uncertain
lifetimes, is vital to production systems dealing with products that deteriorate over time. Products that pass
their useful lifetime can impose high costs due to inventory loss or rework of items. This paper surveys the
recent trends in modeling deterioration in the various fields of production planning and gives an extensive

overview of the subject.
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1 INTRODUCTION

Constraints on the lifetime of items force organizations to
carefully plan their production in cooperation with their
supply chain partners up- and downstream along the
chain. This is important, because waiting times due to
suboptimal planning give rise to increasing lead times and,
consequently, to decreasing quality of items so that, in the
worst case, they cannot be used. This has important
consequences with increased costs as one concern.
Another more troubling aspect is unsatisfied customers
waiting for their products.

Deterioration has a great influence not only on inventory
management, but on every area of production where items
are stocked or forced to wait due to technical matters,
variabilities or disruptions / stochastic influences in the
production process. Not surprisingly, scrap is one of the
major causes of inventory loss regardless of the types of
industries or products.

The aspect of deterioration and perishability of items came
to prominence with the modeling of inventory in blood
bank management and the disruption of blood from
transfusion centers to hospitals. Later, the interest shifted
to other products as well, e.g., chemicals, food, various
drugs, fashion clothes, technical components, newspapers
etc. In accordance, the attention changed to a more
general view on how to include deterioration and
perishability constraints into mathematical models for the
various perspectives of production planning, e.g., order /
replenishment and inventory management, lot sizing,
aggregate production planning, and rework. Rework
encompasses all actions required to transform products
that do no meet a pre-specified quality standard (anymore)
into such that fulfill the quality requirements.

The deterioration of goods is regarded as the process of
decay, damage or spoilage of items in such a way that
they can no longer be used for their original purpose, i.e.,
they go through a change in storage and lose their utility
partially or completely. This is a continuous process so
that such items have a stochastic lifetime in contrast to
perishable goods that are considered as items with a fixed,
maximum lifetime. Such products become obsolete at
some fixed point of time because of various reasons, e.g.,
external regulations for pharmaceuticals that predetermine
their shelf-life. In order to make a clear distinction, the
term “perishability” is used for items that cannot be
employed anymore and lose all their utility at once after a
certain point of time whereas “deterioration” is employed
for items that lose their utility gradually. This is somewhat

a fuzzy definition, because it depends on the physical
status (fitness) and behavior of these items over time and
on the production planner or quality controller who has to
decide whether to still employ items or components having
passed a certain age.

Older excellent and comprehensive surveys in this area
seem to be outdated (see, e.g., [1], [2], [3], [4], [5], [6])
because this field has seen increasing interest especially
in the last decade. This paper reviews the problem areas
regarding production planning and supply chain planning
with deterioration constraints and gives an overview of the
work already done on this subject. The approaches in the
literature are classified along the supply chain, viz. starting
with order and replenishment management, inventory
control, aggregate production planning and lot sizing,
inventory management and delivery as well as external /
internal reverse logistics including rework.

The remainder of this paper is organized as follows. In
Section 2 we give a classification of deterioration including
its characterization as well as a classification of
approaches that include deterioration constraints. Section
3 provides a comprehensive overview of the problem of
deterioration in the supply chain with emphasize on the
production process. The various manufacturing segments
(functions) are considered from order management
through aggregate production planning and lot sizing to
inventory management and delivery. Furthermore, rework
is regarded as part of the internal and external reverse
logistics system. The paper concludes with some future
research directions.

2 CLASSIFICATION OF DETERIORATION

Deteriorating items came into prominence in the 1970’s
where the prevailing concern of modeling deterioration,
and more specifically perishability, was in the field of blood
bank management where a large amount of work exists;
see, e.g., [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], and [19]. Comprehensive overviews on the early
approaches are given by [5] and [6]. A more recent
summary on blood bank management is provided by [20].
More general reviews on deterioration and its effects
especially in regard of inventory management are provided
by [3], [1] and [2]. Additionally, an overview of models
considering rework of items is presented by [21] which is a
related subject.

2.1 Characterization of deterioration

Deterioration and perishability of an item can be
characterized regarding different aspects, e.g., its lifetime,



its physical depletion or decay, its value or utility loss. The
lifetime of an item can be fixed (time-independent) or
random (time-dependent) where the first case indicates
that the product’s lifetime or period of usage is pre-
specified and independent of, e.g., environmental factors.
The utility of these products is given during a specific time.
Thereafter their value perishes completely. In the second
case, there exists no specific lifetime of a product. For
instance, food items are, among others, dependent on the
season of the year and on the environmental conditions,
e.g., hot or cold, long or short summer / winter periods. In

the literature, approaches can be found including time-
dependent deterioration or lifetime probabilities as, e.g.,
gamma distributions, Weibull, two-parameter Weibull, or
exponential distributions. The value or utility loss of items
is emphasized by [2], [3], [22], and [4] who further
distinguish between the deterioration of the actual
functionality of items (e.g. fruits, vegetables, milk) and the
customers’ perceived utility loss where the actual
functionality remains intact (e.g., fashion clothes, high
technology products, newspapers).
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2.2 Classification of approaches with deterioration

Frequently constraints are integrated into the
mathematical models with the aim of rendering them more
realistic. Consequently, models can be classified using the
following list of several criteria (see [25]):

Fixed or random lifetimes,
Constant / varying deterioration rate,

Deterministic / probabilistic and constant / time-
varying demand,

Single / multiple items,
Single / multiple time periods,

Shortages / no shortages with complete / partially
backlogging,

Economic models including price discounts,
permissible delay in payments, inflation and the
like,

Queuing models,

Purchase / manufacturing models

Supply chain models (integrated setting, multi-
stage models).

Additionally, demand plays a very important role in
modeling deterioration. Thus different types of demand
patterns can be found in the literature, i.e., constant or
time-varying demand where the latter is frequently used to

Figure 1: Material flow along the supply network, modified from [28]

describe demand or sales in different product life cycle
phases in the market (see [26] and [27]), e.g.,
deterministic demand together with time-dependent, stock-
dependent, or price-dependent demand, or stochastic
demand with known probability distributions or arbitrary
probability distributions.

3 MODELING DETERIORATION

In order to describe the problem of deterioration and its
impact on the various segments of manufacturing, Figure
1 shows the material flows along the supply network

highlighting the interdependencies of the different
manufacturing segments.
3.1 Ordering, replenishment and inventory control

The production process starts with the need for raw
materials and, consequently, with the supplier (vendor)
who interfaces with the order management of a
manufacturer. The order management (“inbound logistics”)
has the assignment to provide the sufficient amount of raw
materials of the desired quality for production at the right
time at minimal ordering costs. This includes the
avoidance of waste or the need to rework deteriorating
items, if possible. Here, lot sizing already plays an
important role, because raw materials are generally
ordered in batches in order to take advantage of price and
volume discounts and to minimize transportation costs.
This might not hold for order contracts on a just in time
basis or if the manufacturer has agreed on a vendor



managed inventory concept where the supplier is
responsible for the inventory level and, consequently, for
the replenishment batches of the manufacturer. This
stream of literature is dominated by economic order
models emphasizing the financial aspect that integrate
different demand, pricing, payment and inflation scenarios
and constraints, e.g., announced price increases /
decreases or (volume) discounts, permissible delay in
payments (see [29], [30], [31], [32], [33], [34], [35], [36],
[37], [38], [39], [40], [41], [42], [43], [44], [45]), inflation (see
[46],) or, more generally, time value of money (see [47],
[48], [49], [50], [51], [52], [53], [54], [55], [56]). Further
constraints are included that aim at rendering the models
more realistic, e.g., non-zero order lead times; see [56].
Other approaches with non-zero lead times model perisha-
bility; see [57], [58], [59], or [60] just to mention a few.

Deterioration complicates the replenishment process,
especially if demand of finished good inventories (FGI)
and raw material is uncertain or random. ltems that have
to wait too long for processing must be discarded or, if
technically possible, reworked. Hence, deteriorated items
are passed to the internal reverse logistic system which
decides to rework or dispose them. Items can be reworked
either on machines of the regular production system or on
other machines parallel to the production system. These
different approaches are discussed in Section 3.5.

Ordering decisions are highly dependent on the demand
for FGI of the manufacturer and consequently on the
decisions taken in aggregate production planning and
forecasting. As a result, models exist that integrate the
perspective of a vendor together with the perspective of a
buyer show that significant cost reductions can be
achieved by cooperative policies that determine, e.g., the
optimal number of deliveries; see the approaches of [61],
[62], [63], and [64].

3.2 Aggregate and operational production planning

Aggregate and operational production planning spans
strategic, tactic and operational decisions of production
planning whereas strategic questions deal with long-term
decisions, e.g., in which markets to compete with which
products and with which resources. This includes
questions about the vertical integration (lean production,
outsourcing, etc.). Tactical questions concern the
implementation of the decisions from the strategic
planning level and regard mid-range decisions, e.g.,
production network design and layout, arrangement and
number of machines, and production mix. Finally,
operational questions concern implementation of tactical
decisions. Here we include scheduling and sequencing of
orders on the machines and adjustments in case of
disturbances and disruptive events, e.g., machine
breakdowns, idleness due to missing raw material or work
in process (WIP) due to moving bottlenecks.

The optimization of layouts and operations of an
inspection system used for detecting malfunctioning
processors in a multi-stage production system for
deteriorating items is studied by [65]. They define a
deteriorating item as one that has acquired a defect due to
a malfunctioning machine. However, emphasis is on the
planning of the overall inspection capacity, the assignment
of operational tasks to the inspectors, and the scheduling
of the tasks in order to avoid deterioration of items.
Correspondingly, the deteriorating of capacity, viz. the
physical deterioration of resources is studied by [66]
including frequent machine breakdowns and downtimes
due to the age of the resource. Deterioration affects
capacity which is lost due to increased repair and, thus,
downtimes. This further increases production (operating)
costs due to maintenance actions and shortfalls of
available production time to produce items that are
incorporated in the objective function of the model. The
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combination of deteriorating items and processes is
analyzed by [67]. They develop an integrated model for the
joint determination of production quantity, inspection
schedules, and quality control for an imperfect production
process with deteriorating items. Similarly, optimal
inspection policies for a (serial) production system
including combinations of rework, repair, replacement, and
disposal are proposed by [68].

Deterioration is especially important regarding the tactical
and operational level of production. Scheduling and
sequencing become more complex due to deterioration
constraints that set limits on the time items can wait in
front of a machine in order to be processed. A model that
integrates production planning and inventory management
in regard of deterioration with special emphasize on
forecasting is proposed by [69]. He considers a production
environment for cottage cheese subject to hardly
predictable and highly influenced variable demand with
peaks and lows as a result of, e.g., seasonal or customer
fluctuations. Production planning is complex due to
machine breakdowns or personnel illness and an
increased deterioration rate. Therefore, production must
closely follow variable demand leading to hectic production
processes in peak situations and idle times in low demand
situations. This leads to high personnel costs and over
capacity that must be held in order to guarantee
satisfactory service levels. Production quantities have to
be decided on a daily basis following uncertain demand.
As a result, forecasting is very important. Accordingly, they
develop a computer software package that determines
forecasts on daily demands and computes optimal
decision rules for the short-term tuning of the daily
production rate.

3.3 Lot Sizing

Lot sizing is a very important determinant of lead times
and, therefore, of the quality of items, because decisions
on lot sizes determine the frequency of setup times
necessary to switch from the production of one product to
the production of another and in some cases the time that
items wait for lot completion before moving. Consequently,
capacity is increasingly consumed that, otherwise, would
be available for production. Accordingly, setup times
caused by lot sizing decisions affect lead times of products
due to induced waiting times. Lead times increase with the
number (and duration) of setups and so does the number
of products that deteriorate while waiting in line to be
processed. Therefore, lot sizing decisions must be made
taking into consideration deteriorating rates as well as the
age of inventories.

In general, lot sizing decisions are integrated into
production-inventory models. For instance, the economic
production quantity model regards inventory control and
determines the lot sizes of a single product that is
produced on a single machine so as to meet its
deterministic demand over an infinite planning horizon
(see [70]). Hence, the objective is to determine a
production schedule that minimizes the total costs and
time of inventory holding, production, and setups.

A model that spans lot sizing, production, inventory and
the customer perspective is presented by [71] including
deterioration considerations and imperfect quality. Since
collaboration of firms is vital in order to reduce overall
supply chain costs, joint strategies are emphasized. In
case of production-inventory management this can be
achieved by, e.g., joint economic lot size models that
decrease total relevant inventory costs for the supply chain
generating overall benefits that can be shared by all
supply chain partners. In addition to deterioration,
shortages, and partial backlogging, imperfect quality is
considered that is independent of deterioration. The
supplier's perspective is integrated by [72]. Their



integrated  (single-item multi-echelon) supply chain
includes a single supplier, producer, and customer. The
model aims at deriving the optimal number of deliveries
and order lot sizes while minimizing the joint total costs. In
contrast to [71], shortages or backlogging is not allowed.
This is relaxed in [73] considering shortage effects on the
downstream supply chain partners. In contrast with other
models, the approach of [72] considers different
deterioration rates of the specific supply chain partners.

3.4 Inventory management and delivery

The main objective of inventory management for
deteriorating items is to obtain optimal returns during the
useful shelf-life of the product. This leads to mainly three
issues: determining reasonable and appropriate methods
for issuing inventory, replenishing inventory, and allocating
inventory.

A single-item production-inventory model that considers
stopping and restarting times of production is presented by
[74]. This model generally treats the interface between
production and inventory management, but can also be
employed to model the situation between two machines in
a production system with buffer inventory (see Figure 1). In
general, certain courses of inventory are assumed.
Therefore, inventory intervals are assumed to start with
positive, negative or zero inventory. In the model of [74],
inventory builds continuously up in the second interval until
stopping of production. Thereafter, inventory begins to
decrease until the occurrence of shortages. This indicates
the third interval. In the fourth interval, production restarts.
The model is extended by [75] considering a time-
dependent backlogging rate.

Besides, there is a body of literature that addresses the
situation of multiple inventory locations. For instance, a
situation of price discounts for high volume (bulk)
purchases is studied by [46]. Since the capacity of the
decision maker's own warehouse is limited, additional
items have to be stored in a rented warehouse subject to
extra costs. Thus, the advantage of price discounts has to
be weighed against the extra (and higher than the owned
warehouse’s) costs for a rented warehouse. In addition,
the deterioration rate of the rented warehouse is superior
to the own warehouse’s rate. Shortages are allowed and
completely backlogged. The assumption that unit costs of
rented warehouses are higher than these of owned
warehouses is relaxed by [76]. He argues that unit costs of
rented warehouses are more realistically assumed to be
lower than own warehouse’s costs as a result of optimized
warehouse operations, specialized personnel, state of the
art equipment, learning effects and economies of scale
resulting from higher volumes. Besides, he studies a FIFO
policy and finds out that FIFO is a better policy than LIFO
especially in regard of deterioration of items. The main
objective of his model is to determine optimal cycle times
in a two warehouse setting. A similar model is proposed by
[36] especially regarding permissible delay in payments.
Shortages are not allowed, replenishment lead times and
transportation costs are assumed to be zero and
deterioration follows an exponential distribution.

A more strategic perspective is employed by [77] who
proposes a stochastic set-covering location model with
deterioration as well as amelioration of items with the aim
of deriving the minimum necessary number of storage
facilities so that the probability of covering all customers is
not less than a critical value. Therefore, he assumes a
supply chain setting with supply centers and retailers.

3.5 Rework

As mentioned before, an important aspect of deterioration
is the required additional resource utilization caused by
reworking the deteriorated parts and items. The increased
utilization of production capacity leads to increased lead

times, because lead times are dependent on the load of a
facility or production machine. This phenomenon is
extensively reviewed in [78]. Consequently, if the load
increases due to additional machine utilization caused by
rework, lead times increase and with them the number of
items that have to be reworked, because they passed a
certain threshold of their shelf-life. Therefore, it is
mandatory to consider this vicious cycle in aggregate
production planning and to develop mathematical models
taking these complications into consideration.

As mentioned in Section 3.1, items can be reworked either
on machines of the regular production system or on other
machines parallel to the production system. In the first
case approaches exist to optimally plan regular production
and rework on the same machines (see, e.g. [68], [79],
[80], or [81]). A survey on rework in planning and control of
process industries is given by [21].

4 CONCLUSIONS AND FUTURE RESEARCH

We have seen that the consideration of deterioration is
widely applied in various fields of production planning such
as, e.g., ordering and replenishment policies, inventory
management, lot sizing and rework management. We
have provided an extensive review of the incorporation of
deterioration in the various aspects of production planning.

There exist only a few approaches of aggregate production

planning taking these production item characteristics into

account, which makes it ripe for further research.
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Abstract. Constraints on the lifetime of items force organizations to
carefully plan their production in cooperation with their supply chain
partners up- and downstream along the chain. This is important be-
cause waiting times due to suboptimal planning give rise to increasing
lead times and, consequently, to deterioration and thus decreasing qual-
ity of items so that, in the worst case, they cannot be used. Increased
costs, delivery delays, quality decreases and unsatisfied customers are
negative effects that can be avoided by accounting for product deprecia-
tion in the production process. We highlight the importance of including
deterioration and perishability in planning decisions and present well-
known discrete lot-sizing and scheduling models extended in this regard.
The effects on plans derived by these models including depreciation is
shown using a numerical example.

Keywords: Production Planning, Lot-Sizing, Scheduling, Deterioration,
Perishability.

1 Introduction

Deterioration has a great influence not only on inventory management, but on
every area of production where items are stocked or forced to wait due to un-
certain demand, technical matters, variabilities or disruptions of the production
process. Not surprisingly, scrap is one of the major causes of inventory loss re-
gardless of the types of industries or products.

The aspect of deterioration and perishability of items came to prominence
with the modeling of inventory in blood bank management and the distribution
of blood from transfusion centers to hospitals. Later, the interest shifted also
to other products, e.g., chemicals, food, various drugs, fashion clothes, technical
components, newspapers etc. In accordance, the attention changed to a more
general view on how to include deterioration and perishability constraints into
mathematical models for production planning in different settings, e.g., regarding
multiple facilities, warehouses, as well as supply chain perspectives.

In this paper we propose discrete lot-sizing and scheduling models account-
ing for depreciation effects of products in the production process. While de-
preciation effects are widely regarded in the area of stochastic and continuous
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inventory management, only very few models have been proposed for the deter-
ministic, discrete case. Nevertheless, it may be useful to examine depreciation
effects in non-complex, straightforward settings in order to develop a better un-
derstanding for more complex situations. Therefore, we analyze the capacitated
lot-sizing problem (CLSP) extending it to deterioration and perishability effects.
Furthermore, scheduling decisions are taken into consideration, too. The effects
of depreciation are emphasized using a numerical example which is certainly not
representable for practical cases due to its small size, but very useful regarding
the effects on planning decisions.

The remainder of the paper is organized as follows. In Section 2] we give a
review on the related literature on depreciation of products (Section [Z1]) and
lot-sizing and scheduling models (Section22]). In Section B we present the CLSP
with perishability and deterioration further extending it to scheduling decisions.
Section [ provides a numerical example used to highlight computational results
for two of the proposed scheduling models and Section [l concludes with ideas
for future research.

2 Literature Review

Depreciation effects are especially interesting in situations where items are forced
to wait in the production process. The task of lot-sizing is to plan quantities
of items produced together so as to minimize certain cost factors such as or-
der or setup costs and inventory holding costs. For instance, the importance of
accurately accounting for setup times and costs and their effects on capacity
utilization has been highlighted by the discussion of just-in-time manufacturing
[1] which requires small and frequent batch sizes in order to decrease WIP inven-
tory. This influences capacity utilization, because setup times decrease machine
capacity utilization and represent idle times.

Scheduling decisions play an important role regarding overall processing or
lead times of items. If products are subject to enhanced deterioration or per-
ishability it may be preferable to schedule them so that they do not spend much
time waiting in inventory. This is even more true for multi-level situations regard-
ing multiple (sequenced) machines. Consequently, when regarding depreciation
effects scheduling decisions should be taken into account.

2.1 Depreciation of Parts and Products

All products deteriorate sooner or later depending on the considered time hori-
zon. If the time horizon is chosen to be sufficiently short there may be no need to
consider such product characteristics. Nevertheless, in practice and depending
on the product, the time horizon for tactical and even operational planning is
long enough, so that the influence of deterioration and perishability tends to
play an important role.

Deterioration or perishability of goods is regarded as the process of decay,
damage or spoilage of items such that they can no longer be used for their orig-
inal purpose, i.e., they go through a change while stored and lose their utility
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partially or completely [2I3/4I56]. Deterioration is a continuous process so that
items have a stochastic lifetime in contrast to perishable goods which are con-
sidered as items with a fixed, maximum lifetime [7]. This is true for products
that become obsolete at some fixed point in time, due to various reasons or
external factors, e.g., change in style, technological developments, outdates or
external regulations (e.g. pharmaceuticals) that predetermine their shelf-lifes.
Consequently, deterioration or perishability can be characterized by different as-
pects. [] give three characteristics of decay of goods: direct spoilage (e.g. fresh
food, vegetables), physical depletion (e.g. gasoline, alcohol), or the loss of effi-
cacy in inventory (e.g. electronic components, medicine). A detailed discussion
of a classification of deterioration and perishability is given in [§].

The lifetime of products can be regarded fixed or random: the first case implies
that the products’ lifetime is pre-specified and time-independent of deterioration
factors. The utility of these products is given during a specific time period. When
the products pass their lifetime, they perish completely. In the second case there
is no specific lifetime for the products, instead there is depreciation over time.
For instance, the lifetime of food items can be seasonal as, e.g., vegetables deteri-
orate faster in summer time. This kind of deterioration is called time-dependent.
In the literature we find the integration of lifetime probabilities as, e.g., gamma
distributions, Weibull, two-parameter Weibull, or exponential distributions. An
alternative basis for classification is the value loss of the goods; see [9]. [10]
emphasize the related utility loss and distinguishes products whose actual func-
tionality deteriorates over time, e.g., fruits, vegetables, or milk, and those whose
functionality does not degrade, but customers’ perceived utility deteriorates over
time which can be true for, e.g., fashion clothes, high technology products with
a short life cycle, or items whose information content deteriorates, e.g., news-
papers. For instance, [I1] prove empirically that the willingness to pay for a
product continuously decreases with its perceived actuality or utility; see also
[12]. So this is somewhat fuzzy, as it clearly depends on customer preferences
if a good still has some value, viz. if a customer still regards it as valuable or
useful. A multitude of authors in the field of deterioration and perishability use
the words interchangeably.

We make a clear distinction between perishable goods that cannot be used
anymore and lose all their utility at once after a certain point in time whereas
items that lose their utility gradually are regarded as being subject to continuous
deterioration. For instance, Figure [Tl depicts three functional relationships of the
value of items in time where the first graph shows the course of perishability, the
second the discrete and variational course of deterioration and the third three
possible courses of continuous deterioration as defined above.

2.2 Simultaneous Lot-Sizing and Scheduling

Lot-sizing and scheduling decisions are generally considered in tactical and op-
erational production planning. Often, these planning steps are executed sequen-
tially which can transform formally feasible (tactical) lot-size plans to infeasible
plans due to subsequent scheduling decisions that violate capacity constraints.
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Value of items i Value of items i Value of items i
N N . . N Continuous
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Fig. 1. Three examples for perishability and deterioration rates

Consequently, iterations of planning decisions and information are needed or,
better, their simultaneous consideration. The classification of such models dif-
ferentiates between single or multiple resources, single or multi-level structures of
products, finite or infinite planning horizon, discrete or continuous time, and/or
deterministic or stochastic input data. In this paper we concentrate on the de-
terministic, discrete single resource single structure case with finite planning
horizon.

Discrete dynamic modeling assumes that the time dimension can be divided
into “time buckets” that can be further segregated into “big bucket” and “small
bucket” models. Big bucket models contain long time periods in which several
different products can be set up and produced unlike small bucket models where
time periods are rather short, so that startups, switch-offs and/or change-overs
are modeled. Small bucket models can be further divided into those that allow
at most one setup per period and those allowing more than one setup [I3].
Simultaneous lot-sizing and scheduling models have been subject to extensive
research for many decades. Consequently, we refer the reader to excellent surveys
and reviews on (multi-level) lot-sizing and scheduling provided by [14], [15], [16],
[I7]. Nevertheless, discrete lot-sizing and scheduling decision models including
deterioration and perishability constraints are rare. A short review on these
models is given in the subsequent section.

2.3 Models Including Depreciation Constraints

Economic lot-sizing models (ELSP) including deterioration and perishability
constraints are provided, e.g., by [I8[T9120], where deterioration rates of inven-
tory are dependent on the age of products. This is also true for the replenishment
model of [2T] where the shelf-life of items is constrained by two periods. [T9] shows
that the ELSP with perishability constraints is equivalent to a minimum cost
network flow problem with flow loss. He analyzes special structural properties of
the optimal solution in order to develop a dynamic programming algorithm able
to solve the problem in polynomial time. Shortages and complete backorders are
added to the model by [20]. [I8] employ a Cobb-Douglas cost function in order
to integrate effects of economies of scale.
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Optimal utilization policies of time-varying deteriorating items are studied by
[22] in the field of blood bank management. They define diverse age categories
of items due to the fact that, in general, requested but unused blood preserves
are returned to the blood bank after one or two days. Consequently, they do
not begin to deteriorate in stock, but enter already aged. [23] studies the par-
allel machine scheduling problem with deteriorating jobs where the objective is
to minimize the total completion time of jobs or total machine workload. Algo-
rithms to solve the scheduling problem base on steepest descent search heuristics.
[24] provides an economic order quantity (EOQ) model with deteriorating items
and time proportional demand.

Our approach described in the next section integrates perishability that con-
strains the time items can be held in inventory. Thus, the inventory balance
equation is subject to modifications. Furthermore, disposal costs are regarded in
the objective function.

In order to consider deterioration and perishability constraints, we begin with
the CLSP. We will extend it step by step in the course of our discussion consider-
ing the above mentioned aspects of lot-sizing and scheduling including sequence-
dependent setup times and costs with depreciation.

3 Model Formulations

The CLSP presents a standard model for discrete, dynamic, capacitated multi-
product lot-sizing where multiple products are planned on one machine or
resource subject to finite capacity. Demand is deterministic and known in ad-
vance for each period t. Backlogging is not allowed and first-in-first-out (FIFO)
is assumed regarding the stock outflow process. The objective is to find op-
timal production lot-sizes that minimize inventory and setup costs. Regard-
ing perishability, we include the minimization of costs for disposal of perished
items.

Given the variables, parameters, and indices in Table[lthat is valid for all pre-
sented models, the CLSP with perishability constraints (CLSP-P) is formulated
as follows:

T
min > N " (K6 + mily + 6P 17) (1)
i=1 t=1
subject to:
Iip = Lip—1 + X — Dy — I} Vit (2)

t—O; t t—1
P > ZXZ,T—ZDZ-T—ZJJZ Vi t> 60, (3)
7=0 7=0 7=0
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Table 1. Variables, parameters and indices used in the models
Parameters

K setup costs of product 4

oP waste disposal cost factor for product i

e inventory holding cost factor for product 4

Dt demand of product 4 in period t

& resource consumption factor or production coefficient of product ¢
¥ setup time for product ¢
Cap, capacity that is available in period ¢

af deterioration rate of product 4

14 big number

Variables
X production of product 4 in period ¢

I; inventory holding of product ¢ in period ¢

7 perished inventory of product ¢ in period ¢
dit setup indicator denoting if a product i is set up in period ¢
055 setup state variable denoting if product ¢ is set up at the end of
period s (65, = 1) or not (47, = 0) used in scheduling models
Indices
7 product with ¢ =1,..., M
i subset of products with j € M,i # j
t time period with t =1,...,T
T subset of periods
O; shelf-life of product 7
s micro-periods with s = 1,...,5 used in scheduling models
U subset of micro-periods used in scheduling models

M M
Y &Xi+ Y ¥idy < Cap, vt (4)
=1 i=1
Xy < Vg Vit (5)
Lio=Iir =0 Vi (6)
Xit, I, I > 0 Vit (7)
5 € {0,1} Vit )

The objective function ([l) minimizes the sum of costs of setting up for product
7 in period t, inventory holding costs, and disposal costs of perished products.
Equation (2)) describes the inventory balance equation where inventory of pro-
duct 7 in period t is composed by inventory of the previous period ¢ — 1 and
production less products that are used to satisfy demand in that period and
less the products that are deteriorated in that period. Inequality (Bl presents
items that need to be disposed in period ¢. These are calculated by the sum of
produced items in the interval [0,¢ — ©;], thus production from the beginning
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of the planning horizon until period ¢ deduced by the shelf-life of items, less
those items that are used to satisfy demand until period ¢ and items that have
been already disposed in the previous period ¢ — 1. In order to incorporate de-
terioration effects in the model, the parameter ©; is modified to @;;, so that
changing deterioration rates over time are captured. Thus, the course of deteri-
oration for items is defined via input data. This is valid also for the subsequent
models. In our model formulation, we limit the mathematical presentation to
the perishability case. Inequality (@) requires production and setup times to
be smaller or equal available capacity in period ¢. Constraint (Bl) entails the
machine to be set up for item 4 when production of that item takes place
where V is a large number that needs to be chosen in a way that the produc-
tion amount is not restricted. This constraint is also frequently formulated as

follows:
Cap

&
linking continuous variables X;; to the binary variables §;; ensuring that when-
ever product ¢ is produced in period t, thus X;; > 0, the related setup indicator
it is set, accordingly. Equality (6]) denotes that initial and final inventory is zero.
Non-negativity on the variables and the definition for the binary setup variable
i are given by () and (8), respectively.

Inequality (B might be reformulated assuming that a certain amount of items
in stock perish/deteriorate in a time period ¢ independent of their age and how
long they have been in stock. The inventory balance equation is reformulated,
accordingly:

Xp < Moy Vit 9)

Li=(1— a1 + Xi — Dy Vi, t (10)

where o denotes the deterioration rate of product i. A certain percentage of
inventory of the previous period ¢ — 1 perishes in stock and need to be subtracted
from the inventory balance. For instance, this formulation is used by [19120].

The CLSP is a “big bucket” model and, consequently, scheduling decisions are
not included. Additionally, setup states are not carried over from one period to
the next, thus, regardless if a product ¢ is planned on the machine in period ¢ —1
and period ¢, the model induces two setups. Moreover, a lot-size cannot be split
and produced in two consecutive periods, but has to be produced in one period.
Neither is it possible to setup the machine twice for the same product. In other
words, a product ¢ can be produced only once in a period ¢ which constrains
the maximal possible number of setups to the number of products (types) i.
Additionally, lot-sizes X;; are constrained by Cap,/&;.

In order to include scheduling decisions, the CLSP-P is modified to a discrete
lot-sizing and scheduling problem with perishability (DLSP-P). It inherits the
assumptions from the CLSP despite that the macro-periods of the CLSP are
subdivided into micro-periods denoted by s = 1,...,5. The DLSP-P further
assumes that at most one product type ¢ is produced in a period s, so that
full capacity is utilized for that product. This is denoted as the all-or-nothing
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assumption. Consequently, the capacity restriction of the CLSP, inequality (@),
is reformulated considering micro-periods:

Xis = (Capzi 191)6;9 v ia S (11)
where 6, is a setup state variable denoting that, e.g., no setup is required if
the machine was left set up in the previous period for product 4, thus §;, = 0.
Consequently, the inventory balance equation is modified as ([I3]) below. The
setup state variables 07, are linked to the setup costs K[d;s in the objective
function by d;s > d;; — 07 ,_; Vi,s denoting that if a setup in two consecutive
periods takes place, a setup operation §;; must have occurred. The complete
DLSP-P is stated as follows:

M S
minz Z (K;(Sis + milis + ¢£I£) (12)
i=1 s=1
subject to
9,
Ly =Lig 1 + (Capz )52~ Dy — IP Vis  (13)

2> i@: (Capso, = 0i) Z D Si]D Vi,s>60;  (14)
] u u T iu 1,5 = U5
v u=0 gi " u=0 u=0

S
o<1 Vs (15)

s=1
8is > 055 — 07 51 Vi,s  (16)
Lip=1Iis =0 Vi (17)
i, IZ >0 Vi,s  (18)
o7 € {0, 1} Vi,s  (19)

The preservation of setup states across periods gives a certain kind of conti-
nuity [25]. Nevertheless, still the all-or-nothing assumption underlies the model
restricting lot-sizes to be produced within one period and not exceeding this
period. This can be interpreted as a minimum lot size or batch. In practice,
this might be required, e.g., due to technical issues in the production process.
In fact, minimal lot sizes are the very hard constraints that lead to disposals,
because enforcing production higher than demand due to capacity leading to
increased inventory can cause disposals. Otherwise, disposals are always avoided
independently how high setup costs might be due to the fact that these costs
are due anyway within the production horizon in order to switch to production
of another product type. Thus, producing at most the required demands is cost
optimal. This is also highlighted in Section [l

The problem of spoilage due to minimal lot sizes implied by the all-or-nothing
assumption may be remedied by allowing production lot-sizes to take any value
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up to the capacity limit [26] further carrying over setup states without incurring
additional setup costs [27]. Consequently, the inventory balance equation (I3)) is
changed as follows:

Lis = Tis—1 + Xis — Dis = I Viys (20)
with the production lot-size being constrained as in (IIJ). Such model formu-
lation is denoted continuous setup lot-sizing problem (CSLP) in the literature,
although without perishability constraints. Still, in the CSLP with perishability
(CSLP-P) production capacity may be lost due to the constraint that only one
product type i can be produced per period which is given by inequality (III).
This problem is readdressed by the proportional lot-sizing and scheduling prob-
lem with perishability (PLSP-P). Therefore, the production constraints (1) and
capacity constraints are reformulated:

(Cap; — ;)
&

M M
Z &iXis + Z Vi0;s < Capy Vs o (22)
i=1 i=1

Xis < (65, + 654 1) Vi, s (21)

where the remainder of the CSLP-P remains unaltered.

4 Numerical Results

In this section we highlight the effects of the all-or-nothing assumption calcu-
lating the DLSP-P, and the PLSP-P using exemplified data sets. We consider
four types of products and a planning horizon of 10 periods. The capacity of
one machine is 70 units per period. The data sets used are rather small, because
the aim is to provide some insights regarding the mechanisms and hard con-
straints of minimum lot sizes that lead to disposals. Applying larger data sets to
the models leads to increased computational calculation times as variables and
constraints increase exponentially. This is straightforward and experienced by
extending the data set to 7 products and 50 periods.

The models are implemented in AMPL/CPLEX and are calculated on a com-
puter with an Intel Core(R) Pentium(R) 4 CPU processor with 2.42 GHz and 1
GB RAM.

Due to the relative small numerical example the calculating time for finding
the optimal solution is negligible. When extending the example to seven products
and 20 time periods and thus dealing with 550 variables and 423 constraints the
optimal solution is still found within seconds, but time begins to be relevant.
The optimal solution for the DLSP-P is found with the production/inventory
plan as given in Table Blresulting in total costs of 6.440. The calculation employs
289 MIP simplex iterations including one branch-and-bound node.

The PLSP-P gives a plan that does not generate disposals. Therefore, dispos-
als that are zero for all products in all periods are not included in Table dl For
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Table 2. Demand data for the small numerical example

Cost Factors Demand in Periods
Products K] m; (j)f) % 6O & 1 2 3 4 5 6 7 8 9 10

A 400 2 10 10 2 1 10 10 - - — 40 - — — 60
B 400 1.5 10 10 2 1 - - — 5 30 30 — — 40 -—
C 400 05 10 10 2 1 - - 100 - 10 - 10 - 10 -
D 400 05 10 10 2 1 - - — — 10 20 30 - — 60

Table 3. Results of the DLSP-P model

Periods
1 2 3 4 5 6 7 8 9 10

Production A 60 - - - - 60 - - - 60
B- 60 - 60 - - - - 60 -
C- - 60 - - - 60 - - -
D- - - - 60 - - 60 - -
Inventory A 10 - - - - - - - - -
B - 5 5 60 30 - - - - -
C- - 10 10 - - 10 10 - -
D- - - - 50 30 - 60 60 -
Disposal A 40 - - - - 20 - - _ -
B - 55 - - - - - - 20 -
C - - 40 - - - 40 - - -
D- _ - - _ _ - _ _ _

the PLSP-P, the optimal solution results in 3.740 total costs. CPLEX employed
16.879 MIP simplex iterations in order to find the optimal solution including
1.187 branch-and-bound nodes. This is due to the fact that the DLSP-P con-
tains the all-or-nothing assumption which leads to full utilization of capacities
even if demands are not equally high. Therefore, inventory does not decrease
due to demand, so that items perish after their lifetime and need to be disposed.
This is not true for the PLSP-P where production utilization is as high as the
demand, so that items do not wait in inventory and the risk of perishability
is rather low. When comparing the results for the PLSP-P to the PLSP with-
out perishability we see that the number of setups in the PLSP are relatively
small, inventory higher and, therefore, total costs smaller than in the PLSP-P.
This is due to the fact that products not subject to perishability can be hold
longer in inventory than perishable items which is straightforward. Furthermore,
when less capacity is available for production, inventory increases. This behavior
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Table 4. Results of the PLSP-P model

Periods
1 2 3 4 5 6 7 8 9 10

Production A 10 10 - - - 40 - - 60
B - - - 5 60 - - - 40 -
C- - 20 - - - - 20 - -
D- - - 30 - - 30 40 20 -
Inventory A - - - - - - - - - -
B- - - - 30 - - - - -
C - 10 10 10 - - - 10 - -
D- - - 30 20 - - 40 60 -

is true for all presented models except the DLSP-P where the number of products
in inventory for all periods remains the same, but spoilage decreases. This is
reasonable, because less capacity decreases minimum lot sizes implied by the
all-or-nothing constraint.

5 Conclusion

Aspects of deterioration and perishability are important for tactical and opera-
tional production planning, because such effects might generate increased costs
if not considered in production plans. We have integrated such effects in well
known discrete lot-sizing models and compared resulting plans using a numerical
example. The DLSP turns out to be not suited to problems where products are
subject to deterioration and perishability due to the all-or-nothing-assumption
which implies minimal lot sizes, because it enforces full utilization of capacities
disregarding periodic demand rates and, thus, causing spoilage and related costs.
Further research will be in the direction of sequence-dependent setup times and
multiple levels including diverse product structures where items depend on each
other further considering rework, thus the possibility to rework items that need
perish during the production process.
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Discrete Lot-Sizing and Scheduling with Sequence-Dependent Setup
Times and Costs including Deterioration and Perishability Constraints

Julia Pahl, Stefan Vof3, David L. Woodruff

Abstract— Deterioration and perishability constraints force
organizations to carefully plan their production in cooperation
with their supply chain partners up- and downstream. This is
important because waiting times due to suboptimal planning
give rise to increasing lead times and, consequently, to depreci-
ation of parts and products while waiting and, thus, decreasing
quality of items, so that, in the worst case, they cannot be used.
Increased costs are only one problem. A more troubling aspect
is unsatisfied customers waiting for their products or being
concerned about quality. It is well known that reducing lot
sizes leads to lower inventory holding costs, but also to increased
setup costs. Therefore, lot size planning seeks to weigh the trade-
off of setup costs and costs of inventory holding. The limits
of lifetimes of parts and products in the production process
increase the complexity of planning, especially if setup times
and costs are dependent on the sequence of items. We analyze
lot sizing models with sequence-dependent setup times and costs
extending them to depreciation effects.

I. INTRODUCTION

The consideration of sequence-dependent (sd) setup times
and costs is important in many production settings where
significant setup times influence capacities and thus lead
times. Sd-setup times and costs are not uncommon. For
instance, it is more time consuming and expensive to clean
a coating facility from dark colors to light colors, so that
it is more convenient to begin with light colors passing
continuously to darker ones. The same is valid for cake mix
manufacturing passing from chocolate to any other taste mix.
Models that ignore such times and related costs may lead to
non-optimal plans with longer lead times and higher idle
times due to more frequent setups. If parts and products are
subject to depreciation effects, so that the time they can spend
while waiting in the production process or being stored as
final products is limited, the objectives of shorter lead times
and reduced waiting times gain importance.

In the early days, research on depreciation effects and their
inclusion into models for inventory management focused on
blood bank management and the distribution of blood from
transfusion centers to hospitals. Later, other products, e.g.,
chemicals, food, drugs, fashion clothes, technical compo-
nents, and newspapers were considered with an attention
that shifted to a more general view on how to include
deterioration and perishability constraints into mathematical
models for aggregate production planning with different
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settings and assumptions, e.g., including multiple facilities
and warehouses with diverse characteristics as well as supply
chain perspectives; see [29], [32].

We note that including perishability in a planning model
might imply just a few modifications to models created
under some strong assumptions. Consider, e.g., the simple
Wagner Whitin problem as a special case of the capacitated
lot sizing problem (CLSP). Once perishability constraints are
considered, the classical rolling horizon approach for solving
the problem actually does not change much: edges that go
beyond the time point for perishing are not considered. In
that sense, problems tend to become a little “easier.” Also
for a mathematical programming formulation of the CLSP,
adding perishability just reduces the number of variables.

In this paper we concentrate on discrete dynamic lot
sizing and scheduling integrating deterioration and perisha-
bility constraints together with sd-setup costs and times.
We consider the capacitated lot sizing problem with linked
lot sizes and sd-setup costs and times (CLSD) and the
general lot sizing and scheduling problem (GLSP) partly
derived or, better, extended from the CLSP in order to further
extend them to deterioration and perishability constraints.
Accordingly, we study the effects of such constraints on the
behavior/mechanisms and solutions of regarded models. To
the best of our knowledge, no work integrating and studying
these two important aspects has been done so far.

The remainder of the paper is organized as follows: In
Section II we review the relevant literature on deteriora-
tion/perishability (Section II-A) and lot sizing with sd-setup
times and costs (Section II-B). Based on these models,
Section III represents their extensions. A numerical study
is given in Section IV and Section V gives conclusions and
further research ideas.

II. LITERATURE REVIEW

Depreciation effects come into play especially in situa-
tions where items are forced to wait. This might be due
to technical matters of the production process, variabilities
in, e.g., demand, disturbances of the production process or
waiting times induced by the plan. The task of lot sizing is to
plan quantities of items produced together so as to minimize
certain cost factors such as setup costs and inventory holding
costs. For instance, the importance of accurately accounting
for setup times and costs and their effects on capacity
utilization has been highlighted by the discussion of just-in-
time manufacturing; see [23], [45]. Small and frequent batch
sizes are preferred in order to decrease work in process (WIP)
inventories, but frequent setups negatively influence capacity



utilization, because they represent idle times of machines.
This is a trade-off that has to be considered and is highly
influenced by related cost factors that express priorities of
planning objectives. For instance, if lead time reduction is a
prime goal, setups and thus idle times are minimized leading
to increased WIP inventories. On the other hand, if high
inventory holding costs are prevalent, the main objective is
to reduce WIP (waiting times) and final product inventory
holding at the expense of capacity utilization degraded by
frequent setups. Consequently, scheduling information of
jobs especially when subject to depreciation is important
already on a tactical (lot sizing) basis, so that orders/items
are planned in a way that minimizes their overall waiting
times.

A. Depreciation of Products

Deterioration and perishability of products imply the loss
of value or function, so that items cannot be used for their
original purpose anymore, which can be evoked by damage,
spoilage, or decay of items in a continuous process or
a specific point in time; see [32], [29]. Fixed, maximum
lifetimes that we define as perishability may be due to exter-
nal factors, e.g., regulations (pharmaceuticals), technological
developments, or change in style. As such they might be
deterministic or stochastic. In contrast to that, deterioration
is defined as a gradual or variable process of utility loss.
For instance, lifetimes of food items are generally seasonal
and vegetables mature/deteriorate faster in summer times
with elevated temperatures than in winter times. Thus, de-
terioration is time-dependent and integrated in mathematical
planning models by different probability distributions such
as Gamma distributions, Weibull, two-parameter Weibull, or
exponential distributions. An increasing number of papers
assume Weibull distributions for the deterioration rate which
is also supported empirically by fitting real/practical data to
mathematical distributions. This is true for items such as
frozen food, roasted coffee, breakfast cerials, cottage cheese,
ice cream, pasteurized milk, or corn seeds; see [1].

The examples given so far illustrate cases where the
functional capabilities of the items deteriorate. Nevertheless,
items might lose their value in the eyes of the customer
while their functional quality remains the same. This is
especially true for fashion clothes, high technology products
or newspapers whose information content deteriorates and
perishes at the end of the day. For instance, see [46] for
an empirical study of the willingness of customers to pay
for a product subject to continuously decreasing desirability
and/or utility.

Figure 1 depicts three functional relationships of the value
of items over time where the first graph shows the course of
perishability, the second the discrete and variational course
of deterioration and the third three possible courses of
continuous/gradual deterioration. This is where we draw a
clear distinction between perishable goods that cannot be
used after a certain point in time and, thus, lose their utility
at once and deteriorating items that lose their utility/value
gradually; see also [29]. It should be mentioned that many
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Fig. 1. Three examples for perishability and deterioration rates, see [29].

authors in the field of deterioration and perishability use the
words interchangeably.

A great body of literature exists that incorporates deterio-
ration and perishability into models considering different per-
spectives of production planning, e.g., order/replenishment
and inventory management, lot sizing, aggregate production
planning, rework, remanufacturing, or recycling where the
latter refer to closed-loop supply chain management, which
is part of the currently upcoming and promising research area
named green supply chain management. For an overview
of the literature in this field we refer to [32]. The major
part of work done to integrate depreciation effects into
mathematical models is in the continuous case in the field
of inventory management. Models are extended by additional
assumptions, e.g., shortages together with partial or complete
backordering, lost sales independent or dependent on the
waiting time of the customer. Very little work is provided
regarding discrete dynamic modeling; see [29] for a short
review and models including deterioration and perishability
constraints. For an extensive review see [34].

B. Integration of Sequence-Dependent Setup Times and
Costs into Lot Sizing Models

Setup times are often implicitely assumed to be zero in
the literature. This might be due to complexity reduction
of models (see [12]), so that they are applicable to real
world problems which might be a good compromise because
of insignificant setup times and costs and/or due to the
application of static models, such as the economic order
quantity formula. Relaxing the assumption of zero setup
times and costs in (aggregate) lot sizing models implies
scheduling decisions where a great body of work exists even
for the static case, e.g., the economic lot scheduling problem;
see, e.g., [9], [13], [15], [26], [42], [48], [53].

Assuming a (discrete) dynamic setting for integrated lot
sizing and scheduling, we deal with big bucket and small
bucket models where big bucket models contain rather long
time (or macro) periods in which several different products
can be set up and produced unlike small bucket models
where time periods are rather short (micro periods), so that
startups, switch-offs and/or change-overs can be modeled.
Thus, small bucket models are particularly used to integrate
more detailed information about the shop floor in order to
determine accurate and feasible plans. Nevertheless, we are
not on an operational level with “real” scheduling calcu-
lating due dates, machine utilization etc., but on a meta
level between aggregate and operational planning. This is



important when translating plans determined on an aggregate
level into detailed operational processes and schedules. For
instance, planned lead times are considered on a tactical
planning level. Therefore, buffer times used not only to hedge
against uncertain events are included to surely meet due
dates. However, this may increase inventory stocks or WIP
further increasing realized lead times. This vicious cycle is
named lead time syndrome in the literature; see [33], [43],
[51], [50]. Problems may further occur if items/products
are subject to deterioration or perishability. Consequently,
including scheduling decisions already on a tactical level can
prevent time-consuming iterations to determine viable plans;
see also [10].

The integration of big and small bucket periods in order to
provide planning together with some scheduling information
is presented as hybrid models in the literature. They allow
the production of multiple products per time period while
preserving setup states across periods by carrying over setup
states to one or more periods and, consequently, providing
sequencing information of (ordered) items. Such models
are the subject of extensive research; for more details see
(6], [12], [18], [19], [22], [23], [25], [35], [38], [40], [44].
For excellent reviews on scheduling with lot-sizing and/or
sequence-(in)dependent setup times and costs see [2], [7],
[14], [36], or [47]. A more recent survey is presented by
[52].

The consideration of lot sizing together with scheduling
results from interdependencies of planning aspects that may
be cyclic in nature. For instance, [30], [31] discuss lead times
dependent on WIP inventories and capacity utilization. In
this regard, [12] emphasize the cyclic nature of lot sizing,
scheduling, and sd-setup costs: in order to determine optimal
lot sizes, sd-setup times and costs are needed which, on the
other hand, depend on the scheduling solution. However, the
determination of the schedule needs information concerning
types and amounts of items planned in all periods. A method
to estimate initial setup costs that can be used in joint lot
sizing and scheduling is proposed by [12] which shows the
effects of such estimated costs on the solution.

The CLSD with zero setup times is studied by [22] allow-
ing for continuous lot sizes and preservation of setup states
over idle times. This paper provides a local search heuristic
including priority rules. A branch-and-bound method with
rescheduling possibilities for the CLSD with positive setup
times is proposed by [23] and tested using a practical
example. A heuristic method for the CLSP with positive
setup times and costs on a rolling horizon basis is proposed
by [20] which performs best in case that the number of
product types is superior to considered planning periods. A
relax-and-fix heuristic (see also [47]) for the GLSP on a
rolling horizon basis is provided by [10] further allowing for
backlogs in their model.

The GLSP is studied by, e.g., [14], [8], [16], and [27].
An asymmetric travelling salesman problem formulation
together with an iterative solution procedure based on sub-
tour elimination and patching is proposed by [8]. A dual
reoptimization algorithm combined with local search heuris-

tics, i.e., threshold accepting and simulated annealing are
presented by [27].

There are some lot sizing and scheduling models that
include multiple machines; see, e.g., [3], [4], [28], [49]
for scheduling with sd-setup times including parallel ma-
chines. In fact, such an extension is interesting in terms
of capacity increases or reduction of lead times. Therefore,
capacity could be extended by buying another machine
or outside capacity. This might not be desired, because
additional machines may be expensive and/or know-how on
the production process should remain company-intern; see
[23] for a practical example. We consider the CLSD and
the GLSP without capacity extensions. Nevertheless, it can
be interesting for future work especially when regarding
deterioration and perishability with rework options.

III. MODEL FORMULATIONS AND SHORT
DISCUSSION

For our model extension we consider the CLSD and the
GLSP that assume multiple items manufactured on a single
machine subject to sd-setup times and costs. Inventory costs
occur for items that are produced in advance of their demands
that need to be satisfied. Neither shortages nor backlogging
is allowed. We assume first-in-first-out (FIFO) for inventory
holding. Furthermore, items are subject to deterioration or
perishability, thus the periods they can be left in inventory
are limited. The objective is to minimize the sum of sd-setup
costs, inventory holding costs and costs for disposal of items
regarding capacity constraints. Disposal costs of items are
assumed to be relatively higher than inventory holding costs,
e.g., due to environmental reasons. For instance, if spoilage is
not penalized, the model produces more items than demand
and throws away items not requested. Thus, spoilage costs
are important to be considered in the objective function
symbolizing opportunity costs of production that are, a priori,
not considered in the classical GLSP. Nevertheless, in the
case of spoilage costs that are linear with respect to time,
they need not be included in the objective function, because
they can simply be added to inventory holding costs.

Arguing that depreciation constraints are not necessary in
lot sizing models, because such models plan inventory as
late as possible, is not true, because constraints on lifetimes
of items are hard constraints further limiting the solution
space. Models without such constraints plan production and
inventory as late as possible regarding demand and capacity
resources, but allow for long(er) inventory holding than
models including limited lifetimes of items. We come back
to this in Section (IV) in more detail. Spoilage happens only
if minimum lot sizes on a macro period level are imposed.
These might be necessary due to technical matters, so that
machines require to produce an amount of items in a batch
that is superior to demand. For instance, this is accounted
for in the discrete lot sizing and scheduling problem (DLSP)
with perishability constraints; see [29] where the all-or-
nothing constraint regarding capacity utilization holds. That
is, if an item is produced in one period, it is required to
utilize full available machine capacity regardless of item



demand in that period in order to avoid idle times; see also
[22]. A similar model to the DLSP with sd-setup costs is
given in [11]. The problem regarding the all-or-nothing
constraint is remedied by the proportional lot sizing and
scheduling problem (PLSP) with perishability constraints
allowing for more than one setup in a period, so that idle
times can be used for the production of another item; see
[21] for the PLSP without perishability constraints. We use
the following notations for our models: Parameters:

K ;;' sd-setup cost factor setting up
from product ¢ to product j.
5 inventory holding cost factor of item 7.
Dy demand of product ¢ in period t.
O; lifetime of product :.

V a big number.

Cap, available capacity in period t.
& resource consumption factor of product 7.
Vij sd-setup time setting up
from product ¢ to product j.
X™Mn minimum lot size for a micro period s.
Variables:
6‘2% >0 sd-setup variable setting up
from product ¢ to product j in period ¢.
Ly >0 inventory holding of product 7 in period .
Xt >0 production amount of product ¢ in period ¢.
I? >0 amount of spoiled items of product
in period .
dit € {0,1}  setup state variable for item 4 in period ¢.
zit > 0 position of product 7 in period ?.
Indices:
i, 5, k€M indices denoting products.
t=1,...,7 macro periods.
5 €5 micro periods.
s{ first micro period.
st last micro period.

