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Abstract

Recently Koulamas and Kyparisis (2006) introduced past-sequence-dependent setup
times to scheduling problems. This means that the setup time of a job is proportionate
to the sum of processing times of the jobs already scheduled. Koulamas and Kyparisis
(2006) were able to show for a number of single-machine scheduling problems with com-
pletion time goals that they remain polynomially solvable. In this paper we extend the
analysis to problems with due dates. We were able to show that some problems remain
polynomially solvable. However, for some other problems well-known polynomially solu-
tion approaches do not guarantee optimality any longer, consequently we concentrated

on finding polynomially solvable special cases.
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1 Introduction

Recently Koulamas and Kyparisis (2006) introduced the concept of past-sequence-de-
pendent setup times. Past-sequence-dependent (psd) setup times occur, for example, in
high tech manufacturing environments, ,in which a batch of jobs consists of a group of
electronic components mounted together on an integrated circuit (IC) board* (Koula-
mas and Kyparisis 2006). In addition to this ,un-readiness* of components, the wear-out
of equipment (e.g. a drill) is an other example where the sum of processing times of
the prior jobs adds to the processing time of the actual job. Koulamas and Kyparisis
(2006) concentrated on single-machine scheduling problems with completion time goals,
namely minimizing maximum completion time, total completion time, total absolute dif-
ferences in completion times, and a bi-criterial objective function consisting of the two
last mentioned goals. They were able to show that all these problems remain polyno-
mially solvable when past-sequence-dependent setup times are included in the analysis.
This note concentrates on single-machine scheduling problems with different due date
based goals while past-sequence-dependent setup times are considered. After introduc-
ing the notation needed in the next sections we will analyze problems with individual
due dates in section 3. In section 4 problems with common due dates are tackled. The

paper concludes with some summarizing remarks in section 5.

2 Notation and model formulation

There are n jobs available at time zero which have to be processed on a single machine.
Preemption is not allowed and the machine is only able to process one job at the time.
Let p; denote the processing time of the job i, 2 = 1,...,n. The setup time of a job, s;,

depends on the total length of the jobs already scheduled:

1—1
S =7 Pl
r=1

where [i] denotes the i-th position in the sequence and ~ is a non-negative constant. For
all jobs a due date d; is given. Furthermore C;, E; = max{0, d;—C;}, T; = max{0, C;—d;}
and L; = C; — d; are the completion time, earliness, tardiness and lateness of job ¢, i =
1,...,n, respectively. m will denote a schedule; a schedule contains all information that

are necessary to schedule the jobs. These are the sequence of the jobs, their start times,

Bielefeld University, Discussion Paper No. 562 3



and eventually the common due date if it is a decision variable. Throughout the paper we
will make use of the well-known three-field notation for scheduling problems introduced
by Graham et al. (1979); past-sequence-dependent setup times will be abbreviated by
psd.

3 Problems with individual due dates

In this section we will analyze different single-machine problems with individual due
dates and past-sequence-dependent setup times. An excellent introduction to single-

machine problems with individual due dates problems is given by Baker (1997).

Total lateness

The total lateness L can be calculated by
L= [Cp—dy]
r=1

= Z Z(’Y(T — i) + D)ppg — djyy
r=1 1

i=

Property 1. The shortest processing time (SPT) sequence leads to an optimal solution
for 1/psd/XL;.

Proof: Total lateness L is minimized if F =" [>7_ (v(r — ) + 1)pj;] is minimized
as » ., dj is a constant. Rearranging F to F =" ((n—7r+1)+~v/2((n —r)(n —
r 4 1)))pp) makes it obvious that it is the scalar product of two vectors, the w, =
(n—=7r4+1)+v/2((n —r)(n —r + 1)) and py vectors respectively (r = 1,...,n), see
Koulamas and Kyparisis (2006). As w, > w,41, the SPT sequence leads to an optimal
solution (Hardy et al. (1967), p. 261).

