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LOCAL CONSTRAINT BASED ANALYSIS IN RESOURCE CONSTRAINED SCHEDULING

Resource constrained scheduling problems are generally solved by
optimization techniques which cannot accomodate large size problems
with respect to computation time. Yet, fast and near optimal schedules
are required in actual dynamic Enviroﬁments. A method which has a
quick response to dynamic conditions is the usage of dispatching rules
which are tested and evaluated in simulation studies or against static
optimal solutions. The disadvantage of héuristics lies in their
performance dependence on problem characteristics.

Constraint based analysis (CBA) approach employed here stands
midway between the latter two methods. The pérfurmance criterion is
A-vfmposed on thev échedulfng proééss as a ﬁohstraint together4 with
resource limitations. These constraints are considered as lbcally
essential at each scheduling decision point and activities are
sequenced in accordance with the constraints.

In this reseérch, the local essential conditions are explained
_ in detail and the static and quasi-dynamic algorithms for resource
~ constrained scheduling in which they are incorporated are conveyed.
Stat;c solutions for the previously solved project scheduling test
problems obtained employing local CBA are compared with well-known
heuristics as well as with the optimal solutions. Furthermore, CBA
results for static job-shop problems representing various shop

characteristics are compared with heuristics.



KAYNAK KISITLI C1ZELGELEMEDE GEREKL! YEREL KOSULLAR

Kaynak kisitla cizelgeleme prablemi genel olarak eniyi
cizelgeleme  teknikleri ile cozilir. Ancak bu yﬁntemler' bilyiik
prublemlerdé coziim zamani agisindan yetersiz kalmaktadir, ©Ote ryahdan
gercek dinamik ortamlarda eniyiye vyakin ve hizla elde edilebilen
cizelgeler geréklidir. Dinamik “gelere yanit verilmesinin bir vyolu
benzetim calismalarinda veya duragan olarak eniyi gozimlerle
karsilastirilip degerlendirilen sezgisel vyintemlerdir. Ancak  bu
yintemler diizenli olarak. iyi cizelgeier yaratamamakta problem
dzelliklerine gtdre farklilik gbstermektedir.

Bu calismadaki yaklasim ise sdzi gecen iki Yﬁntemin arasinda yer
almaktadir. Performans kriteri cizelgeleme islemi ﬁzerinde bir k1sit
‘olarak gorilmekte ve kaynak kisitlari ile birlikte disinidlmektedir. Bu
kisitlar islerin birbirlerine gdre siralarini her lokal karar verme
aninda belirlemektedir.

Bu calismada, zorunlu verel kaosullar ayrintila olarak
anlatilmakta ve kaynak kisitli cizelgeleme icin bu kosullari iceren
duragan ve dinamik algoritmalar verilmektedir. Daha dnce cizillmiis olan
duragan-proje cizelgeleme problemleri icin yerel kisit analizi yontemi
ile elde edilen sonuglar hem eniyi coziimlerle hem de taninmis sezgisel
yintemlerle karsilastirilmstir. Ayrica, cesitli atelye gzelliklerini
iceren duragan ételye problemleri icin de kisit analizi sonuclari ile

sezgisel yintemlerin sonuglari karsilastirilmistir.
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I. INTRODUCTION

The subject of concern in this research is the development and
implementation of local essential conditicns with the aim of obtaining
near-optimal time efficient solutinns. to the resource-constrained
project and job-shop scheduling problems. The project scheduling
problem indicated here ié of the singly constraihed, renewable resource
type. Preemption of activities is not aliowed and the objective is the
minimization of makespan,Cmex. The class of job-shop considered in this
study is of serial or nonserial, machine constrained type where the
jobs go through a known sequence of machines. The'jobs may have
nonzero release times. Parallel identical machine groups are assumed
when the available resouce limit for certain machine types exceed
unity. Precedence among Jjobs is .also allowed and the objective
considered is maximum tardiness, Tm.;. ‘Total Work Content(TWK) based
due date assignmeht is assumed for Tana. performance evaluation.

The idea beneath the fore-mentioned essential conditions is to
capture the abaove problems’ intrinsic nature which heuristic rules fail
to grasp. Furthermore the conditions developed in the following
sections lead to local décisioﬁs and do not consider the scheduling
problem ag hand as a whole. This causes - the implemeﬁtation of the
conditions to be quite efficient and much of the computational burden
is eliminated.The latter enables the employment of essential conditions

.quasi—dynamically, i.e., in an event-controlled manner. The static
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problem has to be resolved each time a disturbing event occurs during
the progress of the project or. work shop. Therefore dealing with the
dynamic environment is through solving the static problem efficiently
with respect to CPU times and quality of schedules in terms of optimum'
solution proximity.

The concept of essential or “"essential" conditions is Eased on a
process called “"constraint-based analysis" [1,2,31 used in bringing out
information employable as a decision aid in real-time resource-
constrained scheduling. Constraint-based analysis(CBA) is performed in
the latter context so as to provide sets of feasible schedules for the
decision maker by iteratively finding’ precedence relationships
necessary for feasibility with regards to due dates, release times and
technological constraints and updating the time span during which an
activity is free to be scheduled. CBA prbcess is terminated either
when it cannot find a complete schedule or when no feasible schedule
exists  with the available due dates or when it succeeds to find a
complete sequence [1,4].

In tpe process of finding precedence relationships CBA considers .
all jobs to be scheduled on a machine, thereby viewing the problem
‘globally. In consequence, CBA seems to have a computational handicap
as stated in [2,4] and recommeﬁded to be employed in the static part
of the scheduling module.

In this research the essential feasibility rules found in CBA have

been developed with a different perspective and in such a manner that
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théy are valid fbr all poséible instances at a decision point.
Consequently, CBA has been localized witﬁ the expectation of near-
optimal results and less computation time.

The pesearch aims to contribute both to the general understanding
of CBA and to heuristic procedures used in resource-constrained project
and job-shop scheduling. The CBA project scheduling fesults are
compared with the optimal solutions of previously tested problems
[5,6]. The results for job-shop scheduling problems are compared with

the well-known heuristic rules found in the literature.



II. LITERATURE SURVEY

¢
The combinatorial aspect of the resource-constrained project

scheduling problem has caused optimization approaches t7,8,9,10,11,121
to be computationally intractable for real-world problems.

Early heuristic approaches have been provided by Wiest [13]1 and by
Thesen[14]. More recent heuristic researches [15,16]1 incorporate
characteristicsv of the project and evaluate priority rules under
multicriteria objectives.

Surveys and comparisons of heuristics to optimal solutions are
given in Davis and Patterson [171, Herroelen (181 and Willis [19]1.There
is general agreement on best heuristics to be used in project scheduling
although none is proved to provide good salutians consistently [201].

It should be noted that the Resource Scheduling Method(RSM)
heuristic given in [17,20] compares all pairs of schedulable activities
and decides upon precedence among & pair of activities according to the
project duration increase caused by the precedence of one activity aver
the other. The rule has thus some cﬁnceptual similarity to CBA approach.

The heuristics which have been found as best in project scheduling
are picked up and compared with optimal solutions so that CBA
performance is considered fairly against a background of well reputed
heuristic performance.

As for the job-shop problem, simulgtions have been carried out by
several authors [21,22,23] in order to determine best heuristics with

reépect to tardiness, flow time and other criteria. No dispatching rule
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seems to be consistently the best, but there are generally accepted
good rules for exogenously determined due dates and internally
determined due dates respectively as giveﬁ in a survey by Blackstone et
al.[24]. Baker and Kanet [25] also propose a new rule for the tardiness
criterion. These dispatching rules are compared with CBA solutions for
the Jjob-shop problems with respect to Tmexs |

Recent trends in project management and resource-constrained
scheduling consist of bringing a dynamic aspect to the problems in a
disturbed environment. Two generally accepted disturbances are changes
in resource avéilabilities and the arrival of new jobs. Muhlemann et
al.[24] experiment on the performance of priority rules coupléd with the
frequency of rescheduling. Raman et al.-[27] tranform an automated
environment scheduling problem into resource—constrained project
scheduling problem and apply static solution procedures on a rolling
horizon basis.The effects of schedule revisions are given in  Yamamoto
and Nof [281 and improvement of criferia due to rescheduling is
discussed. Norbis and Smith [29,30] provide both static and event-
controlled(quasi-dynamic) versions of a two level heuristic for the
resource-constrained scheduling problem. Another quasi-on-line
approach to scheduling is given by Slomp et al. [31]1 for flexible
manufacturing systems. Dumond and Mabert (321 evaluate priority and
due date assignmentA rules according to several criteria in a dynamic

environment where projects arrive randomly over time.



All the above real-time scheduling approaches consider the dynamic
scheduling problem as a series of static project(job shop) scheduling
problems, updating the system each ti@e a disturbance occurs. In
consequence,the problem is to find a time-efficient and high quality(in

terms of proximity to optimai solutions) procedure for the static problem.



