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Abstract; Making a schedule normally is a recurrent problem as the conditions in the actual surrcundings continually are
subject to changes. The planned process times may be exceeded which causes a delay in the already planned scheduie, there
may be some changes in the available capacities of the involve resources, there may be some modifications in the present
jobs, or there may be an addition of a new job which either have to be inciuded in the schedule or for which in connection
with making an offer on this new job we have {o find the earliest possible due-date. Using an analytical method you
normally find just one feasible solution, if any at ali, feasible with respect to the rescurce constraints in guestion. However
in some cases it will be impossible to find such a feasible solution even though feasible solutions exist. Whersas using a
"trial and error”-like simulation procedure you usually may find many feasible solutions, if possible at all, among which,
you can find the best one subject to a given objective function. The actual objective function may for instance be the
makespan for all the jobs, the accumulate penalty for possible tardiness, inventory costs, change-over costs or possible due-

date for a new job.

LINTRODUCTION
A job-shop, consisting of a set, A, of N different
activities

A= {ay,a,

(1.1}

where the activities may come from @ different project

(12)  P=ipnps..

each consisting of a certain subset of the activities, such
thatfori= 12, ..., 0Q

(13 pc{A | pinp=2 for i}

10 be-performed-on a-set; B, of M different resources

may in many cases be considered as a directed open
network, where the nodes in the network represent the
activities and the arcs represent the precedence
relationship among the activities.

A closed network s a network with just one start
node as well as just one end node. Otherwise the network
18 an open retwork.

A network is called a connected network, if there is a
path from every activity to every other activity in the
network. In this case, there is just one project in P in
(1.2). Otherwise the network is called an wnconnected
network, and P in (1.2) consists of more than one project.

An activity, v, is said to precede an activity, x, if y
have to be finished before x can start, and we will use the
notation

(1.3)

y <X
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5.

In a similar way the activity x is said to succeed the
activity y. The activity y is called a predecessor for
activity %, and achtivity % s called a successor for activity
y.

An activity, y, if said to directly-precede an activity,
%, if y < x, and there is no activity, z, such that v < z < x,
In this case we will use the notation
(1.6} y <m X

The activity y is called a direct predecessor for activity
x, and activity x is called a direct successor for activity y.
The only arcs strictly necessary, are the arcs between

other. However even though this is not the case, it is not
ilfegal to include arcs between two activities, as long as a

...precedence. relation. between. the . activities. in..question..... ..

exists. The final results will be the same, except the
computations  possibly  will be some more time
consuming,

Each activity must be given a unique number. It wil
be convenient, if the numbers are assigned, such that alt
activities has a number greater than the numbers for its
possible predecessors and less than the numbers for its
SUCCESSOTS.

Example 1.1
In figure 1.1 is shown a project with 4 activities as an
open network.

figure 1.1



Activity no. 4 has 3 predecessors, activity no. 1, 2 and
3, but just | direct predecessor, activity no. 3. Ina
similar way activity no. | has 2 successors, activity no.
J and 4, but just 1 direct successor, activity no. 3.

2. SCHEDULING

in connection with the scheduling there may be two
different kind of boundary conditions for the activities to
take into consideration:  some possible  arrival
timeleariiest start time constrainis respectively some
possible due date constraints. Furthermore we normally
have some resource restrictions concerning the resources
in (1.6). These restrictions tell how many activities a
resource can handle at the same time.

Altogether we may have the following restrictions

(2.1) RESTRICTIONS

1} Arrival times/earliest stagt tirnes.
2} Due dates.
3) Resource restrictions.

(2.2) REMARK NO. 1.1
In many cases it is impossible simultaneously
on the same project to execute more than one
activity, ff that is the case, it may be
appropriate to regard the project as a resousce,
and in that way assign a resource number to
the project.

We will say, a schedule is feasible if all the restrictions in

{2.1) are tulfilled.

Normally there will exist more than one feasible

(2.5) SCHEDULED, c A

The non scheduled activities before step k + 1 can be
classify in 2 different groups, the activities which are
possible to activate

(2.6) POSSIBLE.,; ¢ A\NSCHEDULED,
and by that the non possible activities.

For the next activity to schedule in step number k + |
we then have

(2.7)  NEXTy; € POSSIBLE,,,

The three ditferent classes in which the activities can be
classified are shown in figure 2.1.