A. CLSD with Depreciation

The CLSD is an extension of the CLSP where the latter
includes the following assumptions:

o production takes place on a single machine restricted in
its capacity,

o multiple items are produced,

o the planning cycle contains 7' discrete time periods,

o orders to produce X;; items of ¢ in ¢ are given in the
beginning of a period ¢,

o products are delivered at the beginning of period ¢ in
lots X,

o initial and ending inventory of the planning horizon are
assumed to be zero.

Consequently, the CLSD inherits all assumptions of the
CLSP further requiring that the triangle inequalities must
be fulfiled. These conditions originate from graph/network
theory and state that it is not more expensive and time
consuming to setup directly from product i to product j
than setting up from product ¢ to product j via product k

independently of the time period ¢. This is stated as follows:
855y < O3 + 0% VijikteM (1)

ijt it
Kt < Kt + K Vi keM 2)

In case that the triangle inequalities are not required, cleaning
effects of products might occur, thus setting up from product
1 to product 7 via product k is less expensive due to cleaning
characteristics of product k.

We state the capacitated lot sizing problem with linked lot
sizes and sd-setup costs and times with perishability (CLSD-
P) implementing a perishability constraint with a lifetime
limit denoted by ©;. In order to incorporate deterioration,
this factor is changed to a time-dependent factor ©;;. Thus
the course of deterioration is defined via the input data.
Furthermore, regarding perishability, we define that ©; = 0
means that items cannot be stored in inventory whereas ©; =
1 implies the possible storage of one period after production
in the previous period. Thus, the period of production is,
anyhow, “gratis” in terms of spoilage effects and costs. This
is valid for the CLSD as well as the GLSP.

The complete CLSD-P is stated as follows:

M T M T M T
min > S KRS 3N ml + 03 el )

i,j=1t=1 i=1 t=1 i=1t=1
subject to:
Iy =1y + Xy — Dy — 177 Vit (4
t—0; t t—1
If >3 X =) Dir—) 17 Vit>0; (5
T=1 T=1 T=1
Xit SV - (835, + 6i,0-1) Vi, gt (6)
M T M
SON GXu+ Y 10505, < Cap, Vit (7)
i=1t=1 j=1
M
> o =1 Vit (8)
=1
M M
> (O Okia1) = (5% +6k) Vit (9)
jeM ieM
Zip+1—=M-(1-63,) <zt Vi, gt (10)
Iio=Iir =0 Vi (11)

The objective function of the CLSD minimizes overall sd-
setup costs, the inventory holding costs and costs for spoiled
items in the planning horizon. The inventory balance equa-
tion is given in (4) stating that actual inventory is composed
by the inventory of the previous period ¢ — 1 plus produced
items in period t subtracted by demand D,; in that period
and spoilage of items denoted by I7. The amount of spoiled
items in a period ¢ is given in Inequalities (5). These are
calculated by the sum of produced items in the interval
[0, t—©;], thus production from the beginning of the planning
horizon until period ¢ deduced by the perishability factor
or liefetime of items ©;, less those items that are used to



satisfy demand until period ¢ and items that have already
been disposed in the previous periods ¢ — 1.

Inequalities (6) constrain the production quantity X;; by
allowing production of item ¢ in period ¢ only if a setup
operation from any product j to product i is executed in
period ¢, so that Z;LG M 6‘;% =1, Vi,t, or if the setup state
for product ¢ is carried over from period ¢ — 1 to period
t, thus 0;,—1 = 1. The big number V' needs to be chosen
in a way that the production amount is limited, too. This
is frequently reformulated using capacity utilization, thus
X < Capt/fiéit(é;.‘gt—i—&i,t,l),V i, j,t. Inequalities (7) state
that available capacity Cap, must not be exceeded by the sum
of production of items 7 in period ¢ and the sum of sd-setup
times. Furthermore, Equations (8) require that the machine
at the end of period ¢ and, consequently, at the beginning of
the next period ¢ + 1 is set up for a product 7. The setup
flow condition is presented in Equation (9). For instance, if
a setup operation is performed from product j to product k,
thus > jeM 5;1?15 =1, V k,t, or the setup state for product
k is carried over in period ¢, i.e., 05 +—1 = 1, then the setup
state for product k is carried to period ¢t + 1, i.e., dp; = 1
or a setup from product % to a product j is done in period
toie, Y 05, = 1V k,t. In other words, if the machine
is set up for product k£ in period ¢, then product k is the
last product scheduled in period ¢ (0x; = 1) or an additional
setup operation from product k to product j is performed;
see, e.g., [22].

In order to avoid subtours, a variable z;; is defined in (10)
which represents a kind of position, e.g., the higher the values
for z;;, the later product j is scheduled. For example, if we
assume the partial setup sequence (..., 7,4k, ...) of period

t, thus 5]"7;125 = 5;& =1 and it follows from Inequalities (10):
Zig = zjp + 1
zpe 2 zie +1
2t 2> Zjt + 2

Consequently, no subtour is possible due to j #£ 4,7 # k, j #
k. Equation (11) of the CLSD require initial and ending
inventory to be zero.

B. GLSP with Depreciation

The GLSP encompasses all features of the capacitated
lot sizing problem with linked lot sizes (CLSPL) and the
CLSD, so that they become special cases of the GLSP. For
that reason, the GLSP is denoted general, because other
presented models differ only regarding additional constraints
for the time structure; see [16]: the GLSP divides a macro
period ¢ into sets of non-overlapping micro periods s € S} of
variable length. Therefore, micro period lengths might also
be decision variables that are determined by the production
quantities produced within. Frequently, the number of micro
time periods within a macro period is defined in advance,
so that it can be used in mixed integer programming (MIP)
models. Consequently, a lot contains a production amount
of the same item to which a sequence of micro periods is
assigned that may continue over macro periods, too. There

are two variations of the GLSP available in the literature,
i.e., a version where setup states are preserved (GLSP-CS)
and a version where they are lost (GLSP-LS); see, e.g., [16],
[41]. Here, we consider setup carry overs and thus the first
mentioned version of the GLSP.

The two-level time structure was first introduced by [37]
for modeling dynamic production systems. External (envi-
ronmental) dynamics influencing the production system are
determined by the discrete macro time grid, defined by, e.g.,
demand data or holding cost data. Internal system dynamics
are presented by system state variables dependent on pro-
duction decisions that can occur anytime and independently
of external dynamics, but at the beginning or end of the
micro periods. Thus, the inventory balance equation (4) is
reformulated as follows:

Iy =T 41 + Z Xis — Dy — I}
s€St

Vit (12)
The all-or-nothing assumption constraining X;, is valid for
micro periods as in the DLSP. In case that micro periods are
of variable length, they do not impose minimal lot sizes that
could cause spoilage at this stage. Nevertheless, we fix micro
periods here in order to use them in MIPs and implement
them in standard optimization software.

Production quantities are constrained as follows, so that
idle times are possible:

Cap

Xis < t(sis

Vi, st (13)

7

with the restriction that production of product ¢ in period s
only takes place if the machine is set up, respectively, thus:

M
d bis=1 Vs
i=1

Besides, the link between setup states ;5 and the changeover
indicators 03¢, are determined by the following equation:

178
5)

(14)

sd
5ijs

> 0j,5—1 + 0js — 1

The changeover variable (5;‘;8 is not defined as binary, but

takes values of 0,1, respectively, in an optimal solution.
Nevertheless, [16] argues that such formulation gives rise to
redundancies if, e.g., a sequence of micro periods is assigned
to the same product 7 and, consequently, its production
amounts are arbitrarily distributed among them although not
changing schedules nor the objective function value. Changes
in inequality (13) and (15) remedy that effect forcing idle
periods to be placed at the end of macro periods; for more
details see [16].

The lifetime of items is assumed to be related to the macro
period level. Consequently, the perishability constraint (5) is
only changed in regard of the production variables defined
on a micro period level:

Vi g, s

t—6; t t—1
L§>3 ) Xir=) Dir—) I, Vit >6; (16)
=1 s€S, T=1 =1

Capacity consumption of X4 determines the length of micro
periods s, so that micro periods of zero length are allowed;



see also [16]. A mimimum lot size condition is defined in
case that the triangle inequalities (1)-(2) do not hold for
certain setup times and costs matrices. For instance, this
might be true for products that can have a cleaning character
such that a direct setup from product ¢ to product 5 may be
more cost and time intensive than the detour via product
k which can be the case in chemical industries; see [16].
Therefore, a minimum lot size of product ¢ is defined that
has to be produced, so that direct setup changes from product
1 to product k instead of product ¢ via product j to product
k are avoided; see also [8]:

Xig > X" (0, = 0741)

is—1 Vi, s 17)
Nevertheless, the definition of minimum lot sizes may lead
to non-zero final inventories and thus related costs as well
as spoilage due to perishability. Inequalities (17) require
production on a micro period level to be at least as large as
the minimum lot size. This formulation admits overlapping
of micro and macro periods due to setup state carryovers.
The capacity constraint of the capacitated lot sizing prob-
lem with perishability constraints (CLSP-P) (7) is reformu-

lated regarding micro periods:

Z > GiXis + Z gU5Y, < Cap, Vs

i=1 s€S; i,5=1

(18)

The complete general lot sizing and scheduling problem
with perishability constraint (GLSP-P) is given as follows:

M M T M T
min Z ZKJSfl(SJSzds + Z Zﬂ'qitfit + Z Z ¢il;

i,j=1s=1 i=1 t=1 i=1 t=1
subject to:
Itflzt 1+ZX15 D1 Il? VZ,t
SES}
—0; t t—1
Z F=> Dip=> I Vit>e
=1 =1 =1
C
X < =25 Vit s
Xis >Xmin (5 751'5 1) VZ.,S
Cap, = Z > 6iXis + Z 0%, v
i=1 s€S; 1,7=1

M
Z(Siszl Vs

5;;18 > g1+ 05— 1 Vi, j,s
Iio=0 Vi
8i0=0 Vi

where the last two equations denote initial inventory and
setup states, respectively. As has been stated in [16], the

GLSP can be reduced or traced back to the CLSP using the
GLSP-LS version adding

Oow S0y Vist (19)
so that setup states are lost and fixing |S;| = M + 1. In

a similar way, the DLSP can be derived by reformulating
(13) applying the all-or-nothing assumption regarding macro
periods, thus X;, = Cap,/{;0;s, further setting |S;] = 1
and thus allowing only one micro period per macro period;
see [16]. The same is valid for the continuous setup and
lot sizing problem with perishability constraints (CSLP-P).
For the proportional lot sizing and scheduling problem with
perishability constraints (PLSP-P) that allows at most the
production of two products per macro period, micro periods
are fixed to |:S;| = 2 and at least two changeovers are allowed
by adding the following constraint:

PO

1,jEM s€St
IV. NUMERICAL STUDY

In order to present and analyze mathematical lot sizing
models including sd-setup costs and times especially explor-
ing and visualizing their planning mechanisms, we use in
a first step a small numerical example and implement the
GLSP-P in XPress-IVE calculating it on a computer with an
Intel Core(TM) 2 Duo CPU processor with 1.60 GHz and
1,6 GB RAM. This is done in order to test our extension in
a proof-of-concept-sense and because of the combinatorial
nature of the proposed models that are at least as difficult
as the CLSP which is already proved to be NP-hard (see,
e.g., [5], [17]; the same is valid for the CLSP with positive
setup times; see [24]). In a second step, we calculate 135
test instances in order to study effects of perishability.

Larger problem instances increase computational calcula-
tion time exponentially, so that exact optimization methods
become impractical for use in practice. Therefore, heurstic
methods are proposed by many authors; see Section II-B
for related references. Nevertheless, test instance sizes with
less than 10 items, but up to 20 periods might already be of
practical relevance as argued by different empirical studies;
see [23].

(20)

A. A First Small Numerical Example

For the small example, we consider three types of products
and a planning horizon of 10 macro periods and related
three equal micro periods within each. The capacity of one
machine is 100 units per macro period and minimum lot
sizes are fixed for each product to 30 units per micro period,
thus X™M" = 30. Overlapping of micro periods regarding
minimal lot sizes is addmitted, thus if in micro period
s = 15 an amount of 30 items of a product is produced,
the production of 10 further products in s = 16 is allowed,
so that in total a lot of 40 items is produced within a setup
and minimal lot sizes are respected. Extending data sets
leads to the foreseen effect of increased computation times
as variables and constraints increase exponentially. This is



TABLE I
COST FACTORS FOR THE SMALL NUMERICAL EXAMPLE

Cost Factors

Products  ; P O; &i

A 1 2T A 0-3 1

B 1 275 0—3 1

C 1 2o 0—3 1
TABLE I

SD-COSTS AND TIMES FOR REGARDED PRODUCTS

Products j
Products ¢ A B C

sd sd sd sd sd sd
KAi 19A'L KBi 19B'L KC'L 1901'

A 0 0 20 1 40 2
B 10 1 0 0 50 1
C 40 2 30 1 0 0

straightforward and experienced by extending the data set to
7 products and 50 periods.

Table I states the cost factors of the model and lifetimes
of items. We defined disposal costs in relation to inventory
holding costs, so that disposal costs are always superior to
inventory holding, here twice as large. The lifetime of items
is varied for each product from zero to two macro periods
where zero lifetime means that items cannot be stocked.
Additionally, we regard sd-setup costs and times as stated
in Table II where the first value denotes sd-setup costs and
the second value denotes sd-setup times. Demand data are
stated in Table III. We ran the calculation for the GLSP until
the maximum clock time of 1000 seconds without finishing
the search. At least one optimal solution was found. The
calculation results varying ©; from 1 — 3 for all products
is given in Table IV. The related resulting plans displaying
inventory, production and spoilage are given in Table V, VI,
and VII. In case that disposal costs are assumed to be zero,
the model starts to produce and dispose a higher number of
items than necessary. This is shown in Table VIII. Therefore,
the consideration of penalty costs for spoilage has to be
included into the objective function.

The mechanisms of the GLSP shows that the incorpora-
tion of deterioration and perishability constraints is a hard
constraint rendering the finding of a solution very difficult
especially in case of relevant sd-times and costs. We checked
the model varying the data regarding different lifetimes of
items. For instance, when regarding lifetimes of one macro
period for each item thus prohibiting inventory holding, the
model produces items that are required due to demand.
Nevertheless, due to implied minimal lot sizes in order to
restrict setups on a micro period basis, disposals occur.

TABLE III
DEMAND DATA FOR THE SMALL NUMERICAL EXAMPLE

Demand in Periods
Products 1 2 3 4 5 6 7 8 9 10

3 9 7 10 11 10 12 12 10
21 24 25 19 17 20 22 23 23 18
C 29 31 30 33 34 31 27 28 25 21

™

TABLE IV
ANALYSIS REGARDING THE VARIATION OF ©;

Variation Lifetime  Optimality = Best So-  Best
Gap in % lution Bound
0;=0 38,98 976 595, 6
0;,=1 49,15 606 308, 1
0; =2 22,15 439 341,8
0; =3 39,76 537 323,5

B. Numerical Study Including Test Instance Sets

We generated 135 test instances for the GLSP-P combin-
ing the different parameter profiles and variations using the
test data instance generator described in [39].

We generate the following parameters:

o demand time series D;;: the mean demand time series
are generated according to a Gamma distribution. A
standardized normal distribution is not used due to
the fact that such a distribution may generate negative
demand. We assumed for the demand time series a
rather low variability, so that no problems regarding
capacity generation and production lifetime are created,
because the first priority in generating the data sets is
to create solvable test instances.

o machine capacity Cap,: the machine capacity is fixed to
1.000 units per time. Coming from this fixed parameter,
diverse load profiles are given in order to calculate
the production coefficients and sd-setup times for all
products. Available capacity is calculated regarding the
selected load/utilization profiles,

e setup times v;;: these are randomly generated numbers
regarding the product combinations and maximal setup
times checked with the available capacity, so that the
maximal setup times do not exceed available capacity.

o production coefficients &;: for each setup coefficient
&; a random number is generated. All coefficients are
summed and checked with the capacity utilization less
the setup times from the available capacity utilization,
so that a multiplicator is generated that corrects the
production rate in a way not exceeding the capacity
limit.

o time between orders (TBO) : mean time between orders
profiles are generated using the classical economic



TABLE V
PLAN FOR THE GLSP AND THE NUMERICAL EXAMPLE WITH ©; = 2

Macro periods
Products 1 2 3 4 5 6 7 8 9 10

I4 22 9 — 21 11 — 24 12 — 20
Ig 9 15 2 17 — 10 — 7 — -
Ic 1 3 - - — — 5

TABLE VI
PLAN FOR THE GLSP AND THE NUMERICAL EXAMPLE WITH ©; = 1

Macro periods
Products 1 2 3 4 5 6 7 8 9 10

I 8 9 — 13 3 22 12 — 18 8
Ip 9 15 — — 20 — 8 4 18 -
Ic 1 3 - - — - 28 — 5 -

w4 - - - 10 - - - - -

;B - - - - - - - - - -

e - - - = = = - -

order quantity (EOQ) formula, thus , /2K s D/r;. We
assume the inventory holding cost factor m; to remain
constant thus varying demand according to the demand
profiles and setup costs.

We generated 135 test instances varying the perishability
rate, generating fife demand profiles, assuming different
machine load profiles, and varying the TBO, thus 3-5-3-3 =
135 test instances considering

o lifetime ©; := 1, 2,3 macro periods,

o fife different demand profiles assuming a Gamma dis-
tribution,

o machine loads :=0,75; 0,8; 0,9,

e TBO profiles := 3,4, 5 where it is important to choose
these profiles longer than perishability. If the lifetime of
items would be longer than the TBOs, the perishability
constraint would not constraint the solution space.

Considering a lifetime factor of one macro periods, thus
0; = 1, we expect the model to create a lot-for-lot plan, i. e.
lot sizes that match orders/demand of products in that period.
In that way, inventory is not build, the machine has to be set
up every time and orders are not aggregated in lot sizes. A
lifetime factor ©; = 2 is expected to give different lot sizing
possibilities to the model leading to longer calculation times
or a larger gap to optimality due to the fixed calculation time
limit. Thus, the model/solver initiates to evaluate the various
aggregations of lot sizes building up inventory for the sake
to diminishing setup costs. Spoilage due to perishability is

TABLE VII
PLAN FOR THE GLSP ASSUMING ©; = 0

Macro periods
Products 1 2 3 4 5 6 7 8 9 10

Ia R
Ip - - - - - - - - - =
I - - - - - - = = = -

i) 18 17 - 23 — 19 — 18 18 20

’B) 9 6 5 11 13 10 8 7 — 12

mwey 11 - - — — — 3 — 5 -

TABLE VIII

PLAN FOR THE GLSP ASSUMING ZERO SPOILAGE COSTS

Macro periods
Products 1 2 3 4 5 6 7 8 9 10

Ia 3 - 7 — 21 10 — 12 — -
Ip - - - 4 20 - - - - -
I - - - 1 - - - - 921 -

P’ 5 - 14 - - — - 6 - 71

mwB 9 6 - 10 - — 8 — T -

e 1 - - - - - -2 = -

expected not to occur regarding a lifetime near the TBO
length.

We tested the calculation results of the 135 test instances
with a Wilcoxon signed rank test (W-SRT) for matched pairs
in order to compare the difficulty to find a solution regarding
lifetime constraints, the TBOs, and the machine loading;
see Tables IX, X, XI, XII, XIII, and XIV. The tables give
the p-value of the W-SRT which gives the probability to
observe the test sample or an even rarer test sample under
consideration of the null hypothesis. In other words, the p-
value gives the smallest test level where the test sample is
just significant. If the p-value is smaller or equal the a-value
denoting the error to reject the null hypothesis although it
is true, the null hypothesis is rejected. In case that the p-
value is greater than «, the null hypothesis is not rejected.
Values that greater than an a-value of 0,05 are highlighted.
They signify that the null hypothesis is not rejected and thus
the distribution is not shifted regarding an amount p = 0.
The tables are symmetric due to the matching of the lifetime
factors and their corresponding optimality gaps.

For instance, Table IX shows that @, = 1 and ©; = 3
have a p-value of 0,6905, thus the median of the dis-
tribution of the optimality gap is not significant. In con-
trast, the p-values of ©®; = 2 and ©; = 1 are smaller
the a-value of 0,05 and thus the median of the distribu-
tion of gap-values ist not equal. This is true when hav-
ing a look in the statistics of the optimality gaps of the
135 test instances that solving the model with a lifetime



TABLE IX
WILCOXON RST, TBO = 3, LOAD = 0,75

p 0, = 0, = 0; =
©,=1 0,0000 0,0079 0,6905
0,=2 0,0079 0,0000 0,0079
0, =3 0,6905 0,0079  0,0000

TABLE X

WiLcOoxON RST, TBO = 3, LoAD = 0,9

P @i = 62- =2 @i =3
©; =1 0,0000 0,8413 0,6905
0,=2 08413 0,0000 1,0000
0, =3 0,6905 1,0000 0,0000

factor ©® = 2 gives higher optimality gaps. Test statis-
tics and test instances are available at http://iwi.econ.uni-
hamburg.de/TWIWeb/Default.aspx ?tabid=174.

Nevertheless, we have to note that the sample of 135
test instances is rather small. We expect that extending test
instances, especially increasing TBO values to six or more
profiles and also increasing values for ©,;, the tendency
proceeds that with decreased values of ©,, test instances
become easier to solve due to the fact that with less flexibility
to store products, the model tends to employ a lot-for-lot
policy.

V. CONCLUSION

Deterioration and perishability constraints of items are
important to be considered in aggregate planning especially
regarding sd-setup times and costs, because avoidance of
waiting times is mandatory if parts and products are subject
to depreciation effects. We integrated deterioration and per-
ishability effects in hybrid lot sizing and scheduling models
with sd-setup times and costs such as the CLSD and the
GLSP and highlighted their effects on the resulting plan.

The inclusion of lifetime limits of items is also interesting
in a mathematical sense as it reduces setup variables of
items for periods exceeding their maximal lifetimes. This
might render classical lot sizing models as the CLSP easier
to solve in a mathematical sense. Further research leads in
the direction of extending models to multiple levels such
as complex production structures as well as multiple ma-
chines. Moreover, we are interested in the reformulation of
general lot sizing and scheduling models with deterioration
and perishability constraints into network flow problems
considering hop constraints in order to model depreciation.
As we discussed earlier, depreciation may occur due to
waiting in the production process where lead times are load-
dependent. If items can be reworked, increased utilization
further increases lead times and WIP, thus waiting times.
This vicious cycle and its consideration in planning models

TABLE XI
WILCOXON RST, TBO =4, LoAD = 0,75

p ©; = 0,=2 ©;=
©,=1 0,0000 0,2222 0,0317
0,=2 02222 0,0000 0,0159
0, =3 0,0317 0,0159  0,0000

TABLE XII

WILCOXON RST, TBO =4, LoAD = 0,9

P 91’ = 91' =2 91’ =3
©;, =1 0,0000 0,6905 0,3095
0;,=2 06905 0, 0000 0,5476
0;, =3 03095 0,5476 0, 0000

are very interesting, so that we extend our research to this
interesting topic in the future.
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Integrating Deterioration and Lifetime Constraints in Production
and Supply Chain Planning: A Survey

Julia Pahl

Abstract

Items with short life cycles that are subject to deteriaratire a major part of products traded
in our business world. Research has a long tradition in rategy deterioration and value loss
effects into mathematical models for inventory planning anatrmd where such féects are un-
derstood as a general loss or shrinkage of inventory. Ordyanfork has been done in modeling
lifetime restrictions of items to prevent wastage and dispp@specially in a dynamic planning
context. Recent trends extend the consideration of singhepanies to whole supply chains
exploring their increased coordination and informatiords This is important as planning de-
cisions impact lead times and thus the quality of items inwihele supply chain. Products
that pass their useful lifetime can impose high costs dusvenitory loss or the need to rework
them which implies enhanced utilization of (scarce) resesye.g., machine time, (noble) met-
als, andor energy increasing O,-levels. We give an overview on the state-of-the-art reigard
depreciation ffects and lifetime constraints in planning and provide asif@sition of models
along business planning functions of the value chain.

Keywords: Review, Deterioration, Perishability, Lifetime Constris, Classification,
Production Planning, (Green) Supply Chain Management
2000 MSC#46N10, 90B30, 90C90

1. Introduction

Constraints on the lifetime of items force organizationsaoefully plan their production in
cooperation with their supply chain partners. This gaingdnance because waiting times imply
increasedvork in procesgWIP) inventories that might lead to longer lead times and tharease
the possibility of depreciation of items. In the worst cabey cannot be used for their original
purpose and have to be disposed. This is notably disqujetigg, in the food industry where
significant losses occur during handling, processing, beil distribution [1]. Results of a study
conducted for the International Congress “Save Food!&dtst 13 billion tons of food per year
are wasted at a global scale which is around one-third of floduced worldwide for human
consumption [1]. This is particularly valid for developirguntries where more than 40% of
food losses are due to processing whereas total lossesustiralized countries are as high, but
with more than 40% mainly occurring at the retailer and camsulevel [1]. Increased supply
chain costs are only one problem. A more troubling aspeceahanced losses of resources,
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increased energy consumption and related emissidd@f Certainly, unsatisfied customers
waiting for their products or being concerned about quadityainly a problem in industrialized
countries.

Deterioration has a great influence not only on inventoryagament, but on every area of the
production process where items are stocked or forced toduaito uncertain demand, technical
matters, variabilities, or disruptions of the productiaeqess. We explore the integration of
deterioration &ects and lifetime constraints alondférent business functions (see Figure 1, [2])
that are closley related, but not limited to inventory masragnt in order complement reviews
available on deterioration in inventory management [3,r] extended settings [5]. Regarding
food production the question is how to prevent losses dugilage or degradation of items in the
(industrial) handling process. Apart from engineeringiéssto enhance the production process,
related coordinated planning throughout the supply chaia starting point to this problem.
Despite a long tradition in the operations research areaegiate deterioratiorfiects in models
for planning, there are only a few models that integratéitife contraints.

The paper is organized as follows: In Section 2 we provideesgemeral thoughts on the clas-
sification of models including depreciatioffects and lifetime constraints. We present math-
ematical formulations that are frequently used and disthessole of demand in such models.
Section 3 reviews the literature regarding important bessnplanning) functions and highlights
issues where further research is needed. In that senseeHRigerves as an orientation.
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Figure 1: Material flow along the internal and external sypmtwork; modified from [6]

disposal

Accordingly, Section 3.1 reviews procuremeaplenishment models including marketing issues
and inventory control whereas Section 3.2 discusses aggr@goduction-inventory planning.
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Section 3.3 presents the current research concerningtoryeof final goods and their delivery
to customers which is complemented by Section 3.4 that ateduthe use of multiple ware-
houses. Until this point, it is assumed that deteriorateahé cannot be reworked and need to be
disposed which is relaxed in Section 3.5 examining rewotloap. Section 3.6 analyzes current
research of deterioratiorffects and lifetime constraints in supply chains. Sectionstimees
major findings.

2. Classification

Interests of the operations research community regarditegidration of items came to promi-
nance with the modeling of inventory in blood bank manageraed the distribution of blood
from transfusion centers to hospitals. Later, the resefirobhs shifted also to other products,
e.g., chemicals, food, fashion clothes, technical compenewspapers etc. In accordance,
the attention changed to a more general view on how to indliederioration &ects and life-
time constraints into models for inventory management. a@r part of approaches consider
deterioration as a kind of general shrinkage of inventorg.fiét discuss characteristics of dete-
rioration, perishability, and the integration of lifetimestrictions providing definitions followed
by mathematical formulations.

2.1. Discussion on Depreciation

Most products deteriorate within a certain interval. If titeserved time horizon is chosen to
be suficiently short there may be no need to consider such prodacacteristics. Nevertheless,
in practice and depending on the product, the time horizoadgregate planning is long enough,
so that the influence of deterioration starts to play an ingmdrrole. Deterioration and lifetime
restrictions render the planning process complex due td bamnstraints on inventory holding.
Therefore, restrictions are imposed to produce ahead o&dérand sales realizations in order
to hedge against uncertainties, e.g., employing overymtooh, exploit volume-discounts, or
own production setup-sequence advantages. For instarmayie business fields, make-to-order
approaches are not applicable, because replenishmentifeasl are significantly shorter than
production manufacturing lead times [7], so that producfitans rely on demand forecasts.

Deterioration of goods might be regarded as the processcafyddamage or spoilage of items
in such a way that they can no longer be used for their origingbose, i.e., they go through a
change while stored and continuously lose their utilityl]@}- Perishable goods are considered
as items with fixed, maximum lifetimes [11]. This is true faogducts that become obsolete at
some point in time, because of various reasons or exterci@rt e.g., laws and regulations that
predetermine their shelflives [12]. Therefore, a clasdificebasis is thetility of the item. In this
regard, two subcategories can be distinguished: the fichktdes products whose functionalities
deteriorate over time, e.g., fruits, vegetables or milke Becond encompasses those products
whose functionality does not degrade, but customers’ pexdeutility and thus their demand
deteriorates over time, e.g., fashion clothes, high teldgygproducts with a short life cycle, or
items whose information content deteriorates, e.g., nepes. For example, it is empirically
shown that the willingness to pay for a product continuowldgreases with its perceived ac-
tuality that is similar to defining deterioration as a praces continuously reduced usefulness
of the comodity to the customer [13]. Other products enceruvélue loss related perishability
induced by demand that drops when a new version or genetiatinoiroduced accompanied by
significant downmarks [14]. This is valid, e.g., for compstenobile phones, high fashion wear,
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Christmas gifts, or calendars. Such value loss is indiyéotegrated into mathematical models
by making assumptions on products’ demand patterns, eng-dependent demand that is used
to describe sales in fierent product lifetime phases in the market [15]. The exation of
effects of stochastic demand rates on deterioration inclumesastic processes that may have
independent increments, e.g., compound Poisson pro¢cesses, e.g., compound renewal pro-
cesses, known or arbitrary probability distributions. Assult, we can characterize depreciation
regarding diferent aspects: 1. physical degradation or depletion (feegh food, gasoline), 2.
loss of dficacy or functional loss (e.g., medicine), and 3. perceiv@derloss (e.g., fashion
clothes, high technology) where the first two aridilt to be exactly distinguished.

A further distinction can be made by the products’ lifetirhattcan beime-independenor
time-dependentThe first case implies a pre-specified lifetime. The utitifthese products is
given during a specific time period. The second case ex@ekderioration over time, e.g., to
model seasonality. The majority of authors working in thilfed deterioration and perishability
use the words interchangeably.

We make a clear distinction between perishable goods timatotde used anymore and lose
all their utility at once after a certain point in time whesdgems that lose their utility gradually
are regarded as being subject to deterioration.

Value of items i Value of items i Value of items i lifetime/quality

y Continuous deterioration
ofitems

incl rework and disposal time
invervals

Continuous
deterioration

Perishability (Discrete) deterioration
quality lifetime

rework lifetime

Sale on secondary
market or disposal

Figure 2: Courses of perishability and deterioration

Figure 2 depicts three functional relationships of itemliquavhere the first graph shows the
course of perishability, the second discrete and variatioaurses of deterioration and the third
possible courses of continuous deterioration. The foudblygives three possible time intervals
regarding the quality decrease of items that can be rewortkedfirst interval presents regular
quality of items until the phase where items can be reworked,the phase where items have
passed their lifetime and might be sold on a secondary marketed to be disposed.

The definitions of deterioration, perishability, and lifeé constraints remain somewhat fuzzy
as it clearly depends on the physical stiittgess, behavior of items over time, and on the produc-
tion planner or the quality controller who has to decide wbeto employ items or components
having passed a certain age. In this paper, we focus on #gration of functional deterioration,
perishability, and lifetime constraints in contrast toueloss due to customer demand variations
that is expressed via demand patterns.



2.2. Mathematical Formulations of Deterioration and Lifeé Constraints of ltems

Generally, there are fierent methods to integrate deterioratfmerishability éfects and life-
time constraints into mathematical models depending onntielel type (deterministic or
stochastic) and the considered time horizon (infinite otd)ni One method that is frequently
employed assumes the loss of a cerfeagtion or part of inventory stated as follows:

%@:—@mymm) t<t<T, 1)

where® is the shrinkage factor due to perishabilit{t) the inventory holding in time, and
D(t) is the time-dependent demand defined for a time intetyal {). Models integrating this
formulation assume exponential shrinkage of inventorychviiiecomes clear when regarding the
solution of Equation (1):

T.
I(t) = —e’G‘ft J e'D(udu  §<t<T; 2)

Such formulation is mainly used in infinite time determiisingor stochastic settings for re-
plenishment and inventory control. For use in (discrete)atyic deterministic settings, the
following formulation might be employed:

Q- Vvt=1---,T ©))

wherea® is the percentage of inventory that is lost due to perisitgbiFor the remainder of
this paper, we adress these modeling approach&ae®n formulation(FF). They are mainly
used in optimization models with the aim to derive optimadleaishment quantities and time
lengths between orders assuming that all products in iovgnindergo the same transformation
independent of their age or their production period. Thighthbe a good approximation in case
of general deterioration studies [16]. Anyhow, the assimnpdf general inventory shrinkage
is limiting if we want to create models for planning that artgpgosed to avoid deterioration
in the first place. Therefore, we need formulations tharietgbroducts’ lifetimes. Items that
lose their functional characteristics and quality in ireen cannot (or should not) be kept in
inventory due to various reasons. For instance, food thirideates and develops biological
toxines should be separated from fresh inventory and deshboemediately whereas items that
lose their customers’ perceived utility can be kept in ineep without such problems in order
to be sold on a secondary market. It becomes clear that nadtileterioration and depreciation
due to value loss pertain to the same problem, but requiferdit consequences or actions.
The modeling of limited shelflives can be integrated by,,extpdifying the inventory balance
equation of related optimization models by subtractinghgehat passed their useful lifetime
denoted by and calculated as follows:

-0, t t-1
P2 > X = > D= > 12, iz 0p )
1 1

=1 =

-

wherel? is the amount of items that deteriorate in a time petitheat is calculated by the sum of

produced items; in the time interval {,t — ®}), thus the production from the beginning of the

planning horizon until period reduced by the length of item lifetin®}, less those items that

are used to satisfy demand until peripand items that have already been disposed in previous
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periodst — 1. Contraint (4) can be used in all classical discrete detgstic lot sizing (and
scheduling) models that are formulatedimgentory and lot size mode{&L; see [17]) further
including minimal lot size constraints [18, 19], so that wéer to this method dg-L formulation.
However, these models become quickly computational itdtde regarding practical input data
sets. For example, theapacitated lot sizing mod€CLSP) is proofed to be NP-hard [20, 21]
and so are its extensions. Therefore, a third formulatioprigposed in the literature that is
mainly used in network flow formulations and integrated ithte production constraint of related
models:

t t+OF
DX <> D Vt=1.-,T-6} (5)
=1 =1

which states that the sum of production until time petiadust be smaller or equal the sum of
demands that do not exceed time periahd the length of the variable lifetime of the product
®F. We name this methdddex transformatiorflT) as it restricts the considered time periods by
the lifetime of items. Network flow formulations aréieient in terms of calculation time to find
the optimal solution, because they approximately des¢hibeonvex hull of the solution space.
Nevertheless, the formulation given in Constraint (5) doasallow for minimal lot sizes.

Another type of index transformation is adopted especifatyuse in stochastic models to
integrate lifetime restrictions. This type considers tleeiqus of lifetimes from the time period
an item is produced until its lifetime elapses:

ns@

whereTg. denotes the lifetime of an iterige the estimated or expected lifetime of an itam,
an integer variable denoting the frequency of product skipsiin a period, antithe current
time period. Such formulations are adopted, e.g., by [28]thke subsequent, we also refer to
them as IT formulations. Further stochastic methods tagynate inventory shrinkage assume
that the age of ordered items arriving in inventory are givgra vector of age classes of items
[23] and defined to basndependent and identically distributéid.d.) random variables. Besides,
the shrinkage of inventory might be assumed as a virtualatimgl process similar to the virtual
waiting time process in queuing theory [24].

The most frequent formulation used to integrate deteiimmés FF mainly employed in infi-
nite time horizon models wherdtects ofs demand patterns are added to study the influence of
deterioration. The 1&L formulation is recently developewaused by [18, 19] for discrete dy-
namic deterministic settings whereas IT-integrateditifetconstraints are mainly encountered in
deterministic settings within approaches formulated asok flow models; see, e.g., [25, 26].

Tor —(N=1)t > Tee or +1 (6)

2.2.1. Model Extensions and Further Assumptions

Frequently, additional constraints or features are iatisgkinto mathematical models with the
aim of rendering them more realistic and applicable to reatldvproblems. Situations might
include the planning of multiple resources with or withoapacity constraints that produce(s)
a single or multiple product(s) adhering to multi-level ¢iot structures. In case of multiple
products, setup times and costs that may be sequence-dspeutay an important role espe-
cially regarding capacity utilization. Moreover, posétilead times might be included that can
either be assumed for replenishment or inter-productiocgsses treated as exogenious or en-
dogenious input data. We find positive replenishment leaggi mainly in stochastic dynamic
replenishment models. The major part of reviewed refereassume lead times to be negligible.
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Besides, recent trends examine the possibilities andhgilléss of customers to wait for their or-
dered products. Early work includes the integration of clatgpbacklogging which is extended
to partial backlogging thus assuming that a certain numbeustomers is impatient which is
further fine-tuned considering partial backlogging desiggawith the length of the waiting time.
We highlight such extensions in the following sections. Bukmited space, we give extensions
in the provided tables, but might not refer to them in the.text

3. The Consideration of Depreciation

The presentation of models incorporating functional dejatén is in line with Figure 1 con-
sidering the dierent areas of planning and extended perspectives. Weedipiproaches by their
assumption on (un)certainty in deterministic and stoébasodels. These categories are further
separated in infinite time horizon and finite time horizonrapghes.

3.1. Procurement, Replenishment, and Inventory Control

The production process is initialized by the need for rawemals calculated depending on the
forecasted demand for finished goods. The aim is to obtaiffigisemt amount of raw materials of
the desired quality for production at the right time at mialrardering costs. Marketing issues
like discounting, allowances of credits, and lot sizingngan increasing importance, because
raw materials are generally ordered in batches taking adgas of price and volume discounts
further minimizing transportation costs. Nevertheleaggé order batches give rise to increased
inventory costs and risks of deterioration. In case of omertracts likevendor management
inventory(VMI) or justin time(JIT) agreements, such problems are avoided for the matméac
and passed to suppliers who are responsible for the comtilgmrtner’s inventory level and thus
the planning of replenishment batches. A review on dynamdrg and inventory management
is given in [27]. Models considering JIT logistics in supphain planning are, e.g., considered in
[28—34]. Additionally, the consideration of inflation andhe value of money plays an important
role in inventory control as risks of financial losses migitrease with inventory levels. We refer
to these as marketing issues, as well, because they arefdgaonsidered with questions on
pricing, replenishment, and inventory control. Besidesns approaches takiscounted cash
flows(DCF) into account, e.g., [35-38].

3.1.1. Deterministic Replenishment Approaches

This stream of literature is dominated bgonomic order quantitfEOQ) andeconomic pro-
duction quantitf EPQ) models emphasizing marketing aspects like pridisgounting, payment
delays, inflation scenarios or time value of money, and shgdglifferent demand patterns; see
Table 1 and Figure 3. Additional considered issues are mahdrtages aridr complete or par-
tial backlogging of demand. Deterioration and perishgbére integrated using FF in the infinite
time case. Multiple products in this context are studied®, [(39].

Infinite Time Replenishment ApproachdsOQ models integrating deterioration frequently as-

sumed as Weibull functions prevail over EPQ models in thisiee. Table 1 gives approaches

sorted by their consideration of marketing issues, dematigqms, and incorporation of dete-

rioratioryperishability whereas Table 2 resumes references emjingsin other aspects. All

listed approaches integrate general shrinkage of invemmploying FF given in Equation (1).
7



Table 1: Details on Deterministic Infinite Time Replenishmertddls with Depreciation Regarding Marketing Issues

Marketing Issue Demand DT References Further Specifications
MF S BL Comments
Pricing/ c Whbd [9] EOQ - -
Discounts c per [40] EOQ - - p-dep oq
I-i per [41] EOQ yes com caprestr
p-d t-v [35] EOQ vyes - DCF
p-d t-v [42] EOQ yes p joint pricing
s-d per [43] EOQ vyes p
t-v Wdb [44] EOQ vyes p bdw
p-d t-v [45] EOQ vyes p two shops
p-d/s-d Whd [46] EOQ vyes p bdw, pos TC,
cap restr
Time value of t-v t-v [47, 48] EPQ vyes p
money t-v t-v, [36] EOQ vyes p DFC
s-d tw-p Whd [49] EPQ vyes p
p-d t-v, [50] EOQ vyes p pricing
p-d per [51] EOQ - - pricing, pos LT
Permissible delay ¢ per [52-54] EOQ - - pricing
in payments c twp-p Wbhd  [55] EOQ vyes p bdw
I-i twp-p Wbd  [56] EOQ - - -
I-i twp-p Whd  [57] EOQ - -
p-d per [58] EOQ - - pricing
t-v t-v [59, 60] EPQ vyes p mp, tvm,
bdw

Abbreviations in columns

Column names DE depreciation type, M= model formulation, S= shortages, Bl= backlogging

Demand c= constant, |-i= linear-increasing, p-¢ price-dependent, s-d stock-dependent, t- time-varying,
DT Whbd = Weibull, per= perishability, t-v= time-varying, tw-p Wbd= two-parameter Weibull,

BL com = completely, p= partially

Comments

p-dep og price dep on order quantity, cap restcapacity restrictions, bdw backlog dependent on
waiting length, pos T@T = positive transportation cogtsad times, mp= multiple products,
tvm = time value of money

Frequently, we find models studyingfects of shortages that are partially backlogged as an ex-
tension in marketing focused approaches [36, 42—45, 47#B6leas partial backlogging depen-
dent on the waiting time is included rather into replenishtmaodels without marketing issues
[46, 61-69]; see Table 2. An EOQ setting together with a taameter Weibull distribution
for the deterioration rate is introduced in [9] explorindieets of temporary price discounts on
inventory and deterioration. Advantages of price disceumtlering large quantities while en-
countering increased inventory holding costs and risksetéribration versus ordering smaller
amounts thus not benefiting from discounts are analyzedadt their results reveal that under
these assumptions the model is sensitive to discounts assviile deterioration rate. An inte-
grated EOQ-EPQ model considering multiple items, viz. raaterials and final products linked
via their bill of materials, together with consideratiomspermissible delay in paymentsfects
of inflation, and partial backlogging dependent on theirtingitime is given by [59, 60]. The
latter further considers variable cost parameters.
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Table 2: Details on Deterministic Infinite Time Replenishmermtddls with Depreciation

Demand DT References Further Specifications
MF S BL Comment

p-d I-i [70] EOQ yes com

p-d decr [62] EOQ vyes p bdw

r-t t-p Whd [71] EOQ yes com

r-t per, Whd [72, 73] EOQ vyes p

r-t t-v [74] EOQ - -

s-d per [75, 76] EPQ - -

s-d per [61, 63] EOQ vyes p bdw

t-v t-v, tw-p Wbd  [77, 78] EOQ yes com

t-v Whd [64—-66] EOQ vyes p bdw

t-v per [67, 68] EOQ vyes p bdw, exp bdw

t-v per [79] EOQ yes com postponement

t-v t-v [69] EOQ vyes p bdw

c per [39] EOQ - - cap restr, mp

Abbreviations in columns
Column names D depreciation type, M= model formulation, S= shortages, Bl= backlogging

Demand p-d= price-dependent, r<t ramp type, s-& stock-dependent, t-« time-varying, c= constant

DT I-i = linear-increasing, dect decreasing, t-¥ time-varying, two-p Whd= two-parameter Weibull
BL com = completely, p= partially

Comment bdw= backlogging dependent on waiting time, exp bewxponential bdw, mg multiple products

An exact formulation for overall inventory costs and mathéoal methods to find the opti-
mal solution for production of final products are proposempétient customers together with
permissible delay in payments are also considered in [55,16656], the authors show that in-
creasing permissible delays in payments result in sigmifidacreases of average inventory costs
per unit time. Demand increasing with a quadratic time-wayyate and complete backlogging
is assumed in [77, 78] and ramp-type demand together wittbWaistributions for the dete-
rioration rate considered in [71-74].ffEcts of price-dependent demand functions are studied,
e.g., in [35, 42, 45, 46, 50, 51, 58, 62, 70] where strategies®lling age-advanced items in a
secondary shop at a lower price in order to maximize profésaalyzed in [45]. Positive trans-
portation costs and capacity restrictions as well as stodipgice-dependent demand influenced
by show room advertisement are covered in [46]. Positiveereghment lead times are regarded
in [51]. Otherwise, capacity restrictions are added in {89,46]. The impact of deterioration on
postponement strategies in a replenishment scenariowtitharketing issues is studied in [79].
Postponement is defined as the possibility of a retailerderagither finished perishable products
or product parts, so that the final product is assembled datwrding to customer requirements
or a combination of both finished and unfinished products.ufeshow that in case of small
perishability rates the postponement strategy gives dserkoverall average costs. The major
part of approaches assumes single products and thus ab$tcas (sequence-dependent) setup
times and costs, or multi-level product structures.

Finite Time Replenishment Approachddodels might be extended to a dynamic setting by
replicating the assumed procurement-inventory cyalésnes. We name these models, e.g.,

EOQEPQ-based approaches.
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Table 3: Details on Deterministic Finite Time Horizon Reptgmment Models with Depreciation Regarding Marketing
Issues

Marketing Issue Demand DT References Further Specifications
MF S BL Comment
PricingDiscounts p-d t-v [80] PR yes com discounts
Time value of money c per [81] EOQ-b yes com
c two-p Whd  [37] EOQ-b - - DCF
s-d per [82] EOQ-b vyes p
s-d per [38] EOQ-b yes com capres, DCF
t-v t-v [83] EOQ-b vyes p bdw
Permissible delay in s-d per [84] EOQ-b - - discounts
payments [-i t-v [85] EOQ-b vyes p
c per [86] EOQ-b - -
Abbreviations in columns
Column names DE depreciation type, M= model formulation, S= shortages, Bl= backlogging
Demand p-d= price-dependent, € constant, s-& stock-dependent, t-¢ time-varying, I-i= linear-increasing,
DT t-v = time-varying, pek perishability, two-p Wbd= two-parameter Weibull distribution
MF PR = periodic review, EOQ-- EOQ-based,
BL com = completely, p= partially
Comment cap res capacity restrictions, bdw backlogging dependent on the waiting time

The references in this section mainly employ FF in order tduite shrinkage of inventory.
Marketing issues in dynamic settings with their extensiamesshown in Table 3. Finite time re-
plenishment approaches emphasizing other aspects agtitistable 4. For instance, a dynamic
periodic review(PR) replenishment model with price-dependent demandtiorexvarying dete-
rioration rate including complete backlogging is proposel@0] with the objective to determine
periodic prices and replenishment lot sizes that maximizdite. A EOQ-based model with
constant demand studying thifexts of time value of money, perishability according to Fig a
permissible delay in payments is proposed in [81]. DCF nutho derive optimal solution val-
ues for the net present value of total production costs diggua two-parameter Weibull distri-
bution for deteriorating items also subject to constantaiesrare examined in [37]. Approaches
including stock-dependent demand are given in [38, 82] witee latter further restricts pro-
duction capacity. Time-varying demand and deteriorataias are studied in [83] together with
partial backlogging dependent on the waiting time. We findEkased models including per-
missible delays in payments for demand being stock-depenlilgear-increasing, and constant
in [84—86]. Models concentrating on the analysis dfatent demand patterns for deterioration
and perishability are listed in Table 4 mainly presenting=Rased settings [10, 15, 87-91] or
economic lot siz€ELS) formulations [92—-94] using FF to integrate shrinkalye to deterio-
ration andor perishability. Age-dependent inventory and partialkoaders also dependent on
their age are formulated in [92] using a slightly modified F~gaven in Equation (3) where
the age-dependent shrinkage of inventory is expresseceadifference between production in
periodr and time until the current periddviz.

l‘rt = (1 - a‘r,t—l)l‘r,t—l - X‘rt Yi<t<t<T (7)

Equation (7) is also used in [94] considering economies aliescost functions. Complete back-
logging is added in [15, 93].
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Table 4: Details on Deterministic Finite Time Replenishmentigle with Depreciation

Demand DT References Further Specifications
MF S BL Comment
c two-p Whd  [10] EOQ-b yes p
c per [91] EPQ-b - - multiple markets
t-v per [87] EOQ-b yes p
t-v per [88, 89] EOQ-b yes p bdw
t-v per [90] DP, EOQ-b - -
t-v t-v [92] ELS yes p
t-v t-v [93] ELS yes com eos
t-v t-v [94] ELS - - eos
I-i per [15] EOQ-b yes com
Abbreviations in columns
Demand c= constant, t-v= time-varying, I-i= linear-increasing
MF DP = dynamic programming, ELS economic lot size model
Comment minlote minimum lot-sizes, bdw backlogging dependent on waiting length, eosconomies of scale

3.1.2. Stochastic Replenishment Approaches

Replenishment approaches found in the literature coriegleleteriorating items are stochas-
tic EOQ formulations that frequently serve as a startingipfir more complex formulations.
We find diferent integration methods for deterioration and peridtgini stochastic infinite time
approaches. There is less recent work on marketing isstieis isection than in the deterministic
case, but more frequent use of positive order lead timesfimitie time models [95—98] and in
finite time cases [97, 99-101].

Stochastic Infinite Time Formulationsn this category we find dlierent marketing issues such
as permissible delays of payments [102] and discounting,[104].

In [102], demand is assumed to be fuzzy whereas demand foljosvPoisson distribution or
assumed as a Markovian arrival process is modeled in [99B97.00, 105]. Acontinuous re-
view(CR) model including shrinkage due to perishability andedéfe items, so that the number
of items in good conditions is a random number, further agsgalemand as a Poisson process is
given in [105]. Negative demand on backlogs may occur, stttigeassumption of full backlog-
ging might change to partial backlogging. Positive rehament lead times following a phase
type distribution are considered in a similar setting wigménd assumed asuarkov arrival
process(MAP). A Markov renewal process for demand for a similarisgtis studied in [96].
Impatient customers assumed as negative demand are cewkid¢97, 105]. A queuing-based
perishable inventory model is proposed by [24] featuringrual outdating process similar to a
virtual waiting time process of traditional queuing theosge also Section 2.2. Outdates takes
place after one period.

PR models are proposed in [23, 98, 106, 107]. The value ofnmdtion regarding the age of
ordered items used in replenishment decision-making iyae@ in [23] where the lifetime of
an item is fixed, but the age upon arrival is uncertain. Theefieaf information sharing seems
highest in case that the variability of demand is significambducts’ lifetimes are short, and
products’ prices elevated. These benefits are not nedgssaaired with upstream supply chain
partners. Investments in equipment to maintain or exteadjtfalityfreshness of items and thus
increase products’ lifetimes are compared to the benefitd@fmation sharing.
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Table 5: Details on Infinite Time Stochastic Replenishment éedith Depreciation

Demand DT DC References Further Specifications
MF S BL Comment

fuzzy per FF [102] EOQ - - pdp

MAP/Poisson per FF [99, 100] CR - - positiv LT

MAP per FF [95-97] CR yes cofp positive LT

Poisson per FF [105] CR yes cgm

stochastic per VOP [24] QM - -

stochastic tv.  adv [23] PR  yes -

stochastic per IT [98] PR  yes - positive LT

stochastic tv T [106] PR yes com  substitution

stochastic tv T [107] PR - - kind of substitution

stochastic tv T [101] CR yes com positive LT
substitution

stochastic tv T [108] M yes  com

s-d per FF [103] EOQ vyes p discounts

gp-d per FF [104] EOQ - - discounts

t-v tv T [109] QM  yes - priority demands

Abbreviations in columns

Demand MAP= Markovian arrival process,

DC VOP = virtual outdating process, a-d=vage-dependent vector

MF QM = queuing model, M= Markov model,

Comment pdp= permissible delay in payments, cap resapacity restriction, LFE lead time,

Results show that lifetime-enhancing investments mostlp@rform information sharing for
certain lifetimes. Lifetime extensions are also obtainedifiood products [109] determining
optimal policies for priority demand levels.

