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Abstract. Corporations throughout the different industries are driven into ever higher level of investment towards 
differentiation in an increasingly competitive market. In transforming industries, production efficiency is key to 
profitability. Executives realize that scientific planning and scheduling of their installed productive capacity is paramount 
to succeed where traditional empirical approaches fail. SAPEC Agro is a market leader in the production of agricultural self 
engineered products in a global market. Minimizing costs, production time, build to order, are predicaments that can be 
mathematically modelled and researched for better or even optimal solutions. This paper will offer a brief characterization 
of the scheduling problem at SAPEC, stepping into a literature review that will shed light on the possible methodologies 
that can be used to achieve the desired goal. It will be shown that this real world problem can fall into the category of a job-
shop scheduling problem with task sequence dependent setup times. A modelling solution is enunciated and developed. The 
real world problem is then addressed through the use of Mixed Integer Linear Programming (MILP) methodologies. Real 
world data was collected, treated and used to assess the quality of the optimization model and the results obtained from the 
developed model are compared to those obtained from the company’s currently used best practices. These results were 
obtained with reduced computational times especially if compared with the actual man hours employed with the same 
objective. It is clear from the present work that the modelling solution we are presenting can be useful as a production 
scheduling tool to assist SAPEC in future times. 
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1. Introduction 

In present days, in an increasingly competitive global 
market context, industrial corporations recurrently 
allocate investment to improve and optimize their core 
production processes. They procure not only constant 
cost reductions that will maximize efficiency and 
competitiveness, but are also keen on adhering to an on 
going practice of constant improvement in a rapidly 
shifting market. Resources such as time, facilities, raw 
supplies and workmanship, to mention but a few, need to 
be put into optimal alignment, thus ensuring quality and 
a demand fulfilment supply. This is where planning and 
scheduling of production comes into play. Different raw 
products coexist along the production lines which need 
to be marketed simultaneously; they share some or all of 
the machinery and tools that transform them into the 
final product; several degrees of trade-offs are possible 
which decisively affect the outcome in terms of a 
cost/benefit ratio. 
SAPEC Group is a multinational corporation operating in 
the agricultural marketplace. One of its major 
subsidiaries, SAPEC Agro (hereafter SAPEC), devotes 
itself to the industrial production of insecticides, 
fungicides and herbicides in the liquid form. 
We will be addressing a representative class of SAPEC’s 
portfolio constituted by a broad range of products; we 
will crunch data affecting several aspects of the 
production process (e.g. time, cost, etc.); we will seek to 
minimize the cost of bringing these products to 
completion subject to lead times imposed by customers 
without compromising overall end product quality.  

2. Related Literature 

Pinedo (2012) considers of the utmost importance the 
following concepts in what concerns production 
scheduling problems: processing time !!,!, representing 
the time necessary to perform the task ! on the machine 
!. The machine’s index may be omitted in the case that 
the task’s processing time is not dependent on the 
machine it gets performed on. Associated with each task, 
a due date !!, corresponds to the instant the task must be 
completed. Penalties may apply should that not be the 
case. Parallel machines signifies that in the real world 
we normally have identical machines (capable of 
performing the same functionality) on site. These 
machines may or may not have the same efficiency of 
operation. Precedence constraints are a common 
encounter in real world applications. They signify that 
one ore more tasks need to be completely terminated 
before another one may start. 
Both Pinedo (2012) and Park & Lee (2012) concur that a 
Job-Shop Scheduling Problem with Sequence Dependent 
Setup Times (JSP-SDST), on a single machine and 
which goal is to minimize the makespan, can be 
transformed in a NP-hard travelling salesman problem. 
The JSP-SDST’s complexity increases as more machines 
are considered. Choi & Choi (2001) define this variety of 
job-shop problems as one where the setup time required 
to complete a given task varies in function of the 
immediately precedent task. 
Linear Programming (LP) resorts to mathematical 
models composed only by linear functions, Hiller & 
Lieberman (2010) where variables vary within real 
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intervals and the models parameters are fixed. The 
simplex is perhaps the most common solver in LP 
problems, where inequalities are firstly transformed in 
equations by adding slack variables.  
Most of present days work in the production scheduling 
area rely on mathematical modelling to describe the 
problem. Blazewicz, Domschke & Pesch (1996) and 
Gomes (2007) discuss three different models to solve 
mathematical formulated scheduling problems, 
distinguishable in the type of binary variables used: 
 