NOT scheduled /NOT scheduled
AND AND

possible NOT possible

figure 2.1

The main problem may now be how to make the

schedule, Therefore it will be useful, it it is possible to
find an optimal schedule, optimal with respect t0 a given
objeciive function.

e A5 usable -objective--functions can- for- instance-be -

suggested
{2.3) OBJECTIVE FUNCTIONS.

1) The total inventory investment,

2) The total change-over costs,

3} Least possible makespan.

4) Penalties for lateness with respect to

possible due-dates.

5) Earliest completion time for a certain project, e.g.

for a new project,

In many cases a practicable way of making a
schedule is by use of an iterative procedure, which for
instance can be a stepwise scheduling, where after step
number k we have scheduled k of the activities

(24)
SCHEDULED, = { Set of scheduled activities }

such that

possible activities. Dependent on the used scheduling
procedure, the criterion, for which of the possible

(2.8) CRITERION FOR SELECTION.

1) Earliest due-date for the projeci in
question,

2) Least remaining processing time for the
project in question.

3) Least slack defined as the remaining time
to due-date minus the remaining planned
processing time for the project in question.

4) Earliest completion time for the activity in
question.

5) Latest due-date for the project in question,

6) Least reverse ylack defined as the
remaining time from the earliest possible
start minus the remaining planned
processing time for the project in question.

7y Latest possible start time for the activity
in guestion.

8) Randomly.

if the chosen criterion not for sure determine which
activity to choose as the next one in the scheduiing, but
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gives more than one possibility, we maybe can use one of
the other mentioned criteria as a secondary one.

2.1 Time Interface,

In connection with each activity we need to know the
processing time: time. Furthermore we have to know
which resources shall take part in the process. The
quantity time is the total time needed to carry out the
whole activity, but maybe it will not be necessary for al
the required resources to take part in the process in the
whole period of time. For activity y we can define for
resource ne. k the start-idle-time, itsy(y), as the time from
the start of the activity until resource no. k needs fo take
part. In a similar way we can define the end-idle-fime,
ite,(y), as the time from the end of use of the resource no.
k until the very end of the whole activity, see the example
in figure 2.2.

activity: v
time(yy=3
isy(yp=1 fp———od] tey)=1
tsy{y) = 0 e ey} =0
itsa(yy=1 p—— itex(y)=1

si(y)  et(y)

figure 2.2
In figure 2.2 the end-time for activity y, et(y), is
computed by

(2.9) et(y) = st{y) + time(y)

where st(y} is the sfart-time and time(y) is the
.. progessing time for activity y.

In the scheduling it is possible to take advantage of

these idle-times. Let us for instance look at another

achvity: X
time(x}=35
its(x)=1 f—— itex)=1
its(x) =1 p——rd He(x) =0
its(x) =0 ———H  eg(x)=!

st{x)  et(x)

figure 2.3
Assuming activity v is the only predecessor for activity
x, such that v <= x, we have to find the start-time for
activity x given the start-time for activity y, see figure
2.4
activity; X
time(x) =5

acuvity: y
time(y) =13

stly) etly) stx)et(x)
fig. 2.4

If activity x have to start as early as possible without
any regard to some possible resource constraints, the
final result of the computation, is shown in figare 2.5.

et{x)—?t({y) =9

; %

5 i i
i ] |
i i i

sty) ety

st(x)  ef{x)
fig. 2.5

Notice that the sum of the processing times is 10, but the
time from the start of activity y to the end of activity x is
just 9.

3. STEPWISE PROCEDURES,

Making a schedule by a stepwise procedure can for
gxample be done on the basis of one of the following
algorithms

(3.1 STEPWISE PROCEDURES
1y Forward Algorithm.
23 Backward Algorithm.
3) Porward Algorithm by Random Choice.

3.1 Forward Algorithm.
In making a schedule by a forward algorithm every
activity in (1.1) 1s tried fo be planned with a starting time

as early as possible according to some possible
TUTESHICHGNE A8 HaitioHed ahovE TR (21 o

For step number k + 1 the possible activities in (2.6)
are the activities, for which all the predecessors are

scheduled. .

In the iterative procedure we wiil very often be in a
situation, where in the next step in the scheduling, we
have to choose among several possibilities. As criterion,
for which of the possible activities we will choose, may
for instance be one of the criterion for selection as
mentioned in (2.8} 1), 2), 3), 4) or 8).