IIT. LOCAL ESSENTIAL CONDITIONS IN PROJECT SCHEDULING

As previously mentioned in the introduction the development of
essential conditions is based on the cnnceﬁts introduced by Erschler et
al.l1,2], The.authors have developed essential conditions for two major
instances: Pairwise conflict and all pairs in conflict cases whiéh are
discussed in detail as Cases Al and A2 in the following sections.
Their approach is different frbm the one adopted here in the following
sense: The authors propose to use their essential conditions in order
to find sets of feasible schedules compatible with resource and
time(duedate) constraints. They consider all jobs in the workshop
simultaneously and the two cases involved concern only "permanent"
conflicts(conflicts which always exist with reéﬁect to daily resource
limits)., Their procedure does not take temporary conflicts(conflicts
which exist only at a certain decision point with respect to current
resource levels) into account. Consequently, when their essential
conditions are not tight enough to produce a >complete schedule their
feasible schedules become partial schedules based on these two cases.
The partial schedules are fed into a decision aid module linkeq to
an' on-line workshop monitoring system to be employed by schedulers.
The partial schedule generation is claimed to be computationally
burdensome as it involves the identification of all pairwise conflicts
among overlapping jobs. Additionally, partial schedule generator is
stopped when no feasible schedules can be generated with the current

due dates.
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In this study, however, there exists an infeésibility check before
the corresponding essential conditions are applied. The reason is to
identify infeasibility at an early stage of the procedure and avoid
imposing unnecessary precedence relatinnships on the activities.
Furthermore, the utilizafian of local CBA enables the scheduler to
obtain complete schedules without the requirement of a decision aid
module. At the times when the laecal essential conditions are not
éufficiently strong to identify precedence relationships the procedure
decides according to a predefined dispatching rule.

The essential conditions developed here are used in both project
and job-shop scheduling contexts. The prpcedure can be used for both
Comax and Tmax objectives.

Developing such local conditinns requires fhé consideration of all
possible instances thatA can occur at any scheduling point. What is
meant by instances is made clear by the following:

An instance might .involve activities in progress which leads to
the concept of temporary conflicts; Furthermore, there might be
ihstances when pairs of activities are not in any type of conflict
" but when considered as a group cannot be scheduled concurrently due
to resource limitations.

A summary of all possible instances with their respective brief
descriptions is found in Table 3.1. Notation included in Table 3.1.

and in other sections is given in Appendix.



TABLE 3.1. Summary of all possible cases.

ALL CASES

|

. CASE AlAP={s})

]

CASE Al

Permanent
JSETI=2

]

CASE B(AP#{s})

|

CASE

CASE A2 CASE A3 CASE Bi
Permanent Permanent Permanent
{SET) > 2 ISETIL ¥ 2

all pairs not all pairs

CASE Bl

CASE B12 CASE BI3

CASE B2

Teaporary

\ No conflic

CASE B3

Hybrid

CASEB21  CASEB22

|

CASEB23 CASEB3! CASEB32

1SET1=2

ISETI > 2 1SET1 > 2
all pairs not all pairs

16ETI=2  ISET1 > 2
all pairs no

ISETI > 2 ISETI > 2 ISET1 5 ¢
t all pairs all pairs not all pait
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3.1. Definitions of Possible Cases and Essential Conditions for Each Case

CASE A (AF={s2)

No activities are in progress at tnow.

Case A
Definition:
FPermanent conflict: Permanent conflict exists among two activities when

L rw,n > Rn for one or more resource types h,
k=1, jE€SET

Case Description:

Permanent conflict exists among pairs of activities.

Case Al (ISETI1=2)

Only two activities are in permanent conflict. (SET = {i, j})
Checking infeasibility :

If ( 1ftmax — thow € I pi ) 4, then project duration must be
k=1i,]j

increased by the following amount :

« = project duration increase = thnow lftmanxt I Pk
kESET

Proof:

A:Suppose i has 1ftmax Over i,j and I pi > lftmaxtnow.

k=i,]
This implies:
patps > 1fti-thow
. Ps > 1fti-pa-tnow
pattnow? 18ty |
efty > lsty =)> j cannot « i.

=> i % j. =» L pr + thow <1fts which is contradictory to A.§
©ok=1,]
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Far all j€U, lst,., 1ft. are updated By ®, i.e. lst, = lst. + «; the same

goes for lft..

The final project duration increase is the maximum « over all
pairwise comparisons.

Since « is the consequence of conflict infeasibility checks only
and since CPM is solved only once at the beginning of the prn;edure it
is possible that at any time during the procedure 1ft: { tnowtp:i, then
% = thowtpi—lfty and 1ft, and lst, are updated accordingly.

Frecedence Rule:

a., If 1sty < eft;, then i precedes j. {i, jESET?

b. If 1st, < efty, then j precedes i.

Proof (a):
Suppose lsti<efty and j « i.
Cy=eft, >1fti-p.

Since j « i, Ci=Cy + py >1fty which violatés feasibility of
current Ci.|J

Eoth conditions {(a) and (b) cannot occur simultaneously because of
the infeasibility check undergone in the first place.

Froof:
Suppose a) lsti< eft, and b) 1sty < eft,.
By infeasibility check,
if j has lftmax: 1fEs~tnow 2 Pitps
= lsty—thow 2 Pu ,

=3 laty ¢ efty which contradicts (b).

. Similarly, if i has 1ftmaxy lst: 2 efty which contradicts (a).E



If none of the conditions are true, thén the sequence is arbitrary
with respect to CBA and activities are scheduled according to the
previously selected dispatching rules.

Example Al
SET = {A,B} Rs= 5 Rz= 4

Act. Res.Req.{(1) Res. Req.(2) p est eft 1lst 1ft

A 3 3 3 3 b 4 7

B 4 3 3.3 & b 9

A<%B.
Case A2 (1SET) > 2)
Case description:
Mafe than two activites are in conflict ané all possible pairs are in
permanent conflict.
Checking infeasibility is done in pairwise fashion as in case Al,

and also groupwise, i.e.,

max {0sthow " 1ftnant I pul
all pairs k=1,
« = max{ ¥
max {0,thow— max {1fti3+ I pul
1€8ET keSET

Precedence Rule:
Step 1. Check pairwise precedence as in case Al. If no relationships
are found or if pairwise comparisons do not diminish the size

of SET® to unity, go to Step 2.



Step 2. Check group precedence for every i€SET’:

a. If [max { 16ty 3 ~thond < T Px 4 then V i precedes i.
JE{SET? -1} k€SET? JE{BET?*~i%

where V is-the boolean OR.
b. If [1ft, - tnewl < £ pw 4 then V i precedes j.
~ KESET? JE{SET*~-i}

Proof (a):

Suppose [max { 1fts ¥ -thaowd < I p and V i precedes j.
Je{BET*~i} kE€SET? JE{SET?~i}

=3 max {1FE4) < Epk + pg + thow
JE{SET’-i} ke€{SET’-i}

=> max {1¥t;} < Ipw + eft,
JECSET? -1}  KE{SET’~i}

=> max {1¥ts} - Ip. < eft,
JE(SBT? -1}  KE€(SET*-i}

=¥ letemerr-—1> € efty which violates the feasibility of current Cesy-—1

Proof (b):

Suppose [lfty - thowl ¢ L px and V. j precedes i
E€SET? - Je{8ET?-i}

kESET?-i

= lSt; { L Pk + tnaw
KESET’-i

=> lety { eftger-~1 which proves that i has to precede at least
© one activity j€{(SET’-i} for current Ci feasibility.l
Far éach i€SET® do comparisons 2a and 2b. Note that both conditions

cannot occur for an activity i.
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‘Proof:

[max ( lftg } —thnowl] ¢ 2 Px

JE{SET'-1i} KESET"'
} =) max { lftg } ~tanowl ¢ E Px
[1fts - tnowl { % px JESET' kESET'
kESET'

which violates the infeasibility check.l

If none of 2a or 2b occur, no relationship exists between i and (SET'-i}

and dispatching rules are used.

Example A2
SET = (A,B,C} Ri= 4 Ra= 3

Act. Res.Req.(1) Res.Req.(2) p est eft 1st 1ft

- A 2 2 3 5 8 9 12
B 4 1 2 5 7 9 11
c 3 2 4 5 9 11 15

Step 1. No relationships are found.

Step 2.

i=C A¢<C or B<¢C

Result: SET“=SET {C)}. Calculate priorities for A and B.
Case A3 (ISETi>2) |
Oase'description:
A group of activities is in conflict and every pair of activities is

not in conflict. This case includes the instance of no pairwise

conflicts.



Definition:

=H Minimal_conflict set;‘A set such that if any member i is dropped
from S, then {S-i} can be processed simultaneously. (SCSET?)