Wagner (1959): 
Xijk =  1 if task i is scheduled in position j for 

processing on machine k, 0 otherwise. 
Bowman (1959): 

Yikt = 1 if task is processed by machine k on 
instant (discrete time span) t, 0 otherwise 

Manne (1960): 
Zijk = 1 if task i precedes task on machine k 

(not necessarily immediately before), 0 
otherwise  

 
Zhu & Heady, (2000) develop a mixed integer 
programming with the goal of minimizing both earliness 
and tardiness times relative to the due date for problems 
with several machines with non-uniform data. 
Furthermore they state that setup times depend on the 
combination task-machine in question. More recently, 
Gomes (2007) build on Manne’s variables and develop 
two MILP models to address a problem of flexible job-
shop scheduling (with recirculation and assembly) for a 
mould industry. The first of the two models uses a 
discrete time scale, incorporating time explicitly (making 
it an index), while dropping machine allocation 
variables. For the second model the time scale is 
continuous, and time is implicitly modelled, using 
Manne’s variables to allocate tasks to the machines. CPU 
time is drastically reduced and the overall efficiency of 
the technique demonstrated.  
 

3. Mathematical programming model definition 

In order to represent the build to order production 
process used at SAPEC a model of Mixed Integer Linear 
Programming (MILP) will be developed. This model has 
its roots in the works of Zhu & Heady, (2000), which 
proved to be generic and applicable to scheduling 
problems with setup times dependent on product 
sequencing. Significant changes were introduced in the 
base model for it to accommodate the specific detail 
inherent to the case under study. The most important 
change consisted on the adaptation of the base model to 
the case where there exist multiple production phases, 
each with different machines working in parallel. For 
notation simplicity reasons the mathematical formulation 
derived considers a production process with only three 
phases. 

 

3.2 Description of the problem  

Herein we present the hypothesis defining the problem 
under consideration: 

• In spite of being physically located in different 
facilities for non-contamination purposes both types 
of products in study (I/FL and HL) share an identical 
production process. The developed model may be 
applied to both cases despite the fact only the model 
for the I/FL is discussed in the example; 

• The production process comprises three different 
phases with specific operations; the model reflects 
all three phases; 

• The first phase concerns the operations of dispersion 
and stirring (mixing) of the raw materials. In the 
case of I/FL type products any of the machines 
allocated to this phase can perform the job, whereas 
for CPE type products, only a subset of those 
machines is able to cope with that function; 

• Second and third phases of the process are necessary 
only in the case of products of the I/FL type. Phase 
two is the mowing phase and phase three has to do 
with finishing procedures; 

• All products must follow the same order along the 
different phases, specifically all products start in 
phase 1, and then some proceed to phases 2 and 3, in 
this order; 

• Some of the I/FL products must undergo a second 
round on the same machine after a waiting period 
for phase two. Execution times have been adjusted 
correspondingly for such products; 

• Resources (raw materials, human resources, etc.) are 
assumed to always be available for immediate use; 

• Production line capacity is not explicitly included in 
the model but instead accounted for in the setting of 
the required completion dates (due date)  

• Setup times take into account on-line maintenance 
operations (e.g. washing depots after each type of 
product). In continuous single product operation this 
setup time is set to null; 

• Precedence rules are enforced when needed and 
accounted for in the developed model; 

• Both earliness and tardiness production times 
generate additional cost (penalties), the former being 
lesser than the latter; 

• Identical functionality machines yield different 
turnover efficiencies. The model incorporates such 
fact in individual machine processing times; 

• Single machine capacity is not a factor as it is not 
allowed for any single production order to exceed it; 

• Individual phase processing time in a given machine 
includes the time used to move the product from that 
machine to the next in line; 

• Processing times depend on the product and on the 
machine; 

• The production is to be scheduled so that products 
meet the intended completion date in a just-in-time 
operating mode. 
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The model is built so that the allocation of the machines 
to the production process minimizes the total costs 
and/or penalties incurred with the production does not 
meet the desired due date. 