Substitution of aged items with new products to satisfy can@dlemand in a PR setting where
items have a lifetime of two periods is studied by [106]. Denchdior an item of a specific
age can only be satisfied with items of that characteristi¢that no substitution is allowed, or
excess demand for old items can be satisfied with new itenvenigdard substitution), or excess
demand for new item can be satisfied with old items (upwardtiukion). A forth setting allows
downward as well as upward substitution. The remainingifife of items is included via IT.
A infinite and finite time model for a seasonable good with Emiharacteristics as in [106] is
proposed by [107]. Positive replenishment lead times ageddo a similar approach in [101].
Moreover, positive replenishment lead times for a perighaboduct with a fixed lifetime in a
PR model are considered in [98]. Perishability is integtaising IT denoting the amount of
outdates at the end of the period. The consideration of randetimes of items in a discrete
time Markov model is proposed by [108] where demand folloveisarete phase type renewal
process and lifetimes a discrete phase type distribution.

Stochastic Finite Time FormulationdMarketing issues such as pricing, time value of money or
inflation in EOQ-based approaches are covered in [110-148tevnultiple items are considered
in [111]. Stochastic demand with unknown distribution paeters that are periodically updated
using a Bayesian approach relying on historical data finggmation in [114]; see Table 6.
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Table 6: Details on Finite Time Stochastic Replenishment Modéh Depreciation

Demand DT DC References Further Specifications

MF S BL Comment
BM per portion [110] EOQ-b vyes - pricing
C per FF [111] EOQ-b - - MC, tvm, multi items

discounts, inflation

stochastic per indirect [114] PR - - Baysian update (demand)
s-d tv T [115] PR - - positive LT, RFID
p-d per IT [112] PR yes - pricing, RFID
p-d per FF [113] EOQ-b - - pricing, RFID
stochastic per IT [116] PR yes - positive LT
Abbreviations in columns
Demand BM= Brownian Motion, MAP= Markovian arrival process,
MF PR = Periodic review, EOQ-k& EOQ-based
Comment MC= multi-criteria objective, tvm= time value of money, LF lead time,

Recent literature in stochastic finite time approachesndfies the use afdio frequency
identificationRFID technology into consideration in order to keep trackhef age of inventory
to enhance the quality of input data; see, e.g., [112, 115]. 1f fact, traceability of items, es-
pecially food, and related systems can be regarded as g Iigbbrtant operations management
function [22]. However, in past years, item traceabilityshmeen considered rather separately
from supply chain manageme(BCM) strategies as stated in [22]. There is a visible trend t
consider traceability and thus better information on itgen RFID controlled inventory sub-
ject to stochastic, seasonal demand in a PR model is studifddlb] where demand depend
on remaining lifetimes and thus freshness of items as de=stiin [114]. Dynamic pricing for
deteriorating (food) products subject to price- and fresisndependent demand is examined by
[113]. Price adjustments based on demand forecastingdygiadrRFID technology enable, e.g.,
supermarkets to automatically mark down items near thqiiration date in order to stimulate
demand. Results of the optimal pricing and ordering stiasbgw that the deterioration rate has
a significant influence on pricing as well as the order quantit

3.2. Tactical and Operational Production Planning with LRizing and Scheduling

Tactical production planning deals with questions conicgythe implementation of decisions
from the strategic level that are translated in mid-ranggsitens regarding, e.g., the production
network design and layout, arrangement and number of mashémd the product mix. Lot siz-
ing is an important determinant of lead times and, consetyéme quality of items especially in
case of multiple products enforcing setups. This is becltisé&zing decisions determine the fre-
guency of setup times necessary to switch from the productimne product to the production
of another and, in some cases, the time that items wait fardotpletion before moving. Ca-
pacity is increasingly consumed that, otherwise, wouldMadéable for production. Accordingly,
setup times fliect lead times of products due to induced waiting times. lteaés increase with
the number (and duration) of setups and so does the numbeodadigis that deteriorate while
waiting in line to be processed. This might be significantigrvated in case that setup times
and costs are sequence-dependent, so that some schedédirmgation should be considered
already at this planning stage.
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3.2.1. Deterministic Production-Inventory Models

In general, lot sizing is regarded in aggregate produdtiwentory. In case that marketing
issues prevail as important factors of examination, weteed@proaches to Section 3.1. Here,
other aspects are of major interest such as the possibilagapting production rates to various
situations, e.g., increased demand rates including ad fwdtp orders. Production rates might
be regulated regarding previous or subsequent producttmepses where items frequently have
to wait because of bottleneck machines.

Infinite Time Production-Inventory Approachesraceability of items subject to temporary price
discounts in an EPQ approach is studied in [22]. Peristghdiintegrated via IT as given in
Equation (6); see Table 7. Simulation results emphasizébémefits of traceability systems
despite investment costs for system components, barcatkensy, wireless scanners, etc.

Table 7: Details on Infinite Time Deterministic Productionéntory Models with Depreciation

Demand DT DC References Further Specifications

MF S BL Comment
c per FF [117] ELSFEPQ - - multiple products
c per IT [22] EPQ - - discounts, traceability
t-v tv  FF  [118] EPQ yes p bdw
t-v tv  FF [119,120] EPQ yes p learning
t-v tv  FF [121] EPQ - - (learningjorgetting)
t-v tv  FF [122] EPQ - - var prod rates
s-d per FF [123] EPQ - - var prod rates
p-d per FF [124] EPQ yes p bdw
r-t tv  FF  [125] EPQ yes com

Abbreviations in columns
Comment var prod rates variable production rates

Multiple products thus setup times and costs are considgreéde authors in [117] assuming
different perishability and demand rates. Production-invgmmodels for single items subject
to perishability with and without shortages and partiallbagging dependent on the waiting
time are examined in [118, 124]. Time-varying demand in ssetting finds consideration in
[119, 120] where the latter analyzeexts of learning on the optimal production lot size. Learn-
ing as well as forgetting influencing the production rate pboates decision making in [121].
Variable production rates are as well decision variabl§$22, 123]. The latter assumes produc-
tion rate-dependent production costs which is further darj&25] considering a deteriorating
item subject to ramp-type demand. Complete backloggingofahd is considered in a second
modeling step.

Discrete Dynamic Approaches Regarding Lot Sizidg stated before, models assuming a finite
planning horizon which is divided inta cycles of equal duration are considered as dynamic
in nature. Such EPQ-based approach is considered in [186tdig perishability of an item
subject to time-varying demand that can be completely loagldd. Pricing of a deteriorating
item a similar EPQ-based model together with capacityimi&tns is presented in [127Mixed-
integer programmingMIP) models are frequently formulated for discrete dynaprioduction-
inventory systems.
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Table 8: Details on Finite Time Deterministic Productiondntory Models with Depreciation and Lifetime Constraints

Demand DT DC  References Further Specifications
MF S BL Comment
t-v per FF [126] EPQ-b yes com
p-d tv  FF [127] EPQ-b - - pricing
c per FF [128] MIP - -
t-v t-v T [25] MIP, NF - - minlot, sd-stsc, mp
t-v tv T [129] MIP - - pricing, minlot, mp
t-v per &L [18,19] CLSP, GLSP minlot
t-v per IT [130] GLSP-PL minlot, multi-crit
Abbreviations in columns
MF MPSSP= multi-period single-sourcing problem, TSPTravelling Salesman Problem

Comment minlot minimum lot-sizes, sd-g&c= sequence-dependent setup times and costs; mpltiple products

We find an early reference considering a MIP formulation assg that a part of produced items
is lost due to deterioration in each time period (FF, see &oué3)) by [128]. A CLSP formu-
lated as a network flow model including lifetime constrafftit§ of perishable products, minimal
lot size constraints, and sequence-dependent setup tirdeats is presented in [25]. The work
of [129] proposes block planning with the aim at determinting optimal profit maximization
and thus pricing strategy dependent on the item qualityeas#tes day. A block is defined as the
production of products based on the same bill of materiadgpaCity restrictions and minimum
batch sizes add complexity. Multiple products are considebut only products of erent
blocks require setups operations of the production regourc

A study on integrating lifetime constraints in classicdldizing models is given by [18]. They
develop an I&L formulation to restrict products’ lifetimescording to Equation (4). Hybrid lot
sizing models including a micro-marco period structuresidering sequence-dependent setup
times and costs together with lifetime constraints areistufly [19]. Results show that their
inclusion limits the solution space, so that models becoreendificult to be solved in case
that lifetime constraints are greater than one time perkeat. instance, if the lifetime of items
is exactly one period, the model employso&for-lot policy, i.e., lot sizes match demands of
products in that period, so that no inventory is build up,rtrechine is set up to every requested
product in that period, and no aggregation of lot sizes tpkase. If lifetimes are greater than
one period, evaluation of fierent lot sizing possibilities starts leading to longercaldtion
times or larger optimality gaps if calculation time is liedt[19]. A multi-criteria lot sizing and
scheduling model for an example in the food industry is pseglby [130] incorporating IT.

3.2.2. Stochastic Production-Inventory Models

In general, stochastic production-inventory control medm=n be divided into CR and PR
models. In PR systems inventory levels are measured anstadjanly at specific points in time
whereas in CR systems the monitoring is continuous, so Kaat énventory levels are known at
every point in time.

Infinite Time Horizon Approacheskecent infinite as well as finite time stochastic models for

production and inventory are proposed by [131, 132]. Pariad well as continuous stochastic

review EPQ models are formulated by [131] including a twoapaeter Weibull distributions for
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the deterioration rate which is modeled as shrinkage thing - Inventory levels are regarded
as the state variable and the production rate as the cordriglble. The Weibull distribution
function includes some probability for deviations or exeelcvalues. The models becomes de-
terministic assuming fixed parameters for the Weibull distion regarding discrete time points.
A stochastic EPQ formulation reflecting an unreliable paiun system that might produce
defective items subject to perishability in inventory imposed in [132]. The production sys-
tem shifts from an in-control state to an out-of-controtstahere defective items are produced
characterized by fuzzy numbers or random variables thiafan exponential distribution with
fuzzy parameters. Inventory shrinkage due to perishgldiexpressed via FF.

Finite Time Horizon ApproachesWe find finite time horizon stochastic approaches in [133—
135] formulated as continuous as well as periodic modelb périshability. Variable produc-
tion rates are studied in [133]. The work in [134] includesentain production preparation
times modeled as fuzzy numbers as well as related setup d@ett minimization as well as

a multi-objective functions including marketing investm®to enhance demand are examined.
The authors in [135] present a simulation study regardingcadtage production planning and
scheduling system including capacity and lifetime restits of items in intermediate storage
thus WIP. They define ffierent performance criteria, i.e., flow times, makespanpigtfed or-
ders, and the amount of waste where the latter restricts \iéfthties via IT.

3.3. Final Inventory Management and Delivery

The final assembly of ordejsbs, their packaging, distribution or transportation tetent
warehouses is the task of thatbound logistics systersee Figure 1. The physical distribution to
distribution centers, wholesalers, or customers is a cexyploblem spanning all planning levels
from strategic to operational planning with decisions iagdrom where to place warehouses to
transshipments in order to satisfy ad hoc demand. In caseuhiphe shops, transshipments of
items subject to perishability can bffective to avoid shortages as well as outdating. Deprecia-
tion and thus disposals might be reduced by one shop maimgaéngood inventory level while
preventing shortages in another shop. Additionally, ifs@ortation of transshipments are inte-
grated in regular deliveries, no increased transportatosts occur. Related problems are, e.g.,
due to excess inventories, flawed inventory transshipmshtstages due to incorrect inventory
data, angbr ad hoc priority orders. Technologies like RFID may supgue monitoring problem
providing real-time data of inventories [136]. Therefatistribution logistic involving inventory
management is closely related to the consideration of plelvarehouses, supply chain design,
and settings. Issues of managing the distribution of dmtating items such as food regarding
safety, quality, and sustainability are highlighted in 713 Integrated planning of production
and distribution is considered by [138]. The examinatiodldfdeliveries are mainly studied in
supply chain contexts and thus are discussed in SectiorHa@ever there are only a few ap-
proaches considering positive logistic times and costsettay with deterioration, perishability
or lifetime constraints. The next section regarding midtiwarehouses might be considered a
part of final inventory, assembly, and delivery. For sakelecarrangement, we dedicate an
own section to it.

3.4. Multiple Warehouses

Final assembly and delivery become more complex in case of than one storage facility
with different environmental conditions, e.g., diverse deprexiatites anfr inventory holding
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costs. In the literature, prevailing practice is to consitte® warehouses, thewn warehouse
(OW) with limited capacity and eented warehousgRW) that generally charges higher inventory
costs. Items are first stored at the OW. Overflows go to the Rrevthey are retrieved with
priority in order to keep renting costs reduced. Generathfixed renting costs are assumed, but
a unit rent cost for each batch of items stored. On the othed hdiferent assumptions might
be true in practice. For instance, RWs with specialized sesvcould achieve andfer lower
inventory charges due to learninffexts of trained personnel and economies of scale deriving
from high volumes or high(er) overall competition in the ket The integration of positive
logistic times and costs are rare in recent model approamresdered in this section.

3.4.1. Deterministic Cases

Generally, models including two warehouses assume thaRitids used in case that items
exceed the maximum capacity of the OW. Discounting and tialeevof money considered
in a two warehouse setting are important, because they nmdtueeplenishment from partners
downward the supply chain and, therefore, might contribatthe bullwhip €fect. However,
depreciation might degrade related price advantages, atcotdering increased quantities to
ensure discounts cease to be attractive.

Infinite Time Approaches Regarding Two Warehouseswo warehouse setting considering the
net present value andfects of discounting is examined by [139] including compleaeklog-
ging. Different perishability rates or major rates for the RW are assurRartial backlogging
dependent on the waiting time finds its consideration in [L40FO and FIFO policies of a two
warehouse setting with deterioration are studied by [1&Résults show that FIFO is less ex-
pensive than LIFO provided that the deterioration rate ésstime for both warehouses and that
holding costs at the RW are less than in the OW. Exponentilidlyibuted deterioration rates as
well as permissible delay in payments are assumed by [142].

Finite Time Approaches With Two Warehousésdynamic setting with shortages that are com-
pletely backlogged is proposed by [143] assuming that egcle begins with, but ends without
shortages further regardin@fects of inflation and superior inventory costs in the RW threthée
OW. The model operates in a less expensive way if the inflatitsis greater than zero. Partial
backlogging allowed in all cycles is included by [144]. THawther consider positive transporta-
tion costs of items from the RW to the OW. Nevertheless, partation times are assumed to be
negligible.

3.4.2. Stochastic Cases

We found one recent approach considering a stochastic twehease approach given by a
set-covering location model for a deteriorating as wellmameliorating item including positiv
transportation costs [145]. The aim of the model is to deiteerthe number of warehouses, so
that the probability that each customer is covered is beloartain value.

3.5. Rework and Remanufacturing

All work reviewed so far abstract from the possibility thabged items can be repaired in-
stead of being disposed. In many situations, it is econdiyigsasonable to rework deteriorated
products in order to reuse them for production, e.g., if mwones are significantly smaller
than regular production times or raw materials are rathpeesive. Moreover, many companies
are concerned about their responsibilities with respesttainability driven by many factors,
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e.g., reactive regulatory reasons Amdproactive strategic and competitive advantage aspects.
Besides, legislation in an increasing number of countrlasgs the responsibility for environ-
mentally safe disposal of end-of-life products primary be producer. Governments tend to
increase taxes on raw materials in order to motivate coneganienhance recycling activities.
We distinguish between external and internal reversetiogitsee also Figure 1): the external
reverse logistics system deals with used items returnmg fxternal resources, thus customers
or retailers whereas the internal reverse logistics systeats parts and products that deteriorate
while waiting and thus need rework. Items can be reworkdtkeibn machines of the regular
production system which is naméttHine processingdr on other machines parallel to the pro-
duction system nameglf-line processing The major part of models in the literature including
deterioration or perishability assume in-line processoggther with aone-by-ongolicy where
a batch of regular production follows a batch of rework. Foedew on rework see [146]. An
overview on recent research on green supply chain managéspovided in [147].

3.5.1. Some Useful Definitions

All actions encompassing rework and remanufacturing pettathe broad field ofeverse
logistics The termreworkincludes all recovery actions required to transform prasiticat do
not meet a pre-specified quality standards (anymore) in aheyhey fulfill the quality require-
ments. Authors using rework in that sense are, e.g., [148]. 14 general, rework activities
take place before items are distributed to the customeraleedountered problems. Reasons for
rework include unreliable production processes, @ut-of-controlproduction systems produc-
ing defective items [146]. Besides, the teremanufacturingencompasses industrial processes
where worn out products that are returned from the custonearestored tdike-newconditions
through a series of actions, e.g., disassembly, cleargfgrhishing etc. [150, 151]. In contrast
to this, the ternrecyclingis used for the recovery of (raw) materials of used prodwets, the
copper of electronic parts. For that purpose, returnedymtsdare disassembled in order to re-
gain useful materials. Hence, recycling and remanufatgusertain rather to the external reverse
logistics system whereas we define rework as a company altpracess. External reverse lo-
gistic models are extensively studied in the literature argworth a separate treatment. Thus,
we refer the interested reader to [152—-154].

We focus on the work that assumes deterioration on waitemstthat might, but need not
acquire a defect in the production system due to an out-ofrabsituation. While waiting in
rework inventory, they are subject to deterioration.

3.5.2. Deterministic Rework

Generally, it is assumed that a constant fraction of itenasproduction batch acquire a defect
that can be adjusted by rework. After rework, items are assutn regain amms-good-as-new
quality, so that demand may generally be satisfied eitherlyynproduced or reworked items.
Extensions to the classical EOQ model in regard of rematwrfiag and rework are provided by
several authors. We consider remanufacturing to the etttabhin assumption is made of a flow
of returned items that may be worth reworking or have to bpatied, but in any case increasing
the storage of reworkable items that are subject to detdioor. Assumptions considering the
point of origin of reworkables raises the complexity of tlystem, especially when amounts of
return flows are unpredictable or subject to uncertaintihdfy are assumed to be deterministic,
the issue is less critical. Besides, returns may increagniary costs and machine utilization,
but decreases replenishment of new items and thus might eésitable strategy.
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Infinite Time Rework SystemBefectives due to an unreliable production process thaswatve
ject to perishability of reworkable items of a batch are medéyy [148, 155] in an EPQ ap-
proach. They employ an average waiting time approach wisidreguently used to avoid the
consideration and monitoring of individual items resugtim less complex formulations and
solution approaches. Defective items occuring uniformiyhhe same percentage in each pro-
duction lot size are subject to perishability thus incregsework times and costs because of the
increasing amount of items waiting to be reworked. The opbifdisposing itmes is not allowed,
thus all defective or deteriorated items have to be reworRégerefore, the lifetime of items is
not restricted in a sense that after passing a certain anobtinte, deteriorated items cannot be
reworked anymore and have to be disposed as depicted etlae, fourth graph of Figure 2. This
assumption is relaxed in [156]. Multiple products are désad in [155] and multiple parallel
machines in [157].

3.5.3. Stochastic Rework Approaches

Recent models regarding stochastic rework approachesdejpheciation are rare. To our
knowledge, the most recent work is provided by [149, 158].téckastic EPQ approach with
similar assumptions as in [148, 155], but assuming protiigsilfor the occurrence of defectives
and stochastic times and cost values, is proposed in [14@] system is triggered by the neces-
sity to rework items rather than by demand functions. Prédndatches are assumed to be of a
fixed size, so that the aim is to find the optimal productionendk switching policy and optimal
rework batch sizes, so that average profits are maximizespd3al of non-reworkable items is
allowed. They derive the closed-form expression for exgabptofits in order to calculate the op-
timal rework batches. Recycling in a stochastic EPQ approdere recycled materials are used
as raw materials subject to a random lifetime expressed bgiblVdeterioration rate is studied
in [158]. Recycled materials are assumed to arrive at a anhsate and is used according to
LIFO policy. The authors state that deriving the inventayels assuming a Weibull deteriora-
tion rate is rather complicating due to the dependence efrideation on the age of each items.
Thus, despite numerical analysis, they use an approximéiionulations based on perturbation
technique.

3.6. Integrated Approaches: Supply Chain Settings

The management of supply chains especially regardingahgér management is an important
topic that becomes more apparent with the shortening ofymtdide cycles and inherent risks for
supply partners, e.g., regarding their replenishmentigdj specifically for upstream partners.
The objective of SCM is thefkective and #icient coordination of information, material, and
financial flows so as to minimize overall system costs or méiirg overall profits in terms of
reactivity, flexibility, time constraints, and quality Withe aim of satisfying final customers. We
define a supply chain as a relation of at least two companiésgatly independent actors that
exchange materials, information and financial goods inrdaladd value to a product or service.

3.6.1. Deterministic Approaches for Supply Chain Settings
Since collaboration of supply chain partners is vital inertb reduce overall supply chain
costs, joint strategies are increasingly studied. Integraroduction-inventory models consid-
ering the perspective of suppliers, producers and buyers shat reduced joint costs can be
obtained. Nevertheless, it frequently occurs that thesoalsbne supply chain partner are higher
than those of another. Consequently, incentives must lmpocated into the system to share
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benefits of collaborative planning. The role of revenuerisigecontracts in supply chains is dis-
cussed in [159] analyzing dynamic settings especiallyndigg downstream competition. In
recent literature, the prevailing part of approaches ektariink EOQ and EPQ approaches, ac-
cordingly. We refer to such integrated modelgaated EOQor related EPQmodels; see, e.g.,
Tables 9 and 10.

Infinite Time Horizon Supply Chain ApproachdRecent supply chain approaches consider
mainly shrinkage of inventoried items due to deterioratimrperishability employing FF; see
Table 9.

Table 9: Details on Demand Rates in Deterministic Infinite Tingitbn Supply Chain Models with Deterioration and
Perishability

TH Demand DT DC References Further Specifications
MF S BL Comment
stat c per FF [28] rel EPQ - - JIT, p-b (1:n)
stat c per FF [160] rel EPQ - - s-p-b (1:1:1)
stat c per FF [29] rel EPQ yes - JIT, p-b (1:n)
stat c per FF [30] rel EPQ yes - JIT, s-p-b (1:1:1)
stat decr,t-v tv FF [161] rel EPQ yes p p-b (1:1)
stat t-v per FF [162] rel EOQ - - mp, cap restr,
p-b (1:1), pricing
stat c per FF [163] rel EPQ yes com p-b(1:1)
stat c per FF [164] EPQ yes /qg@m bdw, p-b (1:1)
stat c per FF [31] rel EPQ - - JIT, p-b (1:1)
positiv tc and ic
stat s-d per FF [165] rel EPQ - - p-b (1:1)
stat c per FF [166] rel EOQ - - pdp, p-b (1:1)
stat c per FF [33] rel EPQ - - JIT, prod design,
p-b (1:1),
dyn t-v per IT [167] MPSS,NF - - p-b (n:n)
dyn t-v per IT [26] MPSS,NF - - p-b (n:n)
dyn c per IT [34] MIP yes com  p-w-b (n:n:n)
Abbreviations in columns
TH TH = time horizon, stat static, dyn= dynamic

Comments  tc and ie transportation costs and inspection costs,-Nfketwork flow model,
s-p-b= supplier-producer-buyer relation, p-w=producer-warehouse-buyer relation

Different supply chain settings are studied, e.g., 1) singlpl&up and producers or single
producers and buyers [31, 33, 161-166], 2) single suppligts multiple buyers [28, 29], 3)
multiple producers and buyers [26, 167], or three partids {%0]. As shown in Table 9, the
most frequent setting contains two parties: a producer dnger.

Integrated and non-integrated approaches are studied4j gbnsidering a single-producer
single-buyer supply chain where the buyer decides uponuh#er of replenishment quantitites,
so that his average replenishment costs are minimized wigel not lead to vendors’ optimal
average production costs. The objective is formulatedrdégg multiple objectives. Minimum
average overall costs are obtained in the integrated agiprddevertheless, pareto-optimal so-
lutions do not necessarily give minimum costs for both th&@mer and the manufacturer as in
the separated case. The supplier’s perspective in an afirmie horizon setting is integrated by
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[160]. The model aims at deriving the optimal number of ptedrined amount deliveries and
order lot sizes while minimizing joint total costs. HoweMerad times are assumed to be negligi-
ble as well as transportation lead times and costs. JIT littisg in an related EPQ-supply chain
model is examined by [28] deriving from the idea to split agkénorder into multiple deliveries.
The number of deliveries is inversely proportional to thiesiae. Results show that the delivery

ity is assumed to be constant but varies for raw material g&d Shortages are not allowed,
but considered together with JIT deliveries and backloggifects on downstream members of
the supply chain by [30]; see also [29, 161, 163] for the irdéign of shortages and partial or
complete backlogging.

Green component-value design and remanufacturing optbgegher with associated costs in
an related EPQ approach with JIT deliveries are propose@3jy Multiple products subject to
perishability, quantity discounts, and increasing demanedstudied in [162]. Major and minor
setup costs in a productifrdering cycle are examined where the latter can be integras,
e.g., fixed freight fees. The authors studyfelient replenishment situations with and without
coordination.

Results show that a centralized policy together with jogglenishment is always better than
any decentralized or individual policyfiects of supply chain coordination for stock-dependent
demand rates of a deteriorating item are examined by [165jemtralized supply chain policy
is shown to be superior to decentralized planning in termeaeased profit which seems to be
especially true for highly significant deterioration rat@ssimilar model with permissible delay
in payments is provided in [166]. Quality control inspeasdor final products that are delivered
assuming JIT and positive transportation costs are cavg®li]. As shown in Table 9, all cited
references assume perishability modeled as shrinkagetford161].

Finite Time Multi-Stage Supply Chain Setting/e find three recent deterministic, dynamic ap-
proaches including supply chain settings; see Table 9giated distribution management on a
tactical as well as an operative level of production is pne=e: by [167]. The authors assume
a multi-stage supply chain for a perishable product integrdoy IT (Equation (5)) produced
at multiple facilities; see also [26] for a similar approad¥acilities have the same production
capabilities, but dferent time-variable setup, production, inventory holdiagd transportation
costs. Transshipments of products between facilitergdors or inventory holding at the retailer
are not allowed which is a typical restriction in food indiest where retailers are supermarkets
or restaurants with limited storage space. The problemrimdtated first as a MIP assuming
demand to be known and, second, as a network flow model bas#tanulti-period single
source assignment property. Small test instances aredsabiag CPLEX. For large test in-
stances, A primal-dual algorithm is proposed to solve thHshérd problem considering large
test instances. Three levels of a supply chain includingtipial producers, warehouses, and
buyers in a dynamic setting is proposed in [34]. Furtherfiest considered in the approach are
JIT deliveries executed by filerent transportation means and related costs as well asgpdt

a perishable item with a restricted lifetime. Transpootatimes are assumed negligible. As in
[26], small test instances are solved using CPLEX and lagtgels/ genetic algorithms.

3.6.2. Stochastic Supply Chain Settings
When demand flows are uncertain, the challenge of supply gbeitmers is to determine
replenishment order so as to minimize excess inventoryevevibiding shortages. In this section,
single-producer single-buyer supply chains are prev@tii, 32, 168-170].
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Table 10: Details on Demand Rates in Stochastic InfiRitete Time Horizon Supply Chain Models with Deterioration
and Perishability

TH Demand DT DC References Further Specifications
MF S BL Comment
stat c per FF [170] MONLP - - mc, pricing,
cap restr, faGP,
p-b (1:1)
stat p-ds-d per IT [169] PR - - pricing,
p-b (1:1)
stat stochastic per IT [11] PR yes - VMI, pos LT,
p-b (1:1)
stat c per FF [32] relEPQ yes /gom defectives, JIT,
p-b (1:1)
stat stochastic per FF [168] rel EOQ yes - p-b (1:1), CPFR

Abbreviations in columns
Comment  mc= multi-criteria, faGP= fuzzy additive goal programming,

Fuzzy inventory control formulated asnaulti-objective nonlinear probleMONLP) is ex-
amined by [170] analyzing thefects of encouraging buyers via price discounts on item lp@ris
bilty. Uncertainties in the multi-objective function angpeessed using fuzzy linear membership
functions. Stock-dependent as well as price-dependenaderfor a lifetime restricted item is
investigated in [169]. The value of information sharing upply chains examining centralized
and decentralized control is studied by [11] assuming fixaaenishment lot sizes for a item
with lifetime constraints modeled via IT. Results show thapply chains have greatest benefit
from centralized control or information sharing if prodliétimes are short, batch sizes large,
demand uncertainty rather high, and penalty costs for temmin demand and supply increased.
Perishability considerations together with imperfectlfyaxpressed via defectives are given in
[32] using an infinite time model approach that spans longizproduction, inventory, JIT de-
livery, and the customer perspective. The probability oéecpntage of items acquiring a defect
in a production run is assumed to be uniformly distributedrighability is integrated by FF as
described in Equation (1). The authors of [168] cover carsitions ofcollaborative planning,
forecasting and replenishme(@PFR) in a single supplier single buyer supply chain. Reple
ishment lead times are assumed to be positive. They providbematical formulations for the
optimal replenishment policy that minimizes total costs.

4. Conclusions and Further Research

In this paper, we provided an extensive discussion on digi@e efects and lifetime con-
straints including a classification scheme of approachasgiouped mathematical models re-
garding the quality of information and with respect to thewemed time horizon. We considered
relevant company and supply chain functions. Further éstewas directed to rework or re-
manufacturing of items that might aquire a defect in proiducand deteriorate over time while
waiting to be reworked. We extended the view to strategiesdpply chain planning in regard
of deterioration, perishability, and lifetime constrainf items.

We note that there is little research on multiple items adersing setup times and costs that
might be sequence-dependent especially in dynamic settifige major part of the considered
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literature integrates shrinkage due to deterioration eispability into their models. Lifetime
constraints are rarely incorporated.

The number of references is steadily decreasing going dl@ngusiness functions except for
supply chain approaches as shown in Figure 3 that build thetste of the paper. We see that
deterministic models prevail over stochastic as well ascstaer dynamic approaches. Some dis-
crete dynamic model approaches incorporating deprenidjointegrating lifetime constraints
exist, but such approaches are not extensively exploreddlieve that these models are impor-
tant, because they allow for determining plans for produnctis well as SCM aiming at avoiding
deterioration and perishability in the first place. Due tscdéte dynamic time structures they
might be integrated in frequently applied planning sofevsuich as enterprise resource planning
and solved using exact or heuristic algorithms.

Overview Models including Depreciation

Model Type detemlﬂnistic stocf;astic

finite finite

Business Functions

Time Horizon infinite infinite
[10,15,37,38,80,81,82,83,84,85,86,
87,88,89,90,91,92,93,94]

[9,35,36,39,40,41,42,43,44,45,
46,47,48,49,50,51,52,53,54,55,

[23,24,95,96,97,98,99,100,101,102,
103,104,105,106,107,108,109]

[110,111,112,113,114,115,
116]

Replenishment/
Procurement/
Sales and Marketing

56,57,58,59,60,61,62,63,64,65,
66,67,68,69,70,71,72,73,74,75,
76,77,78,79]

main features: main features: main features: main features:

- bdw - bdw - positive lead times -RFID
- capacity restrictions - capacity restrictions - substitutions
Aggregate production | [22,117,118,119,120,121,122,  [18,19,25,126,127,128,129,130]  [131,132] [133,134,135)]

planning and scheduling | 123:124125]

main features:
- learning
- variable production rates

main features:
- minlot
- multiple products

Inventory management/ | [136,137,138]

distribution planning

Multiple warehouses | [139,140,141,142] [143,144] [145]
Rework/ | [148,155,156,157] [149,158]
internal reverse logistics
[28,29,30,31,33,160,161, [26,34,167] [11,32,168,169,170]

Supply chain setting | 162,163,164,165,166]

main features:
=T

Figure 3: Overview on references in related planning fuomsti

We visualized the number of recent approaches in FiguretXtearly shows research gaps
regarding recent approaches, e.g., deterministic finitgedisas stochastic infinite and finite fi-
nal inventory and distribution management, determinististochastic finite rework, stochastic
finite approaches considering multiple warehouses, ohasiix finite supply chain approaches.
Furthermore, we found only few models considering posite@enishment lead times. In this
regard, most references provide stochastic infinite as agefinite time approaches. Surpris-
ingly, positive lead times due to waiting in the producticogess are not examined. Queuing
theory providing formulations for situations with more than production resource might be
employed, accordingly. We find approaches determiningragdtproduction rates for perishable
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or deteriorating items incorporated via FF in infinite tinedtigs. Nevertheless, it might be
useful to consider production rates that are adjusted ia ofkigh workloads (due to demand
or bottlenecks) or short product lifetimes in dynamic sefi in order to avoid disposals. Re-
cent references on such considerations are not availabte (Besides, only a few references
are available that regard multiple products and relatagpstines and costs. This might be due
to enhanced complexity especially in dynamic settings. dahssituations prevail in practice,
future research should include multiple items and relatetlpms such as sequence-dependent
setup times and costs, gndmulti-level production structures.

Research on supply chains shows enhanced attention ingladiariety of settings regarding
multiple up- and downstream partners. EOQ and EPQ-relgiptbaches mainly examine dif-
ferent joint replenishment policies employinfjexts of pricing or JIT. Dynamic approaches are
further available formulated as network flow or MPSS prolderlso in these cases, positive
lead times are not considered which is a simplifying assionp&nyhow, collaborative and joint
supply chain planning regarding global partners and theetions might include such important
issues on timing in order to enhance plans and avoid wasthget deterioraion, perishability,
and lifetime constraints on items.
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Chapter 1

Introduction and Outline

1.1 Introduction

Dynamics and globalization of markets intensify the pressure on compaeiésimances
in terms of price, costs and time based factors such as flexibility or respoess to cus-
tomers especially in case of variable demand patterns. Charney (198veb that “how
to do more” was the question in the 1960ies. “How to do it cheaper” becanmtieati the
1970ies. In the 1990ies importance rose on “how to do it quicker.” Thésitduced con-
siderable interest in understanding lead times and their role in productiominpdgas well
as supply chains until present. An increasing consciousness fontlierenent and quality
of products give us reason to pursuit sustainability not only regardioduets and related
(raw) materials, but also and especially regarding overall businessegses as a main goal
of nowadays. While the focus of managing supply chains has undeegdrestic change
as a result of improvenhformation technology (IT)integrated and coordinated production
planning remains a critical issue.

Constraints on lifetimes of products force organizations to carefully plan pheduc-
tion in cooperation with their supply chain partners in order to prevenedsed quality or
wastages of production parts and products. This gains importancejdeesaiting times
imply longer lead times charging increasingly the system witik in procesgwork in pro-
cess (WIP). Longer waiting/lead times lead to increased quality loss due to depreciation.
In the worst case, parts and products cannot be used for their dnmin@ose, anymore,
and have to be discarded or reworked if technically possible. This is Igyadémuieting
in the food industry where significant losses occur during handling;gasing, and their
distribution; see Gustavsson et al. (2011). Results of a study condoctie International
Congress “Save Food!” state that 1.3 billion tons of food per year astedat a global
scale which is around one-third of food produced worldwide for hunoeasemption. This
is particularly valid for developing countries where more than 40% of fossds are due to
processing whereas total losses in industrialized countries are as atghittv more than
40% mainly occurring at the retailer and consumer level; see Gustavsabr{z211). De-
spite increased supply chain costs due to losses in terms of depreciatix] pmoeased
energy consumption and related emission€ 0%, and other forms of pollution are a trou-
bling aspect. Certainly, unsatisfied customers waiting for their productsiog lconcerned
about quality is mainly a problem in industrialized countries.

Classical planning models treat lead times as static, exogenous input datajmnst
situations the output of a planning model implies capacity utilization which, in tufio- in
ences lead times. It has been shown empirically that lead times increaseetiplywith
the workload measured by WIP as well as resource utilization long be@®% 1s reached.
This can be a reason for significant differences in planned and rdddiad times. Abstrac-

2



1.1. INTRODUCTION 3

tion from such nonlinearities frequently takes place mainly in favour of coxiiplesduc-
tion for models that might be used in practice by implementing them into standanchsef
such asadvanced planning system (AR8)enterprise resource planning (ERBYystems.
As a consequence, variabilities in lead times may become significant with imzye&sP
and system utilization. Thus, the frequently employed target to maximize sysiiéra-u
tion should be critically reviewed. Additionally, empirical evidence shows ‘tthadtering”
due to the load of a production entity takes place, so that outputs are rthige at a
specific, constant rate, but at a fraction of this rate that decreasesaitasing WIP; see
Elmaghraby (2011).

There are only a few models that respect lead times dependent oncesilization
(load-dependent lead times (LDLT ss endogenous to the model, so that lead times are a
result of the plan. The same is valid for models linking order releases,ipaand capacity
decisions to lead times taking into account the system workload, batchingiia aizd se-
guencing decisions. Therefore, one important goal of this work is tadtate optimization
models for aggregate production planning especially focussing on loggigicisions that
account for capacity utilization. Reducing lot sizes leads to lower invelttolging costs,
but also to increased setup costs together with increased capacity aoujee to setups.
On the other hand, increasing lot sizes force items to wait which increa#esliVcase
that items have limited lifetimes and their quality degrades while waiting, items might pass
their valuable lifetime and need to be discarded or reworked. In casesthaitk is executed
on production resources employed for regular manufacturing, resautitization is further
raised due to setups and processing of rework batches, so thattiveggacess down-
ward spira) on lead times and item quality might take place. “Variations in production mix
play havoc with the utilization of the available capacity of individual shopElazaghraby
(2011) states in his analysis on production capacity and its measuremkeim($3. of life-
times of parts and products in the production process increase the compliegianning
which is especially true in case that setup times and costs are sequenodetdnd re-
work processing becomes longer with increased waiting times. Schedulingjoes can
be further important regarding lead times, system workload, and defioeciso that some
scheduling information are already regarded on the tactical planning level.

Aspects of sustainability encompass every action from wastage/dispodsation also
in terms of energy usage that implies reductions ohd&els to long-term recovery ac-
tions of exploited lands and environments. Reductions o$-{&@els can be achieved by
adapting means and/or frequencies of shipments, “greening” transportachnologies,
e.g., the implementation of filters for carbon dioxides in vehicles/motors. Dengeaians-
portation distances may decrease lead times and risks of congestion onyttiRedacing
wastages is further possible by choosing packaging of items in relation toatteptrta-
tion mode or vehicle while maintaining high quality of products. For instance, ulétyg
of chilled food meals can be enhanced or maintained by transportation imkgssnenen-
tally friendly polystyrene boxes while shipping, because they maintain low textyves
and thus freshness of food better than, e.g., cardboards; see, kkgrnran et al. (2009).
Consequently, decreasing transportation distances (also named “fod; reéde van der
Vorst et al. (2009)) and times render the use of environmentally frieratlyboards practi-
cable while maintaining quality. Besides, delivery planning and thus batchirsigiog of
finished goods inventory (FGijansportation has the same trade-offs as aggregated produc-
tion planning: the reduction of shipment frequences and thus planniagegt@nsporta-
tion lot sizedorce final products to wait for transportation which increases lead tinhds w
quality decreases. Jaegler and Burlat (2012) state that transpastaaade of items cause
50% of environmental impacts; see also Cholette and Venkat (2009) toradysis of wine
distribution and Rizet and Keita (2005) for a study on yoghurt and jdamsher greening
actions include the minimization of usage/wastage regarding raw/supportingatsate
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the production process, e.g., water. The substitution of environmentatnuaify materials
or pollutive wastages that are by-products of the production proseaspther important
aspect of sustainability.

In this work, discrete dynamic models are developed and analyzed thfatremelated
asmixed integer programs (MIP$pr production planning including LDLTs together with
lifetime constraints on products, and rework options of items that have p#ssie life-
time limits. The concentration is on classi@alentory and lot size model (1&lglso named
production-performance model (PRyrmulations. Aspects of sustainability are integrated,
such as minimization of wastage or disposals as well as in-line rework of attepassed
as well as externally returned items. It is shown that lifetime constraints edebastraints
of models. Furthermore, overtime and minimal lot sizes constraints are intggfédie de-
veloped models aim at avoiding disposals of passed items in the first plasbois else-
where, passed items in such models are mainly due to minimal lot size constraints tha
require to produce more than a certain number of items in each regarded ff&n de-
mand might be, so that items that can only be stored for a short time intervat at all
cannot be used for demand satisfaction and are immediately discardeeforeeminimal
lot size constraints are added in order to study internally passed items,aweirkr and
their influence on LDLT.

1.2 Outline

This study is organized as follows: in Part 2 basic concepts on the tragtgstsand defi-
nitions are provided. Chapter 3 gives an overview on production gmglysahain planning
with special attention to mathematical modeling. Depreciation effects of parisraddcts

are discussed in Chapter 4 that further gives definitions as well aseami@v on mathe-
matical modeling methods. Lead time and capacity management are discussexpiarCh
5 providing some thoughts on planning circularities, lead time consideratioath&ygvith
capacity and utilization management lead time LDLT and their determination and implica-
tions to (production) planning. In Chapter 6, the literature regargiiegn supply chain man-
agement (GSCMAnd sustainability is reviewed as well as rework and closed-sumply
chain management (SCMYlathematical models including LDLT are discussed in Chapter
7. Models of the PP type are analyzed in this regard as welbak-in-procesgWIP)-based

or release and production models (RRsprder to compare their application to further ex-
tensions regarding lifetime constraints, rework, and other sustainabilittedeissues. Part

Il contains the development of modeling approaches that include distaspects. PP-
based models are developed and explored. General extensions jrelgigdeninimal lot
sizes, overtime, production smoothing to account for LDLT issues, ag sarry overs.
Models are tested extensively in Chapter 10. In Part lll, conclusiendrawn and ideas for
further research proposed.



Chapter 2

Basic Concepts and Definitions



Chapter 3

Production and Supply Chain
Planning

The framework of the analysis is presented in the following chaptersitit@igion planning
regarding production and supply chains are provided. Special attéstionorganizational
issues of production planning including time horizons, hierarchical @gtan of planning,
and mathematical issues of optimization models.

3.1 Production Planning

The framework for production is generally given by product desigrs their physical

production process from an engineering point of view. Planning is ttieigation and eval-
uation of alternatives for future actions. It provides answers on whab and when to
do it in order to achieve a desired result expressed by, prevalentigpetcal objectives.
The latter are frequently formulated include high service levels, shorttieexs, high ca-
pacity utilization, low inventory levels, and/or a high flexibility to changes; sepgHand

Spearman (2001), Monden (2011). Here, planning is defined as tiogation of future

alternatives; see Domschke et al. (1997). These are evaluated by oféheir contribution

to the achievement of predefined targets. As such, planning includeseparation and
support of decision making using abstraction as a method to analyze agdtamd a given
(more or less) complex problem. Figure 3.3 shows the plan as the outcomepdéutiméng

process that defines input information for more detailed planning on biecatly lower

levels. While executing the plan, continuous monitoring and re-evaluatios f&ee em-
ploying deviation analysis, so that corrective actions can be underifadeviations exceed
a certain corridor.

Production is the creation of products or services that satisfy humari/seeds and
supports the quality of human life. Therefore, it contains the combinatiolenfental pro-
duction factors such as work, (raw) materials, and production ressimcluding planning
and organization as dispositive factors in order to add value and satisfsirt. Garetti and
Taisch (2012) distinguish between manufacturing and production whetattar is limited
to “the process of making goods.” Instead, manufacturing comprisesiaktnal activities
from the supplier via the manufacturer to the customer. They further dimateufacturing
into discrete manufacturing, process industries, and services. In tHistlve terms is used
synonymously regarding all activities including supportive actions as faetwing or pro-
duction. Additionally,supply chain manageme(BCM) is refered to when regarding two
or more companies although abstraction is often made to denote SCM regéelipign-
ning, control, and coordination of multiple production entities that might also Hepieu
department or, more generally, “planning functions” of the same company.

6
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Figure 3.1: Interaction of management and performance systems asadirggsystem; see
Reusch (2006) and Zapfel (1989).

Different activities in the production process are necessary thatinatitact or support-
ive functions depicted in Figure 3.1 where, e.g., thenagement systeimcludes the top
management that provides visions and missions of the overall companyprgéization
function defines hierarchies, processes, and, in general, the stroftwork including IT.
The planning and controfunction provides guideline information to the performance sys-
tem. Theperformance systeisa composed by the procurement of input factors such as raw
materials or work, the physical production process, and the distributie@bfTheinternal
reverse logisticsystem deals with rework of internally passed or damaged parts and prod-
ucts whereas the externaverse logistic systemegards recycling/remanufacturing flows
from external customers. All these parts of the performance systehigy dynamic re-
search fields on their own. Here, the focus is on the planning functioreahtimagement
system regarding the physical production process and the intermabechogistics system
especially emphasizing on lead time and workload management.

3.1.1 Organizational Issues

Lead times and the routing of products within the production system are higiplgnd
dent on the design and organization of the production process that, irdipand on the
related industry. Process designs/organizations range from complaetelpated systems
to job shops. Classification schemes and their categorization have bemsgdoe.g., by
Adam (1998), Domschke et al. (1997) including the degree of automatbrepetition, the
organizational form and arrangement of production facilities, the tyg@aduction struc-
ture and/or requirement explosion, and market-driven characteristiesdegree of repe-
tition in manufacturing implies job shop, serial or batch production, and maskigtion.
For instancemake-to-orderand make-to-stoclproductions are characteristical types that
are usually attributed to market-driven characteristics. Mass productem example for
standardization where highly standardized products are made on a ‘toxakeck” basis.
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Economies of scale and learning effects permit to produce on an effi@sist. Significant
automation through conveyor belts speeds up production. Generallypsoduction sys-
tems are precision-synchronized, so that disruptions stop the whole ac&umirig process.
Besides, this type of production is capital intensive, especially regapiiogess or prod-
uct changes and flexibility requirements. This is a problem not only due tosiifitzation
of customer needs for individual or tailored products require diffgméon and customiza-
tion of products and services. The concept of mass customization triestionvient these
problems: it combines the production of standardized products and pestjadividual-
ization to final assembly through modularization. In other words: standatgizoducts
are customized in the end of the assembly by combining them regarding cusemuie-
ments and present orders; see also Caridi and Cavalieri (2004)sBoisewnhat a fictitious
individualization, because products are customized within the limits of stamddrgdarts.
Nevertheless, it is a solution and a compromise to decrease coordinaibed mplexity
and to mitigate effects of demand variabilities.

Organizational forms have their strengths and weaknesses. For mstiomc shops al-
low for advantages like short lead times, small transportation distancespastant capac-
ity utilization due to assembly lines with conveyor belts, predefined processefrequen-
cies for product transportation. Drawbacks of such designs incligteilivestment costs
and capital commitment in equipment, little flexibility to changes in products or pseses
and high susceptibility to disturbances. This is not the case with job shopallinatfor
flexible reaction to changes and disturbances by variable machine setiuqsgings. Nev-
ertheless, they are prevalent to longer transportation times and disthiytes, inventory,
and variable or unbalanced resource utilization that influence lead timese the lack of
fixed production processes and routines. Pure versions of theseizagonal forms exist,
but their combinations to hybrid forms are more often applied to exploit themrdeges
and reduce their shortcomings.

3.1.2 Time Horizons and Hierarchical Planning

The planning and control function that has been introduced in Section G&h.be seg-
regated intostrategic tactical, andoperationaltime levels; see Figure 3.2. Some authors
abstract from the tactical level allocating its tasks to the operational lev&lesg., Gin-
ther and Tempelmeier (2000). These planning levels are discussed in nwaits ihethe
following.

long term

strategic level 2-10years

tactical level medium term

1/2-2years
e g >
OG. &
oy Q\'D

operational level short term
< 1/2years

I
Planning time point time

Figure 3.2: Time horizons of planning; see Domschke et al. (1997).
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3.1.2.1 Strategic Planning Level

Thestrategic planning levehcludes long term decisions for, among others, the production

program and allocation of resources to production. These decisiarigérthe top manage-
ment level of a company. Key performance indicators include the rentahilityeaeturn

on investment (ROJlxee also Figure 3.3. Questions that are to be answered at this level are

mainly what to produce, where to produce, and how to produce. Théingsproduction

program includes an approximate idea of production amounts that enceesphe choice
of production resources and technologies together with the selection offacturing and
warehouse locations. Possibilities of recycling and remanufacturindsarel@ermined on
this level, because certain product structures, designs and materibiatéathe recycling

process in terms of time and costs. For that reason, facilities for disassarshiggarded
on this planning level. Remanufacturing and rework decisions imply choiteslme ver-

susoff-line remanufacturing/rework where in-line remanufacturing describesrkesothe

same production entities as regular production and off-line rework thefudiéferent pro-

duction entities; see also Section 6.3 for more details. As depicted in Figutb&tiyrizon

regarding strategic decisions ranges from two up to ten years.

Decisions are significantly influenced by company politics and markets.i€Glassugh
strategic company objectives includest or price leadershipr differentiation see Porter
(1985, 1986) for a detailed discussion on company strategies. Keyrpexrfice indicators
on this level are rentabilities, e.g., ROI. Further activities assigned to eliffdunctions
include, e.g., forecasts on product life cycles and market analysiaufeert or planned
products.

Decision criteria Functions, assignments and output

‘ Procurement/HR Production Rework / Recycling ‘ Finance/Controlling | Sales/Marketing ‘
Top/middle Design of the potential/actual production program and reworkables: Investmentand <——
0 ; A . ) Yearly forecasts
management: what to produce? LA If, possible which parts to recycle? budget planning —> Pd——
Rentabilities (ROI) I

Design of the production facilities:

where to produce? How to produce? How to recycle?

v |

Acquisition of short
to medium term
capital

Work force planni ;
ork force planning strategic level

‘ Medium term planning of in-/off-line production %— Monthly forecasts
Middle production /
. Labor contracts, purchase Make-or-buy-decisions Disassembly/ cost calculation recycling
manage_m?nt' contracts for raw materials, production plan recycling plan
Profitabilities replenishment lot sizes Weekly f
ibuti : - 7 : eekly forecasts
(e.g.contributions, MPS Short term planning (mrp) of in- /off-line production yior
margins) production /
Short term raw Lot sizing, lead time Lot sizing, lead time cost calculation recycling
material and . . planning, capacities, | . planning, capacities, ical | I
personnel leasing | 't€ration | production mix iteration | disassembly mix tactical leve
‘ Shop floor planning H (ad hoc) orders
Lower
management: Ad hoc procure- Releases, sequencing, Releases, sequencing,
Technical criteria ment scheduling,short scheduling,short
= a term overtime term overtime
(e.g.time, quantity, Feedback Yplanning Feedback Yplanning Feedback

ualit
quality) ‘ physical production ‘

operational level

Figure 3.3: Time horizons, planning tasks and company functions includmgmnufactur-
ing/recycling; modified from Schneeweil3 (1999).

3.1.2.2 Tactical Planning Level

The medium or tactical leveembraces decisions with a time range from half a year up
to two years; see Figure 3.2. On this level, plans are made to implement decakens
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on the strategic level, which means that a detailed medium term productioraprogf
cluding product types, amounts and qualities based on strategic asstessnestablished.
This process might include capacity decisions and/or potential adjustmemsrexg the
profitability of in-house production or external procurement, name#e-or-buydecisions

or vertical integration Some authors assume resource capacity to be fixed at the tactical
level; see, e.g., Woodruff and Vol3 (2004), so that the objective of &gtianning is to best
use limited resources and inventory. In case that make-or-buy deceiemnscluded on the
tactical level, the determination of global raw material supplies would be indlbdee. In
case that demand requires higher capacities than those given by ther @gount, a dif-
ference is made between fixed company-internal capacities, naveeiiime and externally
procured capacity extensions, nansetbcontractingr external procuremenMonthly fore-
casts support related decision making also regarding recycling and uéamnaming flows.
Key performance indicators for the middle management/tactical level arégibfies, e.g.,
contributions of products to overall rentability or margins. At this level, potsl and pro-
duction resources (synonyworkstation$ are aggregated regarding similar characteristics
to product or workstation types or families/groups; see also Missbadetasoy (2011).
Further decisions regard the time horizon and related time units. The outcdhesefplan-
ning steps is thenaster planning schedule (MP&hich encompasses lot sizing, due dates,
lead times, production mix, and capacity decisions. This is also referreddggusgate
production planningn the literature. Frequently, the goal of aggregate production planning
is the minimization of total production costs encompassing inventory holding ¢istd,
and variable production costs, overtime, and backlogging. A review skthedels with
special emphasis on depreciation is given in Pahl (2011) or Pahl &h@2@i1). Details on
necessary raw material supplies is givenmaterial requirements planning (mrpjyvhere
supplies are based on the quantities established in the MPS and determineir loylith

of materials (BOMwhich is the composition list of raw materials and parts together with
the quantities that are needed to produce one final product; see, epp. add Spearman
(2001). Literature on planning tools and methods like rmanufacturing resources plan-
ning (MRP II) ERP, APS etc. is substantial; see, e.g., Stadtler et al. (2008) for ariewer
and research directions. McKay (2011) and Ovacik (2011) prowadent thoughts on his-
torical evolution and future developments of such tools.

