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Abstract

Simple recurrence relations for calculating

completion times of various storage polices (unlimited
intermediate storages(UIS), finite intermediate

storages(FIS), no intermediate storage(NIS), zero"
wait(ZW)) for serial multi-product multi-unit processes
are suggested. Not only processing times but also

transfer times, set-up (clean-up) times of units and set-
up times of storages are considered. Optimal
scheduling strategies with zero transfer times and zero
set-up times had been developed as a mixed integer
linear programming(MILP) formulation for several
intermediate storage policies. In this paper those with
non-zero transfer times, non-zero set-up times of units
and set-up times of storages are newly proposed as a
mixed integer nonlinear programming(MINLP)
formulation for various storage polices (UIS, NIS, FIS,
and ZW). Several examples are tested to evaluate the
robustness of this strategy and reasonable computation
times.

INTRODUCTION

According as the life times of products are shorter
and the processing of small quantity, high value-added
products is increased, batch or semi-continuous
processes are highly required in chemical process
industry(CPI). In the batch processes operations, there
are many interesting research fields to enhance the
productivity and operability. The scheduling of multi-
product batch process turns out to be an important field.
It had been said the flowshop scheduling problem. This
problem has N products to be processed through unit/,
unitZ, ..., unitM . The sequence of processing unit is
fixed for every products. Processing times of product i
(1=12.....N)yat unit j (j=1.2,..., M) and transfer times of
product i (i=17,2.....N) from unit j to unit j+/ (j=1.2.... M-
1) are fixed. Also sequence-dependent set-up times on
each unit and set-up times of storages between every
pair of products are fixed. At these conditions,
scheduling problem is to find out the best sequence of
production and the shortest total operation time of all
products, so called minimization of makespan.

Optimal scheduling for serial multi-product batch
processes are known as NP-complete combinatorial
optimization problems. For this reason, they are
restricted by problem size. But optimal solutions are
obtainable for relatively small size problems. The
methods for optimal solution i.e., MILP, MINLP
formulation and solve it by mathematical optimization
methods, are important because they give a
target(optimal solution) for developing another methods
which obtain suboptimal solutions for large size
problems. Optimal scheduling and calculation of
completion times for multi-product batch scheduling
have been studied for a decade. Additionally they have
been researched for different operating types of
intermediate storage policies. The different types of
interstage storage policies which frequently have been
studied are UIS, FIS, NIS, ZW, and MIS(mixed
intermediate storage). Completion times algorithm
under consideration of non-zero transfer and set-up
times had been developed by Rajagopalan and
Karimi(5). They considered transfer and set-up times
splendidly but did not consider sequence dependent
storage clean-up times. Optimal scheduling of UIS and
NIS policy have been developed via MILP formutations
with consideration of only processing times. Qptimal
scheduling of FIS policy had also been developed with
consideration of only processing times by Ku and
Karimi(4). However optimal scheduling of various
storage policies under consideration of non-zero transfer
and set-up times has rarely been studied.

In this study, completion times algorithm for
various storage policies which considers not only
processing times, transfer times, set-up times of units
but also clean-up times of storage are suggested. To
obtain the optimal solutions of scheduling with these
various storage policies, we developed MINLP
formulations.  Several examples are solved for the
efficiency of these methods.

COMPLETION TIMES DETERMINATION FOR
VARIOUS STORAGE POLICIES

Completion times for various storage policies
with non-zero transfer and set-up times are well
developed by Rajagopalan and Karimi. They assumed
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that set-up times for storage units are negligible. But
set-up times for storage is as important as set-up times
for units when intermediate storages are introduced. Set-
up times for storages should be also determined
sequence-dependent non-zero parameters. To develop
recurrence relations for the formulations of completion
times following variables should be first defined. .

Differently from the method of Rajagopalan and
Karimi(5), we obeyed the conventional definitions of
each variables.

number of products to be produced.

number of batch units in the plant.

processing time of product / on batch unit j
transfer time of product i out of batch unit j to
batch unit j+/.

S, = set-up time required for product j after product
i on batch unit £.

C;; = completion time of ith product in the sequence
on batch unit j where the product is finished
to transfer out of the unit j and to fill in the
unit j+1.