3.3 Mathematical formulation of the model 

The problem under study can therefore be modelled by 
the following mathematical programming formulation. 
 
3.3.1 Indexes 
 
!   machines (! = 1,… ,!! +!! +!!), 
!  phase, corresponding to a section of the plant 

(! = 1,2,3). Section 1 has !! available machines, 
represented by the first indexes (! = 1,… ,!!), 
section 2 has !!  machines, subsequent 
numbering (! = !!! + 1,… ,!! +!! ) and the 
3rd section has !! machines represented by the 
remaining indexes (! = !! +!! + 1,… ,!! +
!! +!!). 

!, !  products ( !, ! = 0,1,… ,!) , index 0 being 
associated to a fictitious product, needed to 
identify the first to get produced on each machine 
for notation simplification purposes (as proposed 
by Zhu e Heady (2000), and the remainder 
indexes represent the ! products 

 
3.3.2 Sets 

 
Γ!  set of pairs of products that must be produced 

respecting in a certain order on phase ! , 
(! = 1,2,3 ). Thus, if !, ! ∈ Γ1  product !  must 
get produced before product ! on phase 1, 

!!  set of products of the type I/FL-CPEs, which need 
to be processed only on phase 1, 

!  set of products of type I/FL-flow, that must be 
processed in all the three phases. 

 
3.3.3 Parameters 
 
!  number of products to produce, 
!!  number of available machines on phase ! 

(! = 1,2,3), 

!!  due date for the product to be completed ! 
(! = 1,… ,!), 

!!  earliness cost/penalty per time unit for completing 
product ! sooner that due date, 

!!  tardiness cost/penalty per time unit for completing 
product ! after the due date, 

!!"  processing time for product ! on the  ! machine, 
!!"  setup time for product !  when the immediate 

successor to product !,  
!!!  setup time for product ! when it is the first to get 

processed (!!! ≤ !!"). 
 
3.3.4 Scalars 
 
!  large enough number. This scalar is introduced to 

enable redundancy in the corresponding 
constraints. 

. 
3.3.5 Variables 
 
!!"  instant for the conclusion of product ! on phase !, 
!"!  time span if product ! gets concluded earlier than 

its intended due date !!, 
!!! time span if product ! gets concluded later than its 

intended due date !!, 
!!"#  binary variable which assumes the value 1 if 

product ! is an immediate predecessor to product ! 
on machine ! (hence !!is the immediate successor 
to !), and 0 otherwise, 

!!"  binary variable which assumes the value 1 if 
product ! gets to be processed on machine !, and 
0 otherwise. 

 
The first three sets of variables defined may assume non 
negative values since they represent time spans or 
instants. Being ! a product’s index and existing but three 
phases of production, !!! represents the instant of time 
where it ends its production process. On the other hand, 
!!! measures the time span in case product ! gets done 
before the intended date, !! . Should the instant the 
product ! gets done posterior to that date, the time span 
indicating the delay is measured in variable !!!. 
The two last variable groups are binary ones assuming 
value 0 or 1 depending on the verification of the defined 
conditions. 
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3.3.6 Model Formulation 
 
The model to solve the scheduling problem under study is the following: 
 

min (!! !!"! + !! !!!!)
!∈!∪!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1) 

!!! − !!! + !"! = !! !, ! ∈ !
!!! − !!! + !"! = !! !, ! ∈ !1 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2) 

!!" = 1!,!!!! ∈ ! ∪ !1
!!

!!!

!!" = 1!, ! ∈ !
!!!!!

!!!!!!

!!" = 1!,!!!! ∈ !
!!!!!!!!

