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1. Further Work: An Overview

In the main work we have proposed a mathematical model for the Capacitated Lot Sizing
Problem (CLSP) with production carryover and setup splitting, which can handle two scenarios
namely: (1) situation/scenario where the setup costs and holding costs are product dependent and
time independent, and with no backorders or lost sales, and (2) situation where the setup costs
and holding costs are product dependent and time dependent, and with no backorders or lost
sales. Section 1 of our main paper discusses three ways (numbered as (i), (ii) and (iii)) by which
a machine can be setup for producing a product. The figures corresponding to the three ways are
shown below in Figure 6. The X-axis in the Gantt chart denotes the time periods represented as
1, 2, 3 and so on. The shaded region indicates the setup and the blank region indicates the

production.
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Figure 6. Three ways of a machine being setup in a period for production
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We present another mathematical model (Alternate Mathematical Model (AMM)) for the same
problem, in Section 2 of this extension work.

Following this, we present another possible extension of the proposed models for the situation
where the setup costs and holding costs are product dependent and time dependent with no
backorders or lost sales. This extension addresses a situation when there is a splitting of setup
between periods ¢ and #+1 for product i, there may arise a possibility (Scenario 2 - Variant (3)) in
a manufacturing system where the setup cost is split between periods # and #+1 and this cost is
proportional to the amount of time used to setup product i in periods ¢ and #+1 respectively. The
detail of one of the proposed models (MM) (with respect to Scenario 2 - Variant (3)) is presented
in Section 3, with the numerical illustration presented in Section 4 of this extension work. We
also discuss the results of Scenario 2 (Variants (1) and (2)) presented in the main work when the
models are executed using only two binary variables (see Section 5 of this extension work). We
use the data given in Tables 1 and 3 of our main work for the discussions given in the following
sections.

The solution values (i.e., values of decision variables and Z) obtained by the model of Mohan et
al. (2012), corresponding to Figure 1 of the main work, are provided in Table 4 of this extension
work. The set of initial and terminal (boundary) conditions used to execute Mohan et al.’s model
are as follows: i;0 = 0; vip = 0; u;0 = 0; zio = 0; l;o = 0 and u; o1 = 0. Also, the solution values
obtained for our model for the situation where the setup costs and holding costs are product
dependent and time dependent, corresponding to Figures 3 and 4 of the main work, are provided
in Tables 5 and 6 of this extension work. The solution values corresponding to the Gantt chart
given in Figure 5 of the main work are provided in Table 7 of this extension work. The
numbering in this link is in continuation with the numbering in the main work, with respect to
constraints, equations, tables and figures.

2. Alternate Mathematical Model (AMM)
Decision Variables

8; : an indicator (binary) variable that takes value 1 if a complete setup is done for
product i in period ¢ with the production starting in period ¢ and completed
within period #;

0 otherwise.

8¢ : an indicator (binary) variable that takes value 1 if a complete setup is done for
product i in period ¢ with the production starting in period ¢, and the production
can also be carried over to the subsequent periods;
0 otherwise.

6. : an indicator (binary) variable that takes value 1 if a setup for product i is started
in period t and completed by the end of the period, followed by its production
starting in period 7+1; /* this aspect is called end-of-period setup in our paper. */
0 otherwise.
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an indicator (binary) variable that takes value 1 if the setup for a product i is
commenced in period ¢ and is completed in period r+1, followed by its
production starting in period #+1; /* this aspect is called setup splitting in our
paper. */

0 otherwise.

inventory of product i at the end of period t.

setup time for product i in period ¢ that takes the value of ST; when §;, = 1;
0 otherwise.

setup time for product i in period ¢ that takes the value of ST; when §;; = 1;
0 otherwise.
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setup time for product i in period 7 that takes the value of ST; when §; ;" = 1
0 otherwise.

setup time for product 7 in period t when §;;™" = 1;
0 otherwise.

setup time for product 7 in period +1 when §; ;™ = 1;
0 otherwise.

kokokokk
+ 541 = STi

production quantity for product i in period ¢ due to its setup and production
started and completed within the same period ¢.

production quantity for product i in period ¢’ due to its setup started and
completed within the same period ¢, with the possible production carryover to
period t+1,with1 <t <T—-1landt <t <T.

production quantity for product i in period ¢’ due to its setup started and
completed by the end of period ¢, with possible production carryover to period
t+l,with1<t<T—1landt+1<t <T.

production quantity for product i in period ¢’ due to its setup starting in period ¢
and ending in period #+1, with possible production carryover to period
t'+1,withl<t<T—1landt+1<t <T.