3.1.2.3 Operational Planning Level

Theoperational levelmplements the plan of the higher planning levels. Its assignment com-
prises the planning and execution of the most efficient deployment ofiptioth resources
regarding the objectives defined on the strategic and tactical level. Rimagcheduling
takes place in the middle between production planning and real-time dispatcbingdiing
product or job assembly; see Maimon et al. (1998). In fact, the decisiomdm includes
daily and/or weekly planning of production amounts and short term peooeint of materi-
als as well as the production control. The latter encompasses detailedisahesequenc-
ing and order releases, monitoring, validation, and feedback of ptioduasks regarding
demand and due dates, quality and costsclAedulds defined according to Pinedo (2002)
as a set of start and end times for setup operations and production afrjiiesn. A se-
quences denoted as an ordering of jobs. Missbauer and Uzsoy (2011) tefuand state
that the link oressential interfacéetween the tactical and operational level is provided by
order releases. Assumptions on lead times regarding the operationatierex production

are taken on the tactical level to determine production plans. This implies asospn
order releases frequently using the concept of constant lead timeédissmuer and Uzsoy

1See VoR and Woodruff (2006) for definitions and abbreviation issues.
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(2011). The constant lead time based on an order release plan mugtarfi@nticipate the
behavior and possible events on the operational level in order to peetl@ccount for its
consequences already on the tactical level. There exist a great bbyaiure regarding
workload control and performance efficiency through better ordease mechanisms; see,
e.g., Missbauer and Uzsoy (2011), Pahl et al. (2007a) and theneks therein. Problems
arising from using estimates or fixed lead times are subject to an in-deptissizcon lead
times and planning circularities in Section 5.

Key performance indicators on the operational stage contain technieaiecproviding
data on times, quality, and quantity. The useadio frequency identification (RFIDjan
give valuable support providing current (practical) data on inverieugls, delivery times,
or whereabouts of items in transit or transportation. This can increasedtaqg visibil-
ity, process transparency, and opportunities for integrated and autboiette capture; see
Chande et al. (2005), Liu et al. (2008).

3.1.3 The Modeling of Time

Continuous modeling of production planning decisions allows to study comjdexipg
situations including uncertainties. If changing input parameters aredegiamodeling ex-
tends to continuous dynamic settings mainly by iteration methods to determine shange
in plans in the long run; see Pahl and Vof3 (2011). Related classical mesjesially re-
garding lot sizing and production decisions on an aggregated basks.gretheeconomic
order quantity (EOQ)economic lot scheduling problems (ELS®Y), in the stochastic case,
the multi-period newsvendofl¢wergirl) problem; see, e.g., Pahl and Vo3 (2011) for an
overview of static/dynamic continuous/discrete modeling including depreciation
Dynamic processes in mathematical models are frequently reflected by etelisspre-
sentation of time: the time horizon is divided into a number of time intervals of — gkyer
but not necessarily — uniform length, also named “time buckets.” Planreagidns are
associated to these intervals or time blocks; see Figure 3.4. Such a pliesaritthe time

Discrete time representation

Continuous time representation

Figure 3.4: Discrete and continuous representations of time.

horizon bears some drawbacks, especially when dealing with practataeprs of consid-
erable size, because an increased number of time buckets may lead tolafgeatorial
problems implying increased complexity requiring significant computationallegion
times. This is surely one of the reasons why related discrete dynamic modualsldited
as MIPs have limited practical application and research concentrates dievbl®pment
of efficient (meta) heuristics; see also Floudas and Lin (2005). Nestegty, commercial
solverg for optimization problems together with enhanced computational power iagard

2For instance, Xpress-IVE | ILOG/CPLEX™, or GurobiMare frequently employed solvers.
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processor performance and memory evolve fast, so that larger anddiffarelt test in-
stances are solvable in more and more acceptable calculation times. As adessin
regarding the right planning horizon and number of observed time pasaugortant, but
not only from a computational point of view. Activities need to be placed siexific in-
stance of these time intervals that can be crucial for the resulting plan in té@wswacy
and costs. For instance, a rough presentation of time might lead to undef&ets on
decision variables such as increased production and inventory ho@mthe other hand,
attributing rather short time intervals to time buckets significantly increases tin@iber
and thus complexity. Besides, the decision of the granularity of the time scalenipé-
cations on the regarded events. If a short time horizon and relatedtsherbuckets are
assumed, products’ lifetimes may be longer and thus do not have an Eifastequently, a
model including deterioration and/or perishability should have a time horizorstheeater
than the lifetimes of items, so that depreciation becomes an issue and, cambegubind-
ing constraint; see also Pahl and Vol3 (2011). On the other hand, tiseodiesn the planning
horizon should be chosen according to the assumed demand foremastcgcand quality
that may decrease the farther future periods are taken into accouij\sereet al. (1998).

Discrete dynamic time models are generally divided inig bucketand small bucket
models where big bucket models contain rather long time periods also maatedperiods
in which several different products can be set up for or produsethll bucket models have
rather short time periodsricro periods), so that startups, switch-offs and/or change-overs
can be taken into account. Micro periods are generally used to integtatiedéenformation
about the shop floor in order to determine accurate and feasible planstherfdistinction
can be made for small bucket models that allow for one setup per periothesel allow-
ing for more than one; see, e.g., Staggemeier and Clark (2001). Modstishet integrate
macro as well as micro periods. In aggregated production and lot sizingiptathese aim
at including some scheduling information in order to provide more consistans o the
operational level. Such models are nanmgthrid models presenting a meta level between
aggregated and operational planning. For instance, Figure 3.5 destinite structures and
related “positions” of lot sizes: they can be fixed on the outer grid or mperiods which
is true for big bucket models. Small bucket models divide macro periods irorpaniods
and, consequently, lot sizes are fixed according to the micro period tim&geg may also
be freely determined in the third case disregarding macro as well as micoadl geid lim-
its; see, e.g., Fleischmann and Meyr (1997), Meyr (1999). Detailedlathg information
determining due dates applying priority orders on jobs are regarded aplataing steps.
Hybrid models are subject to dynamic research activities, see, e.g., Brigka06), Haase
and Kimms (2000), Karimi et al. (2006), Porkka et al. (2003), Quadt ldnhn (2009),
Tempelmeier and Buschkihl (2009).

3.2 Supply Chain Management

Extending the perspective to multiple companies leads to issues of SCM. Ketofarom-
panies that are linked to each other through up- and/or downstreamdfawaterials, fi-
nancial resources, and information with the aim of producing valueeagdeducts and
services for final customers are considerediwgsply chains (SCs)

SCM emerged from business practice mainly focussing on logistics two eieegd and
still is one of the global operations strategies for achieving organizatcmmapetitiveness
in the 21st century; see Gunasekaran and Ngai (2004), Li and \(Z9y). Due to its
emergence, SCM encompass various aspects and business fune@Aggrss (2000)) that
is reflected in heterogenious definitions. For instance, Simchi-Levi &@)2( define SCM
as “a set of approaches utilized to efficiently integrate suppliers, manuéas, warehouses,
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Figure 3.5: Decisions regarding timely position of lot sizes; see also M&@a9(1

and stores, so that merchandise is produced and distributed at theuagiitigs, to the right
locations at the right time in order to minimize system wide costs while satisfyingceerv
level requirements.” Gunasekaran and Ngai (2004) put it succingtdydiing that “SCM is
based on the integration of all activities that add value to customers stadimgpitoduct
design to delivery" or “from the source of supply to the point of constimnp (see also
Li and Wang (2007)). As a result, SCM is a broad topic not easy to giabas a wide
range of influence that extends from organizational structures, eapgcations, over IT
guestions to selections and implementations of software applications. Thg@rs on
multiple companies can be relaxed in order to regard different departmitiie same
company that act sometimes with different objectives that may be conflictimg facus
here is on production planning that assumes deterministic demand thus involereghan
one department, i.e., marketing and sales and production planning. Strikdkiisgethis
relates to pure production planning, but in the relaxed sense involvesgizof SCM.



Chapter 4

Depreciation and Lifetime
Constraints

The interest regarding deterioration and perishability comes into prominaticéhe mod-
eling of inventor in blood bank management and the distribution of blood fronsfuia
sion centers to hospitals where a decent amount of literature exists;.geeRierskalla
and Roach (1972), Jennings (1973), Frankfurter et al. (1915z&h and Gal (1977), Du-
mas and Rabinowitz (1977), Cohen and Pekelman (1978), Brodheimrasth&os (1979),
Kaspi and Perry (1984), Perry (1999), Perry and Stadje (199®1)2 Deniz et al. (2004).
Overviews on the subject are provided by Naddor (1966), Pras{d@®!), Pierskalla
(2004). Later, the research focus shifted also to other products,cegynicals, fashion
clothes, technical components, newspapers, or food. In accadheattention changed to
a more general view on how to include deterioration, perishability, and lifetonstraints
into models for inventory management. The major part of approaches ttatodation
and perishability as a kind of general shrinkage of inventory that hegpipelependently of
planning or demand functions. Furthermore, most mathematical appraachesorating
deterioration or perishability effects are time-independent (static) detetimimmigentory
control models studying replenishment strategies and extending them to taleeaount
marketing related issues, e.g., pricing/discounting, time value of money/inflatomis-
sible delay in payments. An in-depth discussion on depreciation is givenhin(Eal1),
Pahl and Vol3 (2011). For the sake of self-completeness, importaritsrese presented
regarding characteristics of depreciation and product lifetimes foaussirdeterministic
modeling due to the focus of this work.

4.1 Characteristics and Definition

Most products deteriorate within a certain interval. If the observed time dwigzchosen
to be sufficiently short, there may be no need to regard such productctiiastics, be-
cause values loss does not take place; see also Section 3.1.3. Nessrtingeactice and
dependening on the product, the time horizon for aggregated planninggi®tmugh, so
that the influence of deterioration starts to play an important role. Deterioratid life-
time restrictions are hard constraints on inventory holding that render theiptaprocess
complicated. Restrictions are imposed to produce ahead of demand andestiEgions
in order to hedge against uncertainties, e.g., employing over-produetipigit volume-
discounts, or own production setup sequence advantages. For sstagase that manu-
facturing lead times are significantly longer than replenishment lead timeges-to-order
(MtO) manufacturing is not applicable, so that production plans rely on demaachfs;
see, e.g., Darlington and Rahimifard (2006).

14
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4.1.1 Discussion on Depreciation Characteristics

Deterioration of products includes the process of decay, damageoitagg of items due
to various reasons, so that they cannot be employed for their originpbgel. Generally,
they go through a change, physically or due to demand, so that they usetilitg while
stored; see Darlington and Rahimifard (2006), Ferguson and Koeng&2007), Shah et al.
(2005), Zhao (2007), Pahl (2011).

Perishable goods are regarded as items with fixed, maximum lifetimes, tharaszin
best-before daté practice. This applies for products that become obsolete at some point
in time, because of various reasons or external factors, e.g., laweguldtions that pre-
determine their shelflives; see Boukas and Liu (2001). Products ingwsdirvices as a
main component incur similar problems, e.g., airline seats or hotel rooms,decttey are
subject to highly price-dependent demand; see Ferguson et al.)(ZD@npanies selling
these kinds of products set multiple prices and related quantities on the tinre bedo
expiration. After expiration they receive zero revenue; for refegsron revenue or yield
management see Cattani et al. (2007), Chiang et al. (2007), PetricK22X0). Therefore,
a classification basis is thaility of the item.

Two sub categories are distinguished where the first includes prodbotsefunctional-
ities deteriorate over time, e.g., fruits, vegetables or milk. A flight seat or hobehnmight
be considered in this category as the service cannot be provided agft@ra certain time,
e.g., the airplane lifts off or the hotel room is taken. The second encopgpHesse prod-
ucts whose functionality does not degrade, tustomers’ perceived utilitgnd thus their
demand deteriorates over time, e.g., fashion clothes, high technologycsadth a short
life cycle, or items whose information content deteriorates, e.g., newspagmrexample,
it is empirically shown that the willingness to pay for a product continuoustyeseses with
its perceived actuality that is similar to defining deterioration as a procesmthaously
reduced usefulness of the comodity to the customer; see Tsiros and Hel@t#).(Other
products encounter value loss related perishability induced by demandrdpest when a
new version or generation is introduced accompanied by significantrdavks; see Leung
and Ng (2007). This is valid, e.g., for computers, mobile phones, higlioiastear, Christ-
mas gifts, or calendars. Such value loss is indirectly integrated into mathematidalsmo
by making assumptions on products’ demand patterns, e.g., time-depeedemadl that
is used to describe sales in different product lifetime phases in the magkeltleshta and
Shah (2005). For example, newly introduced products generally mawver@easing demand
rate at the beginning of their product life cycle which comes along with aiggpmarket.
Decreasing demand rates are usually a sign of a product at the end df itgdlE. Expo-
nential decreasing demand is experienced by products where a r&wanver competitive
product comes into the market or a change in customer’s preferenesspkdce; see Su
and Lin (2001), Chu and Chen (2002), Lin et al. (2000). Moreaaenp type demand rates
are regarded for new brands of consumer goods coming in the mar&gt.ge Giri et al.
(2003), Manna and Chaudhuri (2006). As a result, depreciationaisacterized regarding
different aspects:

1. physical degradation or depletion (e.g., fresh food, gasoline),
2. loss of efficacy or functional loss (e.g., medicine), and
3. perceived value loss (e.g., fashion clothes, high technology)

where the first two are difficult to be exactly distinguished. A further distimccan be
made by the products’ lifetime that can tme-independentr time-dependentThe first
case implies a pre-specified lifetime. The utility of these products is givenglarapecific
time period. The second case expresses deterioration over time, e.g., toseeastmality.
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The majority of authors working in the field of deterioration and perishabiligythe words
interchangeably; see Pahl (2011).

4.1.2 Definitions of Depreciation

A clear distinction is made between perishable goods that cannot be ugadranand
lose all their utility at once after a certain point in time whereas items that lose tilijyr u
gradually are regarded as being subject to deterioration; see Pahl) (20

Lifetime/quality

Value of items i Value of items i Value of items i b
of items

continuous deterioration
incl.rework and disposal time
invervals

perishability (discrete) deterioration continuous deterioration quality lifetime

iii)
rework lifetime

sale on secondary
~. market or disposal
0 b ol | 3t 0 N L S 0 N ey

Figure 4.1: Courses of perishability and deterioration; see Pahl (2011)

Figure 4.1 depicts three functional relationships of item quality where thehdieg shows

the course of perishability, (b) the discrete and variational coursestefidration and (c)
possible courses of continuous deterioration where i) is nonlinearakacg ii) linear de-
creasing, and iii) arbitrary decreasing. The graph in (d) gives thossilple time intervals
regarding the quality decrease of items that can be reworked: the firstahpeesents regu-
lar quality of items until the phase where items can be reworked, and the whaseitems

have passed their lifetime and might be sold on a secondary market or needigposed;
see Pahl (2011).

The definitions of deterioration, perishability, and lifetime constraints remanesdat
fuzzy as it clearly depends on the physical state/fithess, behavior of @eengime, and
on the production planner or the quality controller who has to decide whethemploy
items or components having passed a certain age. Here, the focus is otegnation of
functional deterioration, perishability, and lifetime constraints in contrasalwevioss due
to customer demand variations that is expressed via demand patterns.

4.2 Mathematical Issues

Generally, there are different methods to integrate deterioration, peilishand lifetime
constraints into mathematical models depending on the one hand on the intentien of
model approach, e.g., general study of depreciation effects on igmieant policies or
avoidance of wastages thus integration of lifetime constraints. On the otherthair inte-
gration depends on the model type including the treatment of uncertaintygitexgrdnistic
or stochastic input data and processes, and regarded time horizorispneendependent
(static) or time-dependent (dynamic); see Pahl (2011).

Studies on depreciation effects frequently assume a general lossrikagja of inven-
tory stated as follows:

d:j(tt) = —0I(t) —D(t) t <t<T; (4.1)

whereO is the shrinkage factor expressing to perishabilitt) the inventory holding in time
periodt, andD(t) is the time-dependent demand defined for a time intetyl;) used in
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static model approaches. Models integrating this formulation assume expbsbntikage
of inventory which becomes clear when regarding the solution of Equatici (

T.
I(t) = —e*@t/ 'eDuydu g <t<T,. (4.2)
t

Such formulation is mainly used in infinite time deterministic and/or stochastic settings fo
replenishment and inventory control. The formulation given in (4.3) miglerbployed for

use in (discrete) dynamic deterministic settings whefeis the percentage of inventory
that is lost due to perishability.

(1-a®)  Vvt=1,--T (4.3)

Pahl (2011) refers to these methods as fraction formulations. They ang/msed in opti-
mization models with the aim to derive optimal replenishment quantities and time lengths
(intervals) between orders assuming that all products in inventory godiee same trans-
formation independent of their age or their production period. As statiedeyehis can be

a good approximation in case of general studies on depreciation eftaz¥yaterer (2007).

The assumption of general shrinkage of inventory is limiting if the objective ¢sdate
plans that avoid deterioration and related wastages in the first place hievadhis, life-
time restrictions of products are integrated. Items that lose their functionattehistics
and quality in inventory cannot (should not) be kept in inventory due tmwarreasons
which is, e.g., obvious in case of food that develops biological toxins wieiterabrating
after a certain time. Consequently, separation from fresh productsésseey to avoid con-
tamination and respect hygiene standards. On the contrary, items thatdossigtomer’s
perceived utility can be kept in inventory without such problems in ordee tedid on a sec-
ondary market. It becomes clear that functional deterioration and depiom due to value
loss pertain to the same problem, but require different consequenaegars.

The modeling of limited shelflives can be integrated, e.g., by modifying the inigento
balance equation of discrete dynamic production-inventory or lot sizitigh@ation mod-
els formulated as 1&L formulation (see Stadtler (1996)), by subtracting itenisptssed
their useful lifetime calculated as follows:

t—of t t—1
P>y x— Y Du— Y IF, Vt>0r (4.4)
u=1 u=1 u=1

wherelP is the amount of items that deteriorate in a time petiddat is calculated by
the sum of produced items in the time intervalu,t — ©F), thus the production from the
beginning of the planning horizon until peribdeduced by the length of item lifetin@},
less those items that are used to satisfy demand until peaod items that have already
been disposed in previous peridds 1. Spoilage costs need to be added in the objective
function if no production costs are regarded which is mostly the case inadhdsscrete
deterministic lot sizing models. If neither production costs or spoilage costalen into
account, the model might produce items and immediately dispose them to prexaibity
costs; see Pahl et al. (2011).

Constraint (4.4) can be used in all classical discrete deterministic lot seamigschedul-
ing) approaches that are formulatediagentory and lot size mode($&L; see Stadtler
(1996)); see Pahl and VoR (2010), Pahl et al. (2011). Howthese models become quickly
computational intractable regarding practical input data sets; see alsorSgd.3. For ex-
ample, thecapacitated lot sizing modéCLSP) is proofed to be NP-hard (see Bitran et al.
(1982), Florian et al. (1980)) which is also true for its extensions. 8foeg, a third for-
mulation is proposed in the literature that is mainly used in network flow formulatinds
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integrated into the production constraint:

t t+eF
letg Y Du Vt=1,-.-,T—6f (4.5)
= u=1

of related models which states that the sum of production until time pengt be smaller
or equal the sum of demands that do not exceed time ptead the length of the variable
lifetime of the produc®}. This method is namethdex transformatioras it restricts the
regarded time periods by the lifetime of items; see Pahl (2011). Network dowdiations
are efficient in terms of calculation time to find the optimal solution, because pippxe
imately describe the convex hull of the solution space. Nevertheless,rthalfdgion given
in Constraint (4.5) does not allow for minimal lot sizes and needs modificataircém be
done with the following restriction:

T t+0-
zl(xt+|P)g Z D, Vt=1... T-6" (4.6)
t= u=

The variable denoting perished products is added,teo that minimal lot size values that
are higher than demand until that period and cannot be used to satistnd@nmeeimmedi-
ately discarded. Otherwise, the right hand side of Inequality (4.6) mighibteted without
variablelP. This can be easily modified to integrate rework actions, so that item disposal
need not be the only option. Minimal lot size requirements can be due to tisecphghar-
acteristics of a production resource that can or should always peaduertain number of
items in a batch. Examples might be the filling of pallets to transport parts or gisotuthe
next production step or packing a certain amount of items together in agmokautting
machine might be required to always cut the maximal possible number of panisitnize
raw material wastage or WIP. Minimal lot sizes are also named technical &st sizhe
literature; see Flapper et al. (2002). There is a difference to requiegyaexactly the same
batch or lot size or to constrain production batches or lot sizes to be @duigher a certain
amount. Technical reasons constraining lot sizes might be, e.g., a madtiiesét up to a
product cannot technically produce less than a certain amount, butlaryquantity above
this limit whereas in other settings the exact amount of party and productdisigpjre.g.,
packaging or pallets.

The most frequent formulations used to integrate deterioration found in treddite are
Constraints (4.1) and (4.3) that assume a general shrinkage. Tieesgainrly employed
in infinite time horizon models where effects ofs demand patterns are addadijotke
influence of deterioration. The I&L formulation is recently developed aredi sy Pahl and
VoR3 (2010), Pahl et al. (2011) for discrete dynamic deterministic settihgseas the use of
index transformation to limite items’ lifetimes are mainly encountered in deterministic set-
tings within approaches formulated as network flow models; see, e.g., Férsie (2006),
Ahuja et al. (2007).



Chapter 5

Lead Times and Capacity
Management

In this chapter, the understanding of lead times are discussed (Sectipplarik)ing cir-
cularities (Section 5.2), and capacity management emphasizing on the refatibR and
resource utilization (Section 5.3) leading to lead times that are load-dep€¢Beetion 5.4).

5.1 Lead Time Definitions and Related Considerations

Various forms and definitions of lead times and capacity definitions exist @ndsad in
literature frequently describing different issues or perspectivesy Téinge fromminimal
worst caseplanned actual or realizedto effectuationlead times where the latter encom-
passes the time length where a decision is made until the time the consequetitss of
decision can be observed throughout the supply chain; see de Kdkransbo (2003). Be-
sides, a minimal obest casdead time might express the shortest possible time a job needs
from an initial point in production passing a certain routing until a specifit(@ventory)
point provided that no unforseen disruptive events or waiting indudddianal times take
place by, e.g., setups. The opposite is denoted as worst case lead tiordsr lead times

are regarded, planned minimal lead times may differ by planning induced wéiitieg,

e.g., setups due to the production of multiple products that further increastuj times

are sequence-dependent. In semiconductor manufacturing and §skeenbalancing, the
term cycle timeis frequently used to denote lead times; see Hopp and Spearman (2001),
Domschke et al. (1997). This might be regarded as an expressiomlifeck lead times
that may differ from planned lead times due to various reasons, often be&stgchastic
nature. Additionally, Missbauer and Uzsoy (2011) refgprimduction lead timeas cycle or

flow times wherdlow timegpresent the time span of the (actual) manufacturing perspective,
i.e., processing of items, that can be interpreted as realized lead times. Cthéhéand,
lead timegeflect the planning perspective; see Missbauer and Uzsoy (2Bé&4dides vari-

ous forms of lead times, there is a great number of terms expressing inclosizaisous
process steps where subsets of process steps may have furtherirdeians as well; see
Figure 5.1 for an overview. Yiucesan and de Groote (2000) regaddtie®s as the time
between the authorization of production to the completion of processingewhaterial is
available to fill a customer order. As a result, lead times include queuing timegssing
time, lot sizing or batching time, transportation and handling time. This is reféored

flow timeby Hung and Hou (2001). Similarily, Pahl et al. (2005, 2007a) define limaes

as the time between the release of an order to the shop floor or to a supdlibeaeceipt

of the items. This definition of lead times is equal to tb&l order lead timen Figure 5.1
including all process step times from replenishment of related (raw) matentls$he final

19
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delivery of the order. Hopp and Spearman (2001) define the lead time gofen routing
as the anticipated or maximal time allotted for production of a part on that rouiteg g
a certain service level. As such, it is a management constant” whereagtadime is re-
garded as its random version. Note that an anticipated or maximal time value i®ated
nominal Depending on the definition of the end of routing, the definition of lead time and
cycle time according to Hopp and Spearman (2001) are similar to the definitioa -
ufacturing lead timeor cycle/throughput timé Figure 5.1. The authors further distinguish
customerandmanufacturing lead timewhere the first denotes the time that is allowed to
satisfy a customer order from order acceptance to delivery at thenceistehere different
routings can be regarded whereas manufacturing lead times regardifcspaiting. In
different production environments such as Mtfigke-to-stock (MtSprassemble to order
(AtO), lead times may be quite different and their variations can have impacts. In sylghS
tem, customer lead times defined as by Hopp and Spearman (2001) areenanase items
are on stock or not whereas in MtO, lead times encompass ordering, rotmung, and
processing, so that variabilities might take place and average cycle timedbengstaller
than lead times in order to guarantee a certain service level, i.e.

service level= P (cycle time< lead time

whereP(-) denotes the probability value; see Hopp and Spearman (2001). Reduction
variations help to improve estimates of lead times in order to guarantee serdtse @ther
options to reduce customer lead times is the application of mixed MtO-MtS systems, als
named AtO systems, where certain parts of products are produced kyssttlcat customer
orders are assembled on a MtO basis. MtS systems are also dpnstedystem$because
items are produced onjast in casebasis whereas MtO systems produce gast-in-time
(JIT)-basis or, in other words, when required by, e.g., demand, so that F&liWento-
ries are minimized. Hopp and Spearman (2001) define these systemsndlijfeltee to the
change in perspectives: push systems release jobs in the system hdsedemd (forecasts)
whereas pull systems release jobs due to a signal comes from within/insigigsteen de-
pendent on its status. Here, the first definition is applied that pull systesrisggered by
company-external demand. Classical lot sizing models pertain mainly to MtQllosys-
tems. Nevertheless and as in practice, hybrid forms are prevailing with bethand pull
components. For instance, the mechanism of mrp or MRP 1l that are pteihsyseleases
jobs due to demand. If production smoothing is regarded so as to keepaesdilization

at a certain limit (see also Section 8.4) in order to reduce lead times, jobs migtiebse
in previous periods which denotes a kind of forward shifting (see alstidde7.1.1), so that
items are produced on stock which gives a hybrid system.

In this analysis, the definition given by Pahl et al. (2007a) is used wtheriead time is
the time that elapses between the release of an order to the shop floor opfiiarsstarting
from replenishment and ending at the receipt of the items. This is condistetdefinition
of total order lead times in Figure 5.1. Note that in classical lot sizing models, rteisa
given as the required amounts per product, so that generally no sped#is are taken into
account. Therefore, items are not labeled individually and/or expliciteijpatéd to orders.
Consequently, lead times of FGI are regarded abstracting from spegecsoincluding
different amounts of multiple orders.

5.2 Planning Circularities

Interdependencies in complex production situations render planning aecsombe task.
Assumptions to reduce complexity abstract from interdependencies, bt leagl to infea-
sible or simply wrong plans. Some of those planning circularities that influeacktimes
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and thus should be accounted for are discussed in the next secti@bspkainning circular-
ities regarding lead times, utilization, and WIP are examined in Section 5.2.1wafi#s,

problems due to the consideration of multiple products are taken into acco8ettion

5.2.2. Influences of depreciation on LDLT are highlighted in Section 5.2.3.

5.2.1 Fixed Planned Lead Times

Most models for aggregate (production) planning treat lead times as steit,ifiput pa-
rameters that are estimated upon experience or fixed with a rule of thumbstrsituations,
the output of a planning model determines planned capacity utilization whichgrinitu
fluences planned lead times; see Pahl et al. (2005, 2007a) and trenoefe therein. For
instanceworst casdead times might be used in order to have enough “buffer time” to ful-
fill accepted orders regarding a certain time interval and thus satisfy deimdime; see,
e.g., Enns (2001), Enns and Suwanruji (2004). Besides, orderbenagleased earlier into
the system than necessary to ensure delivery due dates, so that ddPupuway ahead
and resource utilization increases. ltems are forced to wait, so that leadiicnesse, too,
compromising the initial idea to assure due dates and service levels. Thiseaetion that
corrupts lead times leading to high variabilities becomes a self-fulfilling propaed is
adressed in the literature as tlead time syndromdt shows the results if the relations
between average lead times, WIP, workload, are ignored; see Tatkie@nd Kingsman
(1983), Zapfel and Missbauer (1993a,b), Teo et al. (2011) ataiSet al. (2006, 2009)
for extensive studies. Lead times should be a result of planning thandafautin fact, they
depend on the overall available capacity and workload of the systemahatacy signifi-
cantly over time not only according to demand requirements; see, e.g., kamih93).
This is not reflected in common planning models like mrp or MRP |l systems thateszh
times as attributes of parts; see, e.g., Dauzere-Pérés and Lasseeqi2Pahl et al. (2005,
2007a).

In the literature, various researchers concentrate on the estimation néglaad times
(see, e.g., Hackman and Leachman (1989), Vepsalainen and Mor&#) (18 et al. (1994),
Hung and Hou (2001)), so that lead times are unrelated to system woykigiagl/stem uti-
lization is indirectly regarded by, e.g., testing and iterating estimated lead timedirega
their influence on the system using simulation studies. However, the reldpdrestiiveen
system workload, resource utilization, and lead time(s) (distributions) itakeh into ac-
count. Teo et al. (2011) argue that not much work is provided that aemgdianned lead
time and workload in MtO environments subject to highly varying demands. $tualy
related production smoothing methods with the aim to reduce subcontractirayauigne
as options to deal with demand peaks and variabilities. They propose snipstiategies
on the MPS and planned lead time control at multiple workstations. Decisions fut
the optimal planning windows of the planning horizon and optimal planned lead timé
minimize subcontracting and overtime costs. Rao et al. (2005) propose a imddding
maximum lead time guarantees for a MtO production system as a tool to hedgstaga
overall supply chain risks. They further highlight the impact on custoraaraihd and pro-
duction planning. Customers are attracted by short lead times that incredite gf firms.
On the other hand, short(er) lead times imply more complex coordination ofigtiod and
its planning including tight production plans deprived of buffer times. Titb@s show in
a stochastic setting that the optimal lead time is similar to a newsvendor structure with a
closed form solution; see Rao et al. (2005) for more details. Other avithoyrporate the
relation between lead times and production (system) workload in their optimizatidelsno
linearizing the resulting nonlinear relationship, so that WIP-related expiahércreasing
lead times are captured; see, e.g., Asmundsson et al. (2003, 2006&8haier (1999,
2002, 2006b,a), Missbauer and Uzsoy (2011), Yano (1987), ZijchBuitenhek (1996).
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For more details on such models see Section 7.

5.2.2 Issues Regarding Production Mix

Lead times are lengthened through setup times in case of multiple productsuifibem
of setups are an output of the planning function dependent on thestegueroduction
mix which generally varies in dynamic planning settings. Setups consumeityajhest

is not available for processing. Consequently, an increased numisetugds leads to an
increment of resource utilization and a decrease of available capacisgming or leading
to infeasible plans in case that setups are sequence-depeséeguerice-dependent setup
time (SDST))in times and costs and not accounted for in planning, accordingly; dde Pa
etal. (2011). Large lot sizes decrease the number of setups, bt leadeases in WIP/FGI
further implying additional waiting times for or after processing. Consetliyjdead times
do not only depend on the workload and utilization of the production systetrgl®o on
the work assignments of resources that are, in turn, determined by th@ngdanction.
Besides, the determination of optimal lot sizes requires SDST and costs tivaih,idepend
on the scheduling solution; see Dilts and Ramsing (1989). On the otherin&dation
concerning types and amounts of products in every period is necésstrg determination
of the optimal schedule. Dilts and Ramsing (1989) propose a method to estimatsatitja
costs employable in lot sizing and scheduling models and analyzes the effestsmated
costs on the solution.

5.2.3 Issues Regarding Depreciation

Limited lifetimes of products and related quality decreases aggravate thieqmobegard-
ing LDLT, because their increases can lead to significant quality lossesmas until they
pass their useful lifetime. Related rework actions further occupy resatapacities en-
hancing workload, utilization, and thus lead times; see also Figure 5.2. Qgrtais is
less problematic if passed products are scraped, sold on a secona&ef, mareworked
in an off-line manner, i.e., employing production resources differentgolae production.
Anyhow, the solution to scrap items is environmentally undesirable and offdimerk re-
quires investments in additional capacity leading to enhanced maintenanopexational
costs. Rework actions need to be included into planning, because theynocercapacity.
Thus, lot sizing and sequencing needs to be adapted, accordinghsdriltat depreciation-
dependent rework is prevalent and items continue to depreciate while witingwork,
actions become even more time and resource-consuming. Related mathemadie@hgno
is addressed in Section 9.2.

5.3 Capacity Management and Utilization

Definitions of capacity and measurements are numerous. Terms to desgdmty range
from designcapacitytheoretical maximumapacitypotentialcapacity tarue, actual, effec-
tive capacity; see, e.g., EImaghraby (2011). He states that, frequently,in&ctgpacity” is
used in the sense chpabilitywhich is associated tperformanceor outputof production
entities. In fact, in classical lot sizing, the capacity input parameter detfwenaximum
time units a production resource is available. A resource consumption paraattebuted
to each product denotes how many capacity units the production of a sioglegbemploys.
Consequently, the capacity parameter denotes capacity as capability abtheton re-
source to produce a certain number of output of the regarded pro&essurce capacity is
greatly influenced by many factors. Fowler and Robinson (1995) amalyezh influencing
factors that are grouped the following way:
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Figure 5.2: Extended planning circularities and lead time syndrome.

e Technically required and process-related (waiting) times; e.g., tool dexichot
lots, time bound sequences,

e Maintenance-related processes, e.g., regular inspections, opews®it@ining,

e Planning-related (waiting) times, e.g., production mix-related batching/lot sidisg
patching/sequencing, setups, rework,

e Unforseen events, e.g., breakdowns, unplanned inspection and naaiceedue to
yields/disruptions,

e Human factors, e.g., end-of-shift effects, operator availability.

Certainly, these factors might also be classified in a different way regpatde causality
of appearance. Note that rework is assigned to planning-related (Wditimgs, because
rework options for items that passed their lifetime limits are regarded and tledstode
reworked in order to gain required quality standards for re-used idugtmn. In case of
defectives and their rework, this influencing factor would be classiathforeseen events.
For the measurement of capacity, EImaghraby (2011) proposes fons fof capacity,
i.e.,nominal, operational, planne@ndutilized capacitysee also Figure 5.3. Theminal
capacitydenotes a theoretical, maximal capacity of a production facility, thus the itigpab
of a productive entity in regard of a single standard product or psoassuming perfect
support activities including optimal maintenance or overhaul actions. &uatipatedand
unavoidableehange-over losses of productivity are dependent on the gepbhyai¢al) state
of the regarded production entity. Other change-over losses, e.@ dhedo the production
mix, decrease the nominal capacity to the operational capacity. As alredeg slsewhere,
the determination of theperational capacityglepends, on the one hand, on the performance
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Figure 5.3: Visualization of the different capacity definitions in a sensepdlility.

of the production scheduling function to calculate optimal setups in case of fayitipd-

ucts and, on the other hand, on the standard (average) rate of reggtdefectives or
waste. Benchmarks regarding related or similar industries might furthetdelgtermine
operational capacity or reasons for deviations; see Elmaghraby)(2edrlinstance, idle
times due to poor performance of support activities, e.g., labor absentedisrtages of
equipment, raw materials, or electricity blackouts etc., can or should be incinttethe

determination of operational capacity.

In order to give an example regarding this issue from a different, but sifield of ap-
plication, project management is regarded: it is common practice to usgeavwgrarational
capacities and resources utilization of project workforces with ca. 8@tation. This is
straightforward, because people need personal time to concentresiee arrange work,
and take pauses. Personal leave due to holidays and other allowaecessamed to be
already subtracted from nominal capacity. Furthermore, illnesses mighptake, so that
these capacity variabilities need to be taken into account as well, so thatsedn events
do not compromize projects. One might argue that this is not the same with madahine
manufacturing. But similarities can be drawn: machines might need time to pgwier u
case that they are not operated on a hon-stop basis, so that ehift-of-begin-of-shift ef-
fects exist. Besides, machines need regular maintainance, so that thelivefemployable
time or operational capacity is neither 100%. Disruptive events of the ptiotiuprocess
such as machine breakdowns or externally induced waiting times incragsailitées in ca-
pacities, so that calculating plans assuming 100% resource utilization islbagan terms
of securing plan fulfillments. Applying this logic, th@anned capacity utilizationlenotes
a portion of the operational capacity over a planning horizon. This mighieequal to the
operational capacity due to a variety of reasons, e.g., a lack of demagldtiom to nominal

1Operational capacity in sense of capability; see also the proposed nuétBbdaghraby (2011).
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capacity in the planning horizon (planned under-utilization), or bottlenesgiarding other
process-dependent production entities etc.; see Figure 5.3. Planeredtitization realiz-
able by overtime or adjustments of work paces (or production rate) mighptage in case
of foreseen peaks in seasonal demands.

For the remainder, the term “capacity” is used to express capacity in @ stcepability
of the regarded production entity. If not differently stated, Here, ciédypis refered to as the
nominal capacity which is decreased, among others, through the plammicigoh regard-
ing lot sizing and related setups to operational capacity. Because deté¢icr@pigmization
models for planning are analyzed with the output being a plan, realized fufroapacity
or lead times are not stated as this can only be measured ex post and weybdaizd on
the execution level of production that is not subject to this analysis.

5.4 Load Dependent Lead Times

System workload, i.e., WIP, increases in a nonlinear fashion with capdigation long

before the capacity is reached which implies lead times dependent on thivadf the
system, named LDLT. The workload measured by WIP inventory and its nelati@source
utilization can be depicted as in Figure 5.4.

maximal available capacity
100%

Work in process (WIP)

Capacity utilization

100% Work in Process (WIP)
Capacity utilization

Figure 5.4: Relation between WIP and resource utilization and its integratideanng
functions; see Pahl et al. (2005).

This relationship is supported by empirical evidence that suggests aneaad increase in
lead times with the utilization of the production system; Riafio (2002), ElImaghg4liy §.
This can be also mathematically shown using queuing theory, especially appitie’s
law which constitutes a fundamental law in production; see Hopp and Spe#2®@dl). It
derives from queuing theory and states that the WIP of a production éseigyFigure 5.5)
is determined by the arrival rate of jobs and the average processiagidence time of jobs
within that production entity.

In the steady state, the input into a system (synorsgruel) must equal its output. If the
processing of a job consumes on average a processing time dengpestdigd in TU and
the number of jobs arrive with a rake[QU/TU], the length of the queue can be expressed
via the average number of jobs waiting denoted\bgs follows:

W QU] = A [QU/TU]- p[TU)] (5.1)

This relation is named Little’s law; see Hopp and Spearman (2001), BuzambitBEhan-
tikumar (1993), EImaghraby (2011). Buzacott and Shantikumar (1998)edLittle’s Law
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servicing at
workstation ¢

jobs waiting in queuing

An

service rate p
n= dn/t

arrival rate A
A=A/t

sojourn time := waiting time plus service time
(synonyms: cycle time, flow time, throughput time)

Figure 5.5: Simple queuing model with one workstation (server); modified flopp and
Spearman (2001).

assuming that the number of arriving jobs in any finite time interval is uniformitefimhe
number of jobs arriving and departing from the system is giveAbgndD,, respectively.
The number of jobs arrived in a time inten@l t] is given, accordingly:

Alt) =sup{n: A, <t,n=0,1,...} (5.2)
with Ag = 0. The number of jobs departed during time perifd] is given by
d(t) =sup{n:dy <t,n=0,1,...} (5.3)

wheredp is set tody = 0 andD(t) includes all jobs that might depart at tirheThe num-
ber of jobs in the system is given by the following equation at tinjsee Buzacott and
Shantikumar (1993)) as follows:

W(t) =W(0) +A(t) —d(t), t>0 (5.4)
Assuming that the job arrival rate is uniform as the number of time periodsagipinfinity,

ie.
A .
it) — A uniformly ast — oo (5.5)

as well as the job departure rate denotedby
0=Ilim—=, (5.6)

these two rated and d are the same in case that the number of jobs in the system is
uniformly finite for all timet > 0. This might imply that also the number of jobs in the
system need to be uniformly finite, i.e., im,W(t) = 0; see Buzacott and Shantikumar
(1993). Nevertheless, they show thétt) — o ast — . The sufficient condition to this is
the following inequality

A<cy i (5.7)

wherecy, is the number of workstations in the system arig 1s the average service rate
described as follows:

1
u
If the time p = d () — An that thent" job stays in the system is given and supposing that the

average time the job spend in the system is determined by the difference in tieygeofute
and arrival rate, i.e.

k
% Z S, — — uniformly ask — o (5.8)
n=1

~

p=Ilim
t—oo

|

(di(r) —An) (5.9)

n=1
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further assuming that the average number of jobs in the system exists:

W = lim tl/OtW(r)dT (5.10)

t—oo

Little’s Law can be derived as given in (5.1):

W=AX-p. (5.11)
The average capacity utilization is stated, accordingly (see also Woashdiffo(3 (2004)):
A

. (5.12)

p:

whereA denotes an average job arrival rate arigi the average service rate or level. As
Woodruff and VoR (2004) stat@ might be assumed as fixed in order to determiniy
planning decisions that is proportional to the utilization denoteg liy tactical planning.
The capacity of the system is determined by Eaw- i, so that any arrival rate below the
capacity can be handled in a way that the number of jobs in the system issdiniéy. Due

to the fact that this capacity is related to the average service time, it is assuatetish
presents the operational capacity which is straightforward, becaussatiasity definition

is not the same as a maximum rate at which jobs can depart from the systdBuzseett
and Shantikumar (1993). In case that the arrival rate is higher thacitgghusA > w- L,

an infinite number of jobs might be allowed in the system, so that also lead times would
approach infinity; see Buzacott and Shantikumar (1993). Finally, thegeédead time can
be expressed by the following equation assuming a constant average WéPsteady state

(see Elmaghraby (2011)):
p-W

2

If release rates determining job arrivals are assumed to be decidedadiytevhich is
the case assuming deterministic demand in production and lot sizing models, miethods
reduce WIP include, e.g., an increase in capacity through quantitativeemsity adjust-
ments of production entities which implies an increase of the number of prodwstidies
(workers or machines) or an increase of the processing rate (spe@oril); see Adam
(1998). Elmaghraby (2011) argues that empirical evidence showsldathef “flustering”
of production resources at high loads, so that they cease to cleaeegeawof ¥p jobs
assuming that there is enough WIP to keep the production resourceet.cdpnsequently,
approaching a certain workload leads to significant decreases ingrotjuof the produc-
tion resource. As a consequence, it might be a misbelief to think that inmogeaserage
intensities, i.e., the average processing rate, might decrease WIP agfdtbelead times.
On the other hand, there is psychological proof that work intensities tmesified if a sig-
nificant amount of work/jobs awaits for processing. But this intensificatiag come with
an increased amount of errors, so that rework needs to be perfamdddad times become
longer on average even though an increased processing rate haniygeyed. Such inten-
sification option might lead to enhancements of lead times in the short run. This moigh
be true in the long run.

L= . (5.13)



Chapter 6

Green Operations Management and
Sustainability

Greening the supply chain in terms of reducing waste of various formsraissiens of en-
vironmentally harmful materials along the whole supply chain to protect ouglpiace for
us and future generations is adressed by GSCM. This is an urging gbjedten thinking
of globalization and the dynamics of competition required to deliver less cosijupts
in a fast and flexible way to continuously decreasing cost requirememsste® product
life cycles as well as increased rates of depreciation not only due teipedareduced cus-
tomer value add to this dynamism; see Garetti and Taisch (2012), Jabeoaad R008).
The pressure to offer products at minimal costs in order to remain competitveases,
so that companies are forced to search for alternative ways that miglet abthe expense
of the environment. For instance, it may be economically reasonable toteejmoaluction
to countries with low wage structures despite higher transportation coststefiamand
products. Increased transportation rise emissions of carbon dioxideslger harmful gases
damaging the environment. Consequently, actions to avoid or minimize incremiszions
range from rethinking production/storage locations to minimize the necessignsiporta-
tion to rendering transportation and vehicles less pollutive by, e.g., emplotfieg sources
of energy than fuel or implementing appropriate filters. The action planrfergy effi-
ciency of the European Council (2011) states that energy efficientnamsportation has
the second largest potential regarding energy saving. Buildings havargest energy sav-
ing potential; see European Council (2011). The third largest enexgygspotential lies in
industrial production processes that causes 20% of the primary ecengymption of the
European Union whereas transportation accounts for 32%; seedaur@mouncil (2011).
Another target of GSCM regards the preservation of slowly or noefegitive re-
sources. In case of destructive exploitation, such resources degeiterate and disappear
forever, e.g., the rainforest or natural oil wells. Consequently, theldpment of alternative
resources, technologies, and related strategies is mandatory in ordeute svailability
and use of resources in an intelligent way. However, the problem bboadioxides is
not only due to transportation requirements, but also present in diparse of the sup-
ply chain such as manufacturing. Therefore, requirements to use ableeenergy in the
production process become a central interest of law making of many @siatso due to
consumer pressure as one of the main drivers of GSCM; see Ho e0@f)(XSrivastava
(2007). As stated by the European Council (2011) in their energyezfig plan, progress
in terms of energy efficiency has been greatest in the industrial prodissicior with 30%
improvement over the past 20 years. Further improvements are targegdichinating ob-
stacles, e.g., lack of information, insufficient access to financial ressdior energy saving
investments especially for small and medium enterprises and short tersugesf busi-

29
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ness environments; see European Council (2011). Moreover, tiop&an Council (2011)
anounces the definition of strategies to enhance the transportation tionakjis facets by
introducing an advanced traffic management system as well as an inftasérinvestment
plan to create a “Single European Transport Area.” This incletesrt pricing efficiency

standards for all vehicles and measures to enhance innovationsinggeetiicle technolo-
gies; see European Council (2011).

6.1 Strategies and Main Areas of Green Supply Chain Manage
ment

The strategies of GSCM range from reactive monitoring of general@mviental programs
mainly required by law to proactive environmental management includingeaatvidance
of pollution, wastages, over-utilization of scarce or long-term regémereesources, re-
work, recycling, as well as remanufacturing of used items. These stategn be divided
into different fields as depicted in Figure 6.1.

Eco-design Eco-material — Green Manufacturing — Rework In-line Recycling
selection
Eco-balance Eco-marketing Off-line Disassembly
sheets Supplier
selection Transportation Remanufacturing
—— Packaging Network Design/

Location & Distri-
bution

Disposal/Waste
Management

Figure 6.1: Fields of green supply chain management; modified from KII28€®}, based
on Srivastava (2007).

For instancegreen (eco) desigeomprises the development and configuration of (new)
products and related production processes taking into account e@logteria ranging

from the selection of appropriate (raw) materials to the configuration of loevgy pro-
duction processes; see Nikbakhsh (2009), Srivastava (2001§teReanalysis regarding
lifecycles of products to reveal aspects of ecological improvement rasepted ireco-
balance-sheetand published on a regular basis by companies in order to document related
efforts. The integration of such documentation iateergy management systeatsording

to EN 16001 normsmight be worth a thought that includes reviewing and auditing and
may become mandatory for larger companies in the future; see EuropeaciGa011).

IThese are the norms regarding energy management systems theaeated on ISO 14001 norms. The
latter mentioned cover all aspects regarding waste/disposals, effleanssions, and energy. EN 16001 con-
centrate on energy management; see http://www.iso.org/iso/home.html.
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Green purchasingomprises all actions of replenishment concentrating on the selection
of suppliers according to diverse environmental factors, e.g., locétiansportation, qual-
ity and usage of materials. Naturally, green purchasing is closely relate@é¢n gesign
which defines, but also constrains the usage of materials. Additionalbn gnerchasing is
also closely related to disassembly and recycling issues. For instanteyisisaf green de-
sign might lead to the production of a few congenerous product familiesit@wesproduct
and production process complexity. The usage of a few standardiegdakle materials
further decreases replenishment and transportation costs also dupassiislity to exploit
quantity discounts.

Green operationpertain together withlieverse logisticgo closed-loop manufacturing
and contain the whole set of actions regarding green production, edeiing, trans-
portation, packaging, disposal management, and rework. Besidesseduogistics include
recycling from company-external sources, disassembly, and reawurihg of recycled
products. Recycling issues are very important regarding transportaisis due to the fact
that logistics represent up to 95% of total costs; see Srivastava (RO0gF¢rs and Tibben-
Lembke (2001) state that reverse logistics activities and related cost#fendtdo deter-
mine, because such activities are not tracked. Nevertheless, ringissies of studied firms
accounted for approximately 4% of total logistics costs. A great body ok erist in the
field of reverse logistics; see, e.g., Fleischmann et al. (1997), AngelKéassen (1999),
Dekker et al. (2004), Inderfurth et al. (2006) or Fleischmann (20Bthpper et al. (2002)
for reviews. Rogers and Tibben-Lembke (2001) examine reverseitsgand highlight sim-
ilarities and differences to green logistics. They define reverse logigtitsedprocess of
eficiently and effectively planning, implementing, and controlling the flow of mzaterials,
WIP, FGI, and related information from the point of consumption to the pdiotigin in
order to recapture or recreate value or to properly dispose pradictvities may pertain
to both reverse and green logistics, such as the usage of recyclakégpacto avoid one-
way cardboards whereas package reduction activities are rathéoudebte to green than
reverse logistics; see Figure 6.2.

- Packaging reductions

- Air & noise emissions

- Enviromental impact of
transportation mode selection

- Product returns
- Marketing returns
- Secondary markets

- Recycling
- Remanufacturing
- Reusable packaging

Figure 6.2: Comparison of reverse logistics and green logistic; see RRagelr Tibben-
Lembke (2001).

Whitin the focus on depreciation effects of parts and products in tactidabperational
production and inventory management, rework and remanufacturingsissedaken into
account in the production planning process. Titernal rework systenfsee also Figure
6.3) and theexternal recycling systeare studied where the latter assumes external returns
and their in-line remanufacturing/rework for reuse in regular demandasatten.

6.2 Sustainability

The term “sustainability”’can be widely understood as the “quality that permjisetserve,
to keep, to maintain something;” see Duque Ciceri et al. (2010). Theréfbsamething
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Figure 6.3: Production system with deterioration and rework; basedris®d al. (2004),
Hervani et al. (2005); see also Pahl et al. (2007b).

is sustainable, it is able to be kept;” see Garetti and Taisch (2012). THd Glmmission
on Environment and Development (WCED) defines sustainability as “usisgurces to
meet the present needs without compromising the ability of future generadiomeset their
own needs;” see World Commission on Environment and Development (WCEBY).

Chaabane et al. (2011) put it simple and state that sustainability implies to aroidupent
environmental damage. For an overview of sustainability in supply chaimsfeseto Linton

et al. (2007).

viable

environmental economic

sustainable

bearable equitable

social

Figure 6.4: Three pillars of sustainability; see Garetti and Taisch (2012).

Production impact all pillars of sustainability; see Figure 6.4. This becomaswlgen
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regarding its impact on global warming, waste generation, toxic releadegaar/air emis-
sions, floating plastic and product end-of-life issues; see Ho et &@9§20echnology is
stated to be one critical factor in environmental preservation, especighydieg sustain-
able design of manufacturing processes as well as information and conatiomitech-
nologies that might help to change work and life concepts, accordinglighwdertainly
goes along with an corresponding education in sustainability and econamjaalations
(see Garetti and Taisch (2012)) influencing the customer-supplier redatee Hall (2000).
As shown by Beamon (1999), 75% of consumers stated that they wereriofid by the
environmental reputation of firms and 80% of them are willing to encounteehigtices
for environmentally friendly products. In fact, Hall (2000) reveals fiivaas modify their
approaches to sustainability according to preassure from varioupgyrou

6.2.1 Strategies for Sustainability

Different strategies for sustainability/environmentally friendly practicesrternal opera-
tions have been developed by, e.g., Vachon and Klassen (2006) thatdpe.g., the im-
plementation of aenvironmental management system (EM$Bhese might have a positive
impact on the operations performance of companies especially in caseshateétcertified,
e.g., according to ISO 14001 standards. Certified companies havesspn@tated working
basis that helps to concentrate on the analysis of creation, managemesiifrandtion of
pollution or waste instead of purely measuring output; see Melnyk et al3j20@l the ref-
erences therein. Positive impact that comes along with waste and pollutiecticedmay
further enhance key performance indicators such as quality, casrdaand lead times.
EMSs have an impact on every area of GSCM shown in Figure 6.1 by ¢emleand au-
dit on the organizational level as well as on product life cycle and psotavel. Positive
impacts can be spread to the whole supply chain by motivating or requireactors and
suppliers to establish their own EMS. Environmental performance indicaicegaluate
sustainability performance of activities, processes, etc. are found iS@da403% guide-
lines specific to environmental performance evaluation; see Hervahi @085). Cagno
et al. (2012) propose environmental costing methods for measuringféciency sustain-
able production based on activity-based costing methods. Tari and Metioian (2009)
draw similarities to the model of tHeuropean Foundation of Quality Management (EFQM)
Other strategies incorporate lean management principals together with pofitgiemnting
technologies, angroduct stewardshipvhich includes activities such as reverse logistics,
product recovery, and remanufacturing; see Vachon and Klag8@6). Kyro et al. (2011)
study similarities between lean management principals and energy managepemiaky
regarding building management whereas King and Lenox (2001) exan@mel#tionship
between lean production and environmental performance based on eingaia of U.S.
manufacturers. They reveal a linkage between the adoption of 1ISO ©i@@@ards and
the likelihood to adopt ISO 14000 environmental quality management staid@uhse-
quently, there is a positive correlation between lean production principg$he aim to

2An EMS is defined as a formal system that documents processes @retipres to summarize, control,
report, and train personnel regarding environmental performéorcaternal and external use. The internal
use regards the minimization or avoidance of waste and pollution basegrace$s) design, training, and
reporting to the management who sets goals that might concentrate @fiamee meaning to avoid sanctions
by maintaining the minimal legally accepted pollution standards or wastetieduthe latter encompasses all
activities to maximize reductions of negative environmental impacts; sheyMet al. (2003). The external use
includes reporting to stakeholders and shareholders in order to entr@company image; see Melnyk et al.
(2003).