!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3) 

!!! ≤ !!!!,!!!!!!!!!∀(!, !) ∈ Γ1
!!! ≤ !!!!,!!!!!!!!!!∀(!, !) ∈ Γ2
!!! ≤ !!!!,!!!!!!!!!!∀(!, !) ∈ Γ3

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4) 

!!! !≥ !!! + !!"!!"
!!!!!!!!

!!!!!!!!!
! , ! ∈ !!!

!!! !≥ !!! + !!"!!"
!!!!!

!!!!!!
,!!!!!!!!!!!!!!!!!! ∈ !

!!! !≥ !!! + !!"!!"
!!

!!!
,!!!!!!!!!!!!!!!!!! ∈ ! ∪ !1

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5) 

!!"# ≤ !!"
!∈!!∪!
!!!

,!!!!! ∈ 0 ∪ !1 ∪ !,!!!! = 1,… ,!!!!!!!

!!"# ≤ !!"
!∈!
!!!

,!!!! ∈ !,!!!! = !! + 1,… ,!! +!! +!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(6) 

!!"# = !!"
!∈ ! ∪!!∪!

!!!

,!!!! ∈ !1 ∪ !,!!!! = 1,… ,!!!!!!!!!!!!!!

!!"# = !!"
!∈!
!!!

,!!!! ∈ !,!!!! = !! + 1,… ,!! +!! +!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(7) 

!!! − !!! − !!!"# ≥ !!" + !!" − !,!!!! ∈ ! ∪ !1, ! ≠ !!, ! ∈ 0 ∪ ! ∪ !1,! = 1,… ,!!!
!!! − !!! − !!!"# ≥ !!" + !!" − !,!!!! ≠ !!, !, ! ∈ !,!!!!!!!!!!! = !!! + 1,… ,!! +!!!!!!!!!!!!
!!! − !!! − !!!"# ≥ !!" + !!" − !, ! ≠ !!, !, ! ∈ !,! = !!! +!! + 1,… ,!! +!! +!!

(8) 
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The objective function (1) represents the total cost of the 
system we intend to minimize. Such cost is computed 
from the earliness and tardiness total costs. So, the first 
term (!!×!"!) represents the earliness and the last term 
(!!×!!!) represents the tardiness. The sum of these two 
terms for every scheduled product represents the 
objective function for the whole system under 
consideration. 
Constraints (2) measures time spans: tardiness (!!!) or 
earliness (!"! ) of every product ! , by comparing the 
instant that product gets completed at its last phase of 
production, !!!, with its due date (parameter !!). Note 
that only one of !!! and !"! may be different than 0 at 
any given moment in time, i.e., !!!×!"! = 0. 
Constraints (3) are divided in three sets of equations 
since there exist three distinct phases of production, each 
with a set of machines working in parallel, i.e. that may 
perform the same operation. Thus, these constraints 
impose that all products in F must be produced in one 
and only one machine per phase, while !! products are 
processed only on the machines belonging to phase 1. 
Constraints (4) guarantee that precedence relations 
between pairs of specific products (elements of the Γ! 
sets) are enforced. This is necessary in case of products 
with simultaneous demand for production, where 
prioritization rules are in place. 
Constraints (5) ensure the correct passage of products 
through the three phases: the product mandatorily starts 
with phase 1, only moving on to phase 2 once phase one 
is duly complete; only after full completion of phase two 
does the product move on to phase three.  
Constraints (6) guarantee that each product must be 
processed immediately before and immediately after one 
and only one other product, on each machine it is 
scheduled to go through. These constraints also imply 
that should a product !  not be processed by a given 
machine ! (!!" = 0), then it does not precede any other 
product !!on that machine ! , and all the precedent 
variables !!"# are null (for the remainder products !). 
Therefore, constraints (6) enforce the fact that a product ! 
can only come immediately after a product !  on the 
machine ! in case ! gets to be produced on machine !. 
In such case, ! = 0 indicates that ! is the first product to 
get executed on machine ! (i.e., ! is in fact the initial 
fictitious product, and ! = 0  is part of the validity 
domain of the index on constraints (6). The inequality 
signal accounts for the possibility of product ! being the 
last one to get produced on machine !, thus having no 
successors.  
Furthermore, constraints (7) impose that if a product ! 
gets produced on machine ! it will mandatorily have a 
predecessor product !  (possibly the fictitious initial 
product). Then, the validity domain of this index on these 
constraints does not include the initial fictitious product 
( !! = !1,… ,! ) and the signal on the constraints is 
obviously a “=”. 
Constraints (8), which are divided by the three phases of 
production, guarantee that should a product !  be the 