(32) REMARKNG.31
It may be impossible to find a feasible
sofution by use of a forward algorithm. in
spite of the fact there exist such a feasible
sotution.

The most important advantages in using the forward
algorithm are:

(3.3 ADVANTAGES.

Iy If possible at all, if the degree of
utilization of the resources is not “too big”
and if the slacks as defined in (2.8): 3) are
not “too close™ to zero, it sesms to be



rather  probabie feasible
schedule.

Once we have found a feasible schedule,
on the same assumption as in 1) above, it
is very often possible in a reasonable easy
way to make an update of the schedule, in
the case where some few changes in the
restrictions in (2.1) witl oceur.

Once we have found a feasible schedule,
in many cases it is possible to make an
update of the schedule, in the case where
some changes in the volume of order, 1. ¢
the projects in (1.2}, will occur.

finding a

3

The most important disadvantages in using the forward
algorithm ave:

{3.4) DISADVANTAGES.
1) A risk for some unnecessary inventory
investment,
2} The schedule will normally not be optimal

with respect to the chosen objective
function in (2.3)

If either the utilization of the resources is
“too big” or if the slacks as defined in
(2.8): 3) are "too close™ to zero, it may be
impossible to find a feasible schedule, in
spite the fact there exist such a feasible
schedule.

3.2 Backward Algorithm,
In making a schedule by a backward algorithm every

(3.6) ADVANTAGES.

1) It possible at all. if the degree of
utilization of the resources is not “too big”
and if the reverse slacks as defined in
{2.8): 6) are not “too close” to zero, it
seems to be rather probable finding a
feasible schedule.

The inventory investment will in many
cases be smaller than it will be by using
the forward algorithm.

The most important disadvantages in using the backward
aigorithm are:

3.7) DISADVANTAGES.

1y If we have a feasible schedule it is often
difficult in a reasonable easy way to make
an update of the schedule in the case
where some changes in the restrictions in
(2.1} or in the volume of orders wili occur.
The schedule wifl normaily not be optimal
with respect to the chosen objective
function in (2.3)
If either the utilization of the resources is
“too big” or if the reverse slacks ns
defined in (2.8): 6) are “too close™ to zero,
it may be impossible to find a feasible
schedule, in spite the fact there exist such
a feasibie schedule,

3)

3.3 Forward Algorithm by Random Choice.
In the forward algorithm for step number k + 1 the set of

activity 1n (1. 1) 18 tried to be planned with a starting time
as late as pessible according to some possible
restrictions as mentioned above in {2.1),

... Forstep number k .+ 1. the possible activities in (2.6). ... ..

are the activities for which all the successors are
scheduled. : :

Like in the forward algorithm, in the iterative
procedure we will very often be in a situation, where in
the next step in the schaduling, we have to choose among
several possibilities. In the backward algorithm, as

criterion, for which of the possible activities we will’

choose, may for instance be one of the criterion for
selection as mentioned in (2.8): 5), 6), Ty or 8).

(3.5) REMARK NG. 3.2
It may be impossible to find a feasible
solution by use of a backward algorithm, in
spite of the fact there exist such a feasible
solution,

The most important advantages in using the backward
algorithm are:
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the possible activities, POSSIBLE,,, consists i the
activities, for which all the predecessors are scheduled.
Normally this set will consist of more than one activity.

the next possible activity, NEX T, by a random choice.
This choice can for instance be dore by giving all
activities the same probability, and that will say using
{(2.8): 8). Instead we can use one of the criterion for
selection in (2.8): 1}, 2), 3) or 4). In these cases the
probability of choosing a certain activity may depend of
the value of the criterion in question in such a way, the
smaller value the bigger probability. This can be done in
many ways. One method 13 shown in example 3.1,

Example 3.1

Given 3 different activities with slack values
activity no, 1 2 3
slack & 7 9

First of all we subtract the smallest value, in this case
equal to 6,

(%)

activity no. 1 2
new value 0 1

3%

Instead of using. a fixed deterministic ruie, we can sefect -



Then we add the biggest value, in this case equal to 3.

activity no. | 2 3
new value 3 4 6

Notice, m this way the smallest value is now half as hig
as the biggest value.
For the reciprocal values we get

2 3
2506 1667

activity no. 1
new value

In order to normalize these new values in such a way that
the sum equals to |, we divide the values with the current
value of the sum, in this case 0,75,

! 2 3

activity ne. :
4444 3333 2222

new value

Using these new values as probabilities in the random
choice we will obtain that the probability of choosing
activity no. | with the smallest vatue of the slack is twice
the probability of choosing activity no. 3 with the largest
value of the slack.