3See http://www.iso.org/iso/home.html.

4See ibidem.

5See ibidem.



6.2. SUSTAINABILITY 34

avoid/reduce overall wastages and pollution; see also Simpson and 008}.

6.2.2 The Formulation of Sustainability Objectives

Economic objectives are dominant in practice that are often contrary/datehte sustain-
ability and environmental considerations. Conventional economic objeatgard profits
and costs of economic activities omitting social and environmental effecpsdrely owed
to competitive preassure; see Ho et al. (2009). Objectives of compzeeeso be analyzed
and reformulated according to sustainability and environmental aspedtsgtsvade-offs
are taken into account and eliminated or equilibrated; see also Figure 6skatad by Ho
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Figure 6.5: Trade-offs and synergies regarding different pricalu@nd delivery options;
modified from Akkerman et al. (2009).

et al. (2009), innovations and optimal planning of the green supply chajrclose the gap
regarding higher manufacturing costs of green supply chains in cornpdaagonventional
supply chains.

Objectives to greening the supply chain are closely related to lean managernen
ples emphasizing the elimiation of every kind of waste (see also Melnyk etQfl3[2Ho
et al. (2009)). They further include

e Substitutionimplying the replacement of environmental harmful materials with un-
problematic ones (see also Ho et al. (2009)),

e Internal consumptioincluding, e.g., the use of returned packaging and wood pallets
employed in shipping to attain energy or to reuse them in regular productieso
Golany et al. (2001), Despeisse et al. (2011). This includes enlatiwénrelation
of resource utilization and their productivity including preferences teoore less
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materials in manufacturing by increasing productivity of materials and ereargy
the reduction of unwanted outputs as well as the employment of the resiapués
which implies recycling in every production area.

e Waste minimizationincluding energy savings, water savings, minimization of
COs-levels, minimization of every kind of pollution (water, air), process-related
waste/disposal of materials; see also Ho et al. (2009), Jaegler and @012).

e Supplier selectiomccording to ecological criteria; see Ho et al. (2009),

e Development of innovative produdtgat employ environmentally friendly materials
and allow for a resource conserving production process; see aisn@e(1999).

Simpson and Power (2005) confirm the positive influence regardingppleation of lean
principles and pollution prevention actions. Packaging and related tndaspn are impor-
tant aspects to promote sustainability, because it significantly influencessthibulion of
products regarding quality and loading patterns that give possibilities tweauaterial us-
age optimizing transportation space utilization of warehouses and trargpoughicles as
well as handling; see Ho et al. (2009), Sarkis (1999, 2003).

Akkerman et al. (2009) develop a MIP formulation to plan the production disitii-
bution of prepared meals in the catering sector with the objective to maintain hadityqu
of products while improving environmental aspects, e.g., regarding gackand trans-
portation, see also Figure 6.5 depicting possible conflicts or trade-afésdiag the en-
vironment, social aspects such as health and safety, and efficiendg t@mhparable to
Figure 6.4. Akkerman et al. (2009) focus on the distributtotd supply chain including
packaging decisions to ensure a constant temperature of meals. Esagg and waste
in the production process are further taken into account. Social aspegtshealth safety
are indirectly regarded by providing high quality meals. As shown in FigusetBere ex-
ist various trade-offs in objectives regarding sustainability and effigiers already stated
before. For instance, the quality of items may be increased by enhancifigdqoency of
shipments leading to decreased overall lead times, because productavdeato wait for
shipping. This increases transportation frequencies and, consbgG&k-levels. It further
increases setup times and costs and thus overall lead times, so that waiting érsleited
forward from the FGI to the production process. Packaging of itemsgcély chilled ones,
is important regarding the time between FGI and distribution to customers aftehithe
ing process, because it slows down the defrosting process (seendkest al. (2009))
where polystyrene boxes permit better temperature retention than cagjlimt at an ex-
pense of packaging costs and sustainability. Akkerman et al. (20080ge@ mathematical
model for production and distribution planning that take into account dglisteuctures,
packaging decisions as well as production costs where the latter areatioed by qual-
ity requirements including the maintenance of a certain temperature level ofdcpilhel-
ucts. Customer demand is presented by requested amounts as well astidistribtwork
information that denote the frequency of deliveries that are chosem $everal possible
delivery structures. The objective function is reformulated in a secteplte account for
environmental aspects such as the production of an item with a certain ternedzagl, its
shipping from the production facility via the distribution center to the customerita pack-
aging. These aspects are measured i€ ®g-consumption. Both objective functions might
be combined to denote costs as wellG{3;-levels. HoweverCO,-consumption must be
translated into costs in order to combine them. Jaegler and Burlat (201&!pdevdiscrete
event simulation model to examine supply chains and @y emissions thus determining
carbon footprints for various scenarios with the aim of evaluating bestipe methods to
align sustainability/green performance and efficiency objectives. Fosumieg and control-
ling the carbon footprint of products across supply chains see alstafakani et al. (2010).
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Wang et al. (2009) propose an optimization model for production planegarding food
safety risks. They integrate a risk factor related to recalls of producishwequires the
quantification of related risks for every production part in order to giweport at critical
control stages of the production process and related supplier selébdkom et al. (2011)
study a food safety risk assessment model using fuzzy set theorycledisevent simula-
tion environment is developed by van der Vorst et al. (2009) to study fp@lity changes
with the aim to redesign supply chains according to increasing sustainabdjitireenents.

Digiesi et al. (2012) present an EOQ model including the selection ofgcatzdion
means that minimizes logistic and environmental costs by calculating them adiariurfc
aloss factorthat denotes the energy consumption related to the chosen transportatien mod
which is defined as the ratio of work required to overcome the frictionédteexce during
transport and the weight multiplied by the transportation distance. Using ariwairexam-
ple, they reveal that optimal decisions on transportation means and ow@sitees depend
on the reorder level for short transportation distances. For long distameorder levels
affect solely optimal reorder quantities. Chaabane et al. (2011)mraseethodology for
designing sustainable supply chains including carbon emissions tradiegudatory con-
straints within classical economic objectives. They further take into at@maisions on
supplier and sub-contractor selections, technology investments, asgdrtation modes
and present a MIP approach. Two objective functions are regastiede one includes
classical economic objectives, i.e., the minimization of transportation costs olénall
supply chain and the minimization of overall carbon emissions. They are cethlgading
to a multi-objective optimization model. Abdallah et al. (21012) propose an EQdgho
cluding shipping costs, inventory management, and reverse logisticss8themd Godfrey
(2002) study an EOQ with the inclusion of a cost function of shipping.

6.3 Rework and Closed-Loop Supply Chain Management

Items that passed their lifetime in the production process due to variousiseasght be

subject to rework actions in order to re-use them in the production goResvork pertains
to the field of GSCM and present a sustainability option. It includes all mgoactions

required to transform products that do not meet pre-specified quatiggm@re) in a way
that they regain quality standards; see, e.g., Guide et al. (1997), Tandt&lapper (2001),
Flapper et al. (2002), Teunter and Flapper (2003), Inderfurth €@05).

6.3.1 Classification and Organization

Generally, rework actions might be due to company-internal problems auption, e.g.,
unplanned waiting times or out-of-control production systems leading tatilefdtems.
Rework takes place before items are distributed to the customer in contrasytdimg or
remanufacturing; see Flapper et al. (2002) or Pahl (2011). Besa&ieanufacturingencom-
passes industrial processes where worn out products that ameeftom the customer are
restored tdike-new conditionghrough a series of actions, e.g., disassembly, clearing, re-
furbishing etc.; see Clegg et al. (1995), Guide and Spencer (198Vaskan (2004), Zhao
(2011). In contrast to this, the terracyclingis used for the recovery of (raw) materials of
used products, e.g., the copper of electronic parts. For that pumgbdseed products are
disassembled. Recycling and remanufacturing pertain rather to the éxéserae logistics
system whereas rework is related to company internal actions or pes¢eg® also Figure
6.3 for a graphical presentation of system components. Lund (1988)dps criteria and
classification for remanufacturing options regarding products; sedaisder et al. (2006).
For reviews on production planning and control for remanufacturirggrélader is refered
to Guide (2000), Junior and Filho (2011).
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In order to study depreciation effects and rewarkline is differentiated fronoff-line
andsingle-stageversusmulti-stagerework; see Pahl (2011). Off-line production employs
different production resources. Moreover, in a single-stage ptairework system, de-
fectives or reworkables become available for rework after passingesitant production
process. In a multi-stage production-rework system, items may be availabtgpassing
only a part of the production process and thus might need to revisit jos parts of the
production process; see Flapper et al. (2002).

6.3.2 Literature Review of Related Models

Rework and remanufacturing issues are often approached usingumrgitime formula-
tions such as EO@tonomic production quantity (EP@nd its stochastic version where
it is assumed that a constant fraction of production batches acquirecet diedt can be
adjusted reworking the items of that batch; see Pahl and Vo3 (2011)idat®n may
increase while parts and products wait for their turn to be reworked whearkases costs,
accordingly; see Teunter and Flapper (2003). Priority rules regardimorking and regular
production are developed for production planning and control; seas$ava (2007).

Discrete dynamic models for production-inventory planning including lot gizieci-
sions and remanufacturing or rework options are very scarce to @é&t@jso Teunter et al.
(2006). There is an increasing number of models for reverse logisticarinformulated as
network flow problems; see Srivastava (2007) as well as Fleischmaain(@897), Guide
(2000), Dekker et al. (2004) for overviews.

Dekker et al. (2004) provide a review on reverse logistics and Flagtpalr (2002) on
planning and control of rework in the process industry. Optimal replemést and disposal
policies for product recovery including lead time considerations arepted by Inderfurth
(1997). Studies on stochastic effects on remanufacturing are pravydiedierfurth (2005).
Moreover, Zargar (1995) develop queuing models to study the effeetvmrk policies on
the cycle time. In general, rework increases cycle times and processitsy loot decreases
wastages. He uses simulation to analyze the effectiveness of their pdopokcies. His
simulation study shows that for a facility with three (re-) workstations thakwaba 85% uti-
lization level decisions on rework may increase the cycle time by 10%. Tdrergdolicies
that aim at minimizing variability and the variance resulting from different rkvpmlicies
are the most effective. The planning problem of regular productiorides and rework lot
sizes is studied by Inderfurth et al. (2005) proposing an EOQ formulat@ading deterio-
ration of reworkables whereas Inderfurth et al. (2006) regarddiding decisions implying
operative (short term) planning and control rather than the tactical ipigtevel. The same
is valid for Inderfurth et al. (2007). The problem of setting inventoridhmg cost rates in
a production environment with reverse logistics that accounts for aveasgs is examined
by Teunter et al. (2000). Forcasting issues regarding reverse legsticliscussed in Toktay
et al. (2003). A discrete dynamic and deterministic mathematical model inclueingr-
ufacturing is presented by van den Heuvel (2004) extending the @a¥gagner-Whitin
(WW)model, accordingly, so that demand can also be satisfied by remanufactturened
items that have the same quality after remanufacturing. The amount of itenes that
need remanufacturing is known in advance. He shows that already dhilepris generally
NP-hard.

Clegg et al. (1995) present a discrete-dynamic linear programming modedimg pro-
cesses of 1) assembling new products with new parts, 2) partial disdssgieud reuse
returned/recycled parts of products, 3) remanufacturing includirtgppdisassembly of re-
turned/recycled products and replacement with new parts which may intipdeading”
remanufactured products for new functionalities and disposing replzaresl and 4) com-
plete disassembly for reuse or disposal of parts. The model includesitioels inventory
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balance equations and capacity contraints for regular productionsdisa$y, disposal, and
assembly. Besides, the objective function regard the maximization of prafiisiing sales
revenues and total costs for overall inventory holding, disposal, fjecimaplete disassem-
bly, assembly, and raw material procurement. The model allows for ansisadgarding
the effects of demand variabilities, cost structures, and their changesasfifct to legisla-
tion concerning remanufacturing, recycling, and disposal schemeslén tar develop and
implement efficient remanufacturing strategies.

A network flow formulation for a production and remanufacturing model ippsed
by Golany et al. (2001). The assumed situation includes deterministic dematnchthbe
satisfied by regular or remanufactured products in a finite macro period Grieoh where
three options for returned items are available, i.e., 1) remanufacture items wmdtthined
item storage, 2) keep returned items in returned item storage, or 3) disgiageed items.
The first option might require actions of inspection/testing, cleaning, ¢isdsy, replace-
ment of parts, reassembly to regain “as good as new” conditions of réatimed products,
and associated costs. The second option entails costs regarding ttatispin/out storage
spaces, special requirements for inventory holding (cooling, etc.}rattmonitoring of
items etc. whereas disposal causes transportation out the storagéospaltertion stations
or landfills, disassembly of hazardous materials and distinct disposalestenRes need to
be regarded in case that disposed items are sold on a secondary megk@plany et al.
(2001). Deterioration or perishability effects are not included, so #tatmed items can be
hold in inventory to an unlimited extend and used as many times as necessasjrabk.

Corominas et al. (2012) present a single product dynamic producttaf&iine reman-
ufacturing planning model further regarding lost demands, overtime withitaiodimits,
and limited storage capacities. They account for transportation costsf-ifietime for es-
timating returns and condition-dependent remanufacturing. Credits ame italo account,
too, so that the objective is to maximize net earnings where nonlinear relatiensgarded
between returned items and their prices. The latter is linearized using a fgedavear
function.

6.3.3 Mathematical Issues Regarding Rework and Remanufacting

Extensions to the classical EOQ model in regard of remanufacturing amtkere pro-
vided by several authors. Remanufacturing is accounted for to thet ¢élgdgrihe assump-
tion is made of a flow of returned items that may be worth reworking or must pesbsl,
in some way increasing the storage of reworkable items. This is depicted irefddgu

non-defective

production
Input lot size
—_— |
machine
T L T e AP
reworked productl.on > reworked
lot size ! acquiring adefect  production
* in production or lot size
storage 1 while waiting
rework- '
s 4* """ decision if item returns
< reworkable or
reworkable returns to be disposed

ldisposal

Figure 6.6: In-Line production and rework system including exterrtatns; see, e.g., Yum
and McDowell (1987), Richter and Sombrutzki (2000), Richter and &vép001) for simi-
lar illustrations.
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The storage of reworkables is filled with items that acquire a defect in ptioduor deterio-
rate while waiting and handled within the production system together with ekxretnans
of used items that might be reworked or have to be finally disposed. Faetmsdn, a point
is introduced where decisions regarding rework or final disposatafmed items are taken.
Assumptions on the point of origin of reworkables raises the complexity afybeem, es-
pecially when amounts of return flows are unpredictable or uncertaireyfate assumed to
be deterministic, the issue is less critical, but still needs to be integrated ingpicdplan-
ning. Besides, returns may increase inventory costs and machine utilizatiotecreases
replenishment of new items and, therefore, is a strategy not only in line wsthieability,
but also regarding increases in profits due to decreases of proatreosts.

A discrete-dynamic and deterministic situation assuming that items are returteed ex
nally and remanufactured on the same single workstation is studied by vaHealerm!
(2004) who proposes the following model formulation. The model assunsaggée pro-
duction workstation that produces a single product regarding a platingon divided
into discrete macro periods. Backordering is not allowed and initial anith@ivzentory is
assumed to be zero.
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The model is stated as follows:

.
minZ(sc'yt+pc-xt+h-lt+rsc-y{+pcr-x{+h-|{) (6.1)
t=
subject to
le =11+ X% +X — vt=1,...,T (6.2)
=1 +G—X vt=1,...,T (6.3)
T
xtéz\dt~yt Vt=1,...,T (6.4)
t=
T
x{gzldt-y{ vt=1,...,T (6.5)
t=
lo=1y=Ilr =15 =0 vt=1,...,T (6.6)
X, X I, 1 >0 Vt=1,...,T (6.7)
i, Vi € {0,1} vt=1,...,T (6.8)

wherepcdenotes the processing cost factor for regular produatsarthe rework setup cost
factor, pcr the processing cost factor for rework processiigstates the setup variable for
rework lot sizes in period, andl{ the inventory holding cost factor of rework or returned
items in period.

The objective function (6.1) minimizes total costs for setups for regulatymtion, pro-
cessing, and inventory holding as well as the same total costs for renarnbeir remanu-
facturing. Equations (6.2) give the inventory balance stating that inwemtqureriodt must
be equal inventory holding from previous periods plus production ifodeérand remanu-
factured items denoted by in that period less those items that are taken for demand sat-
isfactiond;. Equations (6.3) state the inventory balance regarding rework/rencinife
requiring that inventory holding of reworked items in periatenoted by is equal to inven-
tory holding of reworked items in previous peridds 1 plus those items that are returned
from an external source, e.g., customers or other supply chain martlesroted by less
those items that are reworkex] (in periodt. A setup is required if regular production or
rework processing takes place that is invoked by Constraints (6.4)6ab) (espectively.
Initial and ending inventories of regular and reworked items are requirdge zero by
Equation (6.6) whereas non-negativity restrictions and definitions ofyoweriables are
provided by Constraints (6.7) and (6.8), respectively. The model igt@ngion of the WW
model, consequently, no capacity restrictions are included; see alsoRindt&ombrutzki
(2000), Richter and Weber (2001) for WW formulations with remanuféoguoptions. A
similar model is proposed by Golany et al. (2001) for remanufacturingy Tinopose the
employment of the following relation to demand for a single product with a fixpdriod
cycle of utilization and a fixed non-usability fractiorP:

Gi=(1-a®.Dy Vt=1..T (6.9)

The advantage lies in the substitution of input parameters to the model. Furteeoinoos-
ing carefully the relation between demand and return flows can lead to regliattical

situations, so that the model might be employed; see Golany et al. (20Qhaks for

return flow are determined in practice by using forcasting techniquesrthabplemented
in APS and MRP Il software solutions; see also Guide and van WasseI{p009). Zhao
(2011) use forcasting techniques based on regression analysistaridaisdata in their
stochastic dynamic model. Yang et al. (2005) give a proof that the mod&-isaxd in case
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of all cost factors being stationary. They propose a heuristic for thiglgm with minimum
concave costs.

Teunter et al. (2006) study a joint setup cost model for regular ptamuand remanufac-
turing as well as a separate cost model for both production types absiriiom capacity
restrictions. Their second model is equal to the model of van den He2Q@4]. They pro-
pose modified heuristics regardiBiver-Meal Least Unit CostandPart Period Balancing
and compare their performance. They further mention that a disposahdptioeturned
items might not lead to decreased costs if the return rate is not significantlynhiglation
to the demand rate, i.e., over 90% while the demand rate is rather low.



Chapter 7

Models Incorporating
Load-Dependent Lead-Times

There are various models accounting for the nonlinear relationship betese times and
utilization or workload of production systems. Performance-related modeisnalsied
production-performance models (PRjke this relationship into account by determining
lead times according to the workload of the system; see, e.g., the models afischiémer
(1999), Vo3 and Woodruff (2006); see Section 7.1.

Another branch of models differentiate between WIP and FGI that expliciégisesent
WIP flows through a production resource, so that output is related to swasure of WIP
levels within the planning period. The nonlinear relationship between thessiaevari-
ables that might be subject to congestion is captured by related constraihésrimodels.
We refer to these models aslease-productioifRP) models. They uséearing functions
(CFs) to integrate the relation between WIP, lead times, and FGI (systent)psgriMiss-
bauer and Uzsoy (2011). These models are discussed in Section 7eakvation of all
presented approaches is given in Section 7.3.

7.1 Production-Performance Models

Classical discrete dynamic production and lot sizing models that pertain to B&lsrare
triggered by known (deterministic) demand in discrete time periods that musifided.
That means that products must be produced in time, but as late as possiktadtona
creasing inventory holding costs. In case of complex BOM structures or timiveninal
capacity, parts may be produced ahead. They are produced as laiss#depto prevent
higher inventory holding costs, as well. Such systems are also referesdoll systems;
see Section 5.2 which is valid for MtO environments. Consequently, ortbases are trig-
gered by externally given demand, so that they are not decision variakhés directly
influences capacity utilization/workload and thus lead times. Utilization of capaaitay
be, to a limited extend, subject to management decisions, so that mathematicks mage
contain some constraint to limit high resource utilization; see, e.g., Sectioné&s#lds, ca-
pacity constraints are modeled as dependent on the workload, so tbatfoa is limited,
accordingly.

7.1.1 The Model of Lautenschlager

The PP model of Lautenschlager (1999) restricts production regardirepsed utilization,
so that the amount of production that can be produced in a period is limiteddatg to

1The name has been proposed by Lautenschlager (1999).

42
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resource utilization. Increasing utilization permits the production of a dsicrgamount

of products in a period, so that a specific amount is shifted forward toqu® periods. At
100% utilization, a predefined maximal amount of products is shifted forkwae Lauten-
schlager (1999). Lautenschlager (1999) distinguish WIP/FGI raggpdhysical production

and theavailability of products where physical production takes place in previous periods
so that items are available only in subsequent periods. This can be cahvpdreinven-

tory reservation” where parts are “booked” or assigned to FGI erdédre resulting plan

of the model of Lautenschléager (1999) gives inventory holding as semurence of system
utilization, workload, or performance that becomes the evaluation variétiie eystem. In

the following, the model of Lautenschlager (1999) is examined in more details.

7.1.1.1 Assumptions of the Basic Model of Lautenschlager

The model of Lautenschlager (1999) is based on the classical assusnpfitime multi-
level capacitated lot sizing model (MLCLS#Rat are modified and extended to incorporate
capacity-related forward shifting (see also Derstroff (1995)) thatstated as follows:

1. A discrete dynamic model is developed subject to deterministic data within a finite
planning horizon that is divided i discrete time periods of equal length (“time
buckets;” see Suerie and Stadtler (2003), Suerie (2005));

2. Multiple products withi=1,... N that might be linked via a BOM given by a matrix
of predecessor/successor and denoted;pyre produced on production resources
w with w = 1,...,W subject to capacity constraints given by parameter,Cégy
production resources in periodt;

3. Customer demarid; for FGI of product in periodt is deterministic and varies from
period to period;

4. Backlogging is not allowed;

5. Initial and ending inventory holding can be pre-defined and needetwsssarily be
zero; see also Stadtler (1996);

6. Inventory holding costs are proportional to inventory holding at the @nthe re-
garded time period;

7. A difference is made between parts and products in the productionrsyisté are
phyically produced and their “disposition;” see also Figure 7.4 on Pagé&ls4.is
expressed and modeled by different production modes denoted, 2 wherem=1
denotes both production and disposition in petiothe second mode = 2 denotes
pre-production in periotl— 1 for disposition and demand satisfaction in periaxt
subsequent periods. Due to the distinction of physical and “disponibl&’ Mven-
tory, the inventory holding costs are attributed to physical inventory usirerhelon
inventory holding cost factor.

8. Variable per unit production and (raw) material costs a assumed talstaod;
9. Every product can be produced in every time perigd

10. Setup costs and times take place in petiighroducti is produced. Setup states are
not carried over to the next period.

11. The objective of the basic model is to minimize inventory holding and setip;co

12. The capacity constraint, also hamed FS-curve, defines the relativedmeproduc-
tion and utilization of a production resourads assumed to be linear.
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7.1.1.2 Mathematical Formulation

Based on the above stated assumptionsbdi-level capacitated lot sizing model with
forward shifting times (MLCLSP-F®¥ Lautenschlager (1999) is stated as follows:

N T N N T
min SG-Vie+ S T hi-lig+ T—t+1)[he-xo _ph.D 71
izlt; s i; e i;t;( ) (7 i-De]  (71)

subject to

X0 = =1 4 -2 Vit (7.2)
M N
lip = lit—1+ z Xt — Z aj 'th?tal— Dit Vit (7.3)
m=1 =1
N
Zlfiw 0@ < Cap,, v wt (7.4)
i=
N N
ZEiW'XiT:l < aw-Capy — Bw- Zlfiw'xittotaI v w,t (7.5)
= =
xRl < v/ Ly Vit (7.6)
Xit, X0 x> 0 Vit (7.7)
yie € {0,1} Vit (7.8)

The objective function (7.1) minimizes the costs for setups, initial (physiceénitory
holding at the beginning of the time horizon, echelon inventory holding cost$alproduc-
tion of (physical) itemsx°®) less inventory due to customer demadg Equations (7.2)
state the total disponible production quantity of produntperiodt which is composed by
the sum of produced items in periddor disposition and demand satisfaction in period
(modem = 1) and the amount of items produced in periddr use in period + 1 (mode
m = 2) thus produced in advance in peritdThe inventory balance equations presented
by (7.3) state that inventory of produictn periodt is composed by inventory of product
i of the previous period — 1 plus the sum of produced itenhsn periodt less the sum
of itemsi required to produce (immediate successor) iteim periodt and less customer
demand of item in periodt. Inequalities (7.4) require that the capacity used to produce
the sum of items in periodt is less or equal operational capacities Gapf production
resourcew in periodt.? Inequalities (7.5) restrict production amounts of itein periodt
produced in moden = 1 wherea,, and 3y are the shape and the slope of the FS curve for
production resource, respectively. In other words, production in made= 1 is restricted
by the operational capacity that is not used by production and setupteriszhlager (1999)
assumes that operational production is already consumed by “booked” production, thus
production in modan = 2 that is shifted forward in — 1. Therefore, production in mode
m = 2 can be interpreted as WIP where releases take place alreadyliras in the mod-
els of Asmundsson et al. (2002, 2006a); see also Missbauer ang (24bl). The total
amount of production is linked to setups via Inequalities (7.6). Inequalitig} génote the
non-negativity constraints and Constraints (7.8) require the setup hayjabo be binary.

In the following, we examine in more details the FS capacity constraint.

7.1.1.3 Determination of Parameters for the Production Forward-®&ifting Curve

Lautenschlager (1999) determines the course of the FS curve by twosanideameters
by, ande, whereb,, denotes the utilization of a workstatiamwhen forward shifting of

2The termoperational capacitys discussed and defined in Section 5.3.



7.1. PRODUCTION-PERFORMANCE MODELS 45

production tot — 1 starts. The parametey, gives the part of production that is shifted
forward at 100% utilization; see Figure 7.1.

Production in a) Production in b)
units per time units per time
100 100
=1
80 ew 80 xm ey
At 100% utilization, 80 units At 100% utilization, 20 units are
Xm=2 of products are shifted for- produced in mode m=1 and
60 ward for production in t-1 60 80 units are produced in mode
m=2 thus shifted forward.
40 40
At 50% utilization,
20 products begin to be 20

shifted forward for
production in t-1

20 40 60 80 100 Utilization in % 0 20 40 60 80 100 Utilization in %
bw by

Figure 7.1: Example of a forward shifting curve; modified from Lautelisggr (1999).
These parameters serve to determine an appropriate or assumed F3\fwitbtfgarameters
ay and B, that limit production in moden = 1, thus production in periotavailable int
given in Inequalities (7.5). Parametay is defined for an intervdl, 1] and parametes,,

for an interval]0, 1]; see Lautenschléger (1999). In order to determine paramajeaad
ey, Inequalities (7.5) are simplified assuming a single product, time period arkdtaton:

ExX™! < a-Cap—p-&xod (7.9)
The capacity utilization of a production resource is given by

E_Xtotal
B Cap ’

so that the shifting forward constraint (7.9) can be reformulated as

m=1 < @
¢

As stated in Equation (7.2), the overall sum of production is composed hyrditeiction

of items manufactured in mode = 1 thus without being shifted forward and items shifted

forward and thus produced in mode= 2. Consequently, the part of items that need to be
shifted forward due to a certain level of utilization is given by

X

la—B-p].

m=2 m=1
s X . X
parf  ytotal T 1- total
xm=2 a
- total :175+B (7.10)

and the part of production that is produced in mate 1 is reduced, accordingly

X™1  a-Cap
wotal —  ytotal -B

(7.11)

where these parts follow a nonlinear function. This becomes clear asishaive upper
graph in Figure 7.2.
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Figure 7.2: Parts and amounts of production in mptde 1 andm=2in % fora = 1,2
andp = 1,0 with parameters = 0,8 andb = 0, 6 for utilization values 36- 100%.

Assuming that at 100% utilization the part of items that are shifted forwardistdd by
e (see also Figure 7.1) and that the shifting forward of items begins at an tiifizgiven

by b, the following two inequalities can be formulated:

xm=2 a
_Xtotal(b): =>1+B_BSO
Xm:2

Hence, the parameters of the FS curve are calculated with

q— eb
~1-b

e+b-1
B= 1-b

vV b > p;providedb # 1

YV b > p;providedb # 1.

(7.12)

(7.13)
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Nevertheless, as the paramdielenotes the utilization when forward shifting of production
begins, the parameters and thus the FS curve are defined beginingtiizatian denoted
by b. Therefore, the amounts of production in made= 1 andm = 2 are determined for
each utilization value

xm:c:p[aﬁ-p] (7.14)
XI'TIZZ —_ Xtotal _ Xm:]_ (715)

where the amount of™=2 increases linearly with an increasing utilization ax¥i de-
creases, accordingly. These definition of the parametensd3 present a linear FS graph;
see also Figure 7.2. Table 7.1 gives parameter combinations on whacid 3 are calcu-
lated.

Table 7.1: Parameter combinations to determine FS curves

evalues
bvalues FS values 6 08 10
03 o 0.26 034 043
' B —-0.14 014 043
06 o 0.90 120 150
' B 0.50 100 150
08 o 240 320 400
' B 2.00 300 400

The restrictions regarding production in moehe= 1 might lead to problems finding
a solution for data sets, especially those with an increased demand in init@dgerhe
model of Lautenschléager (1999) shifts forward production in relatioegource utilization.
However, it does not prevent high utilization in any time period as forwhiitirsg of pro-
duction leads to high utilization up to 100% in previous periods. Therefosdtesses
the problem, but does not really solve it; see also Section 8 for a more detaddsis on
forward shifting and production modes.

7.1.1.4 Integration of Overtime

The integration of overtime allows for flexibility in case of high utilization of protion
resources. Lautenschlager (1999) integrates overtime by modifyin@faeity restriction
given in (7.5) as follows:

N
Zéiw‘xi’{blgcmﬁom vwt (7.16)
i=

whereQ, is the overtime of production resouraan periodt. The objective function pre-
sentedin (7.1) is extended, accordingly, to account for increas¢sidosto overproduction

by the termz‘\f\,":1 z;locwo\,\,[, Vv w,t. Figure 7.3 depicts the case that 70% of products are
shifted forward in case that utilization increases by 40% to 140%.

In order to capture the additional amount of items that are produced, mogeluction
modem = 3 is defined that is positive in case that the FS curve would restrict arasere
over 100% utilization. Thus, the increase of the amount of produced iteentocavertime
is given byx{ =3 and added to the overall production amount given in (7.2) as follows

RO AT i (747
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Part of production that needs
to be shifted forward in %
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20 0 60 80 100 120 140

Figure 7.3: Extension of the FS curve to overtime.

The inventory balance equation presented in (7.3) is modified including tigosal pro-
duction amount:

M N
lip = lit—1+ z Xﬁn%—X.T:g—zaij)?ittOtal—Dit Vit (7.18)
m=1 =1

The nonlinear FS curve is employed that can be approximated by misingight lines and,
consequently, breakpoints to define the FS curve presented as follows:

N N
Zifiwxml < awn-Capy — Zlﬂ””’ & vYwnt (7.19)
i= i—

Additional items due to overtime that are shifted forward need to be stockkthas cause
additional inventory holding costs, so that the model should prefer fapédmal solution
to increase the amount of items produced in mwde 1 in order to avoid inventory costs.

7.1.2 LDLT by Vof3 and Woodruff (2004)

Woodruff and Vol3 (2004) regard LDLT together with routing alternaivean aggregate
planning model. Routing alternatives and choices regarding subcomsgraceodefined for
each part, also denotestbck keeping un{iSKU), via input data denoting related substitutes
for items. Alternatives are grouped according to the master SKU which isithé-Gl item
subject to external demand. Estimates of lead times are integrated usingipeestimates
of utilization, so that the differences in lead times from one breakpoint ofpikisewise
function to the next is one macro period; see Woodruff and Vo3 (200#y discretize
the utilization-lead time curve using integer variables to formulate constraints¢hate
which segment or breakpoint of the curve is active in a time period. Estimaadditaes
are integrated in the model using the following terms:

R R
Lt =) pirt - Lir with Pt =1 Vit (7.20)

2 2
The Equations (7.20) denote active lead time variahle$or a SKU i at breakpointr

where the selection variablg: sums up to one modeled apecial ordered set type 1
(SOSDvariables. Furthermore, Woodruff and Vol3 (2004) add the constrain

R
ZBFI’r'pil’t 2Pit(x) vit=1,...,T (721)
r=1
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whereBR; is the set of utilization breakpoints for SKithnd lead time breakpoints The
approximation to resource utilizatign (x) is stated with

N
pit (X) = -Z(EiWiXit +Stiinit) v |7t = 17 cee 7T (722)

where the variablg; (x) denoted resource utilization by Woodruff and Vo3 (2004) gives
the planned used capacity resources. In the following, the term “utilizaisaoather used as
the planned employed resource time divided nominal capacity in a time pereasglidlities
(7.21) require that the lead time selection takes place according to the wehrKloaindex

w; denotes the bottleneck of the production system dependent ori.SKally, lead times
are prevented to be longer than one time period by

R R
> Pigrr-bi =y p-lie <1 Vt=1....T-1 (7.23)
r=1 r=1

This constraint prevent that production in a period could be modelediag bempleted

after job releases in the next period; see Woodruff and Vo3 (200¥) complete model is
stated as follows:

T N R
mint;i; SGYit + (hvw -r; Pirt +ac.> Xt +hilf +bg - Iit] (7.24)
subject to
t
li (6 y) + > d(i,u) > (pi —1)-V Vi,rt (7.25)
u=1
N
Z(Eimt+st,—yn) <1 Vi, j (7.26)
i=
Yit = % Vit (7.27)
R
Pt =1 Vit (7.28)
2P
ZBPr Pirt < pit (X) Vit (7.29)
Zp.rt Lir > Zp.rt+1 Lir —1 Vt=1,....T—1 (7.30)
pir SOS1 across Vit (7.31)
lay =0 Vt,ac A (7.32)
lag =0 Vt,ac A (7.33)
i =l =le(xy) > (1= pin) -V Vit (7.34)
i =l —le(xy) < (P —1)-V Vi,nt (7.35)
yit €{0,1} Vit (7.36)
Il >0 Vt,a#A (7.37)

where inventoriesi; (x,y) for SKUsi employed in Inequalities (7.25) are determined pro-
vided thatA; #0

t t

N
li(xy) = Xa,tLa+|i,Oz<diu+zajj'Xju> Vit=1,....T (7.38)
=1

u=1lachA u=1
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The objective function (7.24) minimizes the sum of setup costs, WIP holdistg,deGl or
master SKU holding costs, and backordering costs. The latter also sgptasdiness costs,
so that waiting time-independent backordering is allowed. WIP holding eostsnhanced
by marginal costag using an alternative SKU. The objective function includes WIP
holding costs based on Little’s Law extracted as follows:

TN R
t;; (hw.. ;pm .|_i,> it (7.39)

Inequalities (7.25) require that inventory and the sum of external desnanedgreater
than the decision variablgs: — 1 multiplied by a big number, so that related lead times
are prevented from jumping down more than one period. Inequalities (fo&&) the sum
of processing and setup times for SKlth periodt to be smaller or equal 100% ressource
utilization. Inequalities (7.27) require binary (see (7.36)) setup varidblbe greater than
zero in case of production, thug > 0. Inequalities (7.28), (7.29), and (7.30) state the
constraints regarding LDLT that prevents the lead time from being longerdha time
period. This would lead to passing of jobs, so that production of a SKU értiome period
could be modeled as completed after its release in the next period; seeuffi@odt Vo3
(2004). Equalities (7.32) and (7.33) require zero production for m&iféls that is given
for each substitution group through related input data. Inequalities (@r@4{(7.35) restrict
backorders and inventory holding, respectively. They form togettithr Statement (7.38)
an inventory balance. Inventory for SKiUin periodt is given by the sum of production
of SKU-alternativea in time periodt — L5 wherelL, denotes the estimated lead time of a
SKU-alternatives, initial inventories of SKU in time periodt = 0 less external demand for
SKU i up to periodu = 1,...,t and SKUs that are needed to build one unit of SKUIn-
equalities (7.37) and (7.36) give non-negativity constraints on inveatuysetup variables,
respectively.

In classical LP-formulations, it is frequently assumed that productioalsgaleases of
periodt —L;, thusxy = Rit—; whereL; denotes some fixed lead time (Missbauer and Uzsoy
(2011)) integrated using index transformation. The objective functidNaddruff and Vol
(2004) becomes nonlinear duefg - xi wherepj; are decision variables modeled as SOS1,
so that the model becomes hard to be computationally solved; see also Misabdlzsoy
(2011).

7.2 Release-Production Models

Replease-productiofRP) models also denoted WIP-based models (see Missbauer and Uz-
soy (2011)) differentiate between production of parts that are in thersyas WIP and FGI

that are available for demand satisfaction. These are captured bydiffeventory balance
equations in mathematical model formulations. While FGI is subject to planninghand
output of the planning process, WIP depends on releases and is sigthffimfluenced by

the realized lead times; see Section 5.1 and the (throughput) performathespobduction
resource; see Missbauer and Uzsoy (2011). Note that Missbadidizzoy (2011) refer to

this as thdlow time These models relate resource output in a planning period to some mea-
sure of WIP levels at the resource during this time period. For instanagiegFigh depicts an
order release of 20 units of product A in period 0 of a discrete time scale (“time bucket”;

see Suerie and Stadtler (2003)). In petied 4, 60 units WIP of product B are released, so
that a total of 80 units of parts for products are present in the produsyistem. Physical
production starts in period= 9 producing 20 units of product A and, in peribe: 15, 60

units of product B that are put in stock to serve demand in a later perigueriadt = 20,

15 units of product A are taken from FGI inventory to satisfy demandehiodt = 25, the
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remainder of FGI of product A and B satisfy demand, so that the produsyistem includ-
ing inventory is emptied. The amount of WIP inventory or “released otderthe system
waiting for production is thelescriptive or evaluation variablef system performance; see
Lautenschlager (1999).

FGlinventory items produced in period t are available for demand or inventory
production at the end of period t thus the beginning of period t+1

course of FGI inventory

Demand of products
WIP inventory

Job releases
FGI .

90 4+ demand of 15 units
i of product A in period

80 t=20

70T demand of 5 units
1 of product A in period

60 -} order release of production of t=25
4 60 units of 60 units of demand of 60 units

50 product B product B of product B in period

t=25

40

30 + WIPof 60  production of
1 “"“ds °ft 6 20 ‘:j““st ;f 60 units FGI 60 units FGI

> produc produc of product B of product B
order release > 20 T WI!-" of 20
of 30 units of T WIPof20 units of 20 units FGI 20 units FGI 5 units FGI
productA 10 + units of product A of product A of product A of product A

-+ product A

0 —t—t———t+—t+—+— T — T T T T T T T T T +—t—t—t—t—> t

9 15 20 23 28

Figure 7.4: Course of WIP and FGI inventory.

CFs present the expected output of a production resource or, iro€aggregate pro-
duction resources, workcenters, as a function of a suitable measaggdgate WIP of
all regarded products, e.g., the average WIP over a period, two or peoieds, or total
available WIP or load meaning the sum of initial WIP of the planning horizon\&itel
resulting in that period; see Missbauer and Uzsoy (2011). For instAsceundsson et al.
(2002, 2006a) use a kind of average production quantity to get somemWure, i.e.,
1/2(xit +Xit—1). LDLT are taken into account by the nonlinear clearing function and are
calculated using Little’s Law, but not explicitely modeled, so that the probleassum-
ing some fixed lead time for use in, e.g., index transformations, is avoidedo&liss and
Uzsoy (2011) note that CFs resemble some concepts given in dynamic asdfgnment
literature that is interesting when thinking of lot sizing models formulategleswork flow
problem (NFP) see also Carey and Subrahmanian (2000), Carey (2001), Nahaaty
Lawphongpanich (2007).

7.2.1 The Concept of Clearing Functions

The concept of clearing functions has been introduced by Grav86)18ing a constant
proportional factor to denote the clearing of WIP of a production resoiur relation to its
utilization. Graves (1986) uses a linearly increasing relation that allowstanited capac-
ity. This concept is modified by Karmarkar (1989) and Srinivasan e188&) who regards
the nonlinear relation between lead times and workload/utilization employing iotefzic-
tors” o (W) that are nonlinear functions of WIP yielding the following form:

Capacity= a (W) -W = f(W) (7.40)
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where f(-) denotes the clearing function that can be derived using a variety ofiénat
forms or relations, e.g.:

w(W) = kk21j~LV\>/V (7.41)
G2(W) = kp(1—e W), (7.42)

The first functional form has been proposed by Karmarkar (1988)tlae second form by
Srinivasan et al. (1988) wheke denotes maximum capacity akglgives the slope of the
curve, i.e. the degradation of productivity; see Figure 5.4 for a ptasen of a clearing
function. Smaller values d%, lead to steeper curves; see Figures 7.5 and 7.6.
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Figure 7.5: Clearing function of Karmarkar (1989) for differégpvalues.

Elmaghraby (2011) proposes another functional form in order to mitigateftact that
capacity utilization approaches 100% only in case of an infinite WIP, or, eratiords, a
significantly high amount of WIP in the system

(W) =kW3e ™™  witha,b>0,0<W <W < (7.43)

whereW denotes a finite upport bound on WIP, thW8P' = a/b, so that a maximum value
is reached and does not increase infinitely high while approaching tapexacapacity.
Various researchers integrate this concept in their optimization models, srgynalsson
et al. (2002, 2003, 2006b), Hwang and Uzsoy (2004), Kim and YJ£2006), Missbauer
(1998, 2006b), Caramanis and Anli (1999), Orcun et al. (2007)jdr{2002), Selcuk et al.
(2008).

7.2.2 Lot Sizing Model of Karmarkar (1989)

Karmarkar (1989) uses a nonlinear clearing function to representutipeitoas a function
of the average WIP in the production system. As pointed out by Karmatle9], the
form of the curve is also valid for synchronous deterministic flow lines witichzd flows.
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Figure 7.6: Clearing function of Srinivasan et al. (1988) for diff¢lervalues.

Assuming production of a single product on a single production res@mndeabstracting
from multiple periods, he proposes the following function for the actuabperational

production ratep:
X

p= c
Karmarkar (1989) defines the cycle tir@eas the sum of setup times and production pro-

cessing times regarding production amoxidivided by the nominal production processing
rate, thus

(7.44)

c=Stt (7.45)
p

wherep denotes the nominal processing rate in a sense of maximal or best pmgaass
that does not include stochastic negative influences and states thewdietae machine
operates at its less resource-consuming level, e.g., regarding emetgytreer auxiliary
production means. Moreover, Karmarkar (1989) substitutes lot sime®rms of WIP over
all workstations thus using=W /N whereN the sum of workstations. The formulation for
the operational production rateis given by

p-W

N pSW (7.46)

P

The utilization for aM /M /1 queuing system is stated as follows (see also Buzacott and
Shantikumar (1993), Karmarkar (1989), Zijm and Buitenhek (1996)):

p=Ap= -+ (7.47)

X
L=—F5 Pt (7.48)
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abstracting from setup timesto keep things simple for deriving the CF, writing total WIP
asW = Lp, and substitutind =W /p results in
_pW
COXHW

p (7.49)
This CF can be depicted as shown in Figure (7.5) assuming the form gi@mit). Kar-
markar (1989) implements the CF given in (7.49) in a discrete dynamic optimizatidalmo
assuming a single product. The model is stated with

T
min Zl(hw-w+h-lt+pc-xt+19 ‘Bi+rc-R) (7.50)
t=

subject to
W =W_1+R—X vt (7.51)
It =lt—1+X%+B1— 0 vt (7.52)
% < f(W-1,R, pt) vt (7.53)
X, R, W, 1, By > 0 vt (7.54)

where the objective function given in (7.50) minimizes the sum of costs fé& Milentory
holding, FGI inventory holding, production of amouxtin periodt, backordering, and
releases. Release costs encompass, e.g., costs for raw materials. risqg(fatit) denote
the WIP balance equation and (7.52) the FGI inventory balance equatjardieg FGIs.
Inequalities (7.53) denote the CF that is dependent on the WIP of prepeiedst — 1,
releases int, and the processing rate in peribdinequalities (7.54) state the usual non-
negativity constraints on decision variables. Missbauer and Uzsoy)20&pose the use
of the following CF form in such a deterministic model

T T
< f A vt 7.55
t;ftxt < f (t;EtV\Q ( )

whereW denotes a WIP measure given, e.g.\sas= W_1 + R that might be expressed
by time units or workload. If multiple products are modeled, setup times and ceestisto
be integrated into the model and the CF modified, accordingly. A multi-produdehis
provided by Asmundsson et al. (2003, 2006a, 2009), abstractinggedup times and costs
assuming them as negligible.

7.2.3 Model of Asmundsson et al. (2003)

Asmundsson et al. (2006a, 2009) employs a clearing function to deterngnetiiinear
relationship between lead times and workload as Karmarkar (1989). Beey@/G/1 queu-
ing model for derivation of WIP and resource utilization and special gntigs of the CF
to formulate dinear programming (LP)model, so that the model remains computational
tractable. In the literature, there are two methods available for the determioatiom CF.
The first is the analytical derivation from queuing network models andebersl is the em-
pirical approximation using functional forms that can be fitted to empirical. dB¢aause
of the size of practical systems the complete identification of the clearing fanistian
endeavour, approximations are used; see Asmundsson et al. (20062,

Asmundsson et al. (2006a, 2009) integrate the estimated clearing functioomath-
ematical programming model where the framework is based on the productidel wio
Hackman and Leachman (1989) with an objective function that minimizes tmalbwests.
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It is assumed that backorders do not occur and that all demand mustt los ii@e. One
may assume a representation as a graphMitiedes referring to the workstations and a set
A of transportation arcs between these nodes. Predecessors ofatiorissare indicated by
A and successors Ay, respectively.

The multi-product multi-stage model of Asmundsson et al. (2002, 2006a)as differ-
ently with

N T [w r
minzlzll (MWt Wint =+ Niwt liwt + PGwtXiwt + Ciwt Riwt ) +- Z\tciytriyt] (7.56)
i=1t=1 |w=1 ye

subject to
1 r .
Wit = Wiwt—1 + > (Xiwt + Xiwt—1+ Rwt) + Vi,wt (7.57)
yeA (p,s)
1 r .
liwt = |iw,t71+§(xiwt + Xiwt—1) — iwt — Z Vi,wt (7.58)
y€Ao(p,S)
EintXwt < Qe Eiwt Wt + Zint Bt Viwt,c (7.59)
N
leiwt —1 vwt (7.60)
i=
Xiwt, Wit ; liwt s Riwt, Tiyt > O Vi,wt,y (7.61)

where the objective function (7.56) minimizes the sum of overall costs.tieqsg7.57) and
(7.58) state the workload and inventory balance equation. Inequaliti€y give the CF for
multiple products and machines, so that a variagjeis introduced defining the partitions
of utilization for the products that have to sum up to 1 which is required in timué7.60).
Inequalities (7.61) denote the usual non-negativity constraints.

Missbauer and Uzsoy (2011) present the model of Asmundsson 20664, 2009) in a
more compact form with

T N
minzlzi(hWi\Mt-i-hiht-i- pqxat+rciRt) (7.62)

e

subject to
Wi =Wit—1 —Xit + Ryt Vit (7.63)
lit = lig—1+Xit — dit Vit (7.64)
&itxit < Zi ft (Eitzwlt> Vit (7.65)
it
N
Zi=1 vt (7.66)
27

Xit, Wit, lit, Rit, Zir > 0 Vit (7.67)

whereW, is defined as in the model of Karmarkar (1989). The objective functicBR)7
minimizes the sum of WIP holding costs, FGI holding costs, processing eogtselease
costs over the planning horizon-1,...,T. Note that Asmundsson et al. (2009), Missbauer
and Uzsoy (2011) do not sum over all produit the objectiv function. Furthermore, no
setups are included despite the consideration of multiple products.
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7.3 Discussion on Presented Approaches

Previously, various discrete deterministic model approaches are ddbat account for
LDLT. They have some advantages and disadvantages that are disénghis section
starting from RP models.

LDLT are due to high utilization of production resources that can be alssunea by
resulting WIP/workload in the system. RP models incorporate the relationsiip e lead
times and workload by the use of CFs using analytically derived functionalsf or approx-
imations using empirical data or simulation. Consequently, the CF reflects slysteamior,
so that the planning model releases orders/jobs in the production systerthavism to
reduce overall system costs. As a result, due dates are known fifispemand that are
assumed to be fixed in adcance, so that a possibility to decrease the utiliZggfodwaction
resources is to release jobs earlier in the system. LDLT are indirectly inigal using
gueuing models to determine input data regarding the nonlinear relationghipdmesys-
tem workload and lead times. The queue length in such approaches is ricdcedcertain
system performance is reached. WIP builds up due to the differencelén mleases and
production periods. Lot sizing decisions are assumed to be made oniausr@danning
step, so that setup and batching plans are fixed input data to the RP madés. different
to the PP approach of Lautenschlager (1999) that takes into accousizifmf decisions and
their influence on system utilization, inventories, and waiting times.

On the other hand, PP models that assume estimates of lead times, so that lead times
become an input parameter to the optimization model (see, e.qg., the model afuifeod
Vol3 (2004)), approach the problem of modeling the behavior of theuptmoh resource
by computing lead time distributions. This is integrated into the model by constetmt s
accounting for lead time distributions across different time periods; sedtdsbauer and
Uzsoy (2011). The model of Woodruff and Vo3 (2004) further assuwoutings of items
as input data to the system. Such data is frequently unavailable for pradsyttems.
Furthermore, a large matrix of routing decisions is build up for the solutioogz®that is
likely to decrease the solution finding process.

The PP model of Lautenschlager (1999) takes into account capacisyafescdue to the
production mix thus addressing another planning circularity; see Sectidgh Bv@rkload
due to WIP in the system and their processing including required setup timeslededo
differentiating between physical and available production which is a kimds#rvation of
pre-produced items. They can be regarded as being an equal idesinguish between
releasesk;), WIP (W), and productionx;): Missbauer and Uzsoy (2011) state that in lot
sizing, production and WIP have the relation

Xt = Rit—L, (7.68)

so that releases take platgperiods before production. In the model of Lautenschléager
(1999), the release timg = 1 is assumed if we draw the analogy to the regarded produc-
tion modem = 2, so that we may state the foIIowin>git“:2 = R t_(,. Nevertheless, Lauten-
schlager (1999) abstract from setup times in the load-dependenityageatrictions.

The parameters involved in establishing the FS curve in the model of Labtagec
(1999) need to be set very carefully, because it is easy to highly testoiduction in mode
m = 1, so that high amounts of production need to be shifted forward causingaised
inventory costs. Moreover, production in moahe= 2 thus forward shifting is limited by a
classical LP upper bound, so that the capacity constraint is not Igaehdent and permits
high utilization up to 100%.

In the subsequent, capacity management and LDLT are combined fudt@urding
for effects of the production mix with sustainability aspects like wastage avogdand
rework. Therefore, basic ideas from the model of Lautenschla@&9{lare regarded and
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extensions integrated until reaching an overall model including LDLT imfof production
smoothing and sustainability options such as limited lifetimes of items, rework oégass
items, and remanufacturing of returned items. This is due to the objective to mirtimeize
number of fixed input parameters to the model and to apply data from clalsgis&ing
models.
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Combining LDLT and Lot Sizing
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Chapter 8

Production Performance Models with
Perishability

This analysis concentrates on discrete parts production and dynamiagjavirere a finite
time horizon is modeled according to the concept of its division into time buckeits. |
assumed that overtime takes place, but capacity expansion and, cem$ggavestment
in new production entities are not regarded as such decisions are attribute strategic
planning level; see Section 3.1.2.

PP formulations are developed that integrate various features regafdifigand as-
pects of sustainability as presented in Sections 4 and 6. Proposed madalswabized re-
garding their behaviour and resulting plans, their complexity and thus thaicability in
practice.