successor of ! on machine ! (i.e., if !!"# = 1) then the 
instant of conclusion of product ! for the corresponding 
phase !  (!!" ) can not be lesser than the sum of the 
instant product !  finishes being worked on the same 
phase ! (!!") with the processing time for product ! on 
machine ! (!!") plus the setup time for !, when it is the 
immediate successor of !  (!!" ). Otherwise, i.e. should 
!!"# = 0 , being !  a large constant, the respective 
constraint becomes redundant. 
 
4. Case Study 

This chapter describes the application of the 
mathematical programming model under discussion to a 
set of SAPEC products. Real data for a very recent 
weekly production schedule was used so as to enable the 
comparison of the results obtained through the model 
with those logged with the SAPEC’s production history. 

4.1 SAPEC’s production data 

We first describe a real example of the production plan at 
SAPEC. It concerns week 37 of the year 2014 and 
depicts 14 different products. For confidentiality reasons 
the data was masked while remaining representative or 
the real life scenario. SAPEC’s planning results from 
accumulated experience of the production managers. 
Registers are kept on Excel’s workbooks and they also 
serve as handouts to the line managers. The I/FL 
production line (including both CPE and flows) is 
divided in three separate phases. As depicted in Table 1, 
this section of the production line is constituted by 20 
machines, each machine executing but a single type of 
operation. Every machine’s capacity is unitary, i.e. it can 
only produce one product at a time.  

 
 
All machines belonging to the same phase are able to 
perform the same operation. However, due to specific 
constraints related to the product’s intrinsic 
characteristics, not every machine can be allocated to 
every product. Product !1, for instance, belongs to the 
CPE family of products goes only through phase ! = 1, 
and the dispersion operation carried out can only be 
performed by machines !1 to !6. Furthermore, product 
!10 goes through all three phases of production and on 
phase ! = 1, can be allocated but to machines !1 to !6 

Table 1: Production Phases and Associated Machines
Production Phase        

(k) Type of Operation
Machines                     $
(m)

k=1 Dispersion
m1 a m6                   

m10 a m12

k=2 Grinding m13 a m17

k=3 Finishing m18 a m20
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and !10 to !12. Machines !7, !8 and !9 are meant 
for specific products not part of the current study so their 
data has been purged. Processing times are integer values 
and measured in minutes. They depend both on the 
machine to be used and the product under processing. 
Setup times for all possible production sequences are 
known, as are the cost/penalties per time unit resulting 
from either earliness or tardiness costs. 
On the week under analysis the production line was 
working 24/6, Sunday being used as a resetting period 
where cleaning and general maintenance operations are 
conducted and also to ensure no time penalties will be 
incurred at the start of a new week plan. As such, the 
model assumes that all machines are ready for allocation 
on instant zero. 
 
4.2 SAPEC’s production Plan 

Before running the model we have calculated the 
outcome of SAPEC manually created production plan so 
as to enable comparison of outcomes. Table 2 depicts the 
instants of completion of the products under SAPEC 
empirical scheduling process. These instants are then 
used to establish earliness/tardiness times and on the 
objective function value for the modelled planning. In 
order to calculate the objective value it is necessary to 
determine values of !"!, and of !!!. Table 2 shows the 
results for the 14 products under production 
 

 
 
We are now capable of calculating the objective 
function’s value, in monetary units (MU). It yields 
131.503,58MU. 
 