Notice the random choice of a certain activity can be
done in many other ways with some other probabilities
for the different events and possibly less time consuming
at rantime,

3.3.1 Scheduling Procedure.

The iterative procedure in the scheduling now consist of
. the next step to choose an activity randomly according
te the probabilities for the possible activities in question.
The schedule have to fulfili the restrictions 1} and 3} in
2.1y Arrival times/earliest start times and resource

srestrictions: - the final - schedule do -not - fulfill- the

restriction 2} in (2.1): the due dates, the schedule will be
canceled. Utherwise the schedule ts a feasible schedule,
and we can inspect if the value of the chosen objective
function in (2.3) is better than the similar values of the
previously obtained feasible schedules. This procedure
will continue either untii we have examined a in advance
fixed number of schedules, or untll the value of the
chosen objective function meets our expectation.

Making a schedule normally is a recurreat problem as
the conditions in the surroundings continually are subject
te changes. There may for instance be two ditferent main
reasons for making a schedule

(3.8) SCHEDULING REASONS.

1) Some of the planned process times may be
exceeded, there may be some changes in
the available capacities of the resources,
there may be some modifications in the
projecis or there may be an addition of a
new project which have to be included in
the schedule.
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2} There may be an addition of a new project
for which in connection with making an
offer on this new project we have to find
the earliest possible due-date.

In connection with scheduling reason 1) In (3.8), in the
random choice of the next activity, and by that the
computation of the probabilities, we can apply from (2.%)
as criterion for selection as shown in (3.9)

(3.9) CRITERION FOR SELECTION.

) Earliest due-date for the project in
guestion.
Least remaining processing time for the
project in question.
Ieast slack defined as the remaining time
to due-date minus the remaining planned
processing time for the project in question,
Earliest completion time for the activity in
question.
Randomly.

2)

3

4)
8)

In conmection with scheduling reason 27 in (3.8), we do
not know the due-date for the new project, therefore we
can not compute the slack. In this case we can apply from
(2.8) as criterion for selection as shown in {3.10)

(3.10) CRITERION FOR SELECTION.

1) Harliest due-date for the project in
question.
220 Least remaining processing time for the

project in guestion.
Earliest completion time for the activity in
question.

4)

In addition fo the advantages in using the forward
algorithm as mentioned in (3.3), the most important
advantages in using the forward algorithm by random
choice are:

(3.11) ADVANTAGES.

1} If possible at all we normally will be sure
to find a feasible solution.

2) We normally will be sure to find an
optimal schedule, or at least a schedule
very close to an optimal one, with respect
to the chosen objective function in (2.3).

The most important disadvantages in using the forward
algorithm by random choice are:

(3.12) DISADVANTAGES.
1) A risk for some unnecessary inventory
investment.
2} More time consuming,



4. COMPUTATION.
For every project in (1.2) we first of all need to know

(4.1) PROJECT DATA.
I} moa: number of activities

Apart from this information we need to know maybe not
for all but for some of the activities belonging to the
project in question:

{42y PROJECY DATA.

2) est: carliest start tirne
3) dd: due date.

Furthermore for each activity we need o know:

(4.3) PROJECT DATA.

4y am  activity number

3) nop: number of predecessors
&) Ipd: list of predecessors

7V mos: number of successors
8) Isc: st of successors

9) pt: process time

10y mor: nwmber of resources
11} br listof resources

For each resource in (4.3): 11} we need:

{44y PROJECT DATA.
12} e resource aumber

A3y dts: startidle-time

i4} ite: end-idle-time

Additionally for ali of the resource we need to know:
(4.5) RESOURCE DATA.
15y How many activities the different
resources can handle at the same time.

16} Possible tme intervals in which the
different resources are pre-occupied.