Mathematical model

Objective function

N T-1 N T-1 N T-1 N T
MinZ=ZZSC§ +ZZSC(S +22565*** ZZ SCET + ZZh v (4D
i=1t= i=1t= i=1t= i=1t=1 i=1t=1

subject to the following:

/* Constraints (42)-(46) capture a possible complete setup in period ¢ with production starting in
period ¢ and finished within period ¢ */

Sie < STi6;, Viand Vt. 42)
sie = STi6j, —M(1—6;,) Vi and Vt. (43)
X't S M5, Vi andVt. (44)
Xiee2e—MQA-6;,) Vi and Vt. (45)
a; X", , < C 6, Vi andvt. (46)

/* Constraints (47)-(51) capture a possible complete setup in period ¢ with production starting in
period ¢ and carried over to period #+1 and so on */

sit < STi6;% Viandt =1,..,T — 1. (47)
it = ST.8;7 —M(1—675) Viandt =1,..,T — 1. (48)
X 0 S M vi,t=1,..,T—1andt =t t+1,..,T. (49)
X* e ze=MA=87) Vi,t=1,..,T—1andt =t,t+ 1. (50)
a X, ¢ < Cp 67y vi,t=1,..,T—1andt =t,t+1,..,T. (51

/* Constraints (52)-(56) represent an end-of-period setup in period ¢, followed by the
commencement of its production in period 41 */

S < ST Viandt=1,..,T — 1. (52)
SE‘,Z* = STi6; — M1 —6;(") Viandt=1,..,T — 1. (53)
X***ztt sM&; Vi,t=1,..,T—1 and

t =t+1,t+2,..,T. (54)

Xz e— ML= 687 Vit=1,.,T—1andt =¢t+1. (55)

a; X", it Co 6 vi,t=1,..,T —1and

t <

t =t+1,t4+2,..,T. (56)



/* Constraints (57)-(63) capture the possible setup split between periods ¢ and #+1, followed by
the commencement of its production in period t+1 */

it ze—M(1-6/7) Viandt=1,..,T —1 (57)
Sitp1 = €=M —6/;) Viandt =1,..,T — 1. (58)
Sie o+ syt S STi6; Viandt =1,..,T —1 (59)
Sl*:** + s f;i*f = ST; 51*2‘** -M(1 - 6;:**) Viandt=1,..,T—-1 (60)
X" S M vi,t=1,..T —1and
t =t+1,t+2,..,T. (61)
X ez e= M1 =68 Vi,t=1,.,T—1andt =t+1. (62)
a X S Gy 5 vi,t=1,..,T —1and
t =t+1,t+2,..,T. (63)
/* Constraints (64)-(65) represent the conditions for a setup */
Z(a b T <1, t=1,..,T—1. (64)
(87 + 8+ 87+ 6:7)<1 Viandt =1,..,T — 1. (65)
/* Constraints (66)-(68) represent capacity constraints */
Z( siptsiitsin Fsin @ Xt tai X)) <G (66)
Z( SietSie s tsic sl ) +zaz it +Z Z a; X*,
i=1¢"=1
N -1
+Z Z (@ X+ a X )€, t=2,..,T—1 (67)
i=1¢"21
N T-1
Z( SLT+SL*;"***)+Z‘11 itt +ZZ(a1X**Lt T+al X***lt' T+alX****lt T) <CT (68)
1=1¢"=1
/* Constraints (69)-(71) represent demand constraints */
X+ X0 2 dig Vi. (69)



Viandt =2,..,T — 1.
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/* Constraints (72)-(73) represent the inventory balance constraints */

* *k _ i
X+ X% —din =1ig Vi.
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ZX"”J’ZZX”t +ZZ(X et X )
t'=1 t'=1t'=1 t'=2t'=1

t
B Z die" =1y Viandt =2,...,T.
)

Xy = MQA=6;,)
X7 < M(L=67p)
X0 < M1 =67
Xy < M(1— 51'*'?*)
X0 o < M(1—8],)
X o < ML= 8700)
X** o < M(1— 5***)
X***i’,t” & sM(1- 8ii:ik*)
X****i’,t” o< M(1 - Si*tf)
X7 o < ML= 870
X < ML= 877

X****",t” _t”' < M(l ****)
} Vivilt=2,.,T—1t =12,..

t =t +—tandt =t +1,t -+2

t
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Note that:
8., 6;r, 0;¢ and &;;"" are binary variables and all other variables are > 0.