Total tardiness

The single-machine total tardiness problem, 1//¥7;, is NP-hard (Du and Leung (1990)).
Hence 1/psd/¥T; must be NP-hard, too. The total tardiness T' can be calculated by

T = Zmax { [OW — d[rﬂ ,0} = Zmax { [Z('Y(T - @) + 1)]7[1‘] - d[r]] 70}

=1
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Property 2. For any pair of jobs, suppose that processing times and due dates are
agreeable, i.e. p; < py implies d; < dy. Then 1/psd/¥XT; is minimized by the SPT or,
equivalently, by the earliest due date (EDD) sequence.

Proof: The proof follows directly from the pairwise interchange analysis. Consider a
schedule 7, in which jobs ¢ and k are adjacent in sequence at the positions x and x + 1,
and the schedule n’ that is identical to 7 expect that jobs i and k are interchanged.
Let further p; > pp and thus d; > d. For the comparison of 7 and 7’ it will suffice to
compare the total tardiness that stems from the jobs ¢ and k. The tardiness of the first
x — 1 jobs is obviously not affected by the interchange of job 7 and k. And as makespan
is minimized by the SPT sequence (see Koulamas and Kyparisis 2006), the maximum
tardiness among the last (n — x 4+ 1) jobs in schedule 7’ cannot be higher than that of

schedule 7.

The tardiness of the jobs i and k in schedule 7, T} 5 (), is calculated as the tardiness of
job i, T;(m) plus the tardiness of job k, Ty (7):

Tiw(m) = Ti(m) + Ti()

z—1 z—1
= max {t+ va[r] +pi — di,O} + max {t+ 227}9[@ + (1 4+ v)pi +pr — dk,O}

r=1 r=1

The calculation of the tardiness of the jobs k and ¢ in schedule 7/, T} . (7’), is very similar:

Tyi(m') = Ti(7") + Ti (")

z—1 z—1
= max {IH— Z’ypm + pr — dk,O} + max {t+ QZ’ypm + (1 +y)pr+pi — di,O}

r=1 r=1

To compare m and 7’ we consider two cases. The first case is ¢t + Zf;ll Yo + pi < d;.
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Thus,

z—1

T k() = max {t +2> yppy + (1+9)pi+pe — dk,O}

r=1

r=1 r=1

r—1 r—1
Ty.i(n') = max {t + Z’yp[r] + pr — dk,O} + max {t + QZ’pr + (14 v)pre +pi — d;, 0} .

Notice that T} () is at least as large as the first maximum in T, () (since 3277} VPR +
(1+~)p; > 0) and at least as large as the second (since v(p; — pr) > di — d;). Therefore,
if one or both of the maxima in T} ;(7’) are zero, we will have T} y(7) > T} ;(7"). Now

suppose that neither term in T} ;(7’) is zero. Then

Ti(m) = Tha(m —t—l—Qnyp[T (L+79)pi +px — d
z—1 z—1
- (HZWM +pk—dk> - (t+22719[r] + (1+7)px +pi_di>
r=1 r=1
z—1
= pi— Y P —t— (L+)ps+di >0
r=1

T r—1
Ypi—pe) 20>+ ypp+pi—di 2+ > pp + pr — di

Therefore, the first case yields T;,(m) > Tj(n"). The second case consequently is
di <t+> 7" vpp) + pi. Thus,

z—1
Tig(m >—2t+327p[r (24 )i — di + pi — di
r=1
z—1 r—1
Tyi(7') = max {H > v+ ok — dk>0} +t4+2> ypp+ (L+7)pe +pi — di
r=1 r=1
z—1
T () — Tialm —HZW[T» 1+7)p¢—wk—dk—maX{HZwm+pk—dk,0}.
r=1
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If the maximum in the last term is zero, then
z—1

Tik(m) = Tea(w') =t + > 4y + (L+7)ps — 9ok — die 2 0
r=1

r—1
Y(pi = pr) = — (t+27p[r] +pi - dk) -

r=1

If the maximum in the last term is positive, then

z—1 z—1
To(m) = Tea(n') = t+ > ypp + (L+)pi — ok —di =t — > Py — pi + di
r=1 r=1

= (1+7)(pi —pr) > 0.

Therefore, the second case yields T x(7) > T} ;(7'), too. This completes the proof.