Finaliy for each of the project in the volume of orders we
have to have a distinet number and information of the
project type:

(4.6) RESOURCE DATA,
17y pm: project number

8) typ: project type
Fxample 4.1

A factory manufactures two different types of producis:
type A and type B.

Products of type A consist of 4 different activities, where
the precedence relations between the activities are shown
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in figure [.1. The data according to (4.3): 43, 93, 10}, 12},
[3) and 14} are shown in table 4.1,

an  pt not Inodts e
1 3 2 010
301
2 5 2 000
I S
3 4 2 0 40
4 10
4 4 30 1 1
20 1
300
table 4.1

Referring to REMAREK 1.1 the resowrce number for the
project in question is fixed to 0.

Product of type B consists of 7 different activities, where
the precedence relations between the activities are shown
in figure 4.1.

1 3 5
4 3 6 7
2
figure 4.1

are shown in table 4.2

an  pt nor o oisite
|
2z 5 2 010
I 00
3 3 2 000
261
4 4 2 0 0 1
31 0
5 3 2 000
4 0 0
6 4 3 000
I 11
500
5 4 2 000
6 0 0
table 4.2

We will assiume, we have three different orders on the
product of type A and three different orders on the
product of type B, each order with its own earliest start
time and due date.



The data according to (4.2): 2) and 3) for the three
project of type A are shown in table 4.3,

pn an  est dd
2 { 6
2 6

4 36
4 1 9
) 9

4 338
6 1 9
2 9

4 44
table 4.3

The daia according to {(4.2): 2Z) and 3) for the three
praject of type B are shown in table 4.4

pnan  est dd
I ! 4
2 5

7 40
3 ! 8
2 8

7 40
5 1 8
2 8

7 50
table 4.4

The information concerning the data in (4.5): 15) and 16)

4.3, where [§ means, the resource is pre-occupied. From

the figures it appears that resource number [ and
resource number 3 may handle two activities at the same

As mentioned in {3.8), for instance there may be two
different reasons for making a schedule. In the first place
we will deal with the case (3.8): 2)

ADDITION OF A NEW PROJECT,

In this connection we have to find a feasible schedule
with the earliest possible due-date for the last project, the
project with the largest project number, in this case pn =
6. That will say, in (2.3} objective function we will use
5): Earliest completion time for the last project.

The final result of the simulation is shown in figure
4.2, The lines starting with p contain the information for
the different project, and the lines starting with represent
the information for the different resources.
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P T B R T AT
11132222333555444- 6506777
22222++.+333344

22

1111

33114
-6-144-2-22-53

figure 4.2

The earliest possible due-date for the last project seems
to be at the end of time unit 20 and that is to say
immediately before time unit 27. In this case the
completion time for the latest project is at the end of
time unit 50,

In the second place we will deal with the case (3.8):

1)

NEW SCHEDULE,
In this connection we have to find a feasible schedule
with the earliest possible due-date for the latest project.
That will say, in (2.3} objective function we will use 3):
Least possible makespan.

The final result of the simulation is shown in figure
4.3,

P T S B T UPITE; TR TT PPl ¢ SO S |

Pl 1131333555252244465667TT T v rv oo
B2 22222333384 e nm e
Dl 11113332222444555666677T7 v varovnennn
DA oo dleee 22222 - 333T4A e
5 .oe..--...2131113332222444:555- . BEEETTTT - - o %

SRRy

The earliest possible due-date for latest project seems to
be at the end of time unit 49. In this case the completion
date for project number 6 is at the end of time unit 41,
which gives a feasible schedule as the due-date for
project number 6 has been fixed to 44,

5, COMCLUSION.
The simulation in Example 4.1 was carried out by three
different of the criterion for selection in (2.8)

3.1y CRITERION FOR SELECTION,

1) Earliest due-date for the project in
question.
3) Least slgck defined as the remaming time

to due-date minus the remaining planned
processing time for the project in guestion.
8) Randemly.



Judge by the efficiency on runtime, 1. e how rapidiy the
best schedule was generated, best with respect to the
chosen  objective function in (2.3), the order of
precedence seems to be {with the most efficient first)

(52) ORDER OF EFFICIENCY.
1) Least slack
2) Earliest due-date
3) Randomly.

However in the case with addition of a rew project we
probably do not know the due-date for the last project.
Accordingly we can not find the slack and by that, we
can not use 1) Least slack as criterion for selection.
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