Frecedence Rule:

Step 1. Check pairwise infeasibility and precedence as case Al.
Pairwise checks will diminish the size of SET® since the
ultimate successors are deleted from SET.(SET -» SET’f

Step 2. If SET’ is not nil, check group precedence for every SCSET’ and

i€8:

a. If 1sty < eft; y then i precedes { S-i }.

je{s-i}
b. If 1sty ¢ eft, y then { 8-i ¥ precede i.
J€{5-i}
Proof(a):
Suppose 1sty < eft, and { 6-1 ¥ « i.
je{8-i3 '

By definition {8~i} is a nonconflict set. Furthermore, no j€{5-i}
is in pairwise conflict with i since pairwise conflicts are dealt with
in Step 1 and S consists of more than two activities. Caonsequently, {S-
i} can be considered as a single activity in pairwise conflict with 1i.
This implies: |

eftcs~-12= min {E‘ft_’}
jed{s-i?

since the completion of any j€{5-i} provides the possibility of
concurrent scheduling of i and {5-i}. Then,

lsty < efty =» lsty < min {eft,}
jE{S-i2 jEE8-i2

which violates the current value of C1.|
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Note that in this case both conditions can be true since groupwise

infeasibility check which is gquite involved is not applied here. If no

consistent sequencing can be obtained or if SET"

still

consists of

conflict groups using the above, then dispatching rules are used to

decide uvpon the activities in SET".

Example A3

SET={A,B,C,D}

Act. Res.Req.{(1) Res.Req.(2)

Ri= 8§ Rz=7

A 2
B 1
L}
C 3
D 1

3

3

2

2

p est eft
4 s 9
3 8 8
4 5 9

Step 1. No pair conflicts exist.

Step 2. § = {A,B,C} i=A

w
L}

¢A,C,D} i=A

s: {A,B,D} i=A
i=B

i=D

2a.

Za}

- 2a.

2a.

2a.

2a.

2a.

X

Yes. B % {A,C}
Yes.

Yes.

Yes.

Yes.

X
Yes.B « {A,D}

Yes.

st 1ft
8 12
8 11
7 11

7 13

2b. Yes.

2b. Yes.
2b. Yes.
2b. Yes.

2b. Yes.

2b. Yes.
2bl X

2b. Yes.

Result: SET"= SET’ - {A}. Schedule B,C,D at t=3.

{B,C}

=> No

=> No

=> No

=% No

{B,D}

=% No

relation.
relation.
relation.

relation.

< A.

relation.
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Case B(AFP#{s})

Case Description:

Activities are in progress at thows { Note that for all B subcases if

tconfy 2 1ft,, then case A rules are applied.)
J€SET »

Case B2

Case Description:

Any conflict that may exist between activities is temporary.

Definitian:

Temparary conflict: A pair of competing activities are in conflict with
respect to the available resource levels at tpow
but not to the daily resource limit, Rny 1.6,

R’n ¢ 1 Ficytr 2 Rh.
k=i, j

teent, s iThe earliest time when both i and j can be
processed simultaneoﬁsly .using the available
resources and the ones provided by the completion
of activities in progress.
Case B21(ISETI=2)
Case Description:
Two activities are in temparary conflict,i.e. BET = {i,j}.
Checking infeasibility:

min { max { 0, tcnn’i,J + py - 1fty 33
i€SET jJ€SET

o

x = min {
max { 0, 2 pk + tnuw - lftm-" }
ke€SET
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Proof:

Suppose I pi > 1ty = tnow (Where i has 1ftmax) and lst,zteent,,,
k=i, j

Then, 1sty < efty and 1sty; ¢ eft, but i can be scheduled at

teent, . when i and j can be run concurrently. Since by the first part

of the infeasibility check:
teent, s+py 2 14t
current Cy is not violated in spite of the second part of the
infeasibility check.
Similarly, when the first part of the infeasibility check is
violated and the second part holds current value of Chax iS preserQed.l
Precedence Rule:
a. If 1sty < teenf, 4 and 1lsty < efts , then i precedes j.
b. If lsty < teenf, | and lst, ¢ eft, ,rtheﬁ j precedes i.
Proof{a): |
Suppose lst, { efty, lsty < tseonf,  and j ¢« i
.
Then,
1sty < Cy => 1fty < Cytpys
sty < teont, 4 => 1fty £ t=="*;,,+pg.
=>Current C, is violated.|]
Both conditions ‘cannot occur because of the infeasibility check. If
. none of 2a or 2b occur, then no sequencing can be established and

dispatching rules are qsed.
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Example B21

SET = {A,B} ‘ Ri= 7 R?’:=8 Rz=5 Rz’=

Act. Res.Regq.(1) Res.Req.(2) p est eft lst 1ft Resources released:
—— - - === == == == 2 units(l) at t=3

A 4 2 I 0 3 3 b 1 unit(2) at t=2
B 3 2 4 0 4 2 & teent e =3
x=0

Result: B « A

Case B22([SET1>2)

Case Description:

More than two schedulable activities are in conflict and eVery ﬁair of

activities are in temporary conflict.

Precedence Rule:

Step 1. Pairwise infeasibility and precedénce checks are applied as in
Case B21.If no relationships are found or if the size of 8ET?
is not unity after pairwise comparisons dispatching rules are
used.

Case B23(ISET1 > 2)

Case Description:

A group of activities are in conflict and every pair is not in

conflict. The conflicts among pairs of activities are temporary ones.

Definition:

{Note: § is definedvacéording to R?°ne )
ACs: Subset of activitieé in A which when completed epable
the earliest simultaneous progress of §, s.t.

Lrgn +Rh 2 Erin
JjEACs i€S
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ERT:,s: The earliest time when activity i can progress simultaneously
with ({S-i} using resources provided by the completion of an
[ ]
activity j€{S8-i} or j¢ACs.
{ min {eft,?}
j€{g-i}
ERT;,Q = min { ¥
{ max {eft,}
jéACs
Precedence Rules:
Step 1. Check pairwise infeasibility and precedence as in Case B21.
The ultimate successors are deleted from SET.(SET -> SET?).
Step 2. If BET’is not nil,check group precedence for allcCS SET’and i€S:

a. If lsty < ERT,,s and 1lst, { efty ,
je{s-i}

then i precedes {S-il.

b, If lStJ < ERTJ'Q and lStJ < Eftg ¥
jE{8-i} je{8~i}

then {S8-i} precede i,
" Proof(a):

Suppose lst; < ERTy,s and lst, < eft; and {S-i} «i.
jE{S-i%

As {5-i} is a noncoflict set, {5-i} and i can be regarded as a
pair of activities in conflict with each other up to the time ERT.,s
when they can be run concurrently. Then,

sty < efty =¥ lsty < min {efty} = lst; { taow + min {ps’
je{s-iy je{8-i} jeds-i}

With the second condition: lst, < ERT,,s the current C; is

violated.l
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If no consistent sequencing can be established or if SET" still
consists of conflict groups disbatching rules are used to schedule
Je8ET".

Example B23

SET = {A,B,C,D} R. = 10 R?y= 7

Act. Res.Req.(1) p est eft lst 1t Resources released:
A Lol o o o 2 units at t=8

A 2 4 5 9 8 12
B 4 2 5 7 7 9
c 2 35 8 7 10
D 2 4 5 9 7 11

Step 1. No pair conflicts.

Step 2. § = {B,C,D} ERTe=B ERTg=7 ERTp=7
§ = {A,B,C? ERTa=7 ERTp=B ERTc=7
S = {A,B,D} ERTa=7 ERTp=B ERTp=7

The sole lst which is less than its corresponding ERT is of activity B.

Theréfore, check 2a. for i=B for all S:

s = {B,C,D} =>B « {C,D}
§ = {A,B,C} =» B « {A,C}
5 = ¢{A,B,D} =>B « {C,D}

Result: Assign B at t=5. Select among A,C,D by using priority rules.



Case Bi (AP#{e})

Case Description:

There exist activities in progress. The types of conflict among pairs
of activities for all the following three cases are permanent, i.e.

Iria2Ri. In these cases the resources provided by the activities in
k=i, J€8ET

progress do not help .

Case Bii (ISETI=2)

Case Description:

Two activities are in permanent conflict. ( Note that each activity is
schedulable under the available resource level at thnaw.!

Precedence Rule:

Rules of Case Al are applied in this case.

Case B12(1SET]>2)

Case Description:

More than twq activities are in conflict and each bair is a permanent
conflict pair.

. Precedence Rule:

Rules of Case A2 are applied.

Case_B13 (ISETI1>2)

A group of activities are in conflict and but each pair is not a
- conflict pair. Thé conflict pairs are permanent ones.

Step 1. Pairwise infeasibility and precedence checks are applied as in

Case Al. (SET-3SET?)
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Step 2. Group precedence rules are applied as in Case B2Z where S is

the minimal conflict set according to the available resource

level, R’q.
Case B3 (AP#{s},ISETI>2)

Case Description:

Hybrid cases: A hybrid case occurs when some of the activity pairs form
permanent conflicts and some temporary conflicts. Hybfid cases occur

‘when activities are in progress and there are mare than two activities

in SET,

Case B31

Case Description:

More than two activities are in conflict, but every pair is in either

permanent or temporary conflict.