4.3. GAMS production plan 

We are using GAMS v24.3.2 and CPLEX v12.6.0.1 to 
implement the MILP model on a Intel Core i5-4300U 
@2.5GHz, 4GB Ram computer running Windows 7 
Operating System. The optimal gap value used when 
solving the model is 0%, however, tests have been run 
for gap values of both 5 and 10% without change in the 
outcome result for the objective function. Table 3 shows 

the characteristics (dimensions) of the model and part of 
the corresponding results for ulterior comparison with 
values obtained with the SAPEC plan. The optimal 
solution has indeed been found (since we’ve reached a 
relative gap of 0%) and it has been found with a smaller 
number of iterations, however the solver can not prove 
that the optimal solution has been found. Given the small 
relative dimension of the problem The optimal solution 
obtained has been named “GAMS Plan”. 
 

 
 
Note that products move through the different phases in 
the right sequence, keeping in mind that all !! products 
are run in the first phase only. 
Both the product’s processing times along the allocated 
machines and the setup times (initial and between 
product sequences) are respected in the model.  
It can be inferred from the results that operation does not 
overlap along the scheduling time frame, i.e. the start 
instant for any product on any given machine is never 
lesser than the completion instant of the product which 
immediately precedes it on that same machine. 
Table 4 presents the values used to calculate the value 
for the objective function value. Second column depicts 
!!!  or !!!  as completion instants, for when a product 
included in set !!is produced, the completion instant for 
that product equals the instant of completion of the first 
phase (! = 1), since products in this group do not run 
through subsequent phases. In the case where the product 
belongs to set ! the completion instant then equals that 
of the last phase, ! = 3. On analysing Table 4 we can 
conclude that only product !2 was finished earlier than 
its due date, and that products !5, !8, !9, !10, !11, !13 
and !14!all were finished tardily in respect to its due 
date. 
 

 

Table 2: Earliness/Tardiness (minutes) - SAPEC Plan

Completion 
Time

Due Date Earliness Tardiness

i1 2592 2880 288 0

i2 4636 1440 0 3196

i3 1267 1400 133 0

i4 1824 1824 0 0

i5 3577 2442 0 1135

i6 2708 1988 0 720

i7 3000 3000 0 0

i8 3240 2600 0 640

i9 4421 1642 0 2779

i10 6214 2640 0 3574

i11 3347 2000 0 1347

i12 5092 2444 0 2648

i13 4913 2846 0 2067

i14 3124 3124 0 0

Machine Sequence

m2

m2

Pr
od

uc
t

m3

m4

m5

m6

m1

m10 - m16 - m19

m10 - m15 - m20

m11 - m14 - m19

m11 - m14 - m20

m1

m12 - m13 - m18

m12 - m13 - M18

Objective Function:     131.503,58

Table 3: Comparison of Results vs CPU Time - GAMS Plan
CPU Upper 

Bound 
(min)

Relative 
Gap

Objective 
Function

Number of 
Variables

Nb of 
Binary 

Variables

Number of 
Constraints

Number of 
Iterations

1 14,51% 104.149,36 4.294 4.220 12.379 99.559

10 0,19% 104.149,36 4.294 4.220 12.379 1.130.321

30 0,00% 104.149,36 4.294 4.220 12.379 1.344.074

Table 4:Earliness/Tardiness - Objective Function - GAMS Plan 
Completion 

Time
Due Date Tardiness Earliness

i1 2880 2880 0 0

i2 1329 1440 0 111

i3 1400 1400 0 0

i4 1824 1824 0 0

i5 3577 2442 1135 0

i6 1988 1988 0 0

i7 3000 3000 0 0

i8 5346 2600 2746 0

i9 5479 1642 3837 0

i10 3575 2640 935 0

i11 4405 2000 2405 0

i12 2444 2444 0 0

i13 5884 2846 3038 0

i14 4065 3124 941 0

Objetive Function: 104.149,36

Pr
od

uc
t

m3

m4

m2

m1

m11 - m17 - m19

m12 - m16 - m20

m11 - m17 - m19

m12 - m13 - m20

m5

m10 - m14 - m18

m10 - m15 - m18

Machine Sequence

m6

m6

m4
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As we have already declared, it is when values for the 
earliness/tardiness regarding products due date are 
multiplied by its corresponding costs/penalties that we 
obtain the value for the objective function. In this case, 
such value amounts to 104.149,36MU as depicted in 
Table 3. 
 