The objective function is the minimization of the setup cost and holding cost of all products
across all time periods. Constraints (42), (43), (47), (48), (52), (53), (57)-(60) ensure that when
product i is set up in period ¢ (i.e., when &;,, &;7, 6;; and &;;"" exist), the total setup time ST;
required by the product i for setup is consumed. Constraints (44), (45), (49), (50), (54), (55), (61)
and (62) are the production constraints which indicate that the variables indicating the
production quantity, i.e., X*; ../, X™; ., X vand X™; , .+ exist only when the variables
8. 6;p, 0;¢ and &;;"" exist. Constraints (46), (51), (56) and (63) denote the capacity constraints
with the consideration of the corresponding production time of each product. Constraints (66),
(67) and (68) denote the capacity constraints, with the consideration of the corresponding
possible setup time and production time of all products. Constraint (64) indicates that there can
exist only a complete setup with production carryover or an end-of-period setup or a setup split
for at most one product in every period. Constraint (65) indicates that for a product to be
produced in a period, it is enough to produce the product using either a complete setup, complete
setup allowing production carryover, an end-of-period setup or a split setup given in a period, in
order to avoid setting up the machine more than once, for a product demanded in that period.
Constraints (69)-(71) represent the demand constraints with no backorders or lost sales.
Constraints (72) and (73) indicate the inventory balance constraints. Constraints (74)-(85) allow
the production carryover for the product i setup in period ", from period ¢" to period ¢"’ provided
that there is no intermittent setup of any other product between the production periods ¢ and ¢""
of product i. For example, production carryover is allowed for product 1 from period " =1 to
period t"" = 4 provided that there is no intermittent setup of any other product in periods t' = 2
and t' = 3.

3. Scenario 2 - Variant (3) (further to Variants (1) and (2) given in the main paper):
Mathematical model when setup costs and holding costs are product dependent and time
dependent, and the setup cost is calculated per unit time of setup in a given period

In this variant the setup cost is split between periods ¢ and 7+1, and the cost is proportional to the
amount of time used to setup product i in periods ¢t and #+1. The objective function
(corresponding to MM) is now shown in (86).

Objective function
N T-1

N T-1 N T-1
Min Z = ZZSCMSM+ZESC”6 +z SCltsf§*+z SCLysiiiy +
1 1

i=1t= i=1t= i=1t= i=1t=

T
> Wik,

t=1
(86)

M=

Il
_

i

subject to all constraints presented in the main work.

In the above, S Cl-l‘t denotes the rate of cost of setup (cost corresponding to one time unit of setup)
.. ) . SC;

of product i in period ¢, and is given by S Cgt = ST”

4. A numerical illustration and discussion

The illustration of the model given in Section 3 and the corresponding results are presented in

this section. For executing the model, the same numerical example presented in the main work

7



(Table 3) is used. For Scenario 2 - Variant (3), the value of the objective function obtained by
our model is equal to 245 mu (monetary units). The resulting solution is shown in Table 8, and
its corresponding Gantt chart is shown in Figure 7.

5. Numerical illustration and discussion of the mathematical models when the setup costs
and holding costs are product dependent and time dependent (Scenario 2 - Variants (1) and
(2)) presented in the main work, while using two binary variables

The objective of including this section is to show that we need the use of three binary variables
in the case of time dependent costs. The illustration of the mathematical models presented in
Sections 3.2.1 and 3.2.2 of the main work (with the use of only two binary variables) is presented
here. For executing the models the numerical example presented in the main work (Table 3) is
used. When we set §;; =0 Viand1 <t <T —1 and remove constraints (26) and (27) from
the mathematical model presented in the main work (MM), Variants (1) and (2) result in an
incorrect value of Z on execution. The discussion is presented below.