Maximum lateness and maximum tardiness

Both, the single-machine maximum lateness problem, 1//L;,,, and the single-machine
maximum tardiness problem, 1//T,,., are minimized by the EDD sequence, see Smith
(1956) or Baker (1997). The following example shows that the EDD rule does not
necessarily lead to an optimal solution for the single-machine maximum lateness problem

with past-sequence-dependent setup times:

Example 1.
Let py =100, ps=1, d1 =101, ds=102, and A=1 than the EDD sequence (S = (1,2)) leads
t0 Lyaz =99 and the sequence S = (2,1) leads to Lyq.=1.

Note that the example holds for 1/psd/L.. as well as 1/psd/Tuq.. However, the
following property can be established:

Property 3. The EDD sequence leads to an optimal schedule for 1/psd/ Ly, if the due

dates and the processing times are agreeable, i.e. if p; < pp implies d; < dj.

Proof: Let 7 be a schedule in which the jobs ¢ and k are sequenced on the positions x
and x + 1, respectively, and let d; > d;,. We will create a new schedule 7’ by interchang-

ing the jobs ¢ and k.
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The completion time of the job on the (x — 1)-st position is £. Now the lateness of jobs

7 and k in schedule 7 can be calculated as:

z—1
Li(m) =t+si+pi—d; =t+27p[r] +pi —d;
r=1
z—1
Li(m) = t+si+pi+sp+ o —d =t +2) appy + (1+7)ps + o — di,
r=1

Similarily, the lateness of jobs k and ¢ in schedule ©’ can be calculated as:

rz—1
Ly(n') =t + ZVPM + pr — di,
r=1
x—1
L(n') =t +2) yppy + (L+ )+ pi — di,
r=1

Interchanging the jobs ¢ and k has no impact on the maximum lateness among the
first (z — 1) jobs. As makespan is minimized by the SPT sequence (see Koulamas and
Kyparisis 2006), the maximum lateness among the last (n — x + 1) jobs in schedule 7’
cannot be higher than that of schedule 7. To proof the property it is thus sufficient to
show that Ly (7) > max{Ly(n"), L;(7’)}.

r—1

Li(m) > Li(w") & ) ypp + (1+7)pi > 0
r=1

Li(m) > Lp(7") < ~v(pi —pr) > di, — d;

As d; > dj, implies p; > py, schedule 7’ is not inferior to schedule 7. This completes the

proof.

Maximum tardiness T),q, is defined as T}, = max{0, L. }. The results of property
3 can be transferred directly to the case of minimizing maximum tardiness on a single
machine with past- sequence-dependent setup times. Thus, 1/psd/T},4, is minimized by
the EDD sequence, too, if the due dates and the processing times are agreeable, i.e. if

pi < py implies d; < dy.
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Number of tardy jobs

The number of tardy jobs on a single machine, 1//%U;, can be minimized by the polyno-
mially bounded algorithm presented by Moore (1968). If past-sequence-dependent setup
times are included into the analysis, Moore’s algorithm does not necessarily deliver op-

timal results anymore, see the following example:

Example 2
Let p1=1, ps=2, ps=3,with di=12, dy=11, dy=10 and AX=1. Moore’s algorithm starts
with the EDD sequence (3,2,1) and, because job 1 is late, moves job 3 to the set of tardy
jobs. As within (2,1, 3) the jobs 2 and 1 are not late, this is the final sequence with job
3 being tardy. However, the SPT sequence (1,2,3) leads to an optimal schedule without
tardy jobs.

4 Common due date problems

In this section we tackle common due date problems with past-sequence-dependent setup
times. An excellent introduction to common due date problems is given by Baker and
Scudder (1990), for a literature review see Gordon et al. (2002). For all problems dis-
cussed in this section a non-restrictive common due date d is given. A common due
date is non-restrictive if it is either a decision variable or if it is sufficiently large; with

sufficiently large we mean that d > (Y, holds.