§C;; = set-up time required for product i after
product j

z; = number of storage units between unit j and unit
Jj+l

F(z;) = a function defined as F=0 if 2=0 and F=1 if

z>0

~
S
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g

UIS policy

Batch process plant with UIS policy has N-1
storages between every pair of consecutive units. It
means that every product i which is finished at unit j
needs not holding(waiting) until ready to process
product i on next unit. If next unit (unit j+ /) is busy,
product i can transfer out of unit j to available storage
any time. At Fig. 1. general schematic feature of UIS
flowshop batch process is shown and at Fig. 2. general
Gannt chart of UIS flowshop is shown for developing
completion times.
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Fig. 1. UIS flowshop batch process

In the case of that only processing times are
considered, completion times of UIS flowshop is
C; = max [Cunjr Ciin) + 1

and when transfer times and set-up times are considered
equation (1) is changed as follows:

Cy = max [Cy;,,, Cony*Song + agpl+i,+a;

Product (i-1)  Product i
W - Sct-up time

Unit (j-1)
£33 : Transfer e
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Fig. 2. General Gannt chart of UIS policy

Set-up times for storages are not introduced at
equation (2) because the storages are fully available in
UIS flowshop process. We assumed that transfer times
of product i from unitj to unit j+] are same as transfer
times of product i from unit j to an available storage and
from the used storage to unit j+/ as shown in Fig. 2.

NIS policy

NIS policy batch process plant. has no
intermediate storages and product i should be holding
on unit j when next unit (unit j+/) is busy. General
Gannt chart of NIS policy for developing completion
times is shown in Fig. 3.
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Fig. 3. General Gannt chart of NIS policy

When only production times are considered, C,
for NIS policy is as follows. .

Cij = max [ G,y C,,,,,p C{rl)(jol) )+ L - 3)

_where C,. Ci,. i, t,; and C,,M‘.,', are zero.
Equation (3) can be reduced from the condition of C,;
2 C,,), for j>1 as follows:

C.

Ll

C.

Yy

i

max [C . Coyon -t} + 1, for j=1

b

max ICW fr Cu—lwull ) ’ul + ’n/ for ’>| """ (4)

In case of that sequence-dependent set-up times
and transfer times are considered, completion time for
NIS flowshop is:

Cif: (Cu, I C(LIU + S{:»lli: + @ Cnr/)r,un + S(.‘./y,(,'.u - ’,,l
Flbdy e )
Equation (5) can also be reduced from C,, , 2

Croni * Supis + digiy, for j>1.
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forj=1:
C;=max | Cri~llj + Sind + Qg q.'mjm + Surlm,'m -4}

+ 1+ a,
forj=2..M:
Cy = max [ Cypy, Cipyjony + Siinigany - §1 +1; + a
------------------------------- 6)
FIS policy

In the FIS policy, finite number of storage unit is
available between stages. The numbers of storage
between unit j and unit j+/, z; (j=1, ..., M-1) are fixed.
Completion times algorithm for FIS flowshop under
consideration of only processing time is developed by
Ku and Karimi(4) as follows:

Cy = max 1 Cypp Ciinp Cpagayjors - 4,1 + 1 - (7

where C;;=0,if i<Qor j<sOorj>M. Incase

of considering not only processing times but transfer

times, sequence-dependent set-up times for units and
storages, equation (7) should be changed as follows:

Cy;=max | C“’f + 1 + g, C(,-,,,/- + S+ Gy + i+ ay

Ciitiion ¥ Stiziayiczinisn FFZHSCi + ) + (:/&!)

The Gannt chart, as shown in Fig. 4 may give an
explanation that why equation (8) represents the
recurrence relations of completion times for FIS policy.

Product (i-2) Product {i-1) Product i

: Set-up time
Unitg-n ™ ] -

£ : Transfer time

ag

Unit j ] : Holding time
org sloage (7= 1) - T onse W [Forsee Lo 5,
Unit (j+11 C TER__THC ]

C,

oy Coangeny Cigony

Fig. 4. General Gannt chart of FIS bolicy

If all storages and next unit (unit j+7) are busy,
product i which have finished on unit j must be holded
by unitj. To complete processing product i on unit j,
one of the storages (z;) should be available. And for
this, unit j+/ must be ready to process product (i-z)
which have been stored in one of the storages. So set-
up time of storage is dependent on product (/-z)) and i
ie., using product i after product (i-z;). We assumed that
the conditions of all storages are equal.

ZW policy

Products must be transferred immediately from
<unit j to next unit (j+1) in ZW policy. It does not allow
any intermediate storages. Jung ct al (7) studied new
completion time algorithms and optimal scheduling
with MINLP under consideration of non-zero transfer
times and set-up times of units. For only the
processing time, completion times algorithm is

Ci= Cynt ey

M M
C,M = max { Ciap +z tic . Ceie +z lik oo s
k=1 k=2
M M
Cii-nym-ay + 2 tik C(i-l)M"’Z tig} -t 9
k=(M-1) k=M
M
Lo o D S S — (10)
k=(p+1)

Equation (9) and (10) should be changed for
additional consideration of transfer and sequence
dependent set-up times to the equation (11) and (12).