5.1. Scenario 2 - Variant (1) (see main paper for details): Setup costs and holding costs are
product dependent and time dependent, and the setup cost is calculated with respect to
period ¢ when the setup is initiated

For Scenario 2 - Variant (1), our model results in the value of the objective function being equal
to 235 mu, while using two binary variables. The resulting solution is shown in Table 9 with its
corresponding Gantt chart shown in Figure 8. While calculating the value of Z, §3% is multiplied
with SC'3; (set up cost is calculated with respect to period 7) and gives a lower value of Z = 235
mu. The resulting value is incorrect because the setup actually takes place at the beginning of
period 3 with the setup time in period 2 being zero, when there is a split setup between periods 2

*kkk

and 3 as indicated by the variable 37 .

5.2. Scenario 2 - Variant (2) (see main paper for details): Setup costs and holding costs are
product dependent and time dependent, and the setup cost is calculated with respect to the
period when the setup is completed

For Scenario 2 - Variant (2), our model results in the value of the objective function being equal
to 245 mu, while using two binary variables. The resulting solution is shown in Table 10 with its
corresponding Gantt chart shown in Figure 9. While calculating the value of Z, §37 is multiplied
with SC"35; 845 is multiplied with SC's6; and 85 is multiplied with SC' 1o (set up cost is
calculated with respect to the period when the setup is completed), resulting in a lower value of Z
= 245 mu. The resulting value of Z is incorrect because, the setup is started and completed within
the same time periods 1, 5 and 9 (here, time periods 1, 5 and 9 indicate the period ¢ when the
setup is initiated) when there is a split setup indicated between period’s ¢ and #+1, with the setup
costs computed corresponding to period #+1. This resulted in the incorrect value of Z. Hence, we
justify the use of three binary variables (§;,,d;; and §;;") to handle the generalized situation
with respect to Variants (1) and (2) of Scenario 2.

6. Additional Remarks

Remark 1: We wish to state here that for the sample problem instance shown in the main work
(Table 1 given in the main paper), our MM model with the consideration of Scenario 1 has
generated an alternate optimal solution (Table 11 of this link) resulting in the same value of Z.
The corresponding Gantt chart is shown in Figure 10. Similarly, for the sample problem instance

8



shown in Table 3 of the main work, our model with the consideration of Scenario 2 (Variants (1),
(2) and (3)) has generated alternate optimal solutions with the same value of Z. The solutions
generated are shown in Tables 12, 13 and 14, with their corresponding Gantt charts shown in
Figures 11, 12 and 13. The alternate optimal solutions are generated using CPLEX v12.4.

Remark 2: The AMM allows idle time periods to exist between the course of production of the
product.

7. Conclusion

In the preceding sections we have discussed the AMM and a possible extension of the
Mathematical Model (MM) presented in our main work. It is to be noted that the AMM can also
be extended to address Scenario 2 - Variant (3) presented in the preceding section,
and well as Variants (1) and (2) of Scenario 2 presented in the main work.



Table 4. Solution generated by the model of Mohan et al. (2012) (corresponding terms in that paper are used here) (see Figure 1
of the main work for the corresponding Gantt chart).

A 15) I3 Iy Is Is 9] I3 Iy o A7 1303
z1=1 0= 23=1 Uz = zs5=1 26=1 27=1 Urg = vig=1 2210=1 =1 uz10=1
x11="70 vip=1 uzz =1 X24=100 Urs=1 6= 1 uz7=1 X28= 95 X19=385 vag0=1 uz=1 X2,12= 100
;=20 X20=40 X253 =40 Os=1 x15=70 3= 1 X27=20 Ls=5 fio=5 X2.10=40 X2,11=40 Z=320 mu

