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ABSTRACT: This paper presents a version of the tabu search algorithm designed to minimize the 

assembly time in the manufacturing of printed circuit boards (PCBs) where the main challenge is the 

optimization of the lots of components. The PCB assembly is the process of placing electronic 

components of different shapes and sizes at specific locations on the board and is modeled as a 

permutation flow shop problem where n lots (batches) of identical PCBs must be processed on a set of 

m machines. The basic flowshop of scheduling problem (PFSP) assumes that a machine can process 

only one job at the time. The proposed problem for PCB has two specific machines where the jobs 

cannot be passed to the next machine before a specific number of jobs are finished:  the first machine 

where the entire lot is required to be processed and the third machine where a sub-lot is processed.  

KEYWORDS: flowshop of scheduling problem, PFSP, PCB, makespan, tabu search 

 

1 INTRODUCTION 
 

Printed Circuit Board (PCB) assembly is an 

important process in electronic manufacturing. 

Starting with the initial specifications of a PCB, the 

manufacturing succeeds several steps to the final 

product. Due to required machine setup time 

between processing of different PCBs specifications, 

PCBs are mainly produced in batches (lots) with 

hundreds of items. In this study, we address the 

scheduling problem in a factory that produces the 

printed circuit boards where each PCB has the same 

route over the nine stages of the manufacturing 

process. Depending on the PCB type, (some PCBs 

need surface mounting, one side only or on both 

sides of the board), the assembly process could have 

several stages and we consider the following 

common operations as Gonzalo Santana 

summarized in 2020: 

M1: PCB Materials and Cut Laminate (Lamination 

depends upon requirements of PCBs types. PCBs 

are cut individually according to the specification.) 

M2: Inner Layer Image Transfer (The pattern that 

defines the tracks, soldering pads of the 

components, and silkscreen of the PCB is placed 

over the inner layer and is printed by means of UV 

light and the photosensitive film is polymerized.) 

M3: Etch Inner Layer (Chemical process in the 

inner layers. By means of acid, the undesired copper 

that was attacked by the UV light is removed from 

the PCB.) 

M4: Drilling (All the holes fixed by the pattern and 

the vias that will connect the different tracks of the 

circuit through the inner and outer layers are drilled  

 

 

by laser.) 

M5: Plating of through-holes (Hole metallization, the 

process of chemical in a copper bath that fills the 

drilled holes.) 

M6: Solder mask and silkscreen (A mask by 

chemical development is applied over the parts of the 

circuit that will be used to solder SMD or through-

hole components, pads and vias. An isolator mask 

with an elastic finish is applied to the rest of the 

circuit to avoid its oxidation.) 

M7: SMD’s components are soldered onto the board 

(PCB assembly) 

M8: Final inspection (An automatic optical 

inspection to detect the possible defects.) 

M9: Surface coating (Several layers of alloys are 

applied over the surface to obtain the desired 

protection of the circuit against the oxidation of the 

material due to corrosion, humidity, or high 

temperatures.) 

The flowshop scheduling problem (PFSP) is 

characterized by a unidirectional flow of work where 

the sequence of the jobs follows the same route over 

each machine. The basic form of this problem 

assumes that a machine can process only one job at 

the time, the job cannot be splitted and passed to the 

next machine before it is finished. The setup times of 

the machines are included in the processing times of 

the jobs. The objective of PFSP is to minimize the 

total time of the flow by providing the best jobs 

sequence.  

Considering a job as a batch (lot) of identical jobs, 

PFSP can be applied on lots keeping the same 
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objective and the sequence of lots should be the 

same over each machine (Dodu and Ancău, 2021). 

During the flow, a job from a lot cannot be passed to 

the next machine before it is finished on the current 

machine. In some situations, the first job of the lot 

cannot be transferred to the next machine until the 

entire lot or a predefined number of jobs from a lot 

are completed on the current machine. 

In the proposed problem for PCB, on the first stage 

the entire lot is required to be processed before 

moving the flow on the next stage. On the third 

machine, a predefined number of jobs are processed. 

The other stages follow the PFSP’s flow: when a job 

is completed on a machine it is passed to the next 

stage. 

The purpose of this research is to provide a meta-

heuristic for obtaining an optimal solution of the 

permutation scheduling problem, following stages 

M1-M9 for 10 different PCBs, desired to be 

produced in large quantities (hundreds of PCBs in a 

single lot). 

To increase the speed of the PCB assembly 

process, the researchers focused on the scheduling 

of the whole PCB simplifying the problem or 

ignoring some restrictions. Kim et al. in 1996 

considered the PCB assembly process as a PFSP on 

batches of identical PCBs where the batches have 

sequence-dependent setup times (it is possible to 

start a batch on the following machine before the 

batch is entirely completed on a previous machine). 