8.1 CLSP with Lifetimes and Load-Dependent Capacity Con-
straint

We adopt basic ideas of Lautenschlager (1999) to model load-demteodpacity con-
straints using different production modes and the concept of availablerilde inven-
tory containing WIP/releases in form of pre-ordered items and physicdlged inventory.
Therefore, the basic model assumptions of Lautenschlager (1998lavalid despite the
assumption of items being connected via BOMSs, so that the single stage cagaried
adding the following assumptions:

13. Items have a limited lifetim®". If items pass their lifetimes, they are discarded at
a disposal cosy. This assumption is relaxed in Section 9.2 that extends models to
account for rework options;

14. The storage space of the production system is not restricted;
15. The order in which products are processed followdithein-first-out (FIFO)rule.

The basic model is based on the classtagdacitated lot sizing problem with perishabil-
ity constraints (CLSP-P{see Pahl and Vol3 (2010)) and the ideas of Lautenschlager (1999)
regarding production modes named CLSP-P-LDCap-1 and can be stdtdbbas:

59
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CLSP-P-LDCap-1

N T

minzz\(sqyitJrhiF’.tJr(ﬂ-li?) (8.1)

subject to
X PO = Xt — 1 Vit=1 (8.2
X %P0 = XLy xm=2 Vit=2,....,T (8.3

M
Ri=Re1+ z X' — die — I Vit=1...T  (84)
it = lig 1Py Vit=1,...,T (8.5)
M t—OF

?zz qu Zd.u ZI Vit>0eF  (8.6)

M N
> Zl(fm-'t”snyn) <Cap vi=1....T (8.7)

m=1li=

N M N
Z(EiXF1+suyit) <a-Cap—B ) Zl &xi+styr)  Vt=1...T  (88)
i= m=1i
M
> X<V oy Vit=1..T  (89)
m=1

lio=1ljT =0 Vi  (8.10)
yie € {0,1} Vit (8.11)
|it,P|t,XiTZO vmaj7t (812)

The objective function given in (8.1) minimizes overall costs for setugsygjpal) in-
ventory holding, and disposals. Equations (8.2) define available/didpqniducts £ °"°)
for the first period which is limited to production mode= 1, because forward shifting
(modem = 2) to previous periods cannot take place due to the start of the planniizgino
att = 1. If this is not ascertained for the first period, the model would be allawddke
products “out of nowhere” to fill inventory at the expense of inventoojding costs that
are lower than other regarded cost factors. Moreover, disposald b@giecessary if there
is no demand for products tn= 1, so that? is added. Equation (8.3) determines available
production in period: this can be achieved by production in magle= 1, so that items
are produced and available for demand satisfaction or by modem = 2 that produce
items int — 1 for use int. Equations (8.4) and (8.5) give the inventory balance equations
for available inventory and physical inventory, respectively. Thesedguations are nec-
essary for inventory to restrict and calculate the amounts of productidnnaentory at
the correct time period given by the production mode definitions. Availabkeniovy and
physical inventory differ exactly by those products that are shiftegddod in time tot — 1
(production moden = 2). Inequalities (8.6) determine disposals due to passed life@hes
see also Pahl and VoR3 (2010) or Section 4.2. Restrictions (8.7) limit the Spraduction
and setups in both modes in peribtb the maximal nominal capacity. This is necessary,
because the load-dependent capacity restrictions presented inlltieg| (& 8) restrict only
production in moden = 1. Applying an LP upper bound is somewhat inconsequent as the
stated requirements for models accounting for LDLT are to limit productiondoraance
to WIP inventories to minimize lead times. Therefore, LDLT are only regarddiceictly via
production moden = 1. This is modified in Section 8.4. Inequalities (8.8) restrict produc-
tion in production moden = 1 by the resting operational capacity available for production,
i.e., Cap multiplied with a less the already used capacity in periaégarding processing
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and setup times, i.ef - zwﬁl Zi’\‘:l(ax{{Urstyit). Inequalities (8.9) set the setup variables
according to production of items in all modbk Consequently, products that are shifted
forward are allowed to be batched in order to produce them together andabhine is
set up, accordingly. The classical assumptions ot#pacitated lot sizing problem (CLSP)
include assumptions on inital and ending inventory required to be zero giiequalities
(8.10). This can be changed assuming initial positive inventories also widratit initial
ages; see Pahl and Seipl (2011) for 1&L as wellnaswork flow problenfNFP) formula-
tions. Constraints (8.11) define setup variables as binary and Inequéitiey state the
usual non-negativity requirements on decision variables.

The load-dependent capacity constraint restricting production in model stated in
(8.8) calculates how much nominal capacity is available for production in model in
periodt which is limited by planned operational capacity for overall production imoper
t. Production of items triggered by demand requirements that are higher ltbaed by
load-dependent capacity restrictions (8.8) are shifted forward whitkelsise restricted
by an LP upper bound given in (8.7), so that high utilization in a perigglto 100% is not
avoided. It could be required that the forward shifting of a maximal amebefore 100%
utilization is reached, so that the determinatiomadnd are modified as follows:

q— &9 (8.13)
v—g
_v-(e+g—-1)

wherev denotes the parameter at which utilization level the maximal ameismshifted
forward. The resulting production smoothing is studied employing the follosingll test
example: a planning horizon is assumed that hias 10 time periods. Nominal capacity

is 100 TU. A single produch is taken into account that has the characteristics regarding
processing and costs given in Table 8.1.

Table 8.1: List of time-infinite parameters
Product sg st hy @ &i o

A 1 0 1 10 1 10

Forward shifting is assumed to begin at an utilization of 70%,gd.e. 0.7 and that, at 100%
utilization (v = 1.0), 80% of jobs is shifted forward, i.ee,= 0.8. Varying this parameter
gives adjustment flexibility regarding production made= 1. For instance, assumirgg=
0.0 eliminates the load-dependent capacity limit of production mode 1, so that the
LP upper bound on all production modes is the next bound that applisgld3e Varying
v-values are applied to demonstrate their effects on capacity loading amalréoshifting.
Demand is assumed to be zero despite the last pedod0 that has a high value, so that
shifting forward of production is necessary. Lower values for denthatiexceed period
capacity show the same forward shifting behavior. Higher values of deneag.,da 10 =
1200 require overtime that is discussed in Section 8.2.

Table 8.2 shows results of planning in the two production modes for a singgieigA.
The values foiX 15 andX 2, define the “position” on the FS curve in relation to the planned
workload whereX1a = Cap - (a — B-pt) andX2a =M ;SN X'~ Cap-(a —B-p). In
other words X1, that are used as statistical values present planned production in mode
m = 1 that are restricted by the load-dependent capacity constraints gi{@8)randX 2a;
denote resting capacity of items that can be employed to produce items inmed2.
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Table 8.2: Numerical example to show load effects for varyivglues

Data and Time periods
v-values Pi 1 2 3 4 5 6 7 8 9 10
da 0 0 0 0 0 0 0 0 0 300
v=1 Xt 0 0 0 0 0 0 0 0 0 70
X2 0 0 0 0 0 0 30 100 100 O
ot 0.0 0.0 0.0 0.0 0.0 0.0 03 10 10 07

X1at 187 187 187 187 187 187 137 20 20 70
X2 —187 -—-187 -187 -—-187 -—-187 -—-187 -107 80 80 0

dac 0 0 0 0 0 0 0O 0 0 900
v=1 X1 0 0 0 0 0 0 0O 0 0 70
X2 30 100 100 100 100 100 100 100 100 O
p 03 10 10 10 10 10 10 10 10 07

Xla 137 20 20 20 20 20 20 20 20 70

X2 —107 80 80 80 80 80 80 80 8 0

dat 0 0 0 0 0 0 0 0 0 900
v=038 XXFl 0 0 0 0 0 0 0 0 0 90
XX?Z 10 100 100 100 100 100 100 100 100 O
o 0.1 10 10 10 10 10 10 10 10 09
X1at 406 48 48 48 48 48 48 48 48 90
X2pn —396 52 52 52 52 52 52 52 52 0

dac 0 0 0 0 0 0 0O 0 0 900
v=14 x=1 0 0 0 0 0 0 0O 0 0 56
X=2 44 100 100 100 100 100 100 100 100 O
nm 04 10 10 10 10 10 10 10 10 06
X1p¢ 68 12 12 12 12 12 12 12 12 56
X2p 24 88 88 88 88 88 88 8 8 0

TPI: performance indicators

These values become negative if planned utilization is low. In case of depeakd imply-
ing high or full utilization, the position 0K24; gives the capacity limit for production in
modem = 2 as shown, e.g., in Table 8.2, row for= 1 and demandl 10 = 900, position
valuesX1a 1 = 20 andX2a 1 = 80. Note that the higher the valuegfthe higher the amount
of items shifted forward from the “beginning” period to previous peridgispacity utiliza-
tion in periods where forward shifting takes place is at 100% which is duestbRhupper
bound limit an all production modes; see Table 8.2. Production in nrodél is given only
in theparentperiodt = 10 and forward shifting tehild periods — 1 fully occupies nominal
capacity. This is not satisfying regarding the goal to minimize LDLT. Moregueblem
instances that assume that products cannot be stored which implies a lifet@e=00
and high workload due to demand data are frequently infeasible, befmaused shifting,
i.e., processing in mod® = 2 is not allowed. Moreover, demand peaks require short term
capacity extensions, e.g., overtime or subcontracting that can be interpetmme kind
of production outsourcing. This is discussed in more details in Section 8e2efiine, we
integrate overtime into the model to diminish these drawbacks. Moreovereditfe®ormu-
lations are investigated that may help to limit high utilizations dependent on thengulan
workload of the system which is some kind of production smoothing; see 8640
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8.2 Including Overtime and Minimal Lot Sizes

Overtime options can be interpreted as additional working hours in a penieeded to ex-
tend the nominal capacity of that period. Subcontracting is another optiaatowith high
demand in peak situations that imply production outsourcing of processingettains to
procurement actions. Job outsourcing is only feasible if a supply chaingpaxists that
can provide required quality and amounts of parts or services. Thisendly is not true for
specific parts and products where a company and its customers haia gpatlity require-
ments. Therefore, job outsourcing might only be possible for standadrgizaucts. Teo
etal. (2011) discuss the options of overtime and subcontracting in casaktiemand and
variabilities in order to keep promised delivery dates which is similar to the woRao
et al. (2005) and an extension to the work of Graves (1986). They io@ntlwo time scales
which might be similar to hybrid lot sizing models, e.general lot sizing and scheduling
problem (GLSP)where micro periods allow for multiple item movements within that mi-
cro period. The proposed stochastic optimization model includes an objéatigtion that
concentrates on minimizing expected total subcontracting costs.

In order to integrate overtime, it would be straightforward to extend the diegetndent
capacity constraints (8.7) as follows:

M N

21(5. =1t styi) <a-(Cap+0) — Zx (ExM+styy)  Vt=1,....T (8.15)

Wll

whereQ; is the decision variable regarding overtime, so that the overall capécisyex-
tended by overtime. However, in case that the lifetime of item®Hds zero, these con-
straints lead to infeasibility, because the use of production in mode2 is not possible
andm = 1 is restricted. Furthermore, due to tbeand 3-values, the use of overtime is
over-proportional, e.g., in order to produc®Q@0 entities of producA in periodt = 10, an
overtime of 1329 is employed. To remedy these effects, a third production mode is intro-
duced that denotes overtime. Therefore, Equations (8.2) and (8.8)etesinine disponible
inventory have to be extended with the third production mode as shown in) €hdg8.17),
accordingly. The LP upper bound on capacity adds overtime given iB8)8.1

Xglspo_ X|t +Xirtn:3 . |_D Vit=1 (8.16)
PO R Vit=2. T (8.17)
M N
3.3 (X7 sty) < Cap+0, vt=L..T  (818)
m=1i

Moreover, production mode = 3 is defined as overtime, accordingly, in (8.19).
N
Z(a-xi'g‘:3+su.yit)=ot vi=1,...,T (8.19)
1=
Furthermore, the constraints on minimal lot sizes are added givne in (8.20).
M .
S =)y Vit (8.20)
m=1

This equals the requirements for setups presented in Inequalities (8.8) proelucts pro-
cessed in the same production mode are regarded together in order to bgilzekfor
equal product types. In other words, if items are shifted forward aesktlitems are also
produced in moden = 1, the machine should be set up only once for that product even if
they are produced in two different modes. Besides, the setup conspegstnted in (8.9)
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need some modification, because an upper bound given by a big ni¥mbleich is also
frequently substituted byCap — stj) /& can be limiting especially in case of integrated
overtimes, so that the solution process becomes awkward or the constaaisgsinfeasibil-
ity. An upper bound on production as proposed by Wagner and Whitis8)1®ut slightly
modified is given with

M
ZX{FS (dk+Ca|q)-yit Vit=1,...,T (8.21)
m=1

wheredX presents the cumulative demand over all prodii@sd periods. Constraints
(8.21) require that production is always less than or equal the sumnaidilative demand
and nominal period capacity. Finally, the objective function is extendeatdety overtime,
so that the complete model is stated as follows:

CLSP-P-LDCap-2

N T
min Z Z(sqyit +hPi+@- 1P +06-O) (8.22)
iS1=
subject to
X PO = X 1 Vit=1
X %P0 = XL X2 4 xS P Vit=2..T
M
RtZF’u,t—l—i-ZXir{'—dit—liP Vit=1,....T
m=1
lit =|i,t71+X,-(t"Sp0—dit Vit=1,...,T
M t-ef t t-1 _
IE > }E }E %E“ZE‘*U"}E'B VI,tEﬁC*
m=1 u=1 u=1 u=1
M N
> El(Eixi’PJrSﬁyit)SCamOt Vt=1,...,T
m=1i=
N 2 N
Z(Em-’{‘zlantyit) <a-Cap—pB ) Zl(fi)ﬁT+sﬁYit) Vi=1,..,T
i= m=1i=
N
(&XT=3+styi) = O Vi=1,....T
1=t
M
> X < (dk+Can>-yn Vit=1,...T
m=1
M .
> Xt =X Vi Vit=1,..,T
m=1
lio=PRo=IjT=Rr =0 Vj
yie € {0,1} Vit=1,....T
lit,Pe.xt >0 vmj,t=1....T

Here, overtime is interpreted as an additional shift, so that utilizggiaran get values
abovep; > 1.0 that is shown, e.g., in Figure 8.3. In doing so and to be consistent with the
interpretation, overtime should be limited to two or three times of the regular capHuisy
constraint can be easily added to allow for, e.g., at most three shifts:

O <3-Cap Vi (8.23)
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For the sake of always ensuring feasibility, overtime is not restricted.egulesitly, these
extensions are tested using the small test example introduced in the preedicnS.1

to the overtime cost parameter. Because overtime should be the last optiommingla
overtime is assumed to be highly expensive in comparison to the other ctmfabus

oG = 100.

Table 8.3: Numerical example to show load effects including overtime

Data and Time periods
v-values Pl 1 2 3 4 5 6 7 8 9 10
dat 0 0 0 0 0 0 0 0 0 1200

v=1 xx*! o o o o0 0 0O 0O 0 0 70
x0=2 100 100 100 100 100 100 100 100 100 0
x> o o 0 O O 0O 0O 0 0 230
p 10 10 10 10 10 10 10 10 10 30
Xlae 20 20 20 20 20 20 20 20 20 -313
X2y 80 80 80 80 8 80 80 80 80 613

TPI: performance indicators

Table 8.3 shows the effects of demand peaks on load-dependenitgapsitictions and
overtime that is used as late as possible, i.e., in peried, 230 units of produch are pro-
duced using overtime for demand satisfaction in petiedlO and 100 items are shifted for-
ward fromt = 10. PositionsX1,; andX2a; are moved, accordingly. The difference between
these positions denote the amount of items that is shifted forward. For inskihg = 187
andX2a; = —187 withA = 0 shows that no forward shifting takes place whedeag = 137
andX2x = —107 withA = 30 presents a forward shifting of 30 items. The model behaves
well when varying the lifetime factd®- = 10 until©" = 0 limiting more and more the pos-
sibility to produce in moden = 2 that implies inventory holding until lifetime of items is
zero. In this case, 70 units are still produced in production nmoé€l and the resting.130
units are produced in overtime in the same period. Table 8.4 presents ttis effgarying
lifetimes of items on the production modes and, therefore, overall produétigivalue of
v= 1.0 and a single produ& are assumed for this example which is restricted to product
for ease of presentation. It is easy to see that in case of overalligagaceeding demand
(dar = 1.200 overth:l Cap = 1.000), production modem = 1 produces maximal amounts
allowed by the load-dependent capacity constra«'ﬁﬁ = 70) and the exceeding amounts
are shifted forward viz. produced in production made= 2. Production moden= 2 is
restricted by the LP upper bound, so that amounts up to the nominal capaciiyoduced.
This is possible as setup times are assumed to be zero for this small testing exksm e
ease of presentation.

8.3 Liberate Resource Capacity: Inclusion of Setup Carry
Overs

Setting up the machine anew every period even though the same produntlie@d sub-
sequently may have its reasons if, e.g., maintenance actions such as cleegdihtp be
performed after every period. In case that such maintenance acteretlaer short and the
machine can be assumed to remain set up for a specific product, we afyaetup carry
overs to the next period in order to avoid unnecessary costs andeesdilization. Setup
carry overs are also named linked lot sizes. These are subject to dyreseécch, see, e.g.,
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Table 8.4: Numerical example to show load effects including overtime andtieasaof
product lifetimes employing CLSP-P-LDCap-2

Data and Time periods
Op-values PI 1 2 3 4 5 6 7 8 9 10
dac 0 0 0 0 0 0 0 0 0 1200
©p=10 X1 0 0 0 0 0 0 0 0 0 70
X§2 100 100 100 100 100 100 100 100 100 0
Xp=3 0 0 0 0 0 0 0 0 0 230
ot 10 10 10 10 10 10 10 10 10 30

X1at 20 20 20 20 20 20 20 20 20 -313
X2at 80 80 80 80 80 80 80 80 80 613

Oa=5 Xt 0 0 0 0 0 0 0 0 0 70
X02 0 0 0 0 100 100 100 100 100 0

X3 0 0 0 0 0 0 0 0 0 630

m 00 00 00 00 10 10 10 10 10 7.0

X1y ~ 187 187 187 187 20 20 20 20 20 —980
X2 187 187 187 187 80 80 80 80 80 1680

Op=1 X1 0 0 0 0 0 0 0 0 0 70
Xm=2 0 0 0 0 0 0 0 0 100 0
X3 0 0 0 0 0 0 0 0 0 1030

P 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10 110
X1at 187 187 187 187 187 187 187 187 20-1647
X2 —187 -—-187 -—-187 -—-187 -—-187 -187 -—-187 -—187 80 2747

©a=0 Xt 0 0 0 0 0 0 0 0 0 70
X=2 0 0 0 0 0 0 0 0 0 0
X3 0 0 0 0 0 0 0 0 0 1130

P 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10 110
X1at 187 187 187 187 187 187 187 187 187-1813
X2p —187 -—-187 -187 -—-187 -—-187 —-187 187 -—-187 187 3013

Gopalakrishnan et al. (1995), Sox and Gao (1999), Gopalakrisénah (2001), Porkka
et al. (2003), Suerie and Stadtler (2003), Briskorn (2006), Kariral.g2006), Quadt and
Kuhn (2008, 2009).

For the integration of setup carry overs, we orientate the mathematical faromuda the
continuous setup and lot sizing problem (CSkR})iproportional lot sizing and scheduling
problem (PLSP)ncluding perishability/lifetime constraints while regarding macro periods
instead of micro periods although we are aware that the CSLP and the RPeS®cro
period (small bucket) models that are intended for use in short term ptare@a also Drexl
and Haase (1995), Kimms (1996), Marinelli et al. (2007) for the mathenh&bicaulation
or Pahl and Vol3 (2010) for a CSLP and PLSP including lifetime constraints.

Setup carry overs are modeled by the introduction of binary setup sta#blesz; <
{0,1} linking the setup variables as follows (see Buschkihl et al. (2010)):

M
Y K& < (d*+Cap) - (v + ) Vit=1..T  (8.24)
m=1

N
<1 Vt=1,...T (8.25)
2,

Zt < Yit-1 Vit=1,..T (8.26)
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Inequalities (8.24) ensure that production of an itetakes place in period only if the
production resource is set up for iteinin this period, i.e.yi = 1, or if the production
is already in the right setup state for the item, i&.= 1. The resource can only be in
one setup state of a specific itann a periodt which is enforced by Inequalities (8.25).
Inequalities (8.26) denotes that setup states for aniitesn only be carried over inif the
corresponding setup has been performet-rl; see Tempelmeier and Buschkthl (2009).
This implies that the setup state is “lost” or “forgotten” in the subsequentgeridl and
an additional setup needs to be performed even if the machine has beericéte related
product. We may interprete that also as some cleaning, maintenance, aweeng up if
the machine has not been used for some time, i.e., one period. If the retehtigetp
state for more than one period is desirable, Inequalities (8.25) are modifietiavs (see
also Porkka et al. (2003) to

Zi <VYit1+Zi 2 Viit=1,...,T (8.27)

If a setup has been performedtin 1 (yit—1 = 0), then the setup state has been set, accord-
ingly, int—1 (z:-1 = 1) or is carried over to (z: = 1). Besides, the constraints (8.25) are
required to bgi’\‘zlzﬁ =1vt=1,...,Tinthe literature; see, e.g., Drexl and Haase (1995),
Kimms (1996) which enforces a setup state. We prefer not to enforceija state and as-
sume that the production resource in the beginning of the planning horinoh $&t up to a
specific product, but has to be prepared which is decided by a plaratsgyts 0,Vi,t =0

is assumed that may be interpreted as some general warming up of the machisetap
after maintenance actions.
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The complete model including load-dependent capacity constraints is staftdtbars:

CLSP-P-LDCap-3

N T
min;ﬂ;l (sqyi +hiPt+ @1 + 06 - O)

subject to
R s e I Vit=1
XISPO — =1 | =2 4 x=3 P Vit=2,...T
M
Putzpl.,t—l-l-inT—dit—h? Vit=1,....T
m=1
lit =|i7t—1+Xi?ISpo—dit Vit=1,...,T
M t-Of t t-1 _
h?ZZ z)(ira—zdiu—zlila VI,tZ@iL
m=1 u=1 u=1 u=1
M N
> Zl(EmTHﬁyn) < Cap+0 Vt=1,...,T
m=1li=
N 2 N
gl(ax{:bwsnyu) sa-Cap—f 3 3 (&X' stvi) vt=1....T
i= m=L1i=
N
Z(Ei-X{P:3+siz~yn) =0 Vt=1,...T
| =]
M
> X< (dk+Cap)-(Yit+Zit) Vit=1,..T
m=1
N
leitﬁl Vt=1,...,T
i=
Zt <Yit-1+Zt-1 Vit=1,...,T
M .
> Xt =X (Yie +2t) Vit=1,..T
m=1
lii=Ro=Ilir=Rr =0 Vi
yit € {0,1} Vit=1,...,T
lie, P, Xt >0 vmit=1...T

8.4 Load-Dependent Capacity Restrictions and Production
Smoothing

Inventory holding is one of the classical tools to smooth production or, i etheds, to

buffer manufacturing against demand peaks; see, e.g., Allen (1998)ducts have limited
lifetimes, inventory holding is limited and buffer options to smooth productionomimal

if accounting for quality issues. Smoothing resource utilization of bottlenedhimas im-
ply inventory holding, but the focus is on workload that may be penalizetidpbjective
function using, e.g., a piecewise linear function on workload costs. Thifrégjaently de-
scribed method in the production smoothing literature; see Yavuz and ARQAIT], Kubiak
and Yavuz (2008).



8.4. LOAD-DEPENDENT CAPACITY RESTRICTIONS AND PRODUCTION
SMOOTHING 69

The lead time syndrome states that releasing jobs earlier increases in time &§istend
thus lead times. Consequently, production smoothing should have a nezgffginteon lead
times. On the other hand, lead times rise exponentially with resource utilizatishokm
by queuing models and also confirmed in practice (see Schulte (2012} jsheedesirable
operation sectoof utilization regarding the load-dependent capacity constrajper@ation
curveor “Kennlinie” in German; see Nyhuis (1991), Breithaupt et al. (20@2)produc-
tion resources where slight reductions of utilization levels can lead to gdattions in
lead times. This does not say much on WIP, but if workload measured in \\dRoither
performance indicator of utilization, then lead times can be reduced by hdlingame
amount/level of WIP. Therefore, these levels or this operation sectotdshe targeted by
production smoothing actions.

8.4.1 Literature Review on Production Smoothing

Classical lot sizing models are triggered by demand and thus pertain to gighsyas pro-
duction, lot sizing, and setups are invoked due to demand. Such pulirsysteght apply
MtO and JIT principles in order to minimize WIP/FGI inventories and to maintain quality
standards by reducing overall sojourn or lead times and thus maximizirtghéss (mini-
mizing ages) of items. These ideas and principles are subsunteantonanagementhe
application of JIT principles requires a smooth production plan that impliesgmifisant
variations in demands in order to maintain a certain performance level ofadagiion sys-
tem where many methods or tools exist; see, e.g., Hopp and Spearman @2kdyukcu
and Durmusglu (2010), Monden (2011). For instance, the Toyota production syst¢the
famous example of the application of the JIT philosophy together with lean metnuhg
principles; see, e.g., Yavuz and Akgali (2007), Kubiak and Yavup§2OMonden (2011).
These concepts advice employ pull-oriented production control systetnaréhtriggered
by demand (see, e.g., Yavuz and Akgali (2007)) which is the same faicdhdot sizing
approaches. In this context, production smoothing at the tactical planwglighay aim at
reducing the production’s (consumption, i.e. demand) rate variability atriberfianufac-
turing stage in order to determine a robust/stable demand flow from previousanturing
stages that is necessary for a JIT system; see Yavuz and Akcal)(2003 becomes more
complicating with the increase of production mix and related product variettgsred by
customers.

Production smoothing has mainly been taken into account in synchronizechbly line
systems; see, e.g., Yavuz and Akcali (2007), Kubiak and Yavuz [28@8the references
therein. In this context, analysis concentrates, on the one hand, onthe cate of FGI
at the final assembly stage workstations also namegut rate variation (OVRand, on
the other hand, on thgroduct rate variation (PRWvhich refers to the pull rate of WIP or
sub-assembly parts. Yavuz and Akgali (2007) state that the major paasedrch is on the
PRV, possibly due to raised complexity regarding the settings and planrobigpr where
OVR is relevant. Setup times are frequently assumed as negligible in these{joacnvi-
ronments and processing times allow to produce exactly one unit in a time psgodjso
Yavuz and Akgali (2007), Kubiak and Yavuz (2008). Furthermoreltinppuoduct schedul-
ing with the aim of smoothing workload in job shops has not been studies sétffaugh
there is a great scheduling literature examining various manufacturingpamants also
including identical parallel machines.

Yavuz and Tufekgi (2004) regard the PRV approach in a single @iagle) workstation
system. Setup and processing time requirements are assumed to be arbérémyesbuck-
ets to be of equal length. Time buckets can be used for setups or pngcessnultiple
units of final products, or left idle. A two phase solution method is applieddégrmines,
in the first phase, setups, batch sizes, and the lengths of time buckeis #mel,second
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phase, sequences of end products. The authors report that thgh&ise is NP-hard and
the second phase relatively easy to solve due to its structure of discretediodspthat
allows for solving it as an assignemt problem; see Yavuz and Akcali (200ey further
report that the solution process of large test instances applying extctization is very
time consuming, so that heuristics are proposed by, e.g., Yavuz et a6)(2Qtbiak and
Yavuz (2008) adopt the two phase methodology of Yavuz and Tuf@kgl4) and apply it
to JIT manufacturing for multiple products with a single bottleneck machine.

Production smoothing is frequently integrated in mathematical models by modifygng th
objective function according to some criterion. Monden (2011) emphasiz&o issues re-
garding production smoothing: the first is namesgige goahnd take into account the devia-
tion of theactualamount of cumulative production and consumption of production parts that
are assembled to the final product and the pre-specifieédieat production/consumption
amounts; see also Yavuz and Akcali (2007). The second issue setp@idading goalof
a production system that emphasize on the deviation between actual vaboklagroduc-
tion resource and its ideal or predefined workload. These deviatieriategrated into the
objective function of related optimization models, e.g., usihgoluteof squaredvalues for
the deviation that can take positive or negative values; see, e.g., Figuor 8 presentation
of ideal and cumulative production quantities in a discrete time horizon. AgrsimoFigure

cumulative production

quantities
4 |
90 ‘
80 1 I inventory
70| ]
60 + .
50 +
0 1 shortage
o] ¢
20 +
1 |
10 1
| BT .

o —+—+—+—+—+—++—+—+—+—++—+++++—++t++—++t+++++—+++>t
5 10 15 20 25

. actual and ideal cumulative production quantities are equal
D ideal cumulative production quantity

. actual cumulative production quantity

Figure 8.1: Ideal and actual cumulative production quantities; see YawiAkcali (2007).

8.1, demand is assumed to be uniformly distributed over the regarded pldroriagn, so
that production smoothing implies the evenly partition of production in order to mirimiz
FGI; see Kubiak and Yavuz (2008). Deviations from the ideal cumulatieeuction quan-
tities and demand such as inventory holding and shortages are includederabjéttive
function and thus subject to minimization.

Decision regarding the integration of production smoothing criteria into thectge
function remains arbitrary according to Kubiak and Yavuz (2008) azttlees not seem
to be any criterion superior over another. In fact, they include fouisdetcriteria into the
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objective function in their study, i.e., the minimization of total production rate traris,
WIP, the maximization of system utilization, and responsiveness. Accotralingr analysis
so far, the two goals “minimization of WIP” and the “maximization of system utilization”
are conflicting. The goal “maximization of responsiveness” entails the miniioizaf av-
erage times of idle time periods, so that these might serve as buffer time thia¢ cesed
for unexpected events, maintenance, and the like. The multi-objectiveeprédsolved ap-
plying Pareto optimization; see Kubiak and Yavuz (2008). The authorselgfequalities
regarding the time buckets that must be sufficiently long to allow for setting up/dnle-
station for the respective product and processing of the items, so theatahable capacity
is not exceeded. Setup and processing times are assumed to be sendepeadent. The
inequalities that must be satisfied by the time bucket lengths are nonlineaolaad sia
enumeration by Kubiak and Yavuz (2008). The goal of this model is to m@terthe opti-
mal length of time buckets regarding multiple criteria integrated in the objectivetitum

In classical lot sizing, the lengths of time buckets are assumed to be fixeabasdb-
ject to decisions. The integration of a piecewise linear term in the objectiatifun that
penalize high workloads or, in other words, the deviation from an ideeklaad that allows
for significant lead time reductions while slightly reducing utilization, seems mniging
direction that we further proceed.

8.4.2 Integration of Production Smoothing via PSCU

The literature on production smoothing emphasizes production smoothing issie ob-
jective function. We follow this path and define a term that determines planc@tpied
capacity named PSCU which is used in the objective function together with it$acbsr
and assumed to be quadratic. We use the CLSP-P-LDCap-3 for implemerletiarses

setup carry overs:
M N

Pscyu= Y Z(a Xt +Sb - Vi )2 (8.28)
m=1i=

In case that overtime is interpreted as an extra shift thus an extensiorutarregpduction,

it should be included into the PSCU as follows:

M N

2
PSCY = (Z Zl(fi - Xit + St ~Yit)+0t> vt (8.29)
m=1li=

If overtime is interpreted rather as subcontracting where orders/jobskatdd production
are outsourced, the component should not be included in the PSCUbjewative function
given in (8.22) is modified as follows:

N T
mini;tzl (hiPy + @ - I + pse - PSCY) (8.30)

where the parametgrsg denotes the cost factor of planned smoothed capacity utilization
named PSCU, so that the costs attributed to processing, setups, and oeeetieqgial. In
practice, overtime is more costly than regular production due to night shiftthdfrmore,
overtime should be the last option for production, so that we integrate additeartime
costs in the objective function expressing the overtime (tarif) rate:

N T
minzzl(hip.t+cn.|i?+psq-PSCLf+oq-q) (8.31)
i=1t=
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The complete CLSP-P-LDCap-4 is given as follows:

CLSP-P-LDCap-4

N T
minzlz(hth+(n‘Ii?+psq-PSCLf+oq‘Ot)
=R

subject to
e S Vit=1
XGISPO— =1 | =2 4 x=3 P Vit=2,...T
M
Pe=PRe1+ Y i —de I Vit=1,..T
m=1
lig =|i,t71+X,-?|Spo—dit vijt=1,...,T
M t—0F t t-1 _
>S5 So0-Y du—S 10 vit> o
m=1 u=1 u=1 u=1
M N
> Zl(EmT+siiyit) < Cap+0O Vt=1,...,T
m=1i=
N 2 N
Zl(fix{{lerSl’ayit) <a-Cap—B ) Zl(fi&TJrSWit) vt=1,...,T
i= m=1i=
N
Z(Ei-X{P:3+siz~yn) =0 Vi=1,..T
| =]
M
> X < (dk-i-Can)'(Yit-i-Zi,t) Vit=1...T
m=1
N
leitﬁl Vi=1,....T
=
Zt <Yit-1+Zt-1 vVit=1,....T
M .
> Xt =X (Vi +2) Vit=1..T
m=1
lio=PRo=Ilir=Rr =0 Vi
yie € {0,1} Vit=1..T
lit, P, Xt >0 vmit=1,...,T

Table 8.5 presents the effect of the PSCU on the utilization. We use the mb8&}-B-
LDCap-4 and the example stated in Section 8.2 using cost parameters stedbtkiB. T on
Page 63 assuming a time horizonTof= 8.

As Table 8.5 shows, utilizatiop, is relatively evenly distributed and so is production
over both production modes. Setups and related costs are not reletliatdrample as the
machine is set up once for produgtthus relevant costs are processing costs and inventory
holding costs where processing costs have a high relevance due tatiratiuterm in the
objective function.

Production smoothing integrated via the quadratic term in the objective funakion
ways takes place, so that even if utilization is not significantly high, produdtadis-
tributed/disseminated evenly on other time periods. High utilizations should Izeizesh
differently, e.g., beginning at 75% where lead times begin to increase sagificin a
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Table 8.5: Numerical example to show load effects employing PSCU in Mod8PcR-
LDCap-4
Data and Time periods
Oa-values Pl 1 2 3 4 5 6 7 8 9 10
dac 0 0 0 0 0 0 0 0 0 300
Op=10 Xt 13 8 12 14 14 14 15 15 16 32
X2 14 20 16 16 16 16 16 16 16 0
X3 0 0 0 0 0 0 0 0 0 0
ol 03 03 03 03 03 03 03 03 03 0.3
X1y 140 140 139 138 137 136 135 135 134 133
X2p —113 -111 -110 -109 -107 -106 -105 -103 -102 -101
dac 0 0 0 0 0 0 0 0 0 900
Op=10 Xt 19 16 10 9 10 10 12 13 13 70
X2 71 75 81 83 82 83 81 81 81 0
X3 0 0 0 0 0 0 0 0 0 0
ol 09 09 09 09 09 09 09 09 09 0.7
X1at 36 35 35 34 33 32 31 30 30 70
X2t 54 55 57 58 59 61 62 63 65 0
dac 0 0 0 0 0 0 0 0 0 1200
Op=10 Xt 9 10 6 7 7 8 9 9 10 70
X2 91 90 94 93 93 92 91 91 20 0
X3 21 21 21 21 21 22 22 22 22 37
ot 12 12 12 12 12 12 12 12 12 1.1
Xly -15 -15 -15 -16 -16 -16 -16 -16 —17 8
X2n 136 136 137 137 137 138 138 138 139 99
Op=5 Xt 0 0 0 0 12 11 12 13 8 70
X2 0 0 0 0 88 89 88 87 92 0
X3 0 0 0 0 102 102 102 103 103 118
@00 00 00 00 20 20 20 20 20 1.9
X1y 187 187 187 187 -150 -151 -151 -151 -151 126
X2p —187 -187 -187 -187 353 353 353 354 354 314
Op=1 Xt 0 0 0 0 0 0 0 0 12 70
X2 0 0 0 0 0 0 0 0 88 0
X3 0 0 0 0 0 0 0 0 507 523
p 00 00 00 00 00 00 00 20 6.1 5.9
X1y 187 187 187 187 187 187 187  187-826 —801
X2p —187 -—187 187 -—187 -—187 -—187 -187 -—187 1433 1394
Op=0 Xt 0 0 0 0 0 0 0 0 0 70
Xp=2 0 0 0 0 0 0 0 0 0 0
X3 0 0 0 0 0 0 0 0 0 1130
@00 00 00 00 00 00 00 00 00 120
X1y 187 187 187 187 187 187 187 187  187-1813
X2p —187 -187 -187 -187 -187 -187 -187 -187 -187 3013




8.4. LOAD-DEPENDENT CAPACITY RESTRICTIONS AND PRODUCTION

SMOOTHING 74
Table 8.6: Numerical example to show load effects employing PSCU in Mod&PcR-
LDCap-4 and varying-values
Data and Time periods
Op-values PI 1 2 3 4 5 6 7 8 9 10
v-values
dac 0 0 0 0 0 0 0 0 0 900
Op=10 Xt 19 16 10 9 10 10 12 13 13 70
v=10 X2 71 75 81 83 82 83 81 81 81 0
X3 0 0 0 0 0 0 0 0 0 0
p 09 09 09 09 09 09 09 09 09 07
X1p¢ 36 35 35 34 33 32 31 30 30 70
X2 54 55 57 58 59 61 62 63 65 0
Oa=10 X1 23 19 24 28 34 32 29 28 28 90
v=0.8 X2 65 69 65 62 56 59 62 63 64 0
X0=3 0 0 0 0 0 0 0 0 0 0
pm 09 09 09 09 09 09 09 09 09 09
X1a¢ 96 94 92 90 88 86 84 82 80 90
X2y -8 -5 -3 0 2 5 7 10 12 0
Op=10 Xt 12 7 9 8 7 5 8 8 8 56
v=14 X2 80 85 84 85 87 89 87 87 88 0
X3 0 0 0 0 0 0 0 0 0 0
pm 09 09 09 09 09 09 09 10 10 06
X1p¢ 20 20 19 19 18 18 17 17 16 56
X2 72 73 74 75 76 77 78 79 80 0
Op=5 X1 0 0 0 0 6 6 4 4 6 56
v=14 X2 0 0 0 0 94 94 96 96 94 0
Xp=3 0 0 0 0 53 53 54 54 54 76
@00 00 00 00 15 15 15 15 15 13
X1y 112 112 112 112 -41 —41 -42 —42 -42 20
X2p —112 -112 -112 -112 195 195 195 195 196 152
Op=1 Xt 0 0 0 0 0 0 0 0 6 56
v=14 X2 0 0 0 0 0 0 0 0 94 0
X3 0 0 0 0 0 0 0 0 361 383
@ 00 00 00 00 00 00 00 00 46 44
X1y 112 112 112 112 112 112 112 112-349 -327
X2p —112 -112 -112 -112 -112 -112 -112 -112 810 766
Op=0 X1 0 0 0 0 0 0 0 0 0 56
v=14 X2 0 0 0 0 0 0 0 0 0 0
=3 0 0 0 0 0 0 0 0 0 844
@00 00 00 00 00 00 00 00 00 90
X1y 112 112 112 112 112 112 112 112 112-788
X2p —112 -112 -112 -112 -112 -112 -112 -112 -112 1688
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harder way than distribute low capacity utilization. Therefore, we changejtiadratic
PSCU to a piecewise linear functional term in the objective function.

8.4.3 Production Smoothing via Targeting Utilization Seabrs

The PSCU smoothed production evenly on periods disregarding its utilizatiels |& here
is an operative utilization sector where utilization is relatively high, but lead tielatively
short that is reported to be around 85% of utilization; see also Section&RBigure 5.4 on
Page 26 or Figure 8.2. Therefore, it is desirable to smooth productiapacity utilization
around this value avoiding higher values as well as lower values.

pSCU-COStS
ol
80 -+
70 +
60 il
50 +
40 1

30

| f .
20 pcu A =pcuVv-b
01 e
0 —t+—+—++—+—+—+—++—+++—+—++—+++++—+—++—+—++——+—+—+—+> utilization
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
b b+1 B

Figure 8.2: Approximation of load-dependent resource utilization costsstin piecewise
linear cost function term in objective function.

The integration of a piecewise linear cost term that is used to motivate plaapedity
utilization to be in the described sector, i.e. betweer B%% might be done via the inser-
tion of SOS1, but we model the interval selection according to planneditgpéilization
employing binary variables, denoted Wy € {0,1}. The breakpoints give the interval bor-
ders regarding the utilization sectors where, depending on the planoezspmg and setup
times, cost terms are selected, accordingly; see also Figure 8.2. Ino@rectly model
the cost terms, we differentiate between fixed utilization costs when a swdrgdqterval
(or sector) is reached and variable costs according to the planned utiéipedity units. In
each time period, an interval/sector according to the planned capacity utilization needs to
be selected:

B
S V=1 Vt=1..T (8.32)
b=1

The planned capacity utilizataion in a time pertad attributed to the load-dependent cost
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term as follows: _ .
Zi > (& X +st-yi) = Y pscy Vit (8.33)
i=1m=1 b=1

where the parameter psgulenotes the planned smoothed capacity utilization attributed to
breakpointb in time periodt. Moreover, we define the intervals as follows:

pscuy; < Yot - b Yb=1,...Bt=1....T (8.34)
pscuyy; > by - Yot Yb=1,...Bt=1....T (8.35)
pscuy; < bpi1- Yot vb=1..B-1t=1...,T (8.36)

Inequalitites (8.34) gives the border of the last interval denoted bkpo#ai B. Inequalities
(8.35) denotes the lower limit of psguand (8.36) gives the upper limit. The borders of
the intervals/sectorl, are parameters and thus input data. In order to integrate the load-
dependent processing and setup costs into the objective functionfine aéixed cost term

pcq'; and a variable cost terpcl, so that the objective function is modified as follows:

N T
min hP +@- 1P+
AZ( ot

The load-dependent capacity utilization costs are chosen according lindrg variable

Vpt that becomes 1 if the utilization is in a certain interval. We attribute fixed costsifor a
utilization interval pcqf) and variable costpsg that give additional costs according to the
amount of items that utilize capacity.

B
S PCUY, - Yot + PSCly, — PCU) - Yot - o
b=1

+oq -q) (8.37)



8.4. LOAD-DEPENDENT CAPACITY RESTRICTIONS AND PRODUCTION

SMOOTHING

7

The complete CLSP-P-LDCap-5 is stated as follows:

CLSP-P-LDCap-5

N T
mini;t; (hiP.t +q-1P+

subject to

dis o__ D

X" T - 0

dispo m=3 D

X=X X

M
Pt =Ri1+ z Xt — diy — 1
liy = |i,t71+Xft]ISpo dit
5 M t-6+ t t—1
P> 3 -y du-
m=1u=1 u=1 u=
M N

Z€MH$WO<Cm+Q

m=1i

2 N
zi (&X+styr) <a-Cap—p Z ZI &ixit' + Stit)

m=1i

z

(& X3 +styi) = O

Il
o

M
> X< (dk+Can) (Vi +21)
m=1

N
leit <1
i=

Zg <Vit-1+Zi-1

> X=X (Vi + )

m=1

B

zybtzl

b=1
PSCUy < Yot - bp
pScuy; > by - Yot
PSCUy < b1 - Yt
lip=PRo=Ilir=Rr =0
yie € {0,1}
lit, Re, Xt >0

with SN 531 (& X+t -yir) =

B
S PCY, - Yot + PSCly — Peul - Yo - by
b=1

Vb=1,...,
Vb=1,...,
vb=1,...,

SE_ipscy Vt=1,...,

+M»Q>

Vit=1
Vit=2..T

Vit=1...T
Vit=1,..T

Vit >0k
Vt=1,...T
Vt=1,..,T
Vt=1,...T
Vit=1,....T

Vt=1,...,T
Vit=1..T

Vit=1,..T

Vt=1,...T

Bt=1,...,T
Bt=1,...,T
B-1t=1,..,T

Vit=1...T
vymit=1,..T

T. In order to show the resulting

production smoothing, we use the example given in Table 8.1. We furthenass capacity
of Cap = 100 TU and that at 70%, forward shifting begings< 0, 7). Moreover, at 100%,

80% are shifted forwards(= 0, 8) andv = 1.0.
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Table 8.7: Numerical example to show load effects including overtime andtieasaof
product lifetimes employing CLSP-P-LDCap-5

Data and Time periods

Op-values PI 1 2 3 4 5 6 7 8 9 10
dat 0 0 0 0 0 0O 0 0 0 500

©p=10 X1 0 0 0 0 0 0o 0 O0 © 70
x=2 0 0 0 35 70 70 8 85 85 0

x=3 0 0 0 0 0 0o 0 O0 © 0

p 00 00 00 04 07 07 08 08 08 07
X1lan 187 187 187 128 70 70 45 45 45 70

X2p —187 -187 -187 93 0 0 40 40 40 0

Op=5 Xt 0 0 0 0 0 0 45 0 0 70
X2 0 0 0 0 85 85 40 85 90 0

X3 0 0 0 0 0 0o 0 0 o0 0

[ 0.0 0.0 0.0 0.0 0.8 08 08 08 09 0.7
X1at 187 187 187 187 45 45 45 45 37 70

X2p 187 187 -187 187 40 40 40 40 53 0
Op=3 X1 0 0 0 0 0 o 0 O0 © 70
X2 0 0 0 0 0 0 0 100 100 0
x=3 0 0 0 0 0 o 0 0 0 130

P 0.0 0.0 0.0 0.0 0.0 00 00 10 10 20
X1at 187 187 187 187 187 187 20 20 20-147
X2n —187 -—-187 -—-187 —-187 -—-187 -—-187 80 80 80 347

As shown in Table 8.7, the capacity utilization is allocated, so that the targetséar
production are met whose costs are lower than those of the higher utilizafiom$fetime
of item A forces production and utilization to take place in the useful lifetime periods.

The forward shifting and thus the restriction on the first production modedirajupro-
duction in period is limiting. Similarities to the CLSP-P regarding production in the previ-
ous period if capacity utilization in the current perioid higher than nominal capacity are
clear, so that we compare the behavior and results of the CLSP-P--BD@ap CLSP-P
with the same extensions, i.e., overtime, minimal lot size requirements, setupoearsy
and production smoothing given by the piecewise linear objective functionde capacity
utilization.

8.5 Some Excursion: Forward Shifting or Extended CLSP-P

The CLSP-P-LDCap-5 includes a hard constrain on production mogel that restricts
production in this mode according to the load in the system. The forward shpfiirggmeters
can be adjusted regarding a specific production system, so that thedpadetnt capacity
restriction becomes less restrictive as in the previous examples assuminly farwgrd
shifting with parametee = 0.8, so that 80% of items are shifted at 100% and only 20% can
be produced in the regarded period which is very restrictive. The G production
forward in case that the LP upper bound on capacity is reached, sh.Bhat are not
taken into account. This is changed using the target utilization sector appreduding a
piecewise linear cost term on utizilization. As a consequence, restrictropsoduction in
periodt need not be restrictive as in the CLSP-P-LDCap-5. In the following, tate she
CLSP-P-5 and compare behavior and results of some numerical examplhogtof the
CLSP-P-LDCap-5 given on Page 77. The extended CLSP-P-5 is simfetows:
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CLSP-P-5
N T 5
min hiPe +@ - lif +
PR
subject to
lit = lit—1+ Xt —dit —
t—e- t
|E > }E Xiu — }E diy —
u=1 u=1
N

Zl(fi “Xit +S - yir) < Cap+ Oy

Zt <VYit-1t+Zi-1

N
leitgl
=

D
lit

-1
U;Ii'ﬂ

Xt < (d*+Cap) - (yit +zt)

Xt > X" > (i +2Z)
pScuy < Yht - bp
PSCUy > Dy - Yt
PSCLy < bpy1 - Yo

with pscy, = SN, (& - +st-yie) vt =1,...,T.
In order to analyze/study the formulations, we take an example inclugityproducts,

¥b=1,....Bt=1,...
Vb=1,... Bt=1,...
vb=1..B-1t=1,...

B
S PCy, - Yot + PSCly, — peus - Yo - by
b=1

Vit=1,...
Vit=1,...
Vit=1,...
Vit=1,...
Vit=1,...
Vit=1,...
Vit=1,...

-4 =4 4 4 4

+0G ~Q> (8.38)

(8.39)

(8.40)

(8.41)
(8.42)
(8.43)

(8.44)
(8.45)
(8.46)
(8.47)
(8.48)

T = 10 macro periods, minimal lot size@“” = 20, and varying lifetimes 1p; = 10, 2)
©; =10, 3)0; =3, 4)6; = 2, and 5)0; = 1. The demand data is given in Table 12.1 in

the Appendice, Page VIl where we take demand data of the first fivauptdNominal

capacity is assumed to be Gap250,¢ = 12, andog = 10. Moreover, cost parameters as

given in Table 8.8 are used.

Table 8.8: List of time-infinite parameters for the comparison of CLSP-P4/d& and

CLSP-P-5

Product &

SG

hi

S

>

0.282
0.942
0.491
0.213
0.232
0.981
0.951
0.741
0.324
0.543

o — I O mMmmmOO0Ow

4201
7.340
8267
5189
7.809
4201
7340
8267
5189
7809

1887
5169
0553
0250
2872
6798
2661
4740
5628
4669

0944
0241
Q471
0241
Q701
0344
0196
Q767
0342
0931

Furthermore, the costs of utilization for the utilization intervals are stated in BaBle
For the load-dependent capacicty constraint, we use parameetddt, g = 0.7,v=1.0.

Table 8.11 presents total costs of the objective for all six cases regdif#itimes of
items. The relatively high overall costs for the CLSP-P-LDCap-5 are maaged by the
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Table 8.9: Cost parameters of utilization intervals

Cost factor interval bordets
0 175 213 225 2000

pey 1 42 83 238 523
pe, 1 8 17 48 65

use of overtime due to the restrictions in production mades 1 andm = 2. Moreover,
inventory costs are higher for the CLSP-P-LDCap-5 in relation to thoskeeoCLSP-P-5.
The same is valid for setups and their costs. The utilization costs of both modedssnie
due to the same amount of items produced or disposed.

Table 8.10: Differences of overall costs comparing the CLSP-P-LE&apd the CLSP-P-5

Lifetimes
Differences ©;=10 ©;=5 ;=3 6;=2 6 =1

Objective 3419 3419 3421 3431 3460

Inventory costs 506 506 406 502 364
Setup costs —36 —36 -20 —33 -8
Disposal costs 0 0 0 0 -34

Overtime costs 356 3156 3240 3160 3289
Utilization costs —-208 —-208 —-205 —-197 -—-149

CLSP-P-LDCap-5

3.500

3.000 —

2.500

2.000 | | @Total inventory costs

B Total setup costs
OTotal disposal costs

Costs

@ Total overtime costs
1.500 4 ETotal utilization costs

1.000 1 —

LT T

0 =10 0=5 0=3 0=2 0=1
Lifetimes of items

Figure 8.3: Total costs of the CLSP-P-LDCap-5.

Figure 8.5 highlights the cost differences of the results of both modelss, Pusitive
values show higher costs of the CLSP-P-LDCap-5 and negative viahpdg less costs. It
clearly shows that the CLSP-P-LDCap-5 results in significantly higheatiowe costs due to
restrictions on production mode= 1. Moreover, the CLSP-P-LDCap-5 has slightly lower
setup costs and less disposal costs, but higher inventory holding costs.

The CLSP-P-LDCap-5 has three dimensions for production where thsicdh CLSP
needs two. This rises complexity and slows down the solution process.
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CLSP-P-5

1.200

1.000

800

E Total inventory costs
B Total setup costs

@
2 600 OTotal disposal costs
o OTotal overtime costs
@Total utilization costs
400
200
0
0=10 0=5 0=3 0= 0=1
Lifetimes of items
Figure 8.4: Total costs of the CLSP-P-5.
Cost differences CLSP-P-LDCap-5 versus CLSP-P-5
3.500
3.000
2.500
2.000
E Total inventory costs
@ M Total setup costs
2 1.500 OTotal disposal costs
© DOTotal overtime costs
W Total utilization costs
1.000
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-500

0=10 0= Q=3 0=

@
L

Lifetimes of items

Figure 8.5: Differences in total costs of the CLSP-P-5 versus the -SRoer the 5-product

case.