x2=50 | x33=30 Ls=20 X26=10 x37=30 Qs = Lo=10 Xa.10= 40 xan=30
X36= 50 fro=10
Xa6= 10
Table 5. Solution generated by our model with the consideration of Scenario 2 - Variant (1) (see Figure 3 of the
main work for the corresponding Gantt chart).
I3 12} 15} Iy Is 153 17 153 Iy to 581 1o
51 =1 85, =1 83=1 Absa=1 | 8is=1 836 =1 85, =1 8 =1 850 =1 8510=1 8511 =1 A= 1
=1 Asp=1 | 85=1 X347100 | 5 =1 856 =1 Asgr=1 | Aag=1 | A™go=1 | A™ep0=1 | Ajan=1 | X21.2=100
Aa=1 A5 10=1 Aops=1 Ass=1 Asee=1 As77=1 sig =5 sio" = A3 1010=1 A= 1 Z=240 mu
si1=10 | s32=10 | A%ss=1 sis=10 A'see=1 $37 =10 | X275=95 | s35 =10 S310 = 20 s311 =10
557 =20 | X200=40 | AT3as=1 si5 =20 A%se=1 | X'567=30 X" 50=85 | X 2010240 | X1111=40
X1a=70 | X 512250 | 535 =10 X'155=70 | S36=20 X"77=20 X'31010=40 | X30011=30
s33 =20 s36 =10
X%533=30 X"456=10
X"223=39 X'366=50
X%35=1 X'266=10
Table 6. Solution generated by our model with the consideration of Scenario 2 - Variant (2) (see Figure 4 of the
main work for the corresponding Gantt chart).
h 153 I3 Iy Is Is t I3 Iy to I Iy
6,1 =1 632,=1 835=1 A"rsa=1 65 =1 86=1 87, =1 d1s =1 d0=1 8310 =1 611 =1 A=l
& =1 Aspn=1 &5=1 X 2542100 | 835 =1 86=1 A'se7=1 Ags=1 A" ge=1 A"00=1 Ason=1 | X211125100
Aa=1 A"50=1 Asrs=1 Ass=1 Aee=1 A77=1 sig =5 sieT = A3 1010=1 Aun=1 | Z=250 mu
si1 =10 53, =10 As33=1 sis =10 A= 1 537 =10 X'275=95 S35 =10 S310 = 20 s;11 =10
s5 =20 | X220=40 535 =10 si5 =20 A yse=1 X367=30 X 150=85 | X 2010=40 | X211=40
X1a=70 | X 512=50 | 535 =20 X'155=70 | S36 =20 X%77=20 X5010=40 | X“0011= 30
X23=40 s36 =10
X"333=30 X"456=10
X'366=50
X'266=10
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Table 7. Solution generated by our model with the consideration of Scenario 2 - Variant (1), and with additional modifications
done given in Section 4.3 of our main paper (see Figure 5 of our main work for the corresponding Gantt chart).

h 12} 15} 17 15 173
8i1=1 A"y =1 8iy=1 A" 54=1 A" 55=1 856=1
5= A=l X7135=40 | A™5e=1
A=l s15=10 Aye=1
si; =10 X"215=90 S36 =20
$37 =20 X'566=40
X"11=65 X"\ 56240
Iy =10 Z=120
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Table 8. Solution generated by our model with the consideration of Scenario 2 - Variant (3).

L 153 I3 Iy Is Is 7 I3 Iy to T 15
5;,1 =1 52*,2 =1 55,3 =1 A*Z,BAZ 1 51*,5 =1 5;,6 =1 5;,7 =1 6;,*8* =1 6;,*9 =1 5§,10 =1 52*,11 =1 A*z.n.lz: 1
81=1 | Asn=1 | 83=1 |X24=100 | 555=1 | 8e=1 Asgr=1 | Agrs=1 | A™go=1 | A"oo=1 | Asjou=1 | X2im=100
Ana=1 A"50=1 Ahsz=1 Ass=1 Aee=1 Aq7=1 sig =5 Sig" =5 A3 1000= 1 Abnn=1 | Z=245mu
si;=10 | s32=10 | A%;5;=1 sis=10 | Alsee=1 s37 =10 | X575=95 | s3% =10 s310 =20 | s34, =10
531 =20 X"222=40 s33 =10 si5 =20 Ayse=1 X"367=30 X" 150=85 | X 2010=40 | X2i111=40
X'a=70 | X 512250 | 555, =20 X'155=70 | S36=20 | X57,=20 X50010= 40 | X510, =30
X'253=40 s36 =10
X'33=30 X 456=10
X'566=50
X66=10

2

(a0)

3

(30}

2 2

(a0) (200}

!