We first consider the famous problem of Kanet (1981): 1/psd,d; = d/ > (E;+T;). Let b
denote the number of jobs that are completed before or in the due date and let a denote
the number of jobs that are finished after the due date, a + b = n. Obviously for the

objective function the following holds:

f(m) = Z (B +1T3) Z’wrp[r + Z wrp[,.
i—1

r=b+1

with wé =(r—1+ (n—r)y)and wl = (n—r+1+ (n—1r)y).

Property 4. If v <1, for 1/psd,d; = d/ > (E; + T;) an optimal schedule exists that is

V-shaped. V-shaped means that the first b jobs are scheduled in non-increasing order of
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their processing times and that the last a jobs are scheduled in non-decreasing order of

their processing times.

Proof: For any b € {1,...,n} the following holds: w¢ < wf ;,7 = 1,..,b — 1 and
wt > wh, ,r=0b+1,..,n—1if vy < 1. An optimal schedule can be constructed by
assigning the longest job to the position with the smallest weight, the second longest
job to the position with the second smallest weight (see Hardy et al. 1967, p.261). This
leads to a V-shaped schedule as defined above.

Property 5. If v < 1, for 1/psd,d; = d/ > (E; + T;) an optimal schedule exists where
the b-th job is completed in the due date with b = max{l < r < n|r— 14 (n —1r)y <
n—r+1+(n—r)v}

Proof: Obvious from the objective function and Property 4.

With Property 4 and 5 an optimal solution to 1/psd, d; = d/ > (E; 4+ T;) with v < 1 can
be constructed as follows: The number of non-tardy jobs b is determined and the weights
for the positions are calculated. Then the longest job is assigned to the position with
the smallest weight, the second longest job is assigned to the position with the second
smallest weight etc. Ties can be broken arbitrarily. This matching procedure requires
O(nlogn) time. After constructing the solution as described, either d = Cp (if d is a
decision variable) or the start time of the first job is adjusted to sp) = d — Z?Zl(sm +pp)
(if a sufficiently large d is given).

With « > 1 the analysis becomes slightly more complicated as the problem is no longer
V-shaped. Now w¢ > w¢,; and w! > w!,, holds for non-tardy as well as for tardy jobs.
This means that b cannot be determined analytically by Property 5 but depends on the
actual value of 7. However, for a given b all weights can be easily calculated and the
jobs can be assigned to positions as described above. Therefore a polynomially bounded

solution procedure for this case is given by the following Algorithm 1:
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Algorithm 1.
Step 1: Setb=1.

Step 2:  Calculate the positional weights and assign the longest job to the po-
sition with the smallest weight, the second longest job to the position
with the second smallest weight etc. Ties can be broken arbitrarily.

Store the solution.
Step 3: If b <n calculate b := b+ 1 and return to Step 1.

Step 4: The best solution of the n stored solutions is an optimal solution.

The Algorithm 1 requires O(n?logn) time. The above analysis can easily be extended
to all common due date problems that consist of positional weights. These are:
e Different but not job-individual earliness and tardiness penalties o and f3.
n b n
flrr) =Y (aEi+BT) =Y wi,pp+ > wi,ppy
i=1 r=1 r=b+1
with w§, = (r —)a+ (n—7r)y and wi, = (n —r+1)3+ (n —7)7.
e A penalty for assigning a late due date y.

n

b n
Flrm) =Y (@B + BT+ xd) = Y wip,ppy + Y Wiy, py
r=1

i=1 r=b+1
with wf;, = (r — Da+nx + (n —r)y and wi;, = (n —r+1)3 +nx + (n —r)y.
e A penalty on the completion time of the jobs 6.
n b n
f(mrn) = Z(aEz’ + BT + 0C;) = Z Wiy, Pl + Z w?ll,rp[T]
i=1 r=1 r=b+1
with wi;, = (r—1a+(n—r—=1)0+ (n—r)y and wi;; . = (n—r+1)8+ (n —
r—1)0+ (n—r)y.