Precedence Rules:

Step 1. Apply infeasibility checks and precedence rules of Case Al for
permanent conflict pairs and rules of Case B21 for temporary
ones. If no relationships are found or if the size of SET® is
not reduced to unity, dispatching rules are used.

Case B32

Case Description:

Group of activities are in conflict, but not every pair is a conflict

one. The gonflict pairs are in either temporary or permanent conflict.

Frecedence Rules:

Step 1. Pairwise infeasibility and precedence rules are applied as in
Step 1 of Case B31. (SET->SET?")

Step 2. Group precedence rules of Case B23 are employed.



Case C
Case Description:
No activites in conflict., (SET = { & })

ASSign i € {r i} at tnaw-

3.2. CBA Scheduling Algorithm for the Static Resource Constrained

Scheduling Problem

The 1local essential conditions discussed in thé previous section
can be utilized through the following algorithm.
Step 1. Initialize: thow=0, r={Activities with no predecessors}, AFP={s2,
U=(All activities}, UA={s}, R’n=Rn. Solve CPM.
Step 2. Determine and evaluate SET considering all resource types h
a;d identify types of cases fitting-SET.
Step 3. Assign activities as indicated in the detailed description of
the cases.
Update: U={U-UA}
AP={AP+UA}

R’°n=R’h= I run
jEUA

If U= g, stop.



. Step 4. Update: tnew= min{C,s}
' JEAP

R’1=R’:+ L ry,
JEFIN

r={r+activities schedulable with respect to R’, and
completed predecessors?

x = max {0, tnowtpi-1ft.d; 1ft,=1ft,+a; lsty=lst,+x for iér.
ieér .

AP={AP-FIN}

If r=s then repeat Step 4.

Otherwise, go to Step 2.

3.3. Guasi-Dynamic Application of Local CBA
As mentioned previuosly, the efficiency of local CBA enables its
utilization in a quasi-dynamic environment. The generally accepted

types of *disturbances in resource constrained scheduling are as

follows:

1, Changes in the available resource levels.

2. Changes in activity durations, adding 6r‘deleting activities.

In all types of disturbances activities in progress at the disturbance
time are not descheduled unless compulsory and the current schedule of
activities assiéned up to then is preserved. When an activity in
progress is descheduled then preempt-repeat type of process is

utilized. The procedure to be followed by the two types of events are

given as follows:
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Event type 1

la. Increasing resource level h by &, at t

wvii

Update tn°w=t.v1_
R’ =R’y + &n
r ={r+tactivities échedulable with respect to new R’n}

If r is not nil, go to Step 2 of the scheduling algorithmf

Otherwise, go to Step 4.
1b. Decreasing resource level h by &§, at te.: by vspecifying which

activity i* is interrupted:

Update thowstavi

R’y =R’n=8n+rsan

AP ={AP-i*}

U ={U+i*} -

r ={r+activities schedulable with respect to new R’n}

If r is not nil, go to Step 2 of the Scheduiing algorithm.

Dtherwise, go to Step 4.

When changes in resource levels occur a duration for which the
change is valid is also specified and the scheduling algorithm takes
this duration into consideration while applying rules during the latter
period of time.

M
2a. Changes in the durations of activities wunassigned vyet or in
progress at tevat

Update thnow=tevz

-Bolve the CPM for the remaining network denoting the durations of

j€AP as: p,=Start.Time,+p’, ~thow Where p’s is the updated duration.
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With the new est and 1ft values thus ugtained g0 to Step 4 of the
scheduling algorithm.
2b. Adding or‘deleting one or more activities unassigned yet at t=ta.=z:
Update tnow =tevz Solve the CPM for the remaining network, update
r.
If ' is not nil, go to Step 2 of the scheduling algarithm.

Otherwise, go to Step 4.



IV. HEURISTIC RULES AND CBA OPTIONS IN PROJECT SCHEDULING

4.1. CBA Options Used in Local CBA Implementation

It is observed in the statement of the conditions that there might
arise situations where the conditions latk the sufficiency to select
the activity(ies) to be scheduled at some decision point. In such a
case, the sequence of activities is arbitrary and the problem remains
unsolved.® In order to go on with the procedure, one of the four
dispatching rules are summoned to get rid off the arbitrariness. It
should be emphasized that the ~dispatching rules are activated only
~ after the failure of pairwise and groupwise\precedence checks.

The above mentioned dispatching rules are MINSLACK(Minimum Slack
Time), LFT(Minimum Latest Finish Time), WRUP (Weighted Resource
Utilization Ratio and Precedence) and OC(Opportunity Cost) rules. LFT
has been verified to outperform MINSLACK(Minimum Slack Time),
RSM(Resource Scheduling Method), SIO0 (Shortest Imminent Operation) and
GRD (Breatest Resource Demand) rules by previous researches [6,201.
WRUP is found by Ulusoy and Ozdamar [20] to be most effective among all

the latter rules for specially designed problems representing all kinds
of network/resource characteristics. On the other hand, -OC which is
introduced in this sthy has not been tested previously. OC is a rule
based on conflict set logic and an indicator function consisting of
network/resource characteristic values. The definitions of all four

rules are found below:
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MINSLACK: Priority is given to the activity with the minimum total

slack time.

LFT: Priority is given to the activity with the minimum latest

finish time.

WRUP: Priority is given to the activity with the minimum value, Z,

where:

Zy = W X npy + (1 = wp) ¥ £ ryn/Rn
, h
Since project duration is affected by the selected precedence
weight the best solution is obtained by increasing we, with increments
‘of 0.1 starting from the lowest limit of [0-11 interval. The size of
the increment has been investigated previeusly [20] and the schedule
duration has been found to be insensitive to increments of size less

than 0.1.

OC: Priority is given to the set of activities with the minimum
value, 0OCs-. The definitinns of variables related to this
rule is given in Appendix. It should be noted that §?
contains a single activity when ISETI=2 or when all pairs
are in conflict.

When using OC rule, produrer is calculated in all cases By
exclﬁding 8’ fraom the partial network of unassigned activities at tnow
and updating the est, of unassigned activities to the earliest possible
starting time according to the resource availability based on the

assumption that activities in §’ have been scheduled at thoaws Furward
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CPM is then applied to the latter network aSsuminQ unlimited resburce
availability to obtain produre-.

The second component of OC rule is the excess resource ratio which
reflects the resource requirements of activities in excess of available
resource levels assuming that all activities are scheduléd af their
updated earliest start times.

The opportunity cost(OCs-) of assigning S’ considers both the
project duration increase and the excess resource ratio in equal terms,
i.e., they are given equal weights by the multiplication of the two
terms. On the other hand, summing the two terms diminishes the weight
of the excess résource ratio.

4.2. Dispatching Rules Used for Comparing Loéél CBA Results

Four dispatching rules are used as bases of comparison against
CBA: MINSLACK, LFT, RSM and WRUP.These rules have been fouhd to be the
more successful by previous researches [4,17,201. The reason for
comparing heuristic rule performance against optimal results is to

eliminate the problem specific evaluation of CBA performance.



V. TEST PROBLEM CHARACTERISTICS

The project schedﬁling problems for testing'CBA and their optimal
solutions have been made available by Christofides, Alvarez-Valdes and
Tamarit [51 and by Alvarez-Valdes and Tamarit [41.1n the former
research 40 problems are solved toloptimality by an efficient branch
and bound procedure. In the latter sfudy, 144 problems are solved by a
variety of heuristic rules and most problems of small to medium size
and a few larde size problems\are solved to optimality.

The first 40 problems have the following characteristics [5]:
Loosely constrained problems have Utilization Factor (UF) values, which
represent the ratio of total work content to available resource levels,
in the interval [0.5-0.99]1 while tightly constrained ones have their UF
values in the interval [1-1.51., The mathematical expression of UF is
found in the Appendix. Durations lie in the range of [1-9]1 and resource
. requirements in the raﬁge [0-61. All problemé consist of 25 activities
and three resource types. Availability limit is & for all three types
of resouwrces. The complexity ratio,i.e., the ratio of the number
activities to the number of events, is in the range [1-31. The
average solution time an a UNIVAC 1100 computer is 3.8 CPU sec.

| The _ second batch of problems selected are medium to large size
problems and have the folldwing characteristics [61: 36 problems have
51 activities and 16 others have 103 activities. All of the Si-
activity' and two of the 103-activity problemé have their optimal

solutions available.The remaining 14 problems of 103 activities have



their best solutions available instead of optimal solutions. Dptimal
solutions for these problems could not be . found because of time
considerations. Medium and large size problems have & resaurce types.
Complexity ratio interval is [1-31 in Si-activity problems and
[1.2-1.41 in 103-activity problems.Low complexity-large size problems
have been chosen for testing in this research since they are difficult
problems to solve and project durations as well as solution CPU times
deteriorate for this type of problems. CBA is thus tested under mést
exerting circumstances. The resource constraints vary from relaxed to
tight as in the first batch of problems. CPU times of the optimal
solutions are not available whereas priority rules are claimed to take