N ._ ) .
NN } N }
2
2 1 3 3 [N 2
{95) (85) D) (30) |2 NaRN {100)
8 T T Ts 10 11 T 12

6 =1 X .1,5,9=85 6"2.9=1 X.z,n.u:loo

cont'd

w

Figure 7. Gantt chart (for the problem instance given in Table 3 of the main work, and the solution given in Table 8) generated by
our model with the consideration of Scenario 2 - Variant (3).

Note: Time period is denoted along the X-axis (see Fig. 7, 8, 9, 10, 11, 12 and 13 for the respective GANTT charts). The entries in the chart denote the
products. The shaded region denotes the setup of a product. The product which is setup is indicated inside the shaded region with the setup time denoted in
brackets. The unshaded region denotes the production of the product setup with the production time denoted in brackets. Idle time of a machine is denoted as
‘Idle’ with the idle time indicated in brackets. Values of some variables are shown in the figure for the sake of understanding.
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Table 9. Solution generated by our model with the consideration of Scenario 2 - Variant (1), and with the use of just two binary

variables.

4 b t 14 ts te 4] 13 1y to 1311 3¢
611=1 63, =1 033=1 Asa=1 85 =1 636 =1 637,=1 g =1 S50 =1 6310=1 611 =1 Ap=1
8r=1 8y =1 As=1 X2347100 | §5% =1 856=1 Ae7=1 Abas=1 | A" 50=1 A 00=1 | An=1 | X211,12=100
A*L],l =1 A*M,z: 1 A***z.,z,s: 1 A*1.5v5= 1 A*246‘5: 1 A*2,7‘7= 1 Sig = Sie = A*S;,IO,IO: 1 A*z,n,n =1 Z=235 mu
sip =10 A5 0=1 s33 =10 s15 =10 A= 1 537 =10 X'75=95 s;9 =10 S310 = 20 5341 =10
s31 =20 $22 =10 s337 =120 S35 =20 A"s6=1 | X'567=30 X" 50=85 | X 2010=40 | X211.1=40
X"111=70 X"52,=40 X"323=30 X'155=70 | S36=20 X"272=20 X'51010=40 | X3001=30

X"512=50 | X"33=40 s36 =10
X***4‘5‘5:10
X'366=50
X*216‘5: 10
N
N 2 N 2 N
1 3 2 3 2 2 1 NZNN 3 | conea
(70) (s0) (40) (20) (a0} {100) {70) R (10 N (50)
NAVEE NN
0 T T T 1 2 T 3 6
8 =1 K= P0-8" Ty =1 8" =1
2 1 2
(20) (s5) (8s) (100}
6 7 8 T T Ts 11 T 12
6.”1 s=1 X..‘15n=35 5”.zn-1 X.z.u.u:loo

Figure 8. Gantt chart generated (for the problem instance given in Table 3 of the main work, and the solution given in Table 9) by
our model with the consideration of Scenario 2 - Variant (1), and with the use of just two binary variables.
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Table 10. Solution generated by our model with the consideration of Scenario 2 - Variant (2), and with the use of just two binary

variables.
I 15) I3 Iy Is Is 7 I3 Iy to I 12
611 =1 62, =1 833=1 A54=1 6is=1 86 =1 67=1 315 =1 89 =1 8310 =1 611 =1 Arn=1
&7 =1 Aan=1 | &% = X" aam00 | 83 = 856=1 Asgr=1 | Auzs=1 | A go=1 | A 00=1 | Aspen=1 | X 211122100
A=1 A5 00=1 Aps=1 Ass=1 Aee=1 As77=1 sty =5 ster = As1010=1 Aynn=1 | Z=245mu
si1=10 | s32=10 | A'y33=1 sis=10 | Alsee=1 $37 =10 | X%75=95 | s35 =10 $310=20 | s31, =10
s3T =120 X'520=40 s35 =10 sis =20 Ais6=1 | X'567=30 X"150=85 | X 2010=40 | X%1111=40
X'1a=70 | X 512250 | 535 =20 X'155=70 | S36=20 | X577=20 X5010=40 | X“51011=30
X"23=40 s36 =10
X"333=30 X" 56210
X'366=50
X66=10