Ciy=Co+1,+ay

i = Gy + 1 + a5
M M
Cip= max [ (Cpy + Sy +dip + 2 Ly + 2 aix),
k=1 k=1
M M
(Cirp + S+ X, tik + Y ai s
(=2 bk : .
M M
(Cor + Siionim + 2 lix + 2 ag )] - (1)
k=M k=M
M M
Ci=Citt~ 2, k- D, Qg =oceoeemcmmamee (12)

k=G+1) k=@G+1)

To show how the equation(l1) and (12) are
developed, the general Gannt chart for ZW policy is
shown i Fig. §.
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Fig. 5. General Gannt chart for ZW policy

SCHEDULING VIA MINLP FORMULATION FOR
VARIOUS STORAGE POLICIES

There has been studied optimal scheduling of
multi-product serial baich units which assumed zero
transfer and set-up times, by the way of mathmatical
formation i.e., MILP formation. But for real operations,
non-zero tranfer times and set-up times for units are
considered. Recently completion time algorithm with
transfer and set-up times for various storage policies are
studied. As the number of products and units are lavger,
the importance of transfer and set-up times is increased.
Optimal scheduling method thus must consider the
transfer and set-up times. However optimal scheduling
under consideration of non-zero transfer and set-up
times has been rarely studicd.
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Sequence dependent set-up times make the
problem more complex. Because of the variable which
depends on production sequence i.c., set-up times for
units, the problem becomes non-linear form, and
optimal schedulings are formulated as a MINLP form.
The objective function of optimal scheduling is to
minimize Cy,.  For the formation of optimal
scheduling, new binary variables are defined as follow:

I if producti is in positionj in the scquence

0 othcrwisc

And then, the constraints which means a position
in the sequence must be assigned to only one products
are as follow:

N
qu=1
j=1

(i=12 ..,

An ordered product must be processed only once.
So the constraints are constructed as follow:

N
Toxy=t =12 N)

Equation (13) and (14) are the constraints that
commonly used in various intermediate storage policies.
To solve the optimal scheduling of various storage
policies, additional constraints which shows the
characteristic of each storage policy are needed. They
are formulated from the completion times algorithm
which is shown in above section foi each storage policy
respectively.

MINLP formulation of UIS policy
The remaining constraints for UIS policy under

consideration of non-zero transfer and set-up times
which are formulateded by equation (2) are as follows:

forunit 1 (j=1):
N N

Ciy 2 Cop+ Z Z SiaX iy Xei +
ZL k=1

DT R T). T E S ——— (15)
for unit 2,... M ( i=2,..,M):
Cy2Cyy+ Z T (16)
k=
N
C; 2 C(--Ijj+ Z (Wrg-1yrayHidX i +
von !
PIRDIRT' TRTS'CF S a7
I=1 k=1
N N
The quadratic term z Z SuwiX X ki in
I=1 k=1

equation (17) is the expression of sequence dependent
set-up times in the optimal scheduling problem. Due to
this term, the probiem is formulated as an MINLP forn,

Ci X;; = 0 fori or j equal 0. With the objective
function of min. Cy,,, a formulation of UIS policy for
optimal scheduling is constructed with constraints by
equations (13 -17).

MINLP fofmulation of NTS policy

The constraints from equation (6) are as follows:
forunit 1 (j=1)
NN
Ci 2Com+ 2, X SwiXign Xu

N = k=
D (Tt TeR 700 T — (18)
=t N N
Cio 2Coun+2, 2 SuaXiinXpi+ 2, @uXii
(=t k=1 k= .
for unit 2,...,M’;ll (j=2,...M-1)
Cy 2Cgy + Z A G (20)

N N :
Cy 2 Copgar* Z Z Sigie X 161X ki +Z ayX ki
k=1 k=1

for unit M (j = M)
N

Cor 2 Copny + 2 @im )X «i
k=1

C;» X =0foriorjequal 0. With the objective
function of min. Cywm .+ @ formulation of NIS policy for
optimal scheduling is constructed with constraints by
equations (13-14) and (18-22).