0.1-0.2 sec. for Sl-activity praoblems and 3 sec.. for 103-activity

praoblems on a BULL DPSB/49 computer.
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VI. DISCUSSION OF PROJECT SCHEDULING RESULTS

Local CBA is observed to obtain solutions of about 80 per cent

better than the heuristic rules with respect to optimal solution
praoximity. Table &.1. summarizes the results obtained by CBA and the
selected four heuristic rules. For each group of problems, i;e., 25;
activity, .Sl—activity and 103-activity problem groups, the average
percentage ratio of project durations over optimum solutions are stated
with their respective standard dgviations. CBA’s performance with
respect to the latter ratio is considerably better than the best of the
four heuristics. CBA-Best results are on fhe average about 1.82 per
cent above optimum solutions versus 3.44 per cent of Heuristic-Best.
Furthermore, CBA finds optimal results 54.41 per cent of the time and
averall best solution percentage is 92 per cent. .Dn the other hand,
the latter values are 34.61 pef cent for aobtaining optimal solutions
and 55.12 per cent for obtaining best solutions in Heuristic-Best
results. If on the other hand, the best of heuristic rules, i.e. LFT,
is compared to the best of CBA options, i.e. CBA-WRUP, then it is
ohserved that CBA-WRUP finds on the average 2.25 per cent above optimum
results versus 4.64 per cenf of LFT’s. CBA-WRUP’s aptimal finding rate
"is 51.28 per cent versus 21.79 per cent of LFT’s. It is also observed
“from .Table b6.1.that overall best result percentage above optimum which
is 1.54 per cent is quite near to CBA’s value, 1.83 per cent. The same
claim is true when 14 nonoptimal problems are included into the

comparison basis.



TABLE 4.1, Summary of results for project scheduling problems.
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(%)

CBA

RULES:  MINSLACK LFT  RSM  WRUP  Heur-Best CBA-Best WRUP  LFT MINSLACK  OC
PROBLEMS WITH 25 ACTIVITIES (40 probleas)

AVB: ¢ AblE 448t 7,15t 5,40t 3,00t 1,37+ 2,03t 3.62+ 3.5 3.93t
() 3.7 423 7.4 5.4 3.57 251 329 419 351 5.0
OPT 22,50 2750 22,50 27.50 40,00 42,50  57.50 40.00 40,00 42.50
(0

GLOBAL 32,50 37,50 30.00 37.50  42.50 92,5  77.50 - 52.50 50.00 &5.00
BEST (%)

(0.95 £ 2,20 %)

CBA-BEST - - - - - - §7.50 57.50 57.50 70.00

W ‘

PROBLEMS WITH 51 ACTIVITIES (34 problens)

AVEte 4,85t 4,72t 5,05 536 3.65¢ 2,39t 253t 3.91 3.98¢ 3.35¢
VA 4,80 412 462 AT 3.98 33 323 370 416 3.61
oPT 2,22 ihab 1141 2.2 2894 50,00 44,44 19.44 27.77 33.33
73]

BLOBAL 2222 25,00 13.88 30,55  47.22 9167 BO.55 36,01 44.44 50,00
BEST (%) :

(2,27 £ 3.08 %)

CBA-BEST - - - - - - 91,66 38,88 44,44 58,39
(0

 PROBLEMS WITH 103 ACTIVITIES (16 problens)

AV *¢  5.85t 5.2t 20,208 10,058  4.13% 1.6 2,008 3.79% 4.63t 5.65¢
V) 3,00 335  B.94 646 3. 1.9 244 2,81 274 4.78
GLOBAL .25 525 00,00 .25 18.75 93.75 75.00 37.50 18.75 12.50
BEST (%)

(1,73 £ 2,08 %)

CBA-BEST - - - - - - BLZS 3750 18,75 12,50




TABLE 6.1. Summary of results for project scheduling problems (continued).
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{4

CBA
RULES: MINSLACK ~ LFT RSH WRUP  Heur-Best  CBA-Best WRUP  LFT HINSLACK OC
78 PROBLEMS WITH KNOWN OPTIMAL SOLUTIONS
AVGte .69 4,64t 6.6 5.42 3.32% 1.83t  2.25t 3,72t 3.69% 3.42%
(%) 4.22 415 629 5.3 3.79 2.83 .20 393  3.85 4.48
oPT 21.79 21,79 1h.bb  24.3h 34.61 gb.41 51,28 29.49 34,62 3B.4b6
{4
GLOBAL 30.76 30,76 23.07 34.41 93,12 92,31  79.48  44.87 47.44 §57.49
BEST(%) , :
{1.94 £ 2,70 %)
CBA-BEST - - - - - - 89.74 48.72 51.28 6&4.10
(%
92 PROBLEMS (78 OF THEM WITH KNOWN OPTIMAL SOLUTIONS)
AVG e 4.87t 4,71t 8.87% 513t 3.44¢ 1.82¢ 2,22t 377t 3.89% 4.00%
(%) 4,08 4,04 85 5.78 3.70 2.74 3.5 379 3.8 404
- GLOBAL 23.91 27.17 1847 29.35 48.91 92,39 78.26 A3.4B 42,39 50.00
BEST (4)
(1,57 £ 2,62 %)
CBA-BEST - - - - - - 88.00 45.74 45,60 90,00




36

Another point to be noted is that problem size and resnufce
Characteristics do not seem to affect CBA’s performance and the
distribution of optimal solutions found by the method is uniform and
nondiscriminative among tight or loose resource constraints.

The performance of CBA is also consistent in the 14 large size
difficult problems with low complexity. When compared to Heuristic-Best
results of optimal solution deviation CBA-Best results are at least
twice as good. The maximum deviation from best branch and bound
solution is 5.88 per cent for CBA-WRUP whereas the same measure is 12.15
per cent for LFT. In these problems the poor performance of WRUP
without CBA is due to the fact that it becomes a rule based on only
resource requirements when complexity isrtudxlow. On the other hand,
CBA’s consistency in good results lies in its grasping the nature of
the problem and thus carrying all heuristic intuition within its
methodology. The heuristic rules regard the problem from one viewpoint
only, i.e., slack values or latest finish times. When the latter
measures are the same for all activitiés in the resource conflict set,
then dispatching rules break ties arbitrarily. An example‘ is given

"belaw: -
Activity est 1ft p slack

i 5 12 5 2

J 5 9 2 2
In. this example where i and j are the only activities in the
conflict set MINSLACK rule decideé arbitrarily whereas CBA schedules j

before i according to condition Al. In this case CBA decides in the
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same way as LFT and RSM, as well as taking slack time measure inta
cansideratién. This is the advantage of CBA logic over heuristic rules.
RSM performs rather poorly when compared to CBA although it is based on
a similar notion of pairwise conflicts. The performance is poor because
concepts of groupwise conflicts and minimal conflict sets do not - exist
in REM-rule and only pairwise conflicts are dealt with.

There exists a major disadvantage in the application of CBA. In
the procedure when no conflicts occur among activities at a certain
scheduling decision point (Case C), the rule acts greedily and assigns
all of these activities at that time. This type of action leads to the
drawback of neglecting possible pairwise conflicts of the present time
hanconflicting activities with the reméinihg unassigned activities.
This is one of the causes preventing CBA from obtaining better
solutions. A measure against the lafter logical flaw might be some kind
of 1look ahead rule checking future pairwise conflicts. However, the
localization of essential conditions would then be lost and the time
efficiency of the method would be doubtful .

The second point is the employment of heuristic rules Qhen at a
‘certain instance the conditions are not tight enough to identify
preceaence relationships. This type of situation takes place when
either .the time constraints are too tight or too loose. With the
optimally solved problems'a notable improvement is observed when WRUF
is employed with CBA and about 90 per cent of the time CEBA+WRUP rule

obtainé the best results among CBA. There is also some improvement when



LFT is used with CBA against LFT used alane. ‘Referring to the
observation .of CBA+WRUP against WRUP the latter fact demonstrates that
CBA does not revert to heuristic rules very frequently or uses these
rules after establishing some, if not all, precedence relationships
amqng conflicting activities. CBA requests heuriétic aid at about 5 per
cent of the time, i.e., the ratio of the number of times a heuristic is
employed to the number of iterations is about 0.05.

The third point is the issue of establishing CBA-best results
after using CBA with four heuristic rules. A problem must be run
thirteen times(ten times for WRUP and three times for LFT,0C,MINSLACK)
to obtain CBA best solution.