1 3 2 2 3 2 1 4 N 2 3 | comrs
{70} {50} {20} {40} {30} {100} {70} {10} {10} {50}
0 T T T1 2 3 T

a
6 =1 X'p,,=70 675, =1 X332=100 8 =1 X gs=70 6 45=1
3 2 2 1 2 3 3 2 2
{30) {20} {95) {85} {40} {40} {z0) {40} {100}
6 7 T T T 10 11 T 12
7 e=1l X 5e=85 8 =1 X'31142=100

Figure 9. Gantt chart (for the problem instance given in Table 3 of the main work, and the solution given in Table 10) generated
by our model with the consideration of Scenario 2 - Variant (2), and with the use of just two binary variables.
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Table 11. Solution generated by our model with the consideration of Scenario 1.

h 12} 13 7 ts te 17 13 15} to h 138}
Si =1 55, =1 855 =1 Asa=1 Sis=1 856=1 85, =1 81 =1 85 =1 830=1 S5 =1 A=l
=1 A"500=1 853=1 X2347100 | 5% =1 856=1 A'567=1 A7s=1 A go=1 A 5010=1 Asion=1 X2.11.12=100
A=l A'20=1 A=l Alss=1 Aee=1 A'y75=1 sig =5 si5" =5 A3 100051 A=l Z=350 mu
si1=10 | S22 =10 | A%35=1 515 =10 A'sp6=1 s37 =10 | X575=95 | s3% =10 S310 = 20 s311 = 10
S5 =20 X2,=40 A'335=1 si5 =20 A" ys56=1 X"367=30 X"\ 59=85 X"50.10=40 X'11.11=40
X1=70 | X 302750 | s35,=10 X'1ss=70 | S36=20 | X%75=20 X'31010=40 | X'35011=30
533 =20 s36 =10
X'235=1 X"456=10
X"523=39 X'366=50
X"335=30 X"266=10
1 3 2 2 3 2 2 4 2 3 conra
{70) [s0) {20} (39) (EL] () {100} {10) {10} [s0)
0 T ? T1 2 3 5 B
6 1.=1 X'y1,=70 675,=1 70
3 2 2 1 § 2 3 2 2
{z0) {20} {35} {85) {40} {40} {40} {100}
6 7 TS| T TB 10 11 T 12
67 e=1 X 0=85 6 5 .=1 X5 4112=100

Figure 10. Gantt chart (for the problem instance given shown in Table 1 of the main work, and the solution given in Table 11)

generated by our model with the consideration of Scenario 1.
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Table 12. Solution generated by our model with the consideration of Scenario 2 - Variant (1).

h 12} 15} Iy ts te 17 13 ty to I 1573
6, =1 8, =1 635=1 Arsa=1 65 = 836=1 87, =1 6;*5; =1 5;*9 =1 8310=1 611 =1 Abie=1
81 =1 Asan=1 853=1 X'534=100 815 = 836=1 Asgr=1 Asgs=1 A" 50=1 A o10=1 Ason=1 | X20,2=100
A= A=l | Alas= 1 Ass=1 | Age=1 Ayg=1 | sig =5 syt =5 Ason=1 | Abnn=1 | Z=240mu
si1 =10 s3, =10 A's33=1 sis =10 A= 1 537 =10 X'275=95 S39 =10 S310 = 20 s311 =10
s31=20 | X220=40 | s33=10 si5 =20 Ays6=1 | X5567=30 X" 150=85 | X 2010=40 | X211,11=40
X'1=70 | X 512250 | 53, =20 X'55=70 | S56=20 X"272=20 X"30010=40 | X'55011=230
X"333=30 s36 =10
X"533=40 X'366=50
X"266=10
X"4s56=10
1 3 2 3 2 2 § 1 4 2 3 —
{70} {50} {40} {20} {40} {100} {70} {10} {10} {50}
i} T T 1 2 3 4 T T T 5 6
Byg=l Kiyyy=T0 Sap=100  Sesl X jus=T0 8 =i
3 | 2 2 % 1 2 3 3 2 2
o) |#9 {20} {95} 8s) {ag) fag} 30) jag) {100)
6 7 8| T T Tg 10 11 T 12
6 =1 X ..=856 =1 X555 100

Figure 11. Gantt chart generated (for the problem instance given in Table 3 of the main work, and the solution given in Table 12)
by our model with the consideration of Scenario 2 - Variant (1).
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Table 13. Solution generated by our model with the consideration of Scenario 2 - Variant (2).