Table 8.11: Comparison of results of the CLSP-P-LDCap-5 and the R-SPegarding their overall costs wislh = 0

Lifetimes
Totalcosts ©; =10 ©;j=5 ;=3 6;=2

Lifetimes
=1 6,=10 =5 =3 ;=2 6i=1

Objective 5524 5524 5527 5578
Inventory costs 110 1110 1010 1149
Setup costs 447 44%3 46260 44653
Disposal costs 0 0 0
Overtime costs A56 3156 3240 3160

Utilization costs 812 812 815 822

5786 2106 2106 2106 2147 2326

1191 604 604 604 647 827
46610 482 482 482 480 475
0 0 0 0 0 34
3289 0 0 0 0 0

841 .00 1020 1020 1020 990

d-dSTO d3AN3T1LX3 0 ONILAIHS ddVMHO4 ‘NOISHdNOX3 JNOS 'S'8

8



Chapter 9

Remanufacturing and Rework

In this section, we introduce rework and remanufacturing of externailyred items and
internally passed items. Therefore, in Section 9.1, we develop models teantalaccount
remanufacturing and modify them to include rework of internally passed iter8gétion
9.2.

9.1 Remanufacturing of Returns

Remanufacturing is the disassembly, restoring/refurbishing of worn ragiupts that are
returned from the customer. Therefore, returned it&ngrom customers are regarded as
the source of items that need to be reworked. Remanufacturing is integreddte plan-
ning and scheduling of regular products. A fourth production mode 4 is defined that
represents remanufacturing, i.e., the rework of externally returned itgmesfollowing as-
sumptions are added to those stated previously:

16. Returns presented by parameggrare externally given and push returned items in
the system requiring production mode= 4 to process or discard them, accordingly;

17. remanufactured items reacquire an “as-good-as-new” quality,asdhtbir lifetime
fully restored or, in other words, reset to zero;

18. The remanufacturing rate of items is given in relation to regular proggs<., & /r.
We assume that the remanufacturing is smaller or equal regular produstidiat
r <& with r > 0. This is done in order to favor in-line rework. Certainly, it gives
flexibility also to define rework more time-consuming than regular procesgahiges
higher thanr = 1 express that rework employs more time than regular production.
This assumption should be proofed or discarded by empirical data.

19. Neither regular storage space of FGI or returned items are restricted

20. Returned items that may not serve for demand satisfaction are ddoardediately,
so that the pull character of the system is still prevalent. A setup is exforaase of
positive returns even if disposal for all returned items in that period talee®. This
might be interpreted as some fixed cost encountered due to handlingrofstetu

21. Returned items can be processed together with other production mgdesfing the
same produdt, so that no additional setup for remanufacturing is necessary.

We integrate remanufacturing in the CLSP-P-LDCap-5 that name CLSP&ap-R1.
The CLSP-P-LDCap-R1 is stated as follows:
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CLSP-P-LDCap-R1

N T B
minzlzl<hiP.t+<n'h?+ ZDCL%~ybt+pscwt—pc%~ybrbb +OC|’OI> (9.1)
i=1t= b=1
subject to
Xgispo:XF1+th3+th4—|i? Vi,t:l (9.2)
X590 = X1 4 X2 xS x4 P Vit=2..T (9.3)
M
Pi=Pi1+ Y X — diy — 1P Vit=1,...,T (9.4
m=1
lit = Ii7t,1+xi‘3'5p°—dn viit=1,...,T (9.5)
M t-6F t -1 _
12> >SS du-Y 12 Vit>0eL  (9.6)
m=1 u=1 u=1 u=1
M N
> Z(Eixi’{‘+sﬁyit)§can+ot Vi=1,....T (9.7
m=1li=
N 3 N
Z\(EixirpzlﬂLSWit) <a-Cap—B ) Zl(fixiT+SﬁYit) vi=1..T (9.8)
i= m=1i=
Gip = & X vit=1,..T (9.9
N
S & =0 Yt=1..T (9.10)
1=t
M
S < (d“+Cap) - (e +20) Vit=1..T (9.11)
m=1
N
7z <1 Vi=1,....,T (9.12)
2
Zt <Vit-1 Vit=1,....T (9.13)
M .
> X=X (Yie + Z) Vit=1..T (9.14)
m=1
lio=Ilir =0 Vi (9.15)
yit € {0,1} Vit=1,....,T (9.16)
lit, Pe.xt >0 vmit=1..T (9.17)

Inequalities (9.9) and (9.10) do not contain setup times, because theszaunted for
in (9.7) and (9.8). Madifications are performed in Equalities (9.2) and (8&8)adds pro-
duction moden= 4. This formulation has several drawbacks additionally to the complexity
of the model that is further increased.

e Returns of items are not allowed to be higher than nominal capacity in a time period
Cap. We might argue that allowing for returns higher than available capacitytis no
reasonable if no additional capacity for remanufacturing is available,

e No other production modes may be used for remanufacturing, becaodecfion
modem = 4 for remanufacturing is an input parameter, so that returns are ftwced
be reworked in the period they arrive or discarded.
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Due to these additional drawbacks, we try a more flexible formulation regatte
processing of returned items. Furthermore, we adopt the CLSP-P temstan regarding
remanufacturing and rework. Therefore, we subsequently distingeisteen setup and re-
manufacturing of returned items and regular/overtime production and iteagraanufac-
tured items in the inventory balance equations while adding an inventory leaggu@tion
for remanufactured/returned items according to van den Heuvel (2004)

We add the following assumptions for the remanufacturing approach thatawe
CLSP-P-R-6 which is based on the CLSP-P-5 given in Section 8.5 onfRage

22. remanufacturing/rework of items is faster than regular processsgmasg that
passed products do not have to return to every step of the productioass

23. Reworking items and setting up for them is less costly and time consumingathan f
regular production;

24. The machine is either set up for regular production or for reworkithgse setup
states are carried over or changed, accordingly;

25. The machine can only be in one setup state, thus either producingrieqdacts or
reworking passed/returned items. In other words, parallel proceissirtg allowed;

26. Setting up for rework and reworking increases machine utilization asdhtese costs
are added in the utilization cost term in the objective function;

27. Minimal lot sizes do not apply for rework batches because theyldheureworked
immediately when returned, so that they do not need to wait before enoughate
returned and their quality decreases further while waiting;

28. Returned or passed items may W&t TU in rework inventory. If this time elapses
or returned/passed items are not in time to serve for demand satisfactioraréhey
discarded;

29. Returns are assumed to be a fraction of demanded items.

The relation of returns to demand is given using the following form to calcthai®:
Git = (1— o) - diy (9.18)

In practice, forecasts of returns apply that are rather difficult to tebbshed; see Toktay
et al. (2003).

The underlying decision process of the model is depicted in Figure 9.Inestutems
that are a percentage of items previously demanded and stated in (9.t8)eceted in the
rework inventory. Dependening on the deterministic demand that trigges/sitem and,
consequently, returned items, it is decided whether to rework or dispageed items in a
first step.

The constraint regarding disposed returned items is given as follows:

t—0f t t-1
> 5 o0-YGu-S o Vit=1..T (9.19)
u=1 u=1 u=1

The possibility to rework items is restricted by the returned item lifet®heas shown in
the first term of (9.19). We further integrate a rework/remanufacturingnitory balance
equation to characterize the flow of remanufacutring stated as follows:

|i{:|i(t_1+et—x{t—|i?f Vit=1,....,T (9.20)
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Figure 9.1: Depiction of the remanufacturing/rework/production proeggdied on the
CLSP-P-R-6.

The returned items/rework inventory balance is given by returned itemsviratalready
in inventory since previous periodls- 1, by new external returnS;; less those items that
are reworked/remanufactured to serve for demand satisfaction arettfaisare discarded,
because there is no demand in the range of their lifetime restrictions. Aftentéacéur-
ing of items, they regain full quality standards, so that they are indistinduiisiod regular
produced products and enter FGI. Rework/remanufacturing of redutams is further re-
stricted by the amount of returns:

X; < Gt Vit=1,....T (9.21)

Constraint (9.21) prevents frophantomreworked items are taken from “out of nowhere”
from the model and might further serve as a cutting plane to speed up thmsdlod-
ing process. Reworked/remanufactured items either serve to satisfy deipam period

t or they enter regular inventody until they are used for demand together with regularly
produced items; stated in the following constraint:

e =lig g 4+%e 4+ —de =12 Vit=1...T (9.22)

Disposals at this stage are due to minimal lot size constraints on regulacpomlibecause
these models avoid wastage in the first place as shown before; seefdlandso3 (2010),
Pahl et al. (2011). As stated elsewhere, we solely constrain regadugiion to comply
to a specific minimal lot size. Disposals of regular and/or reworked items osttge are
determined as follows:

t—0; t t—1
>y u+x)— Y du—Y i Vit=1..T (9.23)
u=1 u=1 u=1

The moadification to the disposal constraint is done in the first term whererked items
that are now as good as new are restricted by the regular lifetime of.item
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The complete extended CLSP-P-R-6 is stated as follows:

CLSP-P-R-6

z

T

(SG Vit + G -V +hi-lig +h -1+ @12+ ¢ 19" (9.24)
=1t=

T

N
2
i=1t=

B
[Z pCU, - Yot -+ PSCly — P - Yot - by | +0G - Oy
b=1

subject to
lit = lig—1+ X + X — di — 1P Vit=1..T  (9.25)
F=1 1+ G — 1P Vit=1..T  (9.26)
X < Git Vit=1,...,T
t—0; t t—1 .
2>y Outx)— Y du— 5 10 Vit=1..T
u=1 u=1 u=1
t—0f t t—1
ey -y Gu— Y I Vit=1..T
u=1 u=1 =
N
Cag+qzZl(éi-stu~yit+t.5{-x{t+rst-y{t) Vt=1,...,T (9.27)
( +Ca|q) (Yit +Zt) Vit=1,...,T (9.28)
( +Cag) (Vi +2) Vit=1..T  (9.29)
N
Zl (ze +7) Vt=1,...,T (9.30)
Zzi t 1_Z|t 1 v'7t:177T (931)
ZZ:' It 1 Z:’t 1 V|,t:l,,T (932)
Xit > X| (ylt"'zit) V|,t:1,,T (933)
lo=Ilir =0 Vi (9.34)
pPsCuy; < Yot - b Yb=1,...Bt=1...T
PSCUy; > bp - Yot vb=1..Bt=1...T
psCyy < bpi1- bt Vb=1...B-1t=1,....T
yitay'rtvzitazlrt yth{O 1} Vit=1..T (936)
X|t7xit7||t7||t7 |t7 |t 70'[ >0 v'7t:177T (937)

The objective function minimizes total costs of regular production and tewetups,
inventory and rework inventory holding where the latter is less costly, dapad regularly
produced items and returned items, load-dependent utilization costs, artonev Setup
costs are taken into account additionally to the unit times of nominal capacitylettiun
the utilization term, so that setup variables are set correctly. Constrainfy (B8ote the
inventory balance equation of regular production with the modification ofetvernk of re-
turned items that are available for demand satisfaction in petigdonstraints (9.26) state
the returned items inventory balance equation that is composed by retumsttitat were
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in inventory in previous periods— 1, returned items;;, less those items that are reworked
X, and disposal of returned itertfg". Constraints (9.18) require that the amount of reworked
items can never be greater than returns. Inequalities (9.23) and (9i¢8ndee the items
that are dispose due to lifetime restriction of regular or returned items amditg to
demand requirements. Returned items can stay in returned inventory untiktheik life-
timegiven by©; expires; see also Figure 4.1 in Section 4.1.2 on Page 16. Constraints (9.27)
present the regular capacity restriction including capacity consumptiotodesvork and
rework setups. These are stated as LP upper bounds as in the cl@issal LDLT are
accounted for regarding the utilization term in the objective function thatnslped by
load-dependent costs. Constraints (9.28) and (9.29) give the setpesgbilar or rework
batches that can be carried over from/to the next period in both casesytingess, the ma-
chine state requires being set up exactly for one product of reguduption of rework or
not at all which is presented by Constraints (9.30). Inequalities (9.31j%82) determine
the setup carry over of machine stags Inequalities (9.33) present the minimal lot size
requirements that are required only for regular production. This caabily modified for
the specific practical case.

In case that rework/remanufacturing of returned items is waiting depérnbercapacity
restriction can be modified as follows:

N
Cap+0 > ‘Zi(a Xt A4Sty At & X rsteyh)  Vt=1,...T (9.38)

so that rework/remanufacturing processing times become longer the nhamesretay in
rework inventory.

The resting Inequalities (9.34), (9.35), (9.36), and (9.37) denote initctabading inven-
tory levels, binary variables regarding setups, and non-negativitstiznts.

9.2 Integration of In-Line Rework

Parts and products in the production system might be required to be exivdde to mis-
conform to production or quality standards, if technically possible.

The following rework model includes returned items (recycling) as welleasork of
passed items (interally passed). Therefore, assumptions are modifigdient @&s follows:

30. Items that pass their useful (quality) lifetime while being in stock beforesdinee
for demand satisfaction are passed to the internal rework system to cpgglity
standards;

31. Passed items need not necessarily be rework if there is not eneagind, so that
such items are disposed immediately. Rework in that sense is some kind of virtual
prolungation of lifetime.

Rework of internally passed items make sense in case that there is a demandeéaith
future for these items and rework is less costly than regular productionaur case as this
is included, remanufacturing of externally returned items.

The complete extended CLSP-P with minimal lot sizes, setup carry oveid,gion
smoothing (CLSP-P-5) and remanufacturing/rework of returned itemméardally passed
items is stated as follows:
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CLSP-P-R-7
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Chapter 10

Numerical Study and Results

In order to analyze the behavior of the CLSP-P-R-7, the model is implenentégress-
IVE calculating test instances on a computer with an Intel Core(TM) 2 DUd @#Bcessor
with 1.60 GHz and 1.6 GB RAM. Relatively large test instances are calculatptbging
20 products and 50 time periods. As stated by Haase and Kimms (2000) stesicie sizes
with less than 10 items and up to 20 periods may already be of practical re¢evan

In Table 10.1 parameters are stated that are equal to all test instances dediimiyg
relations of parameters of returns. Returns are calculated as in Equatd@) (vhere a
fraction of aiR = 0.06 is assumed, so that the return rates are high with 94%. Return rates
for fashion clothes at catalogue retailers may be less high, but in comp#oisther prod-
ucts still high (de Koster et al. (2002)) with around 60%. Other authqrsrteeturn rates
from customers to be approximately 6%, but such rates significantly vandigtries; see
Rogers and Tibben-Lembke (2001). Therefore, we study two caspkging very high
returns rates of 94% and very low rates of 6%.

Table 10.1: List of time-infinite remanufacturing/rework parameters forratiipctsi
Product rsG rpci  rhi ¢ & o

i sG/10 pG/100 h @ §&/10 4

The intervals/borders and costs for utilization are given in Table 10.2b®fders need
to be modified according to capacity and expected use of overtime.

Table 10.2: Cost parameters of utilization intervals

Cost factor Interval bordets
0O 700 850 900 5000

pcy 1 42 83 238 523
pe, 1 8 17 48 65

A number of 6 4-4-4.5=1.920 test instances were generated combining different
parameter profiles and variations using the test data generator desor8eigl (2009); see
also Pahl et al. (2011) for a study with SDST and costs. Lifetimes arengssto be equal
for all products. They are varied assuming different parameter valitégr variations are
executed for machine load profiledime between orderss (TBQshinimal lot sizes, and
demand profiles as follows:

IThis is valid for all presented models.

90



91

e number of products= 20,

e number of periods= 50,

o five different demand profiles assuming a Gamma distribution,
e lifetimes®! :=0,1,2,3,5,10,

e machine loads= 0.75,0.8,0.9,1.0,

e TBO profiles =1,2,3,4,

e minimal lot sizes=0,20,50, 100,

The distribution of demand profiles on products is assumed to be rather lowénto cre-

ate solvable test instances and in regard of the assumptions on used iters. idtaminal
capacities are fixed t0.000 TU that are used by the generator to calculate product coeffi-
cients and setup times for all products. Setup times are randomly generatéensuhat
take into account available capacity that is not exceeded in order toagersaivable test
instances. The same is valid for the generation of production coefficiemitstlecks ca-
pacity utilization in order to create multiplicators that correct processing, ratesrdingly.

The mean TBO is further determined using the classical EOQ formula. lessgs the fre-
quency of demands for specific products. For instancel 8@= 1 denotes that the related
product is demanded in every time period.

The maximum solving time for each test instance is fixed to 60 seconds, sqtimab
ity gaps are prevalent. The optimality gap denotes the differences betweebaghbound
and the best incumbent solutiamdditionally, all test instance are feasible and at least one
solution is found.

Calculation results are further tested with #é&coxon signed rank test (W-SRfby
matched pairs to compare, e.g., the diffculty to find a solution regarding arceharac-
teristic. The W-SRT is a statistical test that abstracts from a specific distrbfatiots test
samples. It gives information if the location parameters of the distribution oSamaples
are shifted regarding a certain value generally denoted.byhe formulation of the null
hypothesis assumes that distributions are equal, ji.e=, 0. The test statistic and an er-
ror probabilitya give information if the null hypothesis (“the medians of the distributions
are equal”) can be rejected. The W-SRT is employed regarding singlaatbsstics, e.g.,
TBO, item lifetimes, minimal lot sizes, loads, as well as matched pairs of liftimes/minimal
lot sizes, TBO/IifetimesaiL, TBO/minimal lot sizes, and loads/minimial lot sizes. The ta-
bles show the resulting-values of the W-SRT. These denote the probability that a certain
test sample or an even rarer test sample is observed under the caimmidefahe null
hypothesis. In other words, thevalue states the smallest test level where the regarded
sample is still significant. Consequently, if thevalue is smaller or equal a choservalue
that gives the error to reject the null hypothesis although it is true, thehgpbhthesis is
rejected; see Duller (2008). If thevalue is greater than thee-value, the null hypothesis is
not rejected implying that the distribution is not shifted. Values smaller thamealue of
0.05 are highlighted. Thig-value is employed for all tables and interpretations. The tables
are symmetric due to the matching of characterizations and their correspapudinmaglity

gaps.

2See also http://www.gams.com/dd/docs/solvers/xpress.pdf.
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10.1 Analysis of Resulting Costs and Optimality Gaps

In a first study, the resulting costs of the test instances are analyzqzkthait conclusions

on the optimal plans and their characteristics. Therefore, test instanitesolutions im-
plying overall costs that are lowest are compared with those who resufihedt costs are
analyzed regarding their underlying parameter combinations. We expeutgg@nces with
lowest costs to be those with no minimal lot size constraints, long lifetimes of items, low
loads, and high values of TBOs.

10.1.1 Test Instances with Return Rates of 94%

Table 10.3 confirms the expectations for load values and TBOs, butisogly not for
lifetimes that are rather arbitrary with values ranging fréfn= 2 to - = 5. Furthermore,
test instances 10101014 and 1516- 1514 have minimal lot size constraints>df" = 20.
The number of rework setups is significantly high over those of regutatyation which is
due to the high return rates of 94% and the preference on rework implieadbparameters.

Table 10.3: Test instances with lowest costs and return rates of 94%

Nr. of optimality ) Nr. of  Nr. of rework
test instance gap in % G)iL TBO load X"N  objective setups setups
1010-1014 6.03 3 3 0.75 20 9.788.120 92 444
1510-1514 6.47 5 4 0.75 20 9.799.570 69 452
1495-1499 6.27 3 4 0.75 0 9.801.950 96 457
1478 7.11 2 4 0.75 0 9.803.960 124 464
1475-1479 7.39 2 4 0.75 0 9.803.960 124 464
1035-1039 6.55 5 3 0.75 0 9.807.570 98 444

On the other hand, it is expected that test instances with highest costeseethiat in-
clude lifetimes of@- = 0 which implies dot-for-lot policy and minimal lot size constraints
with high values which is confirmed by results given in Table 10.4. A lot-fopddicy is re-
quired due to zero lifetimes of items resulting in a storage inflexibility. It denopézrethat
includes lot sizes that match demand of products in the regarded peritttsoventory
is not build up and the machine has to be set up every time. Lot sizes arggrepated.
The model does not need to evaluate various aggregations of lot s&z@s/antory combi-
nations neither for regular production nor for rework, so that thesenssinces are solved
rather fast and close to optimality, but to the expense of highly increasgsl ¢ozero life-
time is included in this study to demonstrate the well behavior of the model. Neveghele
a lifetime of ©; = 0 is rarely of practical relevance and there is no need for a mathematical
model to find a solution.

Table 10.4: Test instances with highest costs and return rates of 94%

Nr. of optimality ] Nr. of  Nr. of rework
testinstance  gapin% ©- TBO load xMnN objective  setups setups
222-224 35.28 0 1 0.8 100 16.305.400 244 453
220-221 35.29 0 1 0.8 100 16.305.400 244 453
1420-1424 9.42 0 3 1 100 17.105.500 257 441
940-944 10.03 0 2 1 100 17.218.800 256 438
460-464 13.37 0 4 1 100 17.717.300 254 433

Results regarding TBOs are arbitrary with values ranging floBO= 1 to TBO =
4. Test instances with highest costs show mainly highest loads excefastoinstances
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Figure 10.1: Lowest overall costs regarding test instances with redtes of 94%.

222— 224 and 2206- 221 with loads of B%. Related detailed costs are depicted in Figures
10.1 and 10.2 and their values given in Tables 10.5 and 10.6.

Table 10.6 shows that inventory holding is not permitted for intances withlitetimes
regarding regular production. Minimal lot size constraints with vajlté = 100 character-
izing test instances with highest costs cause increased processinmamsigrast to those
with lowest costs that are not subject to such constraints or that contiaér faw require-
ments. High values for minimal lot size constraints further lead to enhanceolsdilscosts
which is also valid for rework disposals in comparison to test instances wittskooverall
costs. Overtime costs are superior for test instances with highest ax@stlthan for those
with lowest overall costs that might also be due to minimal lot size constraints. dtitliz
costs for test instances with both lowest and highest costs are signifidaerdyased for
some test instances withTelBO= 4 except for test instances 1478 and 1475-1479.

Figures 10.1 and 10.2 demonstrates that the significantly highest costriegeigr test
instances with both lowest and highest overall costs are the same, ecgsging and over-
time costs. Nevertheless, this might be also due to cost parameters assuthechfameri-
cal study, so this has to be relativized.

The influences of parameters and thus test instance combinations on tiengmiacess
expressed by the optimality gap due to solution time restrictions are analyzsetsigmtly.
Test instances that experience lowest and highest optimality gaps haractanistics as
shown in Tables 10.7 and 10.8.

Test instances with lowest optimality gaps are those that have a zero lifetim@wittd
and zero minimal lot size constraints. In fact, we expect the minimal lot sizev®ahigh
impact on the solution process that has been already experienced wtiilg tae model
behavior with small numerical examples. Although the load of test instansaKing in
lowest overall costs is highest withQRb, it does not have a great influence the solution
process. This is confirmed by the W-SRT in Section 10.4.

Test instances with highest optimality gaps are those that have rather higts \cd
minimal lot size constraints. However, characteristics regarding lifetimess Jead TBOs
are arbitrary ranging fro®- = 0to®" = 10, TBO= 1 to TBO= 4, loads of 07509% and
minimal lot sizes fromd™" = 20 tox™" = 100. High values for minimal lot size constraints



Table 10.5: Test instances with lowest overall costs with detailed costoecaedor test instances with return rates of 94%

Costs regarding

Nr. of optimality ) rework rework rework

test instance gapin% ©- TBO load xM"  objective processing processing inventory inventory aisp disposal overtime utilization
1010-1014 6.03 3 3 075 20 9.788.120  4.126.300 478.724 71.33 4.108 9.523 149.731 4.136.650 811.751
1510-1514 6.47 5 4 0.75 20 9.799.570 3.917.110 482.036 6487 1.871 33.923 104.651 4.163.740 1.041.370
1495-1499 6.27 3 4 075 0 9.801.950  3.918.760 481.837 53.254 1.870 30.273 105.024 4.170.480 1.040.460
1478 7.11 2 4 0.75 0 9.803.960 4.075.520 481.314 30.642 2.468B1.155 110.799 4.302.120 749.943
1475-1479 7.39 2 4 0.75 0 9.803.960 4.075.520 481.314 30.642 2.468 51.155 110.799 4.302.120 749.943
1035-1039 6.55 5 3 075 0 9.807.570  4.122.190 478.960 67.325 3.807 13.411 148.865 4.149.370 823.644

Table 10.6: Test instances with highest overall costs with detailed cogocie for test instances with return rates of 94%

Costs regarding

Nr. of optimality ) rework rework rework

test instance gapin % O}- TBO load x™" objective  processing processing inventory inventory alspp disposal overtime utilization

222-224 35.28 0 1 0.8 100 16.305.400 7.014.760 480.220 0 235.7617.122  522.488 7.456.730 178.314
220-221 35.29 0 1 0.8 100 16.305.400 7.014.760 480.220 0 235.7617.122  522.488 7.456.730 178.314
1420-1424 9.42 0 3 1 100 17.105.500 8.608.960 448.999 0 @4.7311.547 576.057 6.445.420 699.820
940-944 10.03 0 2 1 100 17.218.800  8.960.950 441.603 0 27.1234.033  628.141 5.934.740 992.207
460-464 13.37 0 4 1 100 17.717.300 9.110.410 439.109 0 10.4204.049 629.947 6.210.230  1.103.090
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Figure 10.2: Highest overall costs regarding test instances with reites of 94%.

Table 10.7: Test instances with lowest optimality gaps and return rates of 94%

Nr. of optimality ) Nr. of  Nr. of rework
testinstance  gapin% ©- TBO load xMnN objective  setups setups
1919 0.15 0 4 1 0 15.928.300 412 421
1435-1439 0.71 0 3 1 0 15.933.700 418 422
1916-1918 0.81 0 4 1 0 15.928.300 412 421
475 0.83 0 1 1 0 16.014.300 412 423
1915 0.84 0 4 1 0 15.928.300 412 421
476-479 0.86 0 1 1 0 16.019.000 418 425
955 0.99 0 2 1 0 15.944.600 421 422
956-959 1.02 0 2 1 0 15.944.600 421 422
355-359 1.45 0 1 0.9 0 13.666.100 437 441

Table 10.8: Test instances with highest optimality gaps and return rate$wf 94

Nr. of optimality ) Nr. of  Nr. of rework
test instance gap in % @iL TBO load xMn objective  setups setups
222-224 35.28 0 1 08 100 16.305.400 244 453
220-221 35.29 0 1 08 100 16.305.400 244 453
1765-1769 3599 10 4 09 50 12.260.900 36 411
1540 40.94 0 4 0.75 100 16.007.800 278 421
810-814 41.06 10 2 09 20 12.362.700 90 423
1541-1544 41.32 0 4 0.75 100 16.007.800 278 421
1290-1294 41.38 10 3 09 20 12.400.100 43 423
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are expected to cause significant optimality gaps, but short lifetimed B@s= 3,4 are
expected to facilitate the solution process. Detailed analysis is provide€giedgly.

10.1.2 Test Instances with Return Rates of 6%

The test instances that experience return rate of 6% demonstrate optimphtpfg@o as
shown in the following tables. Overall costs are significantly higher tharetfarsreturn
rates of 94%, because regular production is more expensive tharkrefueturned items
or internally passed products.

Table 10.9: Test instances with lowest costs and return rates of 6%

Nr. of optimality ) Nr. of  Nr. of rework
testinstance  gapin% ©- TBO load xMnN objective  setups setups
0 0.02 1 1 0.75 100 48.617.600 491 467
1465-1469 0 2 4 0.75 50 48.875.200 490 482
1480-1484 0 3 4 0.75 100 48.875.300 493 481
970-973 0 1 3 0.75 20 48.875.300 489 481
1475-1479 0 2 4 0.75 0 48.875.400 493 470
1485-1488 0 3 4 0.75 50 48.875.400 491 473

These results are similar to those for return rate of 94%. Neverthelessjnimal lot
sizes show higher values and the number of setups for regular pradacti@nhanced due
to an increased regular production, because returns are loweristgly, test instances
with ©F = 1 pertain to those with the lowest overall costs which is unexpected.

Table 10.10: Test instances with highest costs and return rates of 6%

Nr. of optimality ] Nr. of  Nr. of rework
testinstance  gapin% ©- TBO load xMnN objective  setups setups
940-944 0 0 2 1 100 49.787.600 491 442
469-467 0 0 1 1 50 49.787.700 491 443
471-473 0 0 1 1 50 49.787.800 491 443
476-477 0 0 1 1 50 49.788.000 491 443
460-463 0 0 1 1 50 49.788.300 491 445

Table 10.10 presents a similar picture regarding the test instances withthighgsng
costs including return rates of 94%. Highest costs of test instanceawsedby a lot-for-lot
policy due to zero lifetimes. Furthermore, loads are highest. Surprisinglypalitot sizes
are not necessarily at the highest value which is true only for some tésmt@es. However,
the resting value are high witt"™ = 50.

Table 10.11 gives the results of those test instances that demonstratst loigti@ality
gaps. In comparison to those test instances with return rates of 94%, optigedisyare
very low which is due to the return rate of 6%. Consequently, the returrhestea great
influence on the solution process.

Table 10.12 and Table 10.13 show detailed costs of the test instancesstitairrglans
with lowest and highest costs. The processing costs are the greatest peerall costs
that are higher than for those test instances with 94% return rates. This it® @nhanced
regular production due to low return rates of 6%. Disposals and rewspkshls are for all
test instances near to zero despite for test instance 0 and 978. No overtime takes place
for those test instances with lowest overall costs that might be due to & lathkad of
75%.
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Table 10.11: Test instances with highest optimality gap and return rates of 6%

Nr. of optimality ] Nr. of  Nr. of rework
testinstance  gapin% ©- TBO load xMnN objective  setups setups
1856-1859 0.53 3 4 1 0 49.650.900 373 441
842 0.54 1 2 1 100 49.684.400 403 455
1810-1814 0.54 1 4 1 20 49.656.300 447 443
840-844 0.56 1 2 1 100 49.692.300 456 441
856-859 0.56 1 2 1 0 49.694.900 381 423
850-853 0.57 1 2 1 20 49.684.900 478 445
855-858 0.57 1 2 1 0 49.697.400 453 442
1320-1324 0.58 1 3 1 100 49.688.200 422 441

10.2 Influences of Lifetime Constraints

The lifetime is expected to have a significant influence on the solution pracées$us on
the optimality gap. Surprisingly, results shown in Table 10.14 reveal that the oimal-
ity gap is rather small for test instances with a lifetime@bf= 2 and®- = 3 which was not
expected. Test instances with lifetimes@jf = 0 have a rather high mean optimality gap.
The same is valid for test instances w@h = 10 lifetimes.

Table 10.15 shows another picture regarding the influence of lifetimes ofptimaality
gap where, e.g., test instances wih = 0 experience optimality gaps betweerl®—
41.32%, so that it might be a reasonable assumption that another parameteaunsay c
these significant differences which is expected to be the minimal lot sizeefDne, further
analysis including a pairwise W-SRT regarding lifetimes and minimal lot size<sesutsd
and results are given in Tables 13.1 and 13.2 in the appendices.

The p-values determined by executing the W-SRT regarding the influence of lifgetime
on the optimality gap are given in Table 10.16 revealing that the median of digirisu
is not equal for lifetime®! = 2 and@! = 5 as well as fol®"- = 1 and®" = 10. This is
also confirmed by some results given in Table 10.15. These show greaéddes between
resulting optimality gaps for test instances with lifetin@s= 5, 10, but also for®- =0
which is not confirmed by thp-values in Table 10.16.

Results in Table 10.16 further show that the medians of distribution®¥or 2 and
Ok = 3 are not significantly shifted, so that the probability to observe a certdisdagple
or an even rarer one is rather high with.B®. The same is valid foB- = 0 and®- = 2,
but only with a probability of 48%.

Table 10.17 presents thevalues regarding the lifetime of test instances with 6% return
rate which gives a different picture of the influence of the lifetime on thetisolyprocess
where thep-values are significantly smaller than the error probabilitgrof 0.05 for test
instances with®- = 1 and all other lifetimes despi®- = 0. For lifetimes®- = 2 and
O = 3, the p-values are high both for return rate 6% as well as 94% witl7®#8and
99.2%, respectively.

The W-SRT on pairwise parameters regarding lifetime and minimal lot sizers give
Tables 13.1 and 13.2. Despite some exceptions, it is observable that gremiffs in the
medians of the distributions regarding the test instances are significdif¢fiones ©- = 1
and®k = 10 versu®t- = 2 and®- = 3, but regarding all minimal lot sizes values, so that
this characteristic seems not be responsible for the differences irgénd optimality gap
for test instances with the same lifetime. Nevertheless, while closer examiniolgareter-
istics of test instances with return rates of 94% and their mean optimality gapsoities
obvious that high mean optimality gaps are due to a high value of the minimal lot®ize ¢
straints independent of the other characteristics such as the load or &g Bhown in
Table 10.18. Values greater than 10% are highlighted. The complete Ta&b8arid 13.4



Table 10.12: Test instances with lowest overall costs with detailed cogiorae for test instances with return rates of 6%

Costs regarding

Nr. of optimality _ o . rework . rework . rework . o
test instance gap in % @iL TBO load x™" objective  processing processing inventory inventory aisp disposal overtime utilization
0 0.02 1 1 075 100 48.617.600 48.566.500 31.001 7.617 1 29 0 0 2.404
1465-1469 0 2 4 0.75 50 48.875.200 48.834.000 31.171 3.840 17 0 0 0 6.150
1480-1484 0 3 4 075 100 48.875.300 48.834.000 31.171 3.499 9 0 0 0 6.615
970-973 0 1 3 075 20 48.875.300 48.834.000 31.180 3.675 19 8 18 0 0 6.180
1475-1479 0 2 4 075 0 48.875.400 48.834.000 31.171 3.345 13 0 O0 0 6.789
1485-1488 0 3 4 0.75 50 48.875.400 48.834.000 31.171 4.181 61 O 0 0 5.914
Table 10.13: Test instances with highest overall costs with detailed degiocees for test instances with return rates of 6%
Costs regarding
Nr. of optimality ) o . rework . rework . rework . o
test instance gap in % G)iL TBO load x™" objective  processing processing inventory inventory aksp disposal overtime utilization
940-944 0 0 2 1 100 49.787.600 48.834.000 31.171 0 273 0 0 B65.4 556.601
469-467 0 0 1 1 50 49.787.700 48.834.000 31.171 0 518 0 0 3B5.41 556.541
471-473 0 0 1 1 50 49.787.800 48.834.000 31.171 0 547 0 0 365.46 556.589
476-477 0 0 1 1 50 49.788.000 48.834.000 31171 0 586 0 0 365.53 556.661
460-463 0 0 1 1 50 49.788.300 48.834.000 31.171 0 480 0 0 3B5.77556.886
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Table 10.14: Mean optimality gap of different lifetimes for test instances witirme-ates
of 94%

Mean optimality Mean
gapin% Lifetime best solution

584 O-=2 11.989.084
591 ©O-=3 11.904.251
6.95 O-=5 11.833.043
699 O-=1 12.271.117
801 O-=0 13.413.630
1112 ©F=10  11.849.873

Table 10.15: Analysis regarding the variations of lifetimes regarding tettrnioss with
return rates of 94%

Lifetime  Optimality gap in % Best solution
lowest highest lowest highest

e-=0 0.15 4132 15928290 16007.751
or=1 348 1755 15169797 11066587
o-=2 3.03 934 14792317 9979803
o-=3 192 1125 14573429 10310650
6}- =5 244 2925 14405461 14436627
e-=10 233 4138 14411491 12400745

Table 10.16: W-SRT regarding Lifetimes and their influence on the optimalityfayaest
instances with return rates of 94%
ot=0 ©ot=1 6-=10 ©6t=2 ©6t=3 oel=5

@iL =0 0.00000 0.00000 0.00000 0.48957 0.23532 0.00642

@i'- =1 0.00000 0.00000 0.00140 0.00000 0.00000 0.00000
G)!- =10 0.00000 0.00140 0.00000 0.00000 0.00000 0.00000
©-=2 0.48957 0.00000 0.00000 0.00000 0.88728 0.17042
©-=3 0.23532 0.00000 0.00000 0.88728 0.00000 0.08047
©-=5 0.00642 0.00000 0.00000 0.17042 0.08047 0.00000

Table 10.17: W-SRT regarding Lifetimes and their influence on the optimalitfaaest
instances with return rates of 6%
6ck=0 ©t=1 6-=10 6t=2 ©6t=3 o6l=5

@iL =0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
@i'- =1 0.00000 0.00000 0.01318 0.00528 0.01171 0.00030
G)!- =10 0.00000 0.01318 0.00000 0.87080 0.79250 0.30999
Oi'- =2 0.00000 0.00528 0.87080 0.00000 0.99241 0.21444
Oi'- =3 0.00000 0.01171 0.79250 0.99241 0.00000 0.19892
©-=5 0.00000 0.00030 0.30999 0.21444 0.19892 0.00000
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including all minimal lot size constraints is given in the Apendice.

The p-values for test instances with return rates of 6% demonstrate differguits; see
Table 14.1 and 14.2 in the Appendice. For instance ptvalue regarding®- = 0 and all
values of minimal lot sizes for all other pairs regarding lifetimes are significkower than
the error probability assumed witth = 0.05, despite pairs (5;50) versus (0;100), (0;20),
and (0;50), but these have a rather low probability to observe such samgeeven rarer
sample ranging from 58% to.24%. Therefore, there is a great influence regarding a zero
lifetime on the solution process. Another observation that can be madelseiarreturn
rates that cause very different results. Consequently, return naésiportant aspects of
the model leading to very different results and inexpected behaviors.

Table 10.18: Average gap in % regarding lifetimes of test instances witmnegttes of 94%
and minimal lot sizes™" = 50 andx™" = 100

_ Lifetimes
xMN load TBO ©-=0 6t=1 ©f=2 ©6-=3 ©6-=5 6l=10

100 0.75 1 2281 9.64 7.77 11.25 9.91 10.78
2 17.86  10.27 8.88 8.04 7.72 9.25
3 20.89 8.75 7.51 7.34 7.76 8.19
4 41.24  10.03 7.21 7.52 8.39 7.48
0.8 1 35.28 8.09 7.51 7.48 7.2 10.01
2 16.86 7.15 5.65 5.81 6.82 6.10
3 17.35 8.11 7.66 5.65 6.24 8.11
4 30.39 8.60 6.77 6.22 6.59 6.93
0.9 1 15,218 5.98 6.47 5.21 4.62 5.44
2 13.45 5.54 3.91 4.64 4.75 5.09
3 13.64 4.98 4.00 5.23 5.3¢ 28.74
4 118,88 6.03 5.96 5.73 5.58 6.22
1.0 1 10.03 3.48 3.94 2.11 2.44 2.33
2 10.03 3.80 3.03 3.77 4.5¢ 24.69
3 9.42 4.19 3.36 3.49 4.7¢ 22.00
4 13.37 4.48 3.06 4.09 4.50 5.53

10.3 Influence of Minimal Lot Size Constraints

As already reviously examined and confirmed, minimal lot size constraintgicagly
influence the solution process, so that test instances with rather high mintraalds have

a higher optimality gap which is already demonstrated regarding lifetime cortstiain
Section 10.2. Table 10.19 presents the mean optimality gaps and mean beshsaltitio
the objective regarding the minimal lot size constraints for test instances etitinrrates

of 94%. The mean optimality gap is smallest for test instances that have a minimal lot
size constraint ok™" = 0 and highest for test instances witi" = 100. Nevertheless,
optimality gaps vary betweenIb— 29.22% forx™" = 0 and 192 41.32% forx"" = 100

as shown in Table 10.20 which is not surprising due to previous analysis.

Mean optimality gaps for minimal lot size constraints)§" = 20 andx™" = 50 are
rather close that is also shown in Table 10.20 and Table 10.21 where theplasents
the p-values of the related W-SRT. Thevalues given in Table 10.21 confirm no signif-
icant differences for these minimal lot size pairs. Howeyevalues of minimal lot sizes
XMin = 20 andx™" = 0, X" = 50 andx™" = 0 as well ax<™" = 50 andx" = 100 de-
note significant differences in the medlans of the distributions regardihmgtances with
such characteristics. Moreover, specific optimality gaps of test instavitethese charac-
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Table 10.19: Mean optimality gap of different minimal lot sizes for test instandt return
rates of 94%

Mean optimality Minimal Mean
gap in % lot size  best solution
6.56 xMn_0  12.103.680
7.11 xm'” 50 12.154.666
7.25 xm'n 20 12.112.402
8.97 xm'n 100 12.469.918

teristics significantly vary as shown in Table 10.20, so further analysisenuhderlying
characteristics is provided in Table 10.23.

Table 10.20: Analysis regarding the variations of minimal lot sizes for te&drioes with
return rates of 94%

Minimal lot size  Optimality gap in % Best solution
lowest highest lowest highest
xmi” 0 0.15 2922 15928290 9952864
xm'n 20 233 4138 15930762 12400745
xm'” 50 244 3599 15977751 12260896
xm'n =100 192 4132 14573429 16007.751

Table 10.21: W-SRT analyzing the influences of the minimal lot size constitite opti-
mality gap retarding test intances with 94% return rates

Xmln 0 XImin:]_oo leln 20 Xm|n 50

lein 0  0.00000 0.00000 0.04069 0.00012
xmm 100  0.00000 0.00000 0.00000 0.00003
Xmm 20  0.04069 0.00000 0.00000 0.10581
Xmm 50 0.00012 0.00003 0.10581 0.00000

In contrast to Table 10.21, Table 10.22 presentinggh@lues for test instances with
return rates of 6% show no significant differences between the medi#ms distributions
regarding the difficulty to find the optimality gap. Nevertheless, probabilitiebseiwe the
same or an even rarer test sample are witi@%dlfor x™" = 100 versus™" = 0 and 2846%
for X™" = 50 versus<"" = 0.

Table 10.18 also provides information on the influence of the minimal lot sizdifend
times on the mean optimality gap of test instances with return rates of 94%.

Table 10.23 demonstrates that for a lifeti@e = 0, a minimal lot size constrainf"™" =
100, and all load-values, the mean optimality gap is higher than 10%. Mean bptigaes
greater than 10% are highlighted in the table revealing high valuegHer 10,x™" = 100,
and loads ®— 1.0 as well a®- = 10 and load D for all minimal lot size parameters.

10.4 Influences of the Load on the Optimality Gap

The load profiles are taken in order to calculate the production coeffi@edtsetup times.
They might have an influence on the optimality gap which is examined using thBRW-S
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Table 10.22: W-SRT analyzing the influences of the minimal lot size constitite opti-
mality gap retarding test intances with 6% return rates

XMN—0 xMN=100 XMN=20 xMN"=50

Ximin =0 0.00000 0.11744 0.44639 0.28465
Ximin =100 0.11744 0.00000 0.43796 0.64644
Xim?n =20 0.44639 0.43796 0.00000 0.78432
XMN =50  0.28465 0.64644 0.78432 0.00000

Table 10.23: Average gap in % regarding test instances with return fe®d8wsorted by
minimal lot sizes, lifetimes and loads

_ ~Minimal lot sizes _
ok Load ¥"M=0 XMN=20 XMN=50 xMN=100

0 0.75 5.46 4.22 7.37 25.70
0.8 4.78 6.00 7.09 24.97
0.9 2.03 4.23 4.32 13.97
1 0.82 2.93 3.51 10.71
1 0.75 8.38 9.09 11.04 9.67
0.8 7.46 7.86 7.94 7.99
0.9 6.44 6.17 7.10 5.63
1 4.62 4.43 4.04 3.99
2 0.75 7.62 8.17 7.80 7.85
0.8 6.21 7.20 7.49 6.90
0.9 4.64 4.72 5.13 5.09
1 412 3.73 3.46 3.35
3 0.75 7.26 7.79 8.13 8.54
0.8 6.84 7.16 6.13 6.29
0.9 4.54 5.51 6.55 5.20
1 3.86 3.81 3.67 3.37
5 0.75 12.27 7.48 7.65 8.44
0.8 6.54 6.66 6.69 6.71
0.9 5.36 5.06 4.96 5.07
1 9.61 4.36 10.31 4.07
10 0.75 7.75 14.65 8.64 8.92
0.8 6.05 7.36 6.87 7.79
0.9 4.83 23.20 13.24 11.37

1 19.93 12.15 11.47 13.64
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However, the resulting-values are given in Table 10.24 and show that the load profiles
have no influence on the optimality gap.

Table 10.24: Influences of the load on the optimality gap retarding test irgavite 94%
return rates

(0.75) (0.8) (0.9) (1.0)

(0.75) 0.00000 0.00000 0.00000 0.00000
(0.8) 0.00000 0.00000 0.00000 0.00000
(0.9) 0.00000 0.00000 0.00000 0.00000
(1.0) 0.00000 0.00000 0.00000 0.00000

Table 10.25: Influences of the load on the optimality gap retarding test irgavite 6%
return rates

(0.75) (0.8) (0.9) (1.0)

(0.75) 0.00000 0.00000 0.00000 0.00000
(0.8) 0.00000 0.00000 0.75125 0.00000
(0.9) 0.00000 0.75125 0.00000 0.00000
(1.0) 0.00000 0.00000 0.00000 0.00000

Resultingp-values in Table 10.25 for return rates of 6% denote a probability to observ
the same or an even rarer sample with 75.12% for log@lafd 08.

10.5 Influences of the TBO

The mean time between orders (TBO) is calculated by the EOQ formula. Tal##é 10
presents the mean optimality gaps and mean best solutions of test instance®\s#mth
TBO-values. A TBO-value of 1 results in lowest mean optimality gaps which & @s-
firmed by Table 10.27. Nevertheless, optimality gaps vary for this TBO-va&ieeen
0.83— 35.29%. Differences between the lowest and highest optimality gap are tdoges
T BO= 4 which might be due to minimal lot size constraints.

Table 10.26: Analysis regarding the variationST&O for test instances with return rates of
94%

Mean optimality Mean
TBO gapin% best solution
TBO=1 6.81 12297877
TBO=3 7.67 12150428
TBO=2 7.69 12204.705
TBO=4 772 12187.655

The resultingp-values for the W-SRT on the influence of the TBOs on the optimality
gap is given in Table 10.28. They are above the error probability0.05, so that there is
no significant differences between the medians of the distributions iagatek optimality
gap of related test instances. Nevertheless, for TBO-pairs (2;1)4aby the probabilities
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Table 10.27: Analysis regarding the variations of TBOs for test instanithgeturn rates
of 94%

TBO Optimality gap in % Best solution
lowest highest lowest highest
TBO=1 083 3529 16014317 16305356
TBO=2 099 4106 15944802 12364183
TBO=3 Q71 4138 15933709 12400745
TBO=4 Q015 4132 15928290 16007.751

Table 10.28: Influences of the TBO on the optimality gap retarding test irdamite 94%
return rates

TBO=1 TBO=2 TBO=3 TBO=4

TBO=1 0.00000 0.11776 0.60146 0.26619
TBO=2 0.11776 0.00000 0.60568 0.94673
TBO=3 0.60146 0.60568 0.00000 0.53889
TBO=4 0.26619 0.94673 0.53889 0.00000

to observe a certain test sample or an even rarer one are 11% anded®¥gtively. The
differences in the optimality gaps presented in Table 10.27 are examined losed/dn
Table 10.30.

In contrast to this, th@-values for test instances with a return rate of 6% given in Table
10.29 demonstrate significant differences in the medians of distributioasdiag TBOs.
This is rather surprising as greater differences with greater TBOrélifées are expected.

Table 10.29: Influences of the TBO on the optimality gap retarding test irdamitle 6%
return rates

TBO=1 TBO=2 TBO=3 TBO=4

TBO=1 0.00000 0.00625 0.00000 0.00000
TBO=2 0.00625 0.00000 0.00162 0.00001
TBO=3 0.00000 0.00162 0.00000 0.17445
TBO=4 0.00000 0.00001 0.17445 0.00000

The results given in Table 10.30 reveal that the differences of optimality peesented
in Table 10.27 result mainly from minimal lot size constraints, especially fromalaev
xMn — 100 for all TBO-values where the optimality gap is highestT@O= 4 and load
0.75% with 246%. Furthermore, mean optimality gaps are larger than 10% for test in-
stances with lifetim@®" = 10 and TBO-values 2 4. The test instances wif@- = 10 and
TBO= 3 resulting in a mean optimality gap of 25d% have additional characteristics, i.e.
a minimal lot size constraint o&}“i” = 20, load of either @5 or Q9 that give highest opti-
mality gaps of 4138% and 3388% which is rather unexpected regarding the minimal lot
size value.

10.6 W-SRT Regarding for Pairwise Parameter Combinations

The influence of the combination regarding lifetime and minimal lot sizes aredglstad-
ied in Section 10.2. In the following, the combined influences of the TBO/lifetime, th
load/minimal lot size, and the TBO/minimal lot size are examined. Related tablewane g
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Table 10.30: Average gap in % regarding test instances with return fa®d$wsorted by
TBOs, lifetimes and minimal lot sizes

Mean time between orders (TBO)

e- xmn TBO=1 TBO=2 TBO=3 TBO=4
0 0 2.95 4.04 2.94 3.16
20 457 4.67 3.83 4.31
50 5.92 5.81 5.82 4.75
100  20.88 1455 1533  24.60
1 0 6.43 6.97 6.79 6.69
20 6.49 6.87 7.52 6.65
50 6.86 8.41 7.26 7.59
100 6.80 6.69 6.51 7.29
2 0 5.72 5.64 5.36 5.88
20 5.99 5.86 5.95 6.01
50 6.10 6.49 5.33 5.95
100 6.42 5.37 5.63 5.75
3 0 5.59 5.70 5.48 5.73
20 6.31 5.89 5.68 6.39
50 6.11 5.99 5.75 6.63
100 6.51 5.57 5.43 5.89
5 0 1022 5.74 557  12.25
20 5.89 5.78 5.99 5.90
50 6.17  11.68 5.98 5.78
100 6.04 5.97 6.02 6.26
10 0 567 1093 1054  11.42
20 6.30  19.03 2597 6.06
50 6.28  10.27 6.65  17.01
100 7.14 1128 16.76 6.54

in the Appendice. An error probability af = 0.1 is regarded angb-values highlighted,

accordingly.

Tables 13.5 presents thevalues regarding the pairwise tested TBO and lifetime and
their influence on the optimality gap. Significant differences in the means afisitriébu-
tions regarding the test instances exist, e.g., for pairs (2;1) and (1;0)pwittue 6%. The
same is valid for (2;10) and (1;0) with.@1%. Moreover, (4;1) and (4;10) versus (1;0)
demonstrate significantly different medians given by lpwalues, i.e., 88% and 012%.
The p-values regarding pair (3;1) and all other pairs show also significeeteifces despite
pair (2;1), (4;1), and (4;10); see row of (3;1) in Table 13.5. The latteoissuarprising, be-
cause the lifetimes are equal despite for (4;10). Furthermore, the pdiysi(d all pairs for
the lifetimes and” BO= 2 despited" = 1 as well as all litimes an@ BO= 3 show signifi-
cant differences. The same is valid for pairs (4;0) and (1;1) wipkvalue of 076% or pair
(4;10) versus all pairs (1;all) despite lifetir® = 10, so that the differences in the medians
regarding the distributions of the test instances might derive from the'efiff@d BO-values.
Surprisingly, the differences are not significant for lifetin@s = 1 versuso- = 10. We
expect these lifetimes to create significant differences. This migh deared rework life-
time ©f = 4, but further test are needed on this issue. Regarding the pairs éslisvairs
with TBO= 2 including all lifetimes despit®- = 1, thep-values are also very low ranging
from 0.003% to 0499%. The same is valid for pairs (4;10) despite pair (2;3) \pitralues
ranging from 0013% to 496%. Therefore] BO= 2 andT BO= 4 demonstate differences.
Surprisingly, the same is valid for (1;1) versus pair witBO= 2 andT BO= 3 including
all liftime values despite (2;1) that has probability of.#% to observe a certain or even
lower sample, so that alSbBO= 1, TBO= 2, andT BO= 3 have significant differences
including nearly all lifetimes which is not expected. Tables 14.1 and 14.2ptedifferent
results where clear differences exist betw&&0O= 1 and all other TBO-values including
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all litime values despit®}- = 0.

Table 13.7 give thep-values for pairs regarding the TBO and minimal lot sizes. Also
here, the influence of the minimal lot size seem prevalent, e.g., regardisg2d00) ver-
sus (1;20), (1;50), and (2;0). For instance, pairs (2;100) and (L)\@6 51.8% have a
higher probability to observe this or an even rarer sample, so that the minirsaéanight
have a higher influence on the solution process than the TBO. The saniil ifovgairs
(3;0) versus (2;100), (2;20), and (2;50) where pairs (3;0) and (230¢ a probability of
12.98% which is rather low. Additionally, this pattern is repeated for pairs (38d)(3;50)
versus (3;0) as well as (3;100) clearly demonstratingpevalues. Whergp-values for 94%
return rates do not show a clear picture, Table 14.5 denoting result¥sfoet@irn rates con-
firms the expectance that higher and lower TBO-values show signifidéereaces in their
medians of distributions. For instandeBO = 3 andT BO= 4 demonstrate lovp-values in
comparison tol BO= 1 including all minimal lot sizes, so that the latter do not influence
the solution process. The same is valid regardiBf = 2 versusl BO= 4.