At this point it is appropriate to discﬁss\CPU times for CBA and
heuristic rules. A single CBA run takes on the average 1, 10, 20 CFU sec.
for 25, 51 and 103-activity problems respectively on a 70/84 PS2 IBM PC
computer. The heuristic rule LFT takes 0.5, 7, 12 CPU sec. on the
average for the corresponding problem sizes. WRUP takes on the average
half of the CPU times taken by LFT since it is a list priority rule.
On the other hand R8M takes four or five times the CPU time of CBA. It
should be reminded that the CPU times include I/0 times. If a
comparison is to be made with the previous research [41 LFT and other
heuristic rules are claimed to .take about 3 sec. for 103 activity
probiems on the BULL DPSB/4§ computer.Since a single CBA run takes twice
as much time as LFT and has to run thirteen times then CBA approach can

be reborfed to to take 78 CPU sec., on a faster computer, BULL DPS58/49.
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These results are true for the above specific 92 problems whereas far
other problems of similar sizes, i.e. 70-80 activity, B8-10 resouwrce
type problems, CBA seems to be very fast takiﬁg about 2-3 CPU sec. on
the 70/84 PS2 computer in each run. This contaradictory situation is
thought to bg due to the existence of dummy activities created by the
transformation of the 92 problems into activity-on—arc.networks. To
summarize, the CPU time of local CBA is reasonable for large size

problems and implementation in quasi-dynamic environments is therefore

feasible.
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VII. TRANSFORMATION OF JOB-SHOP PROBLEMS INTO PROJECT SCHEDULING PROBLEMS

7.1. Specification of Job-Shop Problems

Job-shop scheduling problems constitute a proper ysubsgt of
fesource—constrained projett scheduling problems and can be easily
transformed to their format.  The job-shop problems considered here are
of classical type in the sense that a machine is a single-purpose one
and can handle one operation at a time. In other words, machine-
sharing and routing flexibility are not allowed. Furthermore, process
times are sequence independent and deterministic nonpreemptive
scheduling is assumed.

However, the former assumption of single-purpose machines handling
one operatiaon at a time is not very resrictive and.can be dealt with
nonintegral machine utilization rétes and choice representation in the
resource types required by an operation. The decision rules used in

~project scheduling are based on activities(operations) only, but
machine considerations can be easily incorporated into these rules in
case alterpate routing is allowed. When specifically considering CBA
implementation on these problems, it is not difficult to handle routing
%lexibjlity in the statements of essential conditions. To achieve this
kind of flexibility the definitions of conflicts should be updated and
a look-ahead rule should be added with respect to machines to avoid
bottlenecks.

There aré no restrictions with respect to release times,

precédence among jobs, availability of identical machines and also to
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the utilization of the same machine more than once by a job(serial or

nonserial routing).
7.2. Transformation of Job-Shop Problems to Activity-On-Node Project

Networks

_ An n job, L machine general (an20, precedence allowed) job-shop
“problem can be transformed to a project scheduling problem by the
following procedure: (The notation is found in the Appendix)

Step 0. Create a dummy starting node and an ending node. The number of
resource types is L. (Ry21, 1=1..L.)

Step 1. Create a dummy node(operation) for éach jobh with no
predecessors and link these nodes to the dummy starting
node.(r{m=0, 1=1..L; Pim™8ms mé{Nb pfédecessor set}).

Step 2. Btarting frnm the first operation of each job create serial
paths of nodes representing each jnb’s operation sequence with
their corresponding resource requirements and process times. Go
to Step 3a if precedence exists among jobs. Otherwise go to
Step 3b.

Step 3a. Link the final node of each job to the dummy ending>node if no
| successor jobs exist. Go to Step 4.

Dtherwise,‘ link each predecessor’s +final node to its

- carresponding successor’s initial node, representing the

precedence relationships by the necessary number of dummy arcs.

Go to Step 4.
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Step 3b. Create n dummy nodes (operations) faor each job. (rym=0, 1=1..L;

Pim“Dmax = dmy m=1..n). Link these dummy nodes ta the final

ending node. Stop.
[]

. Step 4. Repeat Step 2 and Step 3 until all jobs are represented in the

network. Stop.

In the above procedure job—shops with no precedence are
represented as n serial parallel paths with n dummy activities for
nonzero release times and nvdummy activities for individual due dates.

On the other hand, for job-shops with precedence the number of
parallel paths are bounded from above by n and the dummy activities
required are the ones representing nonzero reiease times. In the jaob-
shop representation the resource availabilitywnf dummy resource type
zero which represents the arrival times is assumed to be unlimited.

This 1is due to the fact that individual due‘dates are superfluous
in the case of precedence among jobs and an overall due date fdr all
jobs is assigned.

Example 7.1. (Without precedence)

dm Dim Technological Order am dn
Mi _ M2 M3 ;

1 S 3 2 M1/M2/M3 9 22

2 b 3 | 4 M2/M1/M3 3 25

3 4 8 9 M1/M2/M3 2 30

4 2 1 3 | M3/M1/M2 0 12

] 8 6 3 M2/M1/M3 0 24

D¢4nm< = 30 .



5(0) 5(1) 3(2) 8(0)
"D
3(0) 3(2) 8(1) 4(3)
/@@»@»@
0(0 ‘/ 2(0) 4(1) 8(2) 8(3)
DD
0(0) 5(3) 2(1) 1(2)
0(0) 6(2) 8(1) 3(3)

Notation: duration(type of machine required)

FIGURE 7.1. Activity-on-node diagram for example 7.1.

Example 7.2. (With precedence)

da Pim Technological Order am Predecessor
M1 M2 M3
1 1 3 5 M1/M2/M3 0 -
2 5 8 & M2/M1/M3 2 -
3 7 Q 7 M1/M3 - 2
4 3 4 0 M2/M1 - 1
] 4 3 5] M1/M2/M3 7 -
b 1. b 3 | M3/M1/M2 - 4
7 4 3 S M3/M2/M1 - 4

8 & 0 & M3/ML -
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3(3) 1(1) 8(2)

0(0) 1(1) 3(2) 5(3) 4(2) 5(1)

(2)—(E)—4(8) (1) —¥(iD)—s((5)

2(0) 8(2) 5(1) 8(3) (1) 7(3) 4(3)

5(3)

7(0) 4(1) 3(2)

FIGURE 7.2. Activity-on-node diagram for example 7.2.



VIII. PERFORMANCE CRITERION IN JOB-SHOP SCHEDULING

Dne of the major problems in job-shops concerns due date
achievement. ’Minimizatiun of makespan Becames an objectiQe of lesser
importance when compared to the accordance of schedules with due dates.
The current statements of the essential conditions in CBA provides the
possibility of their utilization and evaluation with‘respect to maximum
tardiness, Tmawxy Criterion without making any changes in the condition
statements.

No precedence jqb-shop problems which are transformed to project
scheduling prpbléms are solved by CBA in project scheduling terms with
respect to Tmex Criterion as follows:

With the due date arrangements made during the transformation each
job has ; dummy activity with pie= Dm.ufdm appended ta‘its final
operation and the ending node’s 1ft is assigned max{Dmaxs;lftcem} which
is the 1ft obtained by forward CPM.

Getting on with backward CPM the finél operation of each job has:
1ft7 =Dmax~ (Dmax—0m) =dm, m=1..n.

The above method of incorporating due dates inta 1ftcpm and
backtracking from Dmax cause the updated operation 1ft’,« for all jobs

to be viewed as operation due dates which are in turn considered in

pairwise comparisons and infeasibility checks.
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As observed in the following infeasibility check,

«’= max{ 0, - 1ft’paxttnowt I pan?
kESET

= max{ 0, - dnaxttnowt I Piwl
kESET

the penalty is only valid for a project duration violating dma. which
is the maximum operation due date over the operation pair.  In the case
of a violation of operation due dates job due dates are‘ also violated
since each job is a series of operations. If >0, then éll due dates are
updated by « which is the correct action for Tmesx criterion.

Similarly, in the pairwise comparisons updated 1st?;, values
represent the latest start time with respect to job due dates and the
comparisons are evaluated accordingly.

The above adjustments epable CBA to -solve Jjob-shop problems
without precedence with respect to Taus.

Considering the problems with precedence the procedure is similar
to original project scheduling problems since individual due dates are
assumed not to exist. Consequently, an Dvefall due date, D, is assigned
to the final node instead of lftegm . It should be noted that. the
faorward CPM 1ft does not incorporate individual due dates in this case.
Rackward CPM is then applied to the network starting from the value D.
Again operation 1ft’; are to be regarded as operation due dates but in
fhis case all operation 1ft’.m differ by the same amount "D-lftepm"
from their corresponding original forward CPM 1ft;n whereas in the
former case individual due dates affect and vary the difference between

the operations’ forward CPM lftim and updated 1ft’,, values.
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IX. DUE DATE ASSIGNMENT RULE AND HEURISTICS FOR JOB-SHOP PROBLEMS

?.1. Due -Date Assignment

In this study jobs have their due datés based on their Total Work
Contents(TWK).  This type of assignment is common in job-shop
literature ([21,24,311 and furthermore, the heuristics to be compared
against CBA are reported to perform their best under TWK rules [21,24].
Additionally, the multiplier, k, in TWK rules does not seem to be
effective  on heuristic performance as long as it is not too
largel21,241,

Consequently, = the due date expression for each job in no
precedence, job-shops is as follows:

dn = amt KXTWKm

amt KK(E pam)

ji.m

On the other hand, for job-shops with precédence the overall due

date D is found by a multiple of CPM length:
D=k x CPM

The choice of the multiplier k in both cases depend on the
network/resource characteristics of the problems. From previous
research [20] it is knuwn‘that certain characteristics such as Resource
Utilization Factor (UF) and Dominant Obstruction Value(DOV) caonstitute a
measure of project duration elongation over CFM duration. High values
of UF and DOV when actompanied by the low complexity characteristic of
job-shop problems lead to about 40 - S0 per cent deviation from CPM

length.
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Using the abuye information and the fact that the test problems
created belong to the medium tightness class with respect to resource

characteristics, the multiplier k is assigned a value of 1.2.