I 15) I3 Iy Is Is 7 I3 Iy to I 12
611 =1 62,=1 833=1 Asaa=1 6is=1 86 =1 67=1 315 =1 d9=1 8310 =1 611 =1 A= 1
81=1 App=1 | 85=1 X554=100 | 835 =1 856=1 Asgr=1 | Abgs=1 | A™go=1 | A%o10=1 | Aspen=1 | X211.12=100
A= A"500=1 Asz=1 Ass=1 Aee=1 Aq7=1 sig =5 siyt = A's1010=1 ASun=1 | Z=250 mu
si1=10 | $5,=10 | A%y5s=1 sis =10 | Alyee=1 $37 =10 | X%75=95 | s3% =10 S310 =20 | s34, =10
$57=20 | X220=40 | 555, =10 sj5=20 | ATuse=1 | X367=30 X"150=85 | X 2010=40 | X%11,11=40
Xu=70 | X 512250 | 53, =20 X'155=70 | s36 =20 X'277=20 X1010=40 | X01=30
X"33=40 556 =10
X"333=30 X"456=10
X"366= 50
X"266=10
1 3 2 3 2 2 § 1 4 2 3 cont'd
{70} {50} {40} {20} {40} {100} {70} {10} {10} {50}
0 T T 1 2 3 T 4 T T TS 6
§'.=1 X',.,=70 X"354=100 8 s=1 X15s=70 8 4s=1
3 2 2 1 2 3 3 2 2
(E I b [20) [3s) {8s) {a0) {20) (z0) {20) [200)
6 7 s| T T Tg 10 11 T 12
’5".1,5=1 X".L,s,;-:&s 5"1,;;1 X’z,u,izzlm'

Figure 12. Gantt chart (for the problem instance given in Table 3 of the main work, and the solution given in Table 13) generated
by our model with the consideration of Scenario 2 - Variant (2).
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Table 14. Solution generated by our model with the consideration of Scenario 2 - Variant (3).

4] 15) I3 Iy Is Is 7 I3 Iy o I 12

5;,1 =1 52*,2 =1 55,3 =1 A*Z,BAZ 1 51*,5 =1 5;,6 =1 5;,7 =1 8;,*8* =1 6;,*9 =1 5§,10 =1 52*,11 =1 A*z,n.lz: 1
85 =1 Apa=1 | 85=1 X2347100 | g5 =1 856=1 Aygr=1 | Agg=1 | A7igo=1 | A"gi0=1 | Asiou=1 | X2u1=100
A=1 A"50=1 Aps=1 Ass=1 Aee=1 Azr=1 | sig=5 sig =5 Awwp=1 | Ahnn=1 | Z=245mu
si1=10 | s32=10 | A%;;=1 5is =10 | Asee=1 s37 =10 | X575=95 | s3% =10 S310=20 | 5313 =10
531 =20 X520=40 | A'sz3=1 sis =20 A"4s6=1 | X'567=30 X 50=85 | X 2010=40 | Xou11=40
Xu=70 | X 512=50 | s35 =10 X'155=70 | S36 =20 | X277=20 X51010=40 | X'3101=30

s33 =20 s36 =10

X"523=39 X"456=10

X'35=1 X'566=50

X322=30 X66=10

1 3 N 2 2 2 1 -
{70) s0) N9 (e0) (39) (100} {70) D) N (s0)
N AN )
0 T T 1 2 3 T 4 T T Ts 6
6'34=1 X'3,4=70 X"334=100 635=1 X'yss=70 & 45=1
3 2 1 2 3 3 ¢ 2 2
(30) IRy {95) (85) (a0) ROdY {a0) (30) [ZVRNN  (a0) {100)
6 7 8 T T Tg 10 11 T 12
5."1,5=1 Xm1,s,9=35 6“2‘9=1 X.z.u,iz:loo

Figure 13. Gantt chart (for the problem instance given in Table 3 of the main work, and the solution given in Table 14) generated
by our model with the consideration of Scenario 2 - Variant (3).
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