These three extension remain polynomially solvable as Algorithm 1 delivers an optimal

solution for each of them.
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5 Conclusion

In this paper we considered single-machine scheduling problems with past-sequence-
dependent setup times and due dates. We were able to show that some problems remain
polynomially solvable while for other problems well-known solution procedures are no

longer valid. .
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professoren: Eine explorative Studie
an den Universitaten in Nordrhein-
Westfalen zum Angebot und an der
Universitat Bielefeld zum Bedarf
Mérz 2002

Dynamics of Endogenous Business
Cycles and Exchange Rate Volatility
April 2002

Die Besteuerun g von Beteiligungs-
verdufRerungen - eine 6konomische
Analyse der Interdependenzen von
laufender und einmaliger
Besteuerung vor dem Hintergrund
der Forderung

nach Rechtsformneutralitat -

Juli 2002

Data Mining und Datenexploration
in der Betriebswirtschaft
Juli 2002

Good Odd Prices and Better Odd
Prices - An Empirical Investigation
September 2002

The Workout of Banking Crises: A
Macroeconomic Perspective
September 2002

Common due date scheduling with
autonomous and induced learning
September 2002

Navigation in Hypermedia: Neue
Wege fiir Kunden und Mitarbeiter
September 2002

On the Performance of Efficient
Portfolios
November 2002

Empirische Analysen von
Finanzmarktdaten
November 2002

CAPM Basics
December 2002

Betriebstatte vs. Kapitalgesellschaft
im Ausland -

eine 6konomische Analyse

Mérz 2003

On Chaotic Consistent Expectations
Equilibria
March 2003
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Jan Wenzelburger

Dirk Simons

Dirk Simons
Dirk Biskup

Tomoo Kikuchi

Fred G. Becker
Oliver Krah

Martin Feldmann
Stephanie Miiller

MACRODYN
- The Handbook -
March 2003

Sequential Computation of Sample
Moments and Sample Quantiles

— A Tool for MACRODYN -
April 2003

Personalfreisetzung in Familien-
unternehmen:

Eine explorative Studie zur Proble-
matik

Juni 2003

"Zum Uberwachungsgefiige
deutscher Kapitalgesellschaften -
Eine anreiz-theoretische Analyse der
Vergltung, Haftung und
Selbstverpflichtung des
Aufsichtsrates"

Juni 2003

Weak exogeneity in simultaneous
equations models
Juli 2003

Testing weak exogeneity in VECM
Juli 2003

Personalentwicklung von
Nachwuchs-wissenschaftlern: Eine
empirische Studie bei Habilitanden
des Fachs "Betriebswirtschaftslehre"
Juli 2003

Die Wirkungen gesetzlicher und
theo-retischer Ubergangsregelungen
bei Steuerreformen — eine
Okonomische Analyse
steuerinduzierter Verzerrun-gen am
Beispiel der Reform der Be-
steuerung von Beteiligungsertragen -
August 2003

Learning to play best response in
duopoly games"
August 2003

Quasirentenansatze und Lerneffekte
September 2003

Besteht ein Bedarf nach Dritthaftung
des gesetzlichen Jahresabschluss-
prufers?

September 2003

A Note on Symmetry Breaking in a
World Economy with an
International Financial Market.,
October 2003

Explorative Studie zur Personalein-
fuhrung bei Unternehmen in OWL:
Ergebnistibersicht

Oktober 2003

Simulation von Reentrant Lines mit
ARENA: Ergebnisse eines Projektes
zur Betriebsinformatik

Januar 2004
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Claus-Jochen Haake

Reinhold Decker

Reinhold Decker
Séren Scholz

Fred G. Becker
Roman Bobrichtchev
Natascha Henseler

Jan Wenzelburger
Hans Gersbach

Choice of Foreign Market Entry
Mode

Cognitions from Empirical and
Theoretical Studies

January 2004

Estimating Affine Economic Models
With Discrete Random Perturbations
January 2004

Mining Promising Qualification
Patterns
February 2004

Contemporary Marketing Practices
in Russia
February 2004

Environmental Scanning in
Marketing Planning
— An Internet-Based Approach —

Lot streaming with variable sublots:
an integer programming formulation
April 2004

Folgebewertung des Geschafts- oder
Firmenswerts aus Sicht der MeR-
bzw. Informationsgehaltsperspektive
April 2004

Do risk premia protect from banking
crises?
May 2004

The impact of multiperiod planning
horizons on portfolios and asset
prices in a dynamic CAPM