4.4 Comparing SAPEC and GAMS plans 

Several differences become apparent when results 
obtained from SAPEC plan (section 4.2) are compared to 
those obtained from solving the MILP model - GAMS 
plan (section 4.3), namely on the level of resource 
allocation, processing times and the corresponding costs, 
for this one week production run. 
The first analysis that needs to be done concerns the 
values assumed by each variable !!", representing the 
assignment of a product to the available machines for 
operation processing on the different phases. 
Table 5 shows which products are assigned to which 
machines for both SAPEC and GAMS plans. 
 

 
 
From analysing the last phase of production (! = 3) we 
conclude that by running the model for this particular set 
of products, its assignment to this phase machines was 

the same for both scheduling plans. On the other hand, 
on phase ! = 2, SAPEC plan made no allocation of 
machine !17.We can further observe that the developed 
model makes a better usage of the feasible distribution of 
products over this phase machines: on our model only 
machine !17! is assigned for two different products 
while SAPEC approach allocates one machine for each 
product !13 and!!14. No product was assigned to the 
same machine in both plans. 
On the first phase all the machines are allocated. 
However, only products !3 and !10 are assigned to the 
same machines on both scheduling solutions. 
From Figure 1, which compares the machines allocation 
rates in both plans, we conclude that, on average, the 
allocation made by the GAMS plan is superior to the one 
derived from using the SAPEC plan. We can also further 
infer that machines are inactive for longer periods on the 
SAPEC plan. It turns out that the GAMS plan provides a 
more efficient usage of the available resources. Also 
from Figure 1 we see that GAMS plan allocates every 
available machine whilst the SAPEC plan denotes a 
usage degree spanning from 0% (unused) to 71%. With 
the GAMS plan machine usage ranges from 14% to 56%. 
 

 
Figure 1: Machines allocation: SAPEC’s Plan vs GAMS Plan 
 
5. Final remarks and recommendations 

This chapter aims at providing a synopsis of the work 
carried out and to suggest possible recommendations for 
future work along the same subject. 
 
5.1. Synthesis of Work 

Having chosen the agro chemical industry to conduct the 
present work had to do not only with the opportunity 
presenting itself but also with the fact that its dimension 
and critical mass enabled a clearly visible application of 
mathematical methodologies to real world practical 
problems. 
The current production planning system is carried out 
manually, based on Excel spreadsheets and on the many 
years experience of the professionals responsible for the 
production planning department. This is an error prone 
human dependent process leading to an increased risk on 
operations besides the obvious possibility of not finding 
the optimal efficiency balance. 

Table 5: Products Assignement to Machines. SAPEC vs GAMS

Start End Start End

i1 1352 2592 1640 2880

i2 3396 4636 89 1329

i3 207 1267 340 1400

i4 764 1824 764 1824

i5 1737 3577 1737 3577

i6 1408 2708 688 1988

i7 800 3000 800 3000

670 920 3001 3266

920 1770 3266 3876

1770 3240 3876 5346

1531 1841 2589 2899

1841 3641 2899 4699

3641 4421 4699 5479

3629 3894 1230 1495

3894 4744 1495 2105

4744 6214 2105 3575

457 767 1515 1825

767 2567 1825 3625

2567 3347 3625 4405

i12 3357 5092 709 2444

2298 2563 3269 3534

2563 3413 3534 4384

3413 4913 4384 5884

289 554 1230 1495

554 1654 1495 2595

1654 3124 2595 4065

i14

m12 m10
m13 m15
m18 m18

m5

i13

m12 m10
m13 m14
m18 m18

m12
m14 m13
m20 m20

m11
m14 m17
m19 m19

i9

m10

m20 m20

m2
m1 m1

i8

m10 m11
m16 m17
m19 m19

i10

m11

i11

m11

m1

SAPEC Plan GAMS Plan

m4
m4 m3
m5 m4

m12
m15 m16

m6
m6

Machine Machine

Pr
od

uc
ts

m2
m2
m3

m6

0%#

10%#

20%#

30%#

40%#

50%#

60%#

70%#

80%#

m1
#
m2
#
m3
#
m4
#
m5
#
m6
#
m1
0#
m1
1#
m1
2#
m1
3#
m1
4#
m1
5#
m1
6#
m1
7#
m1
8#
m1
9#
m2
0#