7.2. Heuristics To Be Compared with Local CBA in Job-Shop Problems

The heuristics which constitute a_comparisnn background for CBA
performance are selected according to their evaluation in previous
lresearch. According to this criterion Least Slack(SLACK(JDB), Earliest
Operation Due Date(EDD(OPN)), Least Slack per‘ Operation (SLACK/OPN) ,
Truncated Shortest Imminent Operation(SI*) are the most Qell known and
successful rules as given by a research by Blackstone et al. [241.
Modified Operation Due Date(MOD) is also a promising rule as stated by
Baker and Kanet €251 although it has not béen tested against a large
number of rules. Fipally, a rule based on processing times, Longest
Reméining Processing Time(LR) is also selected as a wofst—performing
rule to complete the comparison spread.

The point in the selection of the above rules is that due date
based rules such as SLACK(JDB), EDD(OPN), SLACK/OPN and MOD have been
shown to be most effective under TWK due date assignment rules for
minimizing tardiness criteria. SI* rule is also claimed to be the one
of the most promising rules among SI rooted rules with respect to the
same criteria since it incorporates ‘due date considerations.
‘ Furthermor;, 81 rules are claimed to perform well under tight due dates
whicg is the case in this research.

The detailed definitions of the selected rules are given below:
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SLACK(JUB): Choose the operation with the lowest value of Zym:

Iim = dn = thagw - L Pim
jtmesm

where Sq: Set of all operations of J. which are still to be
completed.
EDD(OPN): Choose the operation with thé lowest valué of Zim:
Iim = dim
where diw is the operation due date.
SLACK/0OPN: Choose the operation with the lowest value of Zim:

Iim = (dm = thow = I pim) 7/ E pism
jtmésm jtmésm

81%: Choose the operation with the lowest value of Zim:
p‘.m if (dm \T tnuw - z pim) ZO, m=1--n.
jtmesm
Ztm = {
dm - tnnw - z p‘m D/N.
jtmeSm
(In the original statement of this rule a term accounting for job
delay exists, This term is omitted here.)
MOD: Choose the operation with the lowest value of Zimt
Z;m = max{ dgm' Eftgm y

LR: Choose the operation with the lowest value of Zim:

Ztm=—(zp‘m)
jtmesm

It should be pointed out that the heuristics above solve the Jjob-
shop problem in the classical job-shop context. Job-shop heuristics such

as . SLACK/OPN and LR use Jjob identification which 1is valuable



information. EDD(OPN) and MOD do not require job identification since
they use operation due dates.On the other hand, CBA solves the problems

using operation information only.
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X. EXPERIMENTAL DESIGN FOR JOB-SHOP PROBLEMS

The test problems include six types of problems the list of which
are found in Table 10.1., varying from classical job-shop problems to
quite general nonrestrictive types. The classification of test problems
into types aims at specifying changes in the performance of CBA
cnrrespdnding to different types.

The problems are grouped into two main classes: Problems with
Precedence relationships among jobs and problems without. The two main
groups in turn are clqssified into three subcategories: (i) Serialiy-
routed -~ resource limit=1; (ii) nonserially-routed - resource limit=1;
and (iii) nonserially-routed - resource limit?l categories. These
categories range from restrictive to less fesErictive. Serial routing
implies that'each job is processed on each type of machine once. When
machine availability exceeds unity, identical machine groups are
assumed and the machines are selected  arbitrarily if wmore than one
machine of the same type are free to process an operation.

Each type of problem consists of 15'tast problems totalling to 90
problems in all. To keep the problems as uniform as possible and to
determine the proper multiplier k, valid for all problems,
network/resource characteristics of all problems are attempted to be
kebt at the same levels. The UF values range between [0.5-1.1]1 and DOV
values range between ro;o—o.bl. Complexity ratio lies between [1.1-
1.21. The maximum number of machine types is 9 and the maximum number

of upefations is B4. 0On the average a problem consists of 60



operations and 5 machine types and the average number of operations/job
is 10 in no precedencé problems and the same number is 3 in problems
with precedence. Release times of jobs lie bétween [0-10] ahd process
times between [1-151. 1In all types of problems machine utilization is

as uniform as possible among different machine types.

L]
TABLE 10.1. Characteristics of problem types.

Type Definition

Precedence Serial routing resource limit=l

I - ® X
11 - - o X
III - - : -
v R ® X
v % - » R
VI X - =

"y" = “"characteristic exists"



XI. DISCUSSION OF JOB-SHOP RESULTS

The results obtained by CBA and iheir comparison to six heuristic
rules indicate that CBA is a favorable method in job-shop context also.
Table 11.1. consists of the average Tmex values and their corresponding
standard deviations for each problem type and also overall results.
Best solution finding percentages and the percentage of ob£aining CBA-
Best solutions for CBA-OC, ~LFT, -~WRUP, -MINSLACK are also stated in
Table 11.1,

The results of Duncan multiple range tests on type(treatment)
pairs for each heuristic rule and CBA options are found in Table 11.2.

The closest follower of CBA with respect to Taas performance is
EDD(OPN) rule. This is also true faor projecf scheduling problems where
LFT rule which is equivalent to EDD(OPN) is the most challenging rule
against CEA. Far the total of 90 problems EDD(OPN)’s average Tmax value
is 15.51 per cent worse than CBA-0OC’s value which represents the best of
' the four CBA options. It is cbserved that for job-shop problems CBA-OC
perfarmance 1is slightly better than CBA-WRUP performance, which is not
the case for project scheduling problems. This fact is also evident
when considering CBA-Best finding pefcentages. For job-shop praoblems
CBA-WRUFP loses the advantages it has in project management since the
comblexity of job-shop problems is very low and the insight WRUP gains
through immediate‘precedencé relationships is thus lost. Yet, CBA-WRUF
closely follows CBA-OC in all types of problems. On the other hand, the

set logic found in CBA-OC is very effective in this context of parallel



path networks.

Comparing the rest of the dispatching rules with CBA-OC, Tabie
11.1, demonstrates that CBA-OC outperforms them in the range [{15.51 -
B6.08]1 per cent. The worst performance belongs to LR rule as expected.
Although MOD is' the next successful among dispatching rules after
EDD(OFN) it is a distant follower of CBA-OC since its performance is
29.34 per cent worse. Best finding percentages are also observed to be
in favor of CBA.

While scrutinizing Table 11.1.in more detail, CBA, although never
out of the best position among all for each type of problem, seems to
be comparatively more successful when applied to job-shops with
precedence. The range of outperformance is L9.30 - 75.311 per éent in
the problems without precedence wﬁereas the same\range is between [33.50
-177.191  per cent in problems with precedence. Thus, ihere exists a
Significant difference in the range of outperformance. At this
~point it is suitable to evaluate the information in Table 11.2. The
data in Table 11.1. have undergone Duncan multiple range tests with the
aim of specifying significant differénces between typg means.
Naturally, prior to the application of Duncan tests one way ANOVA tables
héve been prepared’for all heuristics and CBA options to discover that
type effects are highly significant at 5§ per cent and 1 per cent
significance levels.

It is aobserved in Table 11,2, that for all heuristics and CBA

options the common characteristic is that no precedence type means are



significantly different from precedence type means. Precedence type
means are not different from each other and the same is true for no
precedence type means. This observation implies that routing and the
existence of machine groups are not as effective on Tmex criterion as
precedehce among jobs.

The consistency of the above observatioh on both tables implies
that although CBA outperforms all heuristics in all cases its success
is more pronounced in job-shops with precedence. It should be reminded
that the precedence structure in the test problems is not restricted in
any way.

With respect to time efficiency of CBA in solving job-shop
problems, the maximum CPU time observed is 3 CPU sec. on 70/86 IBM P82
for the largest sized problem of 84 operétidhs and 9 resource types.
CBA seems to take almost the same CPU time as the heuristic rules in
solving the job-shop problems ‘while outperforming them all.
Additionally, since CBA-OC option is the best perfbrming option in the
job-shop context, a single run is sufficient to obtain a good CBA
result.

The pleasing performance of CBA through its conflict based logic
is to be appreciated in job-shop context since CBA accomplishes this
achievement by using operation information only and solving problems in
project scheduling terms. As a local condition implementer, CBA

disregards job identification, yet incorporating jab specifications such
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as job re?aining work content, due date etc. through operation 1ft and
lst values,

In conclusion, CBA performance is found to be‘ considerably
successful  in job-shaop contENt; Eoth for job-shops without precedence
and with precedence. This is an expected result since it is noted that
CBA’s successful performance is also consistent in low ﬁompléxity large
size project scheduling problems where heuristic rules 'become erratic
in their performance. Furthermore, the local essential conditions
which constitute CBA logic may incorparate problem specific

characteristics, specifically in the context of resource utilization.