May 2004

Bedingte Zahlungsversprechen in
der Unternehmenssanierung
Juni 2004

The Quality of Prior Information
Structure in Business Planning

- An Experiment in Environmental
Scanning -

August 2004

Negotiated Transfer Pricing in a
Team-Investment Setting
October 2004

Market basket analysis by means of
a growing neural network
November 2004

Wie viel darf guter Service kosten?
Einkaufsstattenbedingte Preiswahr-
nehmung im Selbstmedikationsmarkt
November 2004

Altere Arbeitnehmer und alternde
Belegschaften: Eine empirische
Studie bei den 100 gréRten
deutschen Unternehmen
Dezember 2004

Risk Premia in Banking and the
Macroeconomy"
December 2004
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Christoph Woster

Alternative 6konometrische
Zeitverwendungsmodelle
Dezember 2004

Standortfaktoren und ihre Bedeutung
fir das Abwandern von
Unternehmen

Constructing Arbitrage-free
Binomial Models
December 2004

Fremdmanagement in
Familienunternehmen
Januar 2005

Die Bestimmung des Fortfilhrungs-
werts in der
Unternehmensbewertung mithilfe
des Residualgewinnmodells
Februar 2005

On the Dynamics of Asset Prices and
Portfolios in a Multiperiod CAPM"
February 2005

Transfer Pricing for Coordination
and Profit Determination: An
Analysis

of Alternative Schemes

February 2005

Innovation and Knowledge Spillover
with Geographical and
Technological Distance in an
Agentbased Simulation Model

May 2005

Accounting-Data-Based Transfer
Prices in a Team-Investment Setting
May 2005

Autonomous Environmental
Scanning on the World Wide Web
June 2005

On the convergence of balanced
growth in continous time
July 2005

Karrierestau - Ein Problem von
Fihrungskréften wie Organisationen
Juli 2005

Auction Prices and Asset Allocations
of the Electronic Equity Trading
System Xetra

August 2005

Technology Choice with
Externalities - A General
Equilibrium Approach
August 2005

On lot streaming with multiple
products
August 2005

Die Ermittlung des Conversion
Factors im Futures-Handel
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Volker Bohm
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Hermann Jahnke,
Stefan Wielenberg,
Heinrich
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Volker B6hm,
Tomoo Kikuchi
George Vachadze

September 2005

The impact of taxation on upper and
lower bounds of enterprise value
October 2005

Replication in Consistent Binomial
Models
November 2005

Asymmetrische Information, Beteili-
gungsfinanzierung und drohende
Uberschuldung

Dezember 2005

Welfare and the Role of Equity in an
Economy with Capital
Accumulation.

December 2005

On the stability of balanced growth
December 2005

Sophistication in Risk Management
and Banking Stability:

The Long Term

February 2006

Sophistication in Risk Management
and Banking Stability:

The Short Term

February 2006

On the Role of Equity for the
Dynamics of Capital Accumulation
May 2006

Buchwertorientierte Finanzierungs-
politik in der Unternehmenshewer-
tung

Juni 2006

Endogenous Inequality of Nations
through Asset Market Integration
August 2006

Inequality of Nations and
Endogenous Fluctuations in a Two
Country Model

August 2006

Credit Risk and Symmetry Breaking
Through Financial Market
Integration

August 2006

"International Asset Market,
Nonconvergence, and Endogenous
Fluctuations"

September 2006

Integration von in- und externem
Rechnungswesen in mittelstandisch
strukturierten Unternehmen:
Aktueller Stand und Perspektiven
unter dem Eindruck der Einflihrung
der Internationalen Rechnungs-
legungsstandards

September 2006

Asset Pricing with Markovian
Productivity Growth
October 2006
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559.  Christoph Woster Pricing Derivatives Under a Gains
Tax Regime: New Impacts
October 2006

560. Marten Hillebrand The Role of Pension Systems and
Demographic Change on Asset
Prices and Capital Formation

February 2007
561. Dirk Biskup A new heuristic for the total
Jan Herrmann tardiness problem with parallel
machines
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562. Dirk Biskup Single-machine scheduling against
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