MINLP formulation of FIS policy
As above mentioned, set-up times of
storages(SC;)) shoule be considered for FIS policy

addmon.illy It is shown in equation (8) in detail.
Additional constraints for FIS policy are as follows:

forunit 1 (j=1):

NN
Cyp 2Cyppyt Z Y SwiX g X ki
my i

N
+ Z (arorap v )X ki e (23)
k=t N
CI = C(. St Z 2 SiaX g - 0 X ki ot Z an Xy,
MENEEE k
+ Z FEUSCriXiisytanXigiz)  ooeeee (24)
e
for unit 2,.. . M-1 (j=2,...M-1) :
N
Ci 2Cyn t 2 (WX g woomemeeees (25)

k=1
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N
Ci 2Caz500 Z Z Sik¢i+ WX ti-zj-1)X kti-zp)

I=,J k=1

N
+ 2 aXe; + 2 FEMSCuiXagiytarXui-zp)
£<1 K=1
------------------------------- (26)
Y
Cy 2 Cauy + 2, (agayraiHiX i
N k=1
+ 2 X SuX Xk e (27
21 k=1
forunit M (j = M) :
. N
CiM 2 Ci(M.n + Z (armHtin)X ki -mmeieemmmmees (28)
k’=vl
Com2 Ciomt 2, (@rm-iy+aspr+tnX ki
v on !
+ Z SuatX iy X g -memmmees (29)
=1 k=

C;;. X;; =0 forior jequal 0. With the objective
function of min. Cyym - a formulation of FIS policy for
optimal scheduling is formuiated with constraints by
equations (13-14) and (23-29). UIS, NIS and FIS
policy have several similarities, and one of them is the
completion times of the first product on each units and
the constraints from the first product. To reduce the
number of constraints, equality constraints which are
constructed by the condition of the first product may be
useful. Equality constraints from the condition of the
first product can be applied to UIS, NIS and FIS policy
and they are as follows:

forunitl1 (j=1)

N
C,= 2 (arorap+e))X py mmmmmmmeemeeeoeeeees 30
k=1
forunit 2,.M(j=2,..M):
N
Cy=Ci4ny+ Yo7, @31
k=1

MINLP formulation of ZW policy

Optimal formulation of ZW policy under
consideration of transfer and set-up times had been
studied by Jung et al (7). In this paper, we develop an
MINLP formulation for ZW policy based on Jung et al
(7). From the second to the Nth(final) product, the
followings are formulated.

for unit |:
NooM
Cu2Cuiy - 2 2 WtapX i)
MR
Z > IMX/(,|;XL.+Z }_, anXy

k=1 i=1 k=0

N

2 L 15X 1
{

1

for unit 2:

N oM
Ci2 Cim 2 2 (tutam)X -1y
o N
2

SuaX iy Xei + > 2 anX i
I=1 k=1

+

Mz

=1

»~
0]

+
M=z
M:

I O T i (33
=1 k=2
for unit (M-1) :
N M
Cuz Conm- 2 2 (tnram)X i1y
N N f=t kM N M
+ Z Z Sum-1¥X 10X ki +12| . Z ('IAXIr
=) ke
+ P — (34)
I=1 k=(M-1)
for unit M :

N N
Ciu2 Cppy + Z Z SumX wiX ki +

(=1 k=1
N M
2 2 CIASTESD YD YN S O — (35)
=M-1) I=1 k=M

and in the case of 2nd product (i=2), C,;,,,'sin

equations (32),(33),(34), and (35) are became C,,,, so
lhey qhould be sub&lltu(ed by

Z 2 anX oy + 2 z ik Xn-

I=4 k=0 I=1 k=1

NUMERICAL EVALUATIONS

We solve an example (example 1) which is 4 unit,
4 product serial batch process problem and the, process
data is as shown in Table 1. Example 1 is solved in
UIS, NIS, FIS, and ZW policies. In the case of FIS
system, it is assumed that one storage tank is introduced
between unit 3 and unit 4 (z,=0, z,=0, and z,=1).
Optimal sequences of 1-4-3-2 (makespan 120), 1-2-4-3
(makespan 121), 1-4-2-3 (makespan 126), and 1-4-2-3
(makespan 130) were obtained for UIS, FIS, NIS and

ZW system respectively within reasonable
computational time.
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TABLE 1. Process data for examlpe 1.

Products (N)

Processing times
Units (M)

Transfer times
Units (M)

Ulj U2 U3 |u4

Uo

Ul y2{ U3

U4

P1
P2
P3
P4

10120 5130
15 8 12]10
200 71 9] 5
130 7117110

2
3
2
2

2

N &N
E-SN S RUVY S}

3
2
1

3
1
1
2

Prod. seq.
S (N-N)

Set-up_times(unit)

Ul

U4

Set-up limes(storages)

(for FIS policy)

52y
S(1-3)
S(1-4)
S(2-1)
$(2-3)
S(2-4)
S3-1)
$(3-2)
S(3-4)
S(@-1)
S(4-2)
S(4-3)

0= BN e DD T e L= DO L

7\

O RN WA WA RN — NS

NA"NNN—'N—-—'-&N——N
— W N RN W LI RN L

(o mme e 0 0 N R — DO N N
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