Tables 13.8 and 13.9 present thevalues for pairs of loads and minimal lot sizes re-
garding their influence on the solution process. It shows that signifiiiatences in the
medians exist for pairs (0.75;50) and (0.75;0) as well as (0.75;50) an#;{00), so that
it seems that these differences derive rather from the minimal lot sizéraons clearly
demonstrating differences faf"" = 0, x"" = 50, andx™" = 100. This is also true regard-
ing the p-values for loads of @ where S|gn|f|cant differenes exist for these pairs regarding
XMin — O-xMN = 20, xMN = 0-xM" = 50, andk™" = 20x™" = 100, and{™" = 50x"" = 100.
Nevertheless, significant differences are also shown by pairs (9)&2[(0 75;20), so that
these differenes derive from the different loads.
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Chapter 11

Conclusions and Further Research
Directions

In this work, we developed optimization models for aggregate productiomipigibased
on classical lot sizing models that take into account the problem of lead tintes¢hdepen-
dent on the workload of production systems. This phenomenon is prevailprgdtice and
should be regarded in planning. Classical methods like mrp, MRP Il thatnglemented
in ERP systems do not provide related tools or planning methods. An inaéasekload
in the system leads to increases of lead times, so that items have to wait at\&iepsl of
the production system. There is empirical evidence that lead times increaseeatially
with the workload long before 100% resource utilization is reached, sgthahed and
realized lead times vary significantly. Additionally empirical evidence shovidltisiering
due to the workload of a production resource takes place, so that oateut®t produced
at a specific constant production rate, but at a fraction of the origate]) so that planned
outputs are not realized. There are few model approaches accotorttithg link between
order releases, planning and capacity decisions to lead times taking intanatice sys-
tem workload as well as lot sizing and sequencing decisions. We studfededif model
formulations that directly approach the problem with lead times that are loahdept us-
ing diverse methods. These have their advantages and disadvaiitagresfore, the choice
was made to pursuit with the proposed approach that account for log gigicisions in
order to directly capture the planning circularity regarding lot sizes, setupd capacity
utilization. We developed different formulations for production smoothingtie tactical
planning level. Up to date, production smoothing is rather accounted forpéeational
planning level regarding scheduling decisions mainly in the environmentnahsonized
assembly line systems. No model approaches have been proposedtéutitted planning
level regarding lot sizing, so far. Our production smoothing appraadistribute produc-
tion jobs evenly or in a way that a certain target utilization sector is achiegetas LDLT
are avoided.

Besides, a major objective of this work is to regard effects of LDLT on tindity of
items. If items have a certain lifetime, i.e., time interval in which they are usefuuftindr
employment in production or consumption, lead times that are load-depenagniead to
enhanced quality losses of waiting items. In the worst case, they canosetdéor demand
satisfaction and need to be discarded or reworked if technically posth@econsideration
of limited lifetimes is a hard constraint on inventory management and its integratmn in
mathematical models for lot sizing, production, and inventory management amtanp
issue. One may argue that longer storage times are avoided by mathematietd byodc-
counting for inventory holding costs in the objective function. This is trug,there is a
difference between being able to store products for long time periods @rukeimg able
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due to lifetime constraints. In this regard, we further regarded aspeststainability such
as avoidance of disposals caused by limited lifetimes of items, rework and uémaun-
ing issues. We proposed related models further including features, \eedinge, minimal
lot size constraints, and setup carry overs in order to minimize their effectesmurce
utilization thus already taking into account some scheduling at this stage. Taelsrare
developed based on the CLSP-P that include possibilities of remanufactiraxternally
returned items and rework of internally passed items that is waiting deperderkten-
sive numerical study on this model is executed analyzing functionality aaiccteristics
regarding complexity and its implications on the solution finding process. Theindé of
constraints, e.g., minimal lot size constraints, lifetimes, workloads, etc. aliedtTwo dif-
ferent returns rates of items were assumed that significantly influenseltseso that return
rates turn out to be a very important input factor to the model which confiomslgsions
from other authors that the return or recycling rates significantly infleetiee planning pro-
cess. Besides, minimal lot size constraints are a complicating factor of ptamanhonly
regarding lifetime constraints, but the overall planning process. Torexghore research is
needed on this influencing factor.

Further research directions that are pursuited are the developmeeitwadria flow for-
mulations for proposed models and their comparison regarding complexigffasiency of
solution finding. Besides, we are interested in integrating FGI distributioisidas to the
customer accounting for aspects of packaging and decision making spadréation modes
in order to maintain quality while minimizing negative influences on the environméig. T
includes the reformulation of different objectives in the objective funatibmathematical
models that are dominated by profit maximization or cost minimization up to date. Additio
ally, stochastic influences are prevalent regarding LDLT, so that anotsearch direction
is to study the influence of stochastic events on the model behavior andsthieng plan
using szenario techniques and deterministic/stochastic decomposition @pgsod/ith the
introduction of the GSCM and related research, a change is perceptibkeriestarch liter-
ature. We pursuit this important topic by enhancing consciousness asithgty regarding
sustainability in the production (planning) process.
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Chapter 12

Data for Testing Behavior and
Mechanisms of Models: Results

The example to show the load effects is taken from Table 8.1 on Page 61 withltlnang
demand foii = 10 products.

Table 12.1: Numerical example to show load effects: demand data

Data and performance Time periods
indicators 1 2 3 4 5 6 7 8 9 10

Demanddy, 79 74 72 48 16 72 19 73 73 52
Demanddg; 47 7 85 72 85 55 32 14 65 70
Demandde; 11 58 85 12 7 42 50 33 80 47
Demanddpy 9 60 61 90 30 59 73 69 72 24
Demanddgy 81 85 39 54 20 70 96 1 83 21
Demandde; 64 74 56 29 66 87 65 60 90 76
Demanddg; 99 3 82 31 53 66 33 53 89 20
Demanddy; 61 33 33 80 80 54 70 60 99 67
Demandd; 50 95 82 99 64 93 49 30 30 11
Demanddy O O 13 25 42 87 15 54 41 30
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Table 13.1: W-SRT on pairwise lifetime and minimal lot sizes and their influendbeoaptimality gap for test instances with return rates of 94%pfgalues
until pair (10;50)

(0;0) (0;100) (0;20) (0;50) (3;0) (1;100) (1;20) (1;50) (10;0) (10;100(10;20)  (10;50)

(0;0) 0.00000 0.0000C 0.00122 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.000.00000
(0;100) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.000.00000 0.00000 0.00000 0.00000
(0;20) 0.00122 0.00000 0.0000 0.00027 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.00
(0;50) 0.00000 0.0000( 0.00027 0.0000C 0.00011 0.00008 0.00001 0.00001 0.00262 0.00000 0.0000 0.00001
(1;0) 0.00000 0.00000 0.0000 0.00011 0.0000C 0.74699 0.74440 0.19511 0.96324 0.00239 0.00171 0.11671
(1,100) 0.00000 0.00000 0.000C 0.00008 0.74699 0.0000C 0.91842 0.39244 0.89273 0.00515 0.00634 0.09137
(1;20) 0.00000 0.00000 0.000C 0.00001 0.74440 0.91842 0.0000C 0.38022 0.94149 0.01857 0.00747 0.16883
(1,50) 0.00000 0.00000 0.000C 0.00001 0.19511 0.39244 0.38022 0.0000C 0.47445 0.09468 0.05186 0.29067
(10;0) 0.00000 0.00000 0.000C 0.00262 0.96324 0.89273 0.94149 0.47445 0.0000C 0.02227 0.00328 0.08499
(10;100) 0.00000 0.00000 0.00000 0.000 0.00239 0.00515 0.01857 0.0946¢ 0.02227 0.0000C 0.53437 0.50667
(10;20) 0.00000 0.00000 0.00000 0.000 0.00171 0.00634 0.00747 0.05186 0.00328 0.53437 0.0000C 0.09951
(10;50) 0.00000 0.00000 0.000C 0.00001 0.11671 0.09137 0.16883 0.29067 0.08499 0.50667 0.09951 0.00000
(2;0) 0.00000 0.00000 0.0000 0.81641 0.00002 0.00040 0.00001 0.00003 0.00306 0.00000 0.00000 0.00000
(2;,100) 0.00000 0.0000¢ 0.00004 0.81109 0.00078 0.00231 0.00020 0.00008 0.03161 0.00001 0.0000C 0.00006
(2;20) 0.00000 0.00000 0.000C 0.28911 0.00475 0.00711 0.00118 0.00046 0.01647 0.00000 0.0000 0.00067
(2;50) 0.00000 0.00000 0.000C 0.40371 0.00861 0.00951 0.00778 0.00028 0.07064 0.00003 0.0000C 0.00088
(3;0) 0.00000 0.00000 0.0000 0.74695 0.00001 0.00129 0.00010 0.00003 0.00105 0.00000 0.00000 0.00000
(3;100) 0.00000 0.00000 0.000C 0.48933 0.00063 0.00685 0.00015 0.00014 0.01050 0.00000 0.00000 0.00000
(3;20) 0.00000 0.00000 0.000C 0.06132 0.01472 0.06984 0.01158 0.00126 0.06549 0.00001 0.0000C 0.00015
(3;50) 0.00000 0.00000 0.000C 0.24365 0.01175 0.04637 0.00670 0.00434 0.06600 0.00002 0.0000C 0.00005
(5;0) 0.00000 0.00000 0.0000 0.05698 0.13798 0.47237 0.11911 0.03871 0.52208 0.00109 0.00006 0.00385
(5;100) 0.00000 0.00000 0.000C 0.10263 0.01276 0.06426 0.01444 0.00434 0.04883 0.00000 0.0000 0.00016
(5;20) 0.00000 0.00000 0.000C 0.39713 0.00091 0.01733 0.00131 0.00031 0.01486 0.00000 0.00000 0.00000
(5;50) 0.00000 0.00000 0.000C 0.15703 0.00836 0.15212 0.03030 0.01130 0.14257 0.00016 0.0000C 0.00038

XI



Table 13.2: W-SRT on pairwise lifetime and minimal lot sizes and their influendbkeoaptimality gap for test instances with return rates of 94%pfgalues
from pair (10;50)

(2,0)  (2;100)  (2;20) (2,50) (3,00 (3;100)  (3;20)  (3;50) (5:0)  (5;100) 5;20) (5;50)

(0;0) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.000M0000 0.00000 0.00000 0.00000
(0;100) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.000.00000 0.00000 0.00000 0.00000
(0;20) 0.00000 0.00004 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.000.00000 0.00000
(0;50) 0.81641 0.81109 0.28911 0.40371 0.74695 0.48933 0.06132 0.24365 0.05698 0.10263 0.39713 0.15703
(1;0) 0.00002 0.00078 0.00475 0.00861 0.00001 0.00063 0.01472 0.01175 0.13798 0.01276 0.00091 0.00836
(1,100) 0.00040 0.00231 0.00711 0.00951 0.00129 0.00685 0.06984 0.04637 0.47237 0.06426 0.01733 0.15212
(1;20) 0.00001 0.00020 0.00118 0.00778 0.00010 0.00015 0.01158 0.00670 0.11911 0.01444 0.00131 0.03030
(1,50) 0.00003 0.00008 0.00046 0.00028 0.00003 0.00014 0.00126 0.00434 0.03871 0.00434 0.00031 0.01130
(10;0) 0.00306 0.03161 0.01647 0.07064 0.00105 0.01050 0.06549 0.06600 0.52208 0.04883 0.01486 0.14257
(10;1200) 0.00000 0.00001 0.0000C 0.00003 0.00000 0.0000 0.00001 0.00002 0.00109 0.00000 0.0000 0.00016
(10;20) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.¢ 0.00006 0.00000 0.00000 0.00000
(10;50) 0.00000 0.00006 0.00067 0.00088 0.00000 0.0000 0.00015 0.00005 0.00385 0.00016 0.0000C 0.00038
(2;0) 0.00000 0.80318 0.38213 0.30251 0.99319 0.66585 0.06305 0.25634 0.02393 0.13351 0.33226 0.17696
(2,100) 0.80318 0.0000C 0.31058 0.26415 0.76641 0.76641 0.44949 0.49795 0.23948 0.39429 0.96732 0.27157
(2;20) 0.38213 0.31058 0.0000C 0.78607 0.26423 0.64611 0.63025 0.87926 0.25207 0.71363 0.52656 0.82307
(2;50) 0.30251 0.26415 0.78607 0.0000C 0.18075 0.31055 0.90624 0.96052 0.57438 0.73408 0.69585 0.94692
(3;0) 0.99319 0.76641 0.26423 0.18075 0.0000C 0.71488 0.10896 0.28296 0.0345t 0.09071 0.24432 0.13798
(3;100) 0.66585 0.76641 0.64611 0.31055 0.71488 0.0000C 0.24642 0.24641 0.05064 0.36470 0.70093 0.12914
(3;20) 0.06305 0.44949 0.63025 0.90624 0.10896 0.24642 0.0000C 0.86581 0.42336 0.93334 0.80716 0.56282
(3;50) 0.25634 0.49795 0.87926 0.96052 0.28296 0.24641 0.86581 0.0000C 0.42830 0.72383 0.80188 0.54226
(5;0) 0.02393 0.23948 0.25207 0.57438 0.03455 0.05064 0.42336 0.42830 0.0000C 0.40773 0.26939 0.82838
(5;100)  0.13351 0.39429 0.71363 0.73408 0.09071 0.36470 0.93334 0.72383 0.40773 0.0000C 0.72511 0.89677
(5;20) 0.33226 0.96732 0.52656 0.69585 0.24432 0.70093 0.80716 0.80188 0.26939 0.72511 0.0000C 0.47134
(5;50) 0.17696 0.27157 0.82307 0.94692 0.13798 0.12914 0.56282 0.54226 0.82838 0.89677 0.47134 0.00000




Table 13.3: Average gap in % regarding lifetimes of test instances with reites of 94%
and minimal lot sizeg™" = 0 andx™" = 20

Lifetimes
x,-min Load TBO @'— 0 @L 1 @'— 2 @'— 3 @L 5 @'— 10
0 0.75 1 5.21 7.88 7.91 8.18 25.34 8.53
2 5.94 8.65 7.54 7.22 9.21 8.56
3 5.72 8.46 7.69 7.36 6.55 6.59
4 4.95 8.52 7.33 6.27 7.97 7.33
0.8 1 4.27 8.10 6.99 7.66 7.70 7.24
2 6.89 7.37 6.60 6.57 6.10 5.30
3 3.68 7.67 5.46 5.82 5.82 5.25
4 4.30 6.70 5.80 7.31 6.54 6.40
0.9 1 1.45 5.30 4,51 3.91 5.26 4.41
2 2.31 7.15 4.63 4.65 4.69 4.75
3 1.63 6.24 4.02 4,72 5.42 5.32
4 2.71 7.05 5.40 4.86 6.07 4.83
1.0 1 0.85 4.45 3.46 2.62 2.58 2.52
2 1.01 4.72 3.79 4.34 29 25.12
3 0.71 4.81 4.26 4.01 4.4 2498
4 0.68 4.48 4.98 4.4¢ 28.42 27.11
20 0.75 1 4.62 8.12 8.78 9.42 8.97 8.56
2 4.43 9.62 8.33 8.30 7.73 8.08
3 3.98 10.13 7.62 6.03 6.7t 34.88
4 3.84 8.48 7.93 7.41 6.47 7.08
0.8 1 6.75 7.16 6.84 8.11 6.71 8.40
2 6.09 8.23 7.10 6.14 6.24 7.76
3 4.63 8.09 7.59 6.38 7.22 6.81
4 6.52 7.94 7.27 8.01 6.47 6.47
0.9 1 4.36 6.41 3.95 4.74 4.56 4.98
2 4.14 5.67 4.65 5.60 4.8  41.06
3 3.92 6.61 5.03 6.06 5.00 41.38
4 4.50 5.97 5.24 5.62 5.79 5.36
1.0 1 2.56 4.28 4.39 2.95 3.31 3.25
2 4.02 3.95 3.37 3.52 42 19.23
3 2.78 5.27 3.57 4.25 49  20.80
4 2.36 4.21 3.58 451 4.85 5.32
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Table 13.4: Average gap in % regarding lifetimes of test instances with redtes of 94%
50 andx™" = 100

and minimal lot S|zexm'”

Lifetimes
x,-min Load TBO @'— 0 @L 1 @'— 2 @'— 3 @L 5 @'— 10
50 0.75 1 7.88 8.23 7.61 9.36 9.51 9.60
2 7.80 17.55 8.68 9.03 7.62 9.62
3 7.29 9.27 6.62 6.55 6.51 7.59
4 6.52 9.12 8.28 7.58 6.95 7.75
0.8 1 7.80 8.70 7.07 7.05 7.61 7.35
2 7.19 6.92 7.80 5.27 5.84 6.74
3 8.01 8.50 7.57 6.27 6.79 6.79
4 5.35 7.64 7.52 5.92 6.52 6.58
0.9 1 4.56 6.68 5.38 4.66 4.61 5.71
2 3.70 5.51 6.43 5.94 4.00 4.26
3 5.52 6.66 4.01 5.97 6.28 6.99
4 3.48 9.53 4.70 9.62 4.9 35.99
1.0 1 3.42 3.83 4.35 3.36 2.94 2.45
2 4,53 3.67 3.06 3.7: 29.25 20.47
3 2.44 4.60 3.12 4.19 4.33 5.23
4 3.65 4.08 3.29 3.40 4.7 17.72
100 0.75 1 22.81 9.64 7.7 11.25 9.91 10.78
2 1786 10.27 8.88 8.04 7.72 9.25
3 20.89 8.75 7.51 7.34 7.76 8.19
4  41.24 10.03 7.21 7.52 8.39 7.48
0.8 1 35.28 8.09 7.51 7.48 7.2 10.01
2 16.86 7.15 5.65 5.81 6.82 6.10
3 17.35 8.11 7.66 5.65 6.24 8.11
4 30.39 8.60 6.77 6.22 6.59 6.93
0.9 1 15.39 5.98 6.47 5.21 4.62 5.44
2 1345 5.54 3.91 4.64 4.75 5.09
3 1364 4.98 4.00 5.23 53  28.74
4  13.39 6.03 5.96 5.73 5.58 6.22
1.0 1 10.03 3.48 3.94 2.11 2.44 2.33
2 10.03 3.80 3.03 3.77 45  24.69
3 9.42 4.19 3.36 3.49 4.7 22.00
4  13.37 4.48 3.06 4.09 4.50 5.53




Table 13.5: W-SRT on pairwise TBO and lifetime and their influence on the optingajiyfor test instances with return rates of 94% until (2;5)
(1,0 ;1) (1;10) (1;,2) (1;3) (1;5) (2;0) (2;1)  (2,10) (2;2) (2;3) (2;5)

(1;0) 0.00000 0.09604 0.55136 0.77299 0.88464 0.80846 0.89812 0.06066 0.00001 0.94556 0.76256 0.42538
(1,1)  0.09604 0.0000C 0.74957 0.02414 0.16942 0.21336 0.19512 0.76643 0.00013 0.01181 0.00441 0.03745
(1;,10) 0.55136 0.74957 0.0000C 0.27538 0.49152 0.72383 0.87925 0.29068 0.00004 0.29853 0.18360 0.58961
(1;,2) ~ 0.77299 0.02414 0.27538 0.0000C 0.79134 0.88060 0.95508 0.04415 0.0000C 0.35842 0.39435 0.88464
(1;3) 0.88464 0.16942 0.49152 0.79134 0.0000C 0.94420 0.69336 0.07843 0.0000C 0.51988 0.59080 0.84438
(1;5) ~0.80846 0.21336 0.72383 0.88060 0.94420 0.0000C 0.95236 0.07756 0.0000C 0.65101 0.61218 0.72384
(2,0) 0.89812 0.19512 0.87925 0.95508 0.69336 0.95236 0.0000C 0.26794 0.0000C 0.40865 0.46084 0.76255
(2,1) 0.06066 0.76643 0.29068 0.04415 0.07843 0.07756 0.26794 0.0000C 0.00040 0.00971 0.00545 0.12915
(2,10) 0.00001 0.00013 0.00004 0.00000 0.00000 0.00000 0.00C 0.00040 0.00000 0.00000 0.00000 0.00000
(2;2) ~ 0.94556 0.01181 0.29853 0.35842 0.51988 0.65101 0.40865 0.00971 0.00000 0.0000 0.96188 0.42338
(2;3) 0.76256 0.00441 0.18360 0.39435 0.59080 0.61218 0.46084 0.00545 0.0000C 0.96188 0.0000C 0.27840
(2;5)  0.42538 0.03745 0.58961 0.88464 0.84438 0.72384 0.76255 0.12915 0.0000C 0.42338 0.27840 0.00000
(3;0) 0.46401 0.02330 0.33142 0.25776 0.54455 0.32713 0.24368 0.01472 0.0000C 0.62058 0.32635 0.05974
(3;1) 0.00819 0.18077 0.21336 0.00031 0.01000 0.02902 0.02007 0.47026 0.00192 0.00023 0.00002 0.00092
(3;10) 0.00000 0.00009 0.00004 0.00000 0.00000 0.00000 0.00C 0.00032 0.28294 0.00000 0.00000 0.00000
(3;2)  0.21083 0.00003 0.07472 0.08013 0.26716 0.18814 0.12405 0.00353 0.0000C 0.55590 0.30816 0.04962
(3;3) 0.70853 0.00003 0.10523 0.02227 0.25347 0.23279 0.35752 0.00190 0.0000C 0.43829 0.91977 0.11279
(3;5)  0.39907 0.00299 0.18138 0.34000 0.59790 0.73153 0.91166 0.00981 0.0000C 0.84705 0.24294 0.96052
(4,00 0.47239 0.00759 0.32719 0.03109 0.45367 0.30819 0.17696 0.00316 0.0000C 0.33141 0.13754 0.03444
(4;,1) 0.04884 0.11279 0.10522 0.00029 0.01884 0.05723 0.03531 0.34869 0.00098 0.00028 0.00003 0.00499
(4;,10) 0.00119 0.47656 0.06676 0.00952 0.01306 0.00924 0.00222 0.24093 0.04964 0.00098 0.0000C 0.00063
(4,2) 0.56281 0.00514 0.26352 0.69587 0.74052 0.93334 0.75994 0.01579 0.0000C 0.82170 0.56281 0.85240
(4;,3) 0.46397 0.02900 0.78606 0.75994 0.87252 0.82571 0.75994 0.24987 0.0000C 0.41352 0.13795 0.81244
(4,5) 0.05248 0.26351 0.96052 0.38574 0.42535 0.41452 0.20347 0.30492 0.00003 0.11276 0.00852 0.12487

X




Table 13.6: W-SRT on pairwise TBO and lifetime and their influence on the optingajyfor test instances with return rates of 94% from (2;4)

(3:0) 31  (310) (3:2) (3;3) (3:5) (4,0) 41  (410) (4,2) (4,3) (4:5)
(1;0) 0.46401 0.00819 0.0000C 0.21083 0.70853 0.39907 0.47239 0.04884 0.00119 0.56281 0.46397 0.05248
(1:1) 0.02330 0.18077 0.00009 0.00003 0.00003 0.00299 0.00759 0.11279 0.47656 0.00514 0.02900 0.26351
(1;10) 0.33142 0.21336 0.00004 0.07472 0.10523 0.18138 0.32719 0.10522 0.06676 0.26352 0.78606 0.96052
(1:2) 0.25776 0.00031 0.0000C 0.08013 0.02227 0.34000 0.03109 0.00029 0.00952 0.69587 0.75994 0.38574
(1:3) 0.54455 0.01000 0.0000C 0.26716 0.25347 0.59790 0.45367 0.01884 0.01306 0.74052 0.87252 0.42535
(1:5)  0.32713 0.02902 0.0000C 0.18814 0.23279 0.73153 0.30819 0.05723 0.00924 0.93334 0.82571 0.41452
(2:0)  0.24368 0.02007 0.0000C 0.12405 0.35752 0.91166 0.17696 0.03531 0.00222 0.75994 0.75994 0.20347
(2:1) 0.01472 0.47026 0.00032 0.00353 0.00190 0.00981 0.00316 0.34869 0.24093 0.01579 0.24987 0.30492
(2:10) 0.00000 0.00192 0.28294 0.00000 0.00000 0.00000 0.00C 0.00098 0.04964 0.00000 0.0000 0.00003
(2:2) | 0.62058 0.00023 0.0000C 0.55590 0.43829 0.84705 0.33141 0.00028 0.00098 0.82170 0.41352 0.11276
(2:3)  0.32635 0.00002 0.0000C 0.30816 0.91977 0.24294 0.13754 0.00003 0.0000C 0.56281 0.13795 0.00852
(2:5) 0.05974 0.00092 0.0000C 0.04962 0.11279 0.96052 0.03444 0.00499 0.00063 0.85240 0.81244 0.12487
(3:0) 0.00000 0.00237 0.0000C 0.75994 0.30249 0.11673 0.95780 0.00237 0.00013 0.28603 0.06930 0.00836
(3;1) 0.00237 0.0000C 0.00069 0.00000 0.0000 0.00007 0.00047 0.89273 0.84705 0.00015 0.00062 0.01789
(3:10) 0.00000 0.00069 0.00000 0.00000 0.00000 0.00000 0.00 0.00262 0.00349 0.00000 0.00000 0.00000
(3:2) 1 0.75994 0.00000 0.00000 0.000( 0.92655 0.24923 0.44953 0.0000C 0.00034 0.53997 0.07897 0.00818
(3:3)  0.30249 0.00000 0.0000 0.92655 0.0000C 0.07114 0.14727 0.00000 0.0000 0.17802 0.03744 0.00034
(3:;5) 0.11673 0.00007 0.0000C 0.24923 0.07114 0.0000C 0.00767 0.00019 0.0000C 0.46399 0.44543 0.08908
(4:0)  0.95780 0.00047 0.0000C 0.44953 0.14727 0.00767 0.0000C 0.00083 0.0000C 0.07065 0.02227 0.00062
(4:1) 0.00237 0.89273 0.00262 0.00000 0.0000 0.00019 0.00083 0.0000C 0.97413 0.00009 0.00213 0.03162
(4:10) 0.00013 0.84705 0.00349 0.00034 0.00000 0.00000 0.000( 0.97413 0.0000C 0.00119 0.00353 0.00794
(4:2) | 0.28603 0.00015 0.0000C 0.53997 0.17802 0.46399 0.07065 0.00009 0.00119 0.0000C 0.38953 0.28289
(4:3) 0.06930 0.00062 0.0000C 0.07897 0.03744 0.44543 0.02227 0.00213 0.00353 0.38953 0.0000C 0.28291
(4:;5) 0.00836 0.01789 0.0000C 0.00818 0.00034 0.08908 0.00062 0.03162 0.00794 0.28289 0.28291 0.00000

NIX



Table 13.7: W-SRT on pairwise TBO and minimal lot size and their influenceenytimality gap for test instances with return rates of 94%

(1:0) (1,000  (1;20)  (1;50) (2.0) (2100)  (220)  (2;50) (3:0) (3:100) 3;20)  (3:50) (40) (41000  (420)  (4:50)
(1;0) 0.00000 0.00004 0.15696 0.03090 0.25579 0.00007 0.00606 0.00403 0.83571 0.00000 0.02962 0.15911 0.06848 0.00001 0.20066 0.00430
(1;100) 0.00004 0.00000 0.00025 0.00360 0.00030 0.51808 0.04418 0.12288 0.00001 0.73849 0.05377 0.00112 0.00216 0.68650 0.00009 0.10188
(1;20)  0.15696 0.00025 0.00000 0.32382 0.71962 0.00107 0.24243 0.04408 0.30240 0.00005 0.14764 0.67491 0.34858 0.00051 0.92960 0.03004
(1;,50) 0.03090 0.00360 0.32382 0.00000 0.25464 0.02425 0.54925 0.29372 0.02281 0.00143 0.80895 0.22348 0.48728 0.03734 0.16334 0.28405
(2;0) 0.25579 0.00030 0.71962 0.25464 0.00000 0.00563 0.28570 0.04994 0.12980 0.00004 0.21033 0.50490 0.49901 0.00108 0.89862 0.03959
(2;100) 0.00007 0.51808 0.00107 0.02425 0.00563 0.00000 0.19295 0.43910 0.00064 0.27656 0.30855 0.04253 0.08419 0.44076 0.00551 0.26927
(2;20) 0.00606 0.04418 0.24243 0.54925 0.28570 0.19295 0.00000 0.70713 0.01781 0.01715 0.93256 0.70782 0.79672 0.02581 0.23102 0.63663
(2;50) 0.00403 0.12288 0.04408 0.29372 0.04994 0.43910 0.70713 0.00000 0.00162 0.06081 0.60317 0.22701 0.24280 0.14581 0.05105 0.93330
(3;0) 0.83571 0.00001 0.30240 0.02281 0.12980 0.00064 0.01781 0.00162 0.00000 0.0000( 0.01423 0.00209 0.02125 0.00000 0.07314 0.00176
(3;100) 0.00000 0.73849 0.00005 0.00143 0.00004 0.27656 0.01715 0.06081 0.00000 0.0000¢ 0.01217 0.00035 0.00077 0.55049 0.00004 0.03827
(3;20) 0.02962 0.05377 0.14764 0.80895 0.21033 0.30855 0.93256 0.60317 0.01423 0.01217 0.00000 0.81471 0.61294 0.04617 0.23356 0.60708
(3;50) 0.15911 0.00112 0.67491 0.22348 0.50490 0.04253 0.70782 0.22701 0.00209 0.00035 0.81471 0.00000 0.55359 0.01689 0.15608 0.14710
(4,0) 0.06848 0.00216 0.34858 0.48728 0.49901 0.08419 0.79672 0.24280 0.02125 0.00077 0.61294 0.55359 0.00000 0.00355 0.56612 0.13171
(4,100) 0.00001 0.68650 0.00051 0.03734 0.00108 0.44076 0.02581 0.14581 0.00000 0.55049 0.04617 0.01689 0.00355 0.00000 0.00012 0.21822
(4,20) 0.20066 0.00009 0.92960 0.16334 0.89862 0.00551 0.23102 0.05105 0.07314 0.00004 0.23356 0.15608 0.56612 0.00012 0.00000 0.03321
(4,50) 0.00430 0.10188 0.03004 0.28405 0.03959 0.26927 0.63663 0.93330 0.00176 0.03827 0.60708 0.14710 0.13171 0.21822 0.03321 0.00000
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Table 13.8: W-SRT on pairwise Load and minimal lot size and their influenddewoptimality gap for test instances with return rates of 94% until value

(0.8;50)

(0.75;0) (0.75;100) (0.75:20) (0.75;50) (0.8;0) (0.8;100) (0.8;20) (0)8;50
(0.75;0)  0.00000  0.0000( 0.21856 0.00040 0.0000C 0.81832 0.00061 0.00040
(0.75;100) 0.00000  0.00000 0.000( 0.00001 0.00000 0.00000 0.00000 0.00000
(0.75;20) | 0.21856  0.00000 0.0000  0.11712 0.0000C 0.38355 0.00003 0.00003
(0.75;50) 0.00040  0.00001 0.11712 0.00000 0.0000 0.00147 0.00000 0.00000
(0.8,0) 0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 00.000
(0.8;100) ' 0.81832  0.0000C 0.38355 0.00147 0.00000 0.0000 0.02253 0.01697
(0.8:20)  0.00061  0.0000C 0.00003 0.00000 0.0000 0.02253 0.0000C 0.94069
(0.8;50)  0.00040  0.0000C 0.00003 0.00000 0.0000 0.01697 0.94069 0.00000
(0.9:0) 0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 00.000
(0.9;100) 0.00000  0.00000 0.00000 0.000 0.00121 0.00000 0.00000 0.00000
(0.9:20)  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.00
(0.9;50)  0.00000  0.00000 0.00000 0.00000 0.00002 0.00000 0.00000000.00
(1.0,0) 0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 00.000
(1.0;100)  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.0
(1.0,20)  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.00
(1.0;50)  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.00

"
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Table 13.9: W-SRT on pairwise Load and minimal lot size and their influend@eoptimality gap for test instances with return rates of 94% from value

(0.8;50)

(0.9:0) (0.9;100) (0.9;20) (0.9;50)  (1.0;0) (1.0;100) (1.0;20) (1.0:;50)
(0.75;0)  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.00
(0.75;100) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000
(0.75;20)  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.0
(0.75;50)  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.0
(0.8;0) 0.00000 0.00121 0.0000C 0.00002 0.00000 0.00000 0.00000 0.00000
(0.8;100) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.0
(0.8;:20)  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.00
(0.8;50)  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000000.00
(0.9;0) 0.00000  0.0000( 0.00047 0.00007 0.00010 0.11136 0.00003 0.00001
(0.9;100) 0.00000  0.0000' 0.00937 0.08723 0.00000 0.00000 0.00000 0.00000
(0.9,20)  0.00047 0.00937 0.0000C 0.42062 0.00000 0.00000 0.00000 0.00000
(0.9;50)  0.00007 0.08723 0.42062 0.00000 0.0000 0.00001 0.00000 0.00000
(1.0,0)  0.00010 0.00000 0.00000 0.00000 0.00C 0.29033 0.92960 0.80462
(1.0;100) ~0.11136 0.00000 0.0000 0.00001 0.29033 0.0000C 0.23172 0.15995
(1.0;20)  0.00003 0.00000 0.00000 0.000( 0.92960 0.23172 0.0000C 0.47626
(1.0;50)  0.00001 0.00000 0.00000 0.000( 0.80462 0.15995 0.47626 0.00000
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Table 14.1: W-SRT on pairwise Lifetime and minimal lot size and their influendb®@optimality gap for test instances with return rates of 6%

(0;0) (0;100) (0;20) (0;50) (3;0) (1;100) (1;20) (1;50) (10;0) (10100(10;20) (10;50)
(0;0) 0.00000 0.04243 0.04124 0.02842 0.00000 0.00000 0.00000 0.00000 0.00007 0.00000 0.00000000.00
(0;100) 0.04243 0.00000 0.91766 0.7827 0.00070 0.00005 0.00001 0.00001 0.01600 0.00027 0.00321 0.00233
(0;20) 0.04124 0.91766 0.00000 0.789: 0.00116 0.00009 0.00002 0.00002 0.01843 0.00044 0.00461 0.00304
(0;50) 0.02842 0.78235 0.78916 0.000( 0.00438 0.00048 0.00011 0.00021 0.02956 0.00119 0.01367 0.00653
(1;0) 0.00000 0.00070 0.00116 0.00438 0.00000 0.39484 0.31578 0.34246 0.23906 0.96486 0.5599971P.54
(1;100) 0.00000 0.00005 0.00009 0.00048 0.39484 0.00000 0.86430 0.974 0.06907 0.46881 0.16359 0.20643
(1;20) 0.00000 0.00001 0.00002 0.00011 0.31578 0.86430 0.00000 0.80764 0.04134 0.31639 0.09669678.12
(1,50) 0.00000 0.00001 0.00002 0.00021 0.34246 0.97419 0.80764 0.00C 0.03808 0.29991 0.14321 0.14269
(10;0) 0.00007 0.01600 0.01843 0.02956 0.23906 0.0690 0.04134 0.03808 0.00000 0.27022 0.54782 0.59871
(10;100) 0.0000C 0.00027 0.00044 0.00119 0.96486 0.46881 0.31639 0.29991 0.27022 0.00000 0.69181410.66
(10;20) 0.00000 0.00321 0.00461 0.01367 0.55999 0.16359 0.09669 0.14321 0.54782 0.69181000.0®.93407
(10;50) 0.00000 0.00233 0.00304 0.00653 0.54712 0.20643 0.12675 0.14269 0.59871 0.66417400.9%.00000
(2;0) 0.00000 0.00342 0.00459 0.00881 0.42967 0.13932 0.10168 0.10627 0.53354 0.61066 0.98648688.93
(2,100) 0.00000 0.00143 0.00192 0.00472 0.69847 0.24822 0.19371 0.23677 0.28148 0.97196 0.74696560.57
(2;20) 0.00005 0.01566 0.01892 0.02878 0.20889 0.04895 0.03344 0.03723 0.84806 0.38907 0.60486468.70
(2;50) 0.00000 0.00342 0.00460 0.00882 0.48605 0.13934 0.10957 0.13934 0.42628 0.73243 0.9489404P.80
(3;0) 0.00000 0.00217 0.00285 0.00652 0.67709 0.24109 0.17797 0.27060 0.41761 0.87614 0.72229438.74
(3;100) 0.00001 0.00328 0.00418 0.00895 0.53362 0.16972 0.11618 0.16587 0.44157 0.77871 0.9683753R.78
(3;20) 0.00007 0.01511 0.01742 0.02925 0.27880 0.0690 0.04801 0.06393 0.68874 0.49628 0.65417 0.81177
(3;50) 0.00000 0.00143 0.00192 0.00472 0.69166 0.24828 0.17393 0.14553 0.34468 0.76580 0.94472400.79
(5;0) 0.00007 0.01511 0.01742 0.02925 0.24360 0.0690 0.04781 0.05289 0.84280 0.34505 0.59986 0.75279
(5;100) 0.00001 0.00328 0.00418 0.00896 0.47424 0.16976 0.10400 0.09710 0.65874 0.54040 0.86223368.90
(5;20) 0.00007 0.01511 0.01742 0.02925 0.24283 0.0690 0.04865 0.03808 0.83053 0.30078 0.53518 0.70944
(5;50) 0.00033 0.05799 0.06702 0.09238 0.076¢ 0.01423 0.00768 0.00815 0.62824 0.14375 0.23007 0.29875




Table 14.2: W-SRT on pairwise Lifetime and minimal lot size and their influendb®@optimality gap for test instances with return rates of 6%
(2,0) (2,100) (2,200  (2;50) (3:0) (3100)  (3;20)  (3;50) (5:0) (5:100) 5;20)  (5:50)

(0;0) 0.00000 0.00000 0.00005 0.00000 0.00C 0.00001 0.00007 0.0000C 0.00007 0.00001 0.00007 0.00033

(0;100) 0.00342 0.00143 0.01566 0.00342 0.00217 0.00328 0.01511 0.00143 0.01511 0.00328 0.01511 0.05799

(0;20) 0.00459 0.00192 0.01892 0.00460 0.00285 0.00418 0.01742 0.00192 0.01742 0.00418 0.01742 0.06702

(0;50) 0.00881 0.00472 0.02878 0.00882 0.00652 0.00895 0.02925 0.00472 0.02925 0.00896 0.02925 0.09238
(1,0) 0.42967 0.69847 0.20889 0.48605 0.67709 0.53362 0.27880 6.690624360 0.47424 0.24283 0.07690
(1;,200) 0.13932 0.2482. 0.04895 0.13934 0.24109 0.16972 0.06907 0.24828 0.06907 0.16976900. 0.01423

(1;20) 0.10168 0.1937: 0.03344 0.10957 0.17797 0.116: 0.04801 0.17393 0.04781 0.104( 0.04865 0.00768

(1,50) 0.10627 0.23677 0.03723 0.13934 0.27060 0.16587 0.06393 53.146.05289 0.0971( 0.03808 0.00815

(10;0) 0.53354 0.28148 0.84806 0.42628 0.41761 0.44157 0.68874 68.340.84280 0.65874 0.83053 0.62824
(10;100) 0.61066 0.97196 0.38907 0.73243 0.87614 0.77871 0.49628580.7 0.34505 0.54040 0.30078 0.14375
(10;20) 0.98648 0.74696 0.60486 0.94894 0.72229 0.96837 0.6541747@.940.59986 0.86223 0.53518 0.23007
(10;50) 0.93684 0.57561 0.70468 0.80042 0.74435 0.78532 0.81177400.790.75279 0.90364 0.70944 0.29875
(2;0) 0.00000 0.61689 0.60055 0.90971 0.82669 0.96376 0.67528 @.796%67247 0.91857 0.68372 0.21206
(2;,100) 0.61689 0.00000 0.30830 0.80097 0.96254 0.76418 0.40091028.780.36947 0.49861 0.33493 0.10570
(2;20) 0.60055 0.30830 0.00000 0.53456 0.43927 0.57190 0.99376 68.536.99220 0.73085 0.93145 0.44680
(2;50) 0.90971 0.80097 0.53456 0.00000 0.85176 0.89602 0.55909 00.000.49022 0.72760 0.47472 0.19401
(3;0) 0.82669 0.96254 0.43927 0.85176 0.00000 0.77803 0.51622 0.938645847 0.67178 0.46314 0.17461
(3;100) 0.96376 0.76418 0.57190 0.89602 0.77803 0.00000 0.61053398.990.56925 0.71974 0.52571 0.22207
(3;20) 0.67528 0.40091 0.99376 0.55909 0.51622 0.61053 0.00000 98.6908.93583 0.95540 0.82441 0.44027
(3;50) 0.79524 0.78025 0.53668 1.00000 0.93860 0.99398 0.69498 00.000.50688 0.63212 0.43397 0.20741
(5;0) 0.67247 0.36947 0.99220 0.49022 0.45847 0.56925 0.93583 8.506800000 0.81849 0.98590 0.55041
(5;100) 0.91857 0.49861 0.73085 0.72760 0.67178 0.71974 0.9554021Q2.630.81849 0.00000 0.80352 0.36326
(5;20) 0.68372 0.33493 0.93145 0.47472 0.46314 0.52571 0.82441 90.438.98590 0.80352 0.00000 0.61572
(5;50) 0.21206 0.10570 0.44680 0.19401 0.17461 0.22207 0.44027 40.200.55041 0.36326 0.61572 0.00000




Table 14.3: W-SRT on pairwise TBO and Lifetime and their influence on the olityngap for test instances with return rates of 6%

(1,0) (1;1) (1,10) (1;,2) (1:3) (1;5) (2;0) (2;1) (2;10) (2;2) (2;3) (2;5)
(1;0)  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.75328 0.C 0.00038 0.00003 0.00005 0.00002
(1;1)  0.00000 0.00000 0.80079 0.38300 0.41961 0.12695 0.00000 @.: 0.00075 0.00540 0.00318 0.01909
(1;10) 0.00000 0.80079 0.00000 0.98873 0.34528 0.53899 0.00000 90.. 0.02729 0.13020 0.06603 0.11853
(1;2) 0.00000 0.38300 0.98873 0.00000 0.75372 0.26229 0.00000 @.( 0.00677 0.03750 0.02161 0.04537
(1;3) 0.00000 0.41961 0.34528 0.75372 0.00000 0.16912 0.00000 0. 0.00276 0.01132 0.00724 0.01609
(1;5) 0.00000 0.12695 0.53899 0.26229 0.16912 0.00000 0.00002 6.010909047 0.25264 0.19435 0.28559
(2;:0) 0.75328 0.00000 0.00000 0.00000 0.00( 0.00002 0.00000 0.0000 0.00050 0.00006 0.00009 0.00007
(2;1) 0.00000 0.33648 0.19990 0.07164 0.30< 0.01186 0.00000 0.0000 0.00020 0.00107 0.00078 0.00246
(2:10) 0.00038 0.00075 0.02729 0.00677 0.00276 0.09047 0.00050 0.00020 0.00000 0.22651 0.44426 0.73121
(2;2) 0.00003 0.00540 0.13020 0.0375 0.01132 0.25264 0.00006 0.00107 0.22651 0.00000 0.51350 0.53882
(2;3) 0.00005 0.00318 0.0660% 0.02161 0.00724 0.1943% 0.00009 0.00078 0.44426 0.51350 0.00000 0.76634
(2;5) 0.00002 0.01909 0.1185:% 0.04537 0.01609 0.2855¢ 0.00007 0.00246 0.73121 0.53882 0.76634 0.00000
(3;0) 0.30467 0.00000 0.00000 0.00000 0.00C 0.00013 0.63003 0.0000 0.00555 0.00083 0.00123 0.00073
(3;1) 0.07303 0.0000C 0.00764 0.00862 0.01005 0.09264 0.0553 0.00003 0.44933 0.18576 0.22558 0.21852
(3;10) 0.00061 0.00088 0.09766 0.09901 0.05909 0.492 0.00076 0.00033 0.52028 0.95681 0.85290 0.95677
(3;2) 0.02610 0.00002 0.01247 0.00800 0.00697 0.0876€ 0.02146 0.00002 0.69549 0.24101 0.39618 0.37032
(3;3) 0.02618 0.00002 0.01615 0.02147 0.01994 0.1721% 0.02153 0.00003 0.69561 0.33701 0.39637 0.37051
(3;5) 0.13575 0.0000C 0.00444 0.00357 0.00614 0.05539 0.09911 0.00000 0.31430 0.11632 0.14440 0.14464
(4;,0) 0.43987 0.00000 0.00000 0.00000 0.00( 0.00004 0.56200 0.0000 0.00217 0.00023 0.00037 0.00027
(4:1) 0.02620 0.00002 0.01616 0.02075 0.01994 0.16861 0.02154 0.00003 0.69564 0.33705 0.39640 0.37055
(4;2) 0.13574 0.0000( 0.00444 0.00165 0.00259 0.03322 0.09910 0.00000 0.31429 0.11180 0.14440 0.14463
(4;2) 0.13568 0.0000( 0.00372 0.00220 0.00302 0.03521 0.09905 0.00000 0.31424 0.08903 0.14435 0.14459
(4;3) 0.13574 0.0000C 0.00444 0.00441 0.00614 0.05790 0.09910 0.00000 0.31429 0.11631 0.14440 0.14463
(4;5) 0.13574 0.0000C 0.00195 0.00019 0.00048 0.00897 0.09910 0.00000 0.268( 0.04015 0.09537 0.13148




Table 14.4: W-SRT on pairwise TBO and Lifetime and their influence on the olityngap for test instances with return rates of 6%

(3:0) (3;1)  (3:10) (3;2) (3:3) (3:5) (4,0) (41)  (410) (4,2) (4:3) (4,5)
(1;0) 0.30467 0.0730: 0.00061 0.02610 0.02618 0.13575 0.4398 0.02620 0.13574 0.13568 0.13574 0.13574
(1;1) 0.00000 0.0000( 0.00088 0.00002 0.00002 0.00000 0.0000 0.00002 0.00000 0.00000 0.00000 0.00000
(1;10) 0.00000 0.00764 0.0976€ 0.01247 0.01615 0.00444 0.0000C 0.01616 0.00444 0.00372 0.00444 0.00195
(1;2)  0.00000 0.00862 0.09901 0.00800 0.02147 0.00357 0.0000C 0.02075 0.00165 0.00220 0.00441 0.00019
(1;3) 0.00000 0.01005 0.05909 0.00697 0.01994 0.00614 0.0000C 0.01994 0.00259 0.00302 0.00614 0.00048
(1;5) 0.00013 0.09264 0.49323 0.08766 0.17213 0.05 0.00004 0.16861 0.03322 0.03521 0.0579C 0.00897
(2;:0) 0.63003 0.0553: 0.00076 0.02146 0.02153 0.09911 0.5620 0.02154 0.09910 0.09905 0.09910 0.09910
(2:1)  0.00000 0.00003 0.00033 0.00002 0.00003 0.00000 0.0000 0.00003 0.00000 0.00000 0.00000 0.00000
(2:10) 0.00555 0.44933 0.52028 0.69549 0.69561 0.31 0.00217 0.69564 0.31429 0.31424 0.31429 0.26807
(2;2) 0.00083 0.18576 0.95681 0.24101 0.33701 0.11 0.00023 0.33705 0.11180 0.08903 0.11€ 0.04015
(2:3) 0.00123 0.22558 0.85290 0.39618 0.39637 0.14 0.00037 0.39640 0.14440 0.14435 0.14440 0.09537
(2;5) 0.00073 0.21852 0.95677 0.37032 0.37051 0.14 0.00027 0.37055 0.14463 0.14459 0.14463 0.13148
(3:0) 0.00000 0.2429¢ 0.00791 0.11883 0.11901 0.37041 0.97468 0.11905 0.37040 0.37034040.3D.37040
(3;:1) 0.24298 0.00000 0.52220 0.64197 0.75973 0.25211 0.18234 6.98225210 0.41436 0.32676 0.25210
(3:10) 0.00791 0.52220 0.00000 0.41304 0.61304 0.14 0.00329 0.53516 0.12879 0.21760 0.23€ 0.03344
(3;2) 0.11883 0.64197 0.41304 0.00000 0.86114 0.36075 0.07895 @.71036074 0.76442 0.55477 0.23706
(3:3) 0.11901 0.75973 0.61304 0.86114 0.00000 0.27779 0.07910 6.87729730 0.62935 0.49206 0.14676
(3;5) 0.37041 0.25211 0.14211 0.36075 0.27779 0.00000 0.29837 @.26B80000 0.63089 0.69609 0.46024
(4:0) 0.97468 0.18234 0.00329 0.07895 0.07910 0.29837 0.0( 0.07913 0.29836 0.29829 0.29836 0.29836
(4;1) 0.11905 0.98475 0.53516 0.71737 0.87775 0.26 0.07913 0.00000 0.25931 0.45867 0.39625 0.16244
(4:10) 0.37040 0.25210 0.12879 0.36074 0.29730 1.00000 0.29836 30.25200000 0.63089 0.78073 0.50214
(4;2) 0.37034 0.41436 0.21760 0.76442 0.62935 0.63089 0.29829 @.45863089 0.00000 0.79789 0.48789
(4;3) 0.37040 0.32676 0.23636 0.55477 0.49206 0.69609 0.29836 6.39%2Z8073 0.79789 0.00000 0.37048
(4;5) 0.37040 0.25210 0.03344 0.23706 0.14676 0.46024 0.29836 @.16250214 0.48789 0.37048 0.00000




Table 14.5: W-SRT on pairwise TBO and minimal lot size and their influenceenptimality gap for test instances with return rates of 6%

(L0) (1;100)  (120)  (L50)  (20) (2:100)  (220) (250)  (3,0) (3100) 3;20)  (350)  (40) (4100)  (420)  (4;50)
(1;0) 0.00000 0.27075 1.00000 0.60925 0.06378 0.25047 02030.43504 0.00100 0.04503 0.00532 0.00957 0.00025 0.00103 0.00224 0.00097
(1;200) 0.27075 0.00000 0.35485 0.530' 0.01307 0.06197 0.09313 0.1548 0.00023 0.00664 0.00082 0.00138 0.00003 0.00025 0.00030 0.00023
(1;20) 1.00000 0.35485 0.00000 0.69361 0.13173 0.40202 10%0 0.62004 0.00798 0.10748 0.02171 0.03217 0.00205 0.00918 0.01162 0.00800
(1;50) 0.60925 0.53093 0.69361 0.000¢ 0.03106 0.13682 0.17808 0.278¢ 0.00048 0.01652 0.00209 0.00367 0.00008 0.00050 0.00076 0.00044
(2;0) 0.06378 0.01307 0.13173 0.03106 0.00000 0.51299 0.34833 0.35823 0.11183 0.8253233B0 0.36382 0.06439 0.11564 0.21048 0.09760
(2;100) 0.25047 0.06197 0.40202 0.13682 0.51299 0.00000 0.79390 0.77 0.01781 0.32593 0.05314 0.101% 0.00922 0.01943 0.04309 0.01771
(2;20) 0.30312 0.09313 0.50108 0.17808 0.34833 0.79390 00O 0.94815 0.01403 0.28412 0.04460 0.0831 0.00714 0.01603 0.03681 0.01043
(2;50) 0.43504 0.15487 0.62004 0.27886 0.35823 0.77262 8094 0.00000 0.01968 0.25356 0.05064 0.084: 0.00694 0.02144 0.04075 0.01778
(3;0) 0.00100 0.00023 0.00798 0.00048 0.11183 0.01781 0.01403 0.01968 0.00000 0.11314 0.69409 0.51472 0.81602 1.0000618®0 0.92788
(3;100) 0.04503 0.00664 0.10748 0.01652 0.82537 0.32593 0.28412 0.25356 0.11314 0.0000@99B0 0.39406 0.04725 0.12374 0.24920 0.11060
(3;20) 0.00532 0.00082 0.02171 0.00209 0.23330 0.0531: 0.04460 0.05064 0.69409 0.29950 0.00000 0.89997 0.4532612D4 0.92208 0.55486
(3;50) 0.00957 0.00138 0.03217 0.00367 0.36382 0.10134 0.08318 0.08431 0.51472 0.394089997 0.00000 0.32704 0.51472 0.79271 0.47755
(4;0) 0.00025 0.00003 0.00205 0.00008 0.06439 0.00922 0.00714 0.00694 0.81602 0.04725 0.45324 0.32704 0.00000 0.864120689 0.86417
(4;200) 0.00103 0.00025 0.00918 0.00050 0.11564 0.01943 0.01603 0.02144 1.00000 0.12374 0.61214 0.51472 0.86417 0.000064800 0.87944
(4;20) 0.00224 0.00030 0.01162 0.00076 0.21048 0.04309 0.03681 0.04075 0.61850 0.24920 0.92208 0.79271 0.40689 0.648100000 0.60188
(4;50) 0.00097 0.00023 0.00800 0.00044 0.09760 0.01771 0.01043 0.01778 0.92788 0.11060 0.55486 0.47755 0.86417 0.879440183 0.00000
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