They proposed a tabu search and simulated 

annealing meta-heuristics for a generalized flow-

shop scheduling problem with the objective of 

minimizing mean tardiness on the following main 

stages: surface mounting, automatic insertion, 

manual insertion. In regards to the operation of the 

optimization problem for a class of multi-head 

surface mounting machines which includes five 

interrelated sub-problems, Luo et al. in 2016, 

proposed a two-stage hybrid tabu search algorithm. 

In 2019, Castellani et al. proposed a Bees Algorithm 

customized for the manufacturing of PCBs using a 

machine of the moving-board-with-time-delay type, 

and optimizing the feeder arrangement and machine 

component placement sequence. In regards to PCB’s 

component placement, a hybrid genetic algorithm 

for solving the nozzle assignment problem and the 

component pick and place sequence problem is 

described by Hsueh et al. in 2016. 

The paper is organized as follows: in section 2 is 

introduced the formal definition of the generalized 

PFSP for a lot of PCBs and the Tabu Search 

methodology and explains the proposed meta-

heuristic designed on the programming model of 

Apache Spark and section 3 analyzes the results and 

section 4 rises up the conclusions. 

2 PROPOSED METHODOLOGY 

2.1 Methodology Review 

On PFSP, the completion time denoted by Cmax is 

calculated based on the following set of equations 

where tij  is the processing time of a job j on machine 

i in the sequence of jobs: 
 

njmitccc
jijijiji ..1,..1,},max{

11 


 (1) 

njc j ..1,0,0 
 

(2) 

mici ..1,00, 
 

(3) 
 

The time in which the last job n on the last 

machine m is completed is considered the maximum 

completion time or makespan Cmax: 

mncC )(max     

where   is the jobs permutation 
 (4) 

PFSP’s objective is to determine the optimal jobs 

arrangement with the shortest possible total jobs 

execution makespan Cmax when all n jobs are 

processed on the m machines, such as  

)(maxmax CC    (5) 

In the generalization of PFSP for lots of jobs 

(Dodu and Ancău, 2021) Cmax is calculated based on 

the following set of equations: 
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mici ..1,00, 
 

  (8)  
 

where Lk-1 is a lot of jobs divided into q equals  jobs, 

Lk  is a lot of jobs divided into p equals  jobs with the 

process times ti = ti1 = ti2…= tip and Lk-1, Lk  belong to 

a sequence of lots denominated as L.  The time in 

which the last job of the last lot on the last machine 

m is completed is considered the maximum 

completion time or makespan Cmax: 

)()(max nmnL LcC                                      (9) 

For the generalization of PFSP on lots, the 

objective is to determine the optimal lots 

arrangement with the shortest possible total jobs 

execution makespan  when all  jobs from all lots are 

processed on the  machines, such as 

)(maxmax LCC   , (10) 

for each L . 
PFSP is well known as NP-hard problems. In 

2005, Ruiz and Maroto reviewed and evaluated the 

heuristics and metaheuristics for PFSP with the 

makespan criterion including tabu search, simulated 
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annealing, genetic algorithms, iterated local search 

and hybrid techniques. Introduced by Glover in 

1989, Tabu Search (TS) is an adaptive memory 

programming considered one of the leading 

technologies for handling optimization problems.   

A key feature of tabu search is the use of the 

adaptive memory known as Tabu List (TL) to 

memorize the solutions already visited. The idea of 

tabu list is to prevent “backwards” choices. On each 

iteration, from the current solution is generated a 

pool of possible solutions, denominated as a current 

solution's neighbourhood. On each iteration, the best 

candidate evaluated by the objectiv function, that is 

not memorized in Tabu list, became next current 

solution. For PFSP, many versions of tabu search 

algorithm were  provided (Taillard, 1990), (Nowicki 

and Smutnicki, 1996), (Reeves et al.,1998), (Dodu 

and Ancău, 2020) and was shown that Tabu Search 

over performed other meta-heuristics on the large 

benmark sets (Dodu and Ancău,  2020). 

2.2 Proposed Methodology 
The purpose of this research is to provide a meta-

heuristic to minimize the assembly time in the 

manufacturing of PCBs where the assembly process 

follows the stages from M1 to M9 using a 

generalization of PFSP on lots with hundreds of 

identical PCBs. For the M2, M4 to M9 stages will 

have individual manufacturing of each PCB.  In the 

stage M1, the entire lot is completed before starting 

the flow on the next stage. In the stage M3, will 

have sub-lots processing, because the chemical 

process requires a fix number of PCBs to be 

processed at the same. Due to this request, each sub-

lot should wait until the previous stage completed 

the number of PCBs necessary to create a sub-lot for 

M3. 