TABLE 11.1. Average Taa. results obtained by heuristics and local CBA.

37

BEST (%)

CBA

RULE:  EDD SLACK/  SLACK ~ SI LR MOD  HELR-  CBA-  WRUP  LFT MINSLACK  CC
(0PN) (©PN)  (JOB) BEST BEST

TVPE 1

AVBRe 20,47+ 20,53t 2273t 22,67t 29,06t 22.67+ 1686t 15.81F 19.93t 20,46t 19,60t 16.85t
.46 1336 12,10 10,56 11.82 1117 9.4 10,00 12,17 1145 10,03 9.8b

TYPE 11

AVGts  1B.93t  27.00¢ 26,00t  25.33t  29.80¢  20.80¢ 1773 1653+ 1B.04t 20.73t 21.20¢ 1B.40%
11,18 13.90 17,77 17.94 1858 12.08 1111 11.60  11.08 1474  14.82 13.17

TYPE 111

AVBEr  15.60 18,20+  19.33% 19,53t  20.33t  19.07t  14.47t 1392t 15.00 15,39t 15.46% 15,06
8.28 1.9 1126 11,79 12,16 11,40 B.46 8.81 8.8 812 848 917

TYPE 1V

AVGHs 8.6 12,60t  11.40t 11,73t 1473 926t 7.60t 5,06 6208 733t 793t 6,20t
7.48 921 .10 629 1077 930 644 589  5.84 7.06  7.59 7.6

TYPE V

AVBEr 10,47 12,33t 1126t 10,20t 1613t 11,33t B.53 6.0t T.het  T.26t 9.4t T.66%
6,80 8.8 B.00  7.09 1046 B8.28  7.72 705 739 752 7.41 8.06

TYPE VI

WGt 426t 5.3t 480t AS3t 6,80t 440t 3.80F 3,008 353 4,208 366 353
520  &25  S5.44 5.4 651 602  5.28 8,17 472 523 449 4.93

PKOBLEMS WITHOUT PRECEDENCE (45 PROBLEMS)

AVBtr 18,33t  22.29%  22.69%  22.51%  29.40  20.84t 16,35t  15.41t 17.66t 18,86t 18,75t 14.77%
10,60 1332 1428 1402 1452 11.65 9.9 10,29 10.98 12,03  11.81 11.15

Lover 9.30 32.91 3530 3422 7531 2826 6.0 1 530 12.86  11.81 %

CBA-0C .

BLOBAL 42.22 20,00 1333 44 b6 LT 6222 B000 SR 22 S Sl

BEST (%) .

CBA- - - - - - - - - £4.44  48.88

46.66 b64.44




TABLE 11.1, Average Taa« results obtained by heuristics and local CBA {(Continued).

a8

CBA
RULE:  EDD SLACK/  SLACK - §I* LR MOD HEUR- CBA- HRUP LFT  MINSLACK ot
{OPN) (OPN) (J0B) BEST BEST
PROBLEMS WITH PRECEDENCE (45 PROBLEMS)
AVGis  7.73t  10.02¢ 9.15¢ 8.82¢ 12,59t 8.33t  b.b4% 4,82t 5.79f  b.26t 691 5.79%
7.40 8.84 7.84 7.08 9.91 8.82 6.8 6.02 6.34 6.83 7.14 6.06
4 aver 33.50 73.05 58.03 92.33 1H7.43  43.86  31.78 " 00.00  B.11 19.34 i
CBA-0C
6LOBAL 31.1% 17.77 2.2 3.1 13.33 L 53.33 91.1 bb.b6 48.88 46.66  60.00
BEST (%)
CBA- - - - - - - - - 73.33 48.88 48.88  6&b.6h
BEST (%)
TOTAL 90 PROBLEMS
AvGte 13,03t 6.6 15,92 15,66 20,99 14.59%  11.50% 10,12t 11,728 12.56¢ 12,83t 11.28¢
10.76 12,94 13.42 13.14 14.91 12,02 9.89 9.86  10.74 1164 11,39 11,02
% over 13.51 43.26 41.13 38.82 B84.08 29.34  13.83 " 3.90 1134 13,74 t
CBA-0C
6LOBAL 3b.66 18.68 17.77 17.77 10.00 24.84 91.71 85.55 60.00 45,55 4l.1t 55.55
BEST (%)
CBA- - - - - - - - - &8.88 . 50.00  48.88 45.55

BEST (%)
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TABLE 11.2. Results of Duncan multiple range tests on pairs of type means.

RULE: EDD SLACK/ SLACK SI* LR MOD HELR-  CBA- HRUP LFT Cﬁ?nsmcx o
(M) 0PN (OB BEST  BEST o

TYRE PAIR

I-I

I-v

1-1v '

R I I X S 1

1-11 ¢ S T ST T | ¥ Pt X

1 - VI

-y

-

-1 8 ¢ 8 &t § & 3 ' S B 1

11 - VI

m-v & 3 - SR TR |

HI-1 ¥ P ' y ot

W-vi ot ¥ S T S T ' S S s

W-v & ST R 1 S T 1

V-Vl 8 'SR T S T 1 SR S §

Level of significance = 5/

“g" = "No significant difference exists between type means"
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XIT. CONCLUSION

In this study, the resource-constrained scheduling problem is
treafed with a method which stands midway 'between optimization and
heuristic techniques. Local CBA which is the approach proposed here,
considers the objective function and all kinds of constraints imposed
on the problem simultaneously. The advantages of the hethnd are the
precision of its decisions and the efficiency gained through its
localizing aspect.The method is reliable with respect to its solutions
in spite of its wtilization of dispatching rules when required sihce
v heuristic rule employment is quife restricted.(

In conclusion, local CBA seems to perform well with regards to
quality of its solutions and time efficiency, fulfilling the
expectation that it should be used both in static and quasi-dynamic
situations.  Additionally, the development of local essential
conditions: contributes to the general resource constrained scheduling
problem from the theoretical point of view-and these concepts might be
extended for other objecfives and probléem specific constraints. It is
believed that local CBA which is implemented on the mbst general
_problem classes in this study is a promising area of research leading
to its future application on recently defined scheduling prablems which
incorporate nonrenewable resource constraints and cost based objective

functions[33,34,35].
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APPENDIX

Current point of time.
"precedes"

Set of activities in progress.

¢ Activity duration.
: Set of unassigned activities.

: Set of activities assigned at tnow-

Set of activities finished at thow-

Set of activities which are schedulable at tacw-.

: Activity(operation) index.
: Resource(machine) inde%.
: Jab index.

: Jab m.

Operation i of job m.

¢ Resource requirement of resource type h required

by activity i per unit time.
Available resource level per unit time of type h at
Resource limit for resource type h per unit time.

Earliest start time of activity i.

Latest finish time of activity i.

max {1ft,}

k=i,]

Final node’s 1ft obtained by forward CFM.

Due date of Jan.

tnaw-

&2



8m ¢ Arrival time of Ja.
Dmax ¢ Maximum due date over all jobs Ja.
Ci:Completion time of activity i.
SET : Largest set of conflicting activities at taow. (SETCP)
SET?: Set of conflicting activities remaining after pairwise
precedence rule application. |
SET" : Set of conflicting activities remaining after groupwise
precedence rule application.
ISET1 : Number of activities in SET.
5 ¢+ Maximal nonconflict set; a set such that if any activity

i€SET" is included in 8%, 8°+i cannot be processed

concurrently. (S°CSET")

R--t

h,t Units of resource type h required, based on EST
scheduling in time period t.
prb.dur.-: Project duration obtained bf CPM if 8° is scheduled at
thows |

ﬁro.durpr.v,au.: Project duration accepted at the last infeasibility

check time.
ERRg-: Excess resouwrce ratio if set §° is assigned at trows
Pro.durs-

H
I F [ max (O, R"®& o -~ Ry ¥ ]
=1 t=tncw Ren

" ERRs-
: h

OCs- : Opportunity cost of assigning set 5’ at tnow.

OCs - ERRe- ¥ max { 0, pro.durg. — pro.durprevicous



If any one of the multipliers is zero, then the formula becomes:
OCs- = ERRg- + max { 0, pro.durg. — pro.durprevicus’

We @ precedence weight (0 £ wy £ 1)

npy number of immediate successors of activity i.

UF : Resource utilization factor.

1l
3
2]
X
=

1

]

i

]

|

!

i

|

1

I

|

[

w

h CPMXRe
bav

Dominant obstruction value.

= 1.5 MO if 0.5 MO > MD2

1]

MO + MO2 if 0.5 MO £ MD2

where MD = mayx {on} and MO2 is the second largest on.
h

CPM
I max {0, R"=%n¢ — Rn’
t=1
On = == - - —
L ps ¥ ran
1
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