Mi
n#

Av
era
ge
#
Ma
x#

SAPEC#Plan#

GAMS#Plan#



8"
"

Modelling approaches offer several advantages, namely 
in terms of flexibility and adaptability, allowing for easy 
expansions or refining of objectives. Time savings and 
computational power constitute advantages that need no 
argument supporting them. The objective identified was 
one where costs should be kept minimal and lead times 
the smallest possible.  
The modelling approach selected takes into account the 
correct assignment of products to the different available 
machines, and the sequencing of operation of these same 
machines. Having thus characterized SAPEC production 
capabilities and operational constraints, and followed 
with a revision of the currently available literature on the 
subject, a model was implemented. 
Contrary to what happens in other industries, there exist 
few case studies addressing the production problems 
specific to agro industries. That perhaps partially 
explains why planning and scheduling is still a manual 
operation within SAPEC. 
The quantitative analysis carried out was supported on 
the developed optimization model and the discussion of 
results that will be offered in the next paragraph. In fact, 
major concern was given to the comparison of results 
obtained with both approaches in an effort to determine 
the applicability of the work conducted to the industry 
under study and more specifically to SAPEC. 
 
5.2. Conclusions and future work 

This model was developed with the objective of 
scheduling the normal weekly production plan of one of 
SAPEC production lines on its shop floor and applied to 
a real weekly orders book for the current year. The 
results obtained show that there are visible benefits to be 
gained by using methodologies of mathematical 
programming for the planning and scheduling of 
production. In this specific case efficiency on machine 
allocation would be increased. On that specific week the 
company would achieve a total volume of savings equal 
to 27.354,22 MU (or 20,8%!), corresponding to the 
difference between the values obtained in applying the 
objective function to both production plans. 
These differences also lead to a reduction of the 
uncertainty level surrounding the whole production 
process for this type of products. This is especially 
important to maintain a trustworthy level of expectations 
amongst all parties involved (clients, sales department, 
finance department, etc.). Furthermore, the bigger the 
order and the projected volume of production, the bigger 
the potential discrepancy between the desired due dates 
and the effective completion dates. 
One of the objectives with this work was to supply the 
basis for the creation of a tool that would increase the 
levels of efficiency and effectiveness on the decision 
making process as needs to be carried out by the 
planning and scheduling responsibles, offering them 
flexibility and a path towards constant improvement. 
A side benefit from adhering to such methodologies 
comes from the time decision makers save to devote their 
attention to other matters, inclusively taking advantage 

of the financial savings derived from a more efficient 
machine allocation and associated cost reductions. 
Obtaining optimal solutions from the developed model in 
reduced computational times, especially when compared 
to the manual labour option, represents in itself a huge 
overall gain, motivation more than enough to deploy 
tools such as this throughout the production facilities. 
The MILP model developed is likely to further 
generalization and to be applied to the entire range of 
products carried by SAPEC, provided their specifics 
were to be studied in detail. 
Product filling is an activity that could also benefit from 
a mathematical modelling approach, its machines 
requiring a more efficient allocation. 
As one refines the model components, particulars on 
each individual machine become more evident and 
renovations or small upgrades reveal themselves boosters 
of increased efficiency. 
Further works to be carried out would include the 
development of a graphical interface with the modelling 
tool, to streamline data introduction and formatted 
output. 
In conclusion, there are clear financial gains to be 
obtained from the use of planning and scheduling 
mathematical programming tools within the existing 
production capacity installed at SAPEC.  
The existence of a tight link between the real world 
corporation and university research and education is 
mutually beneficial as it provides ones with innovative 
knowledge and others with the field of opportunity to 
watch theory bring results to live. 
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