The proposed approach obtains the optimal 

sequence of lots with a Tabu Search algorithm that 

starts with an initial solution, uses the random 

shifting of two lots indexes operation for the 

neighborhood generation and stops when the 

maximum number of iterations is met. The initial 

solution is determined using TS on a PFSP created 

from each job of each lot. The collection of the 

candidates in neighborhoods is evaluated by 

delegating the parallel computations to the Apache 

Spark engine. The Resilient Distributed Datasets 

(RDD) is a layer of abstracted data over the 

distributed collection that allows Apache Spark 

framework to processes a read-only multi-set of data 

items distributed over a cluster of machines.  

The waiting time of each job on machine from a 

lot (Dodu and Ancău, 2021) is: 
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Due to the constrains of the stages M1, the 

problem is reduced to generalization of PFSP for lots 

with 8 stages (M2-M9) where the waiting time of the 

first stage (M2) is determined by the execution of all 

jobs of M1. In Table 1 are described the processing 

times of each PCB type for the stages M1 to M9. 

 

Table 1. The process times of PCBs on the stages 

Stage Description 
Processing 

time/PCB(min) 

M1 
PCB Separator 

(any PCB type) 
0.0276 

M2 
PCB screen printing  

(any PCB type) 
23.3 

M3 

PCB Chemical 

Etching machine 

(any PCB type) 

2 

M4 

PCB type : xit1083  9 

PCB type : djb2036 11.3 

PCB type : pia3056 12.8 

PCB type : dkf3954 11.0 

PCB type : fqm5087 14.2 

PCB type : fea5557 15.5 

PCB type : xsc6880 11.4 

PCB type : ida8197 13.7 

PCB type : dga9698 16.1 

PCB type : rbx711 11 

M5 
Drilling  

(any PCB type) 
5 

M6 

PCB type : xit1083  1.353 

PCB type : djb2036 2.545 

PCB type : pia3056 3.820 

PCB type : dkf3954 4.943 

PCB type : fqm5087 6.358 

PCB type : fea5557 6.946 

PCB type : xsc6880 8.6 

PCB type : ida8197 10.246 

PCB type : dga9698 12.123 

PCB type : rbx711 0.888 

M7 

Wave soldering 

process  

(any PCB type) 

7 

M8 
CTC  

(any PCB type) 
2.5 

M9 
PCB Coating Machine 

(any PCB type) 
1 

 

     

   The proposed algorithm is called LPCB and it is 

described in the next section.  
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2.2.1 LPCB algorithm 
 

Step 1: 

Initialize Spark Context 

Initialize the parameters: noIterations, noNeighbors
 

Load the processing times of M2-M9 (Table 1) 

Load the processing times of M1  

Calculate the initial waiting times of M2  

Initialize the size of the sub-lots processed by M2 

Initialize the size of each lot. 
 

Step 2: Gets the initial solution of LPCB, denoted as 

LPCB*: 
 

Step 2.1:  

Initialize PFSP for 8 machines and 10 jobs using 

one job for each lot (denoted as PFSP*) 
 

Step 2.2 

Run NEH (the heuristic proposed by Nawaz, 

Enscore and Ham in 1983) for PFSP*
 
and obtains 

the solution NEH* 
 

Step 2.3. 

Run TS approach starting with the initial solution 

NEH* 
 

Step 2.3.1. 
Initialize the tabu list TL = empty 

Initialize k (the iterations number) 

Initialize the current solution solPFSP  =  NEH* 

Initialize the optimal solution solOptPFSP = NEH*  

Add NEH* in TL 
 

Step 2.3.2. 
From the current solution it is generated 

listOfNeighbors following the rule: 

While the size of listOfNeighbors doesn’t meet 

noIterations, two jobs positions are randomly 

switched in solPFSP and it is built solCandidat  

If TL doesn’t contain solCandidat  then  

 add solCandidat  in  listOfNeighbors 
 

Step 2.3.3 
Builds RDD from listOfNeighbors orderd by Cmax 

ascending  
 

Step 2.3.4 
solPFSP = first element from listOfNeighbors 
 
 

Step 2.3.5 
If Cmax(solPFSP)  <  Cmax(solOptPFSP)  then  

solOptPFSP =  solPFSP 
 

Step 2.3.6 
If  k  <  noIterations then  

             k=k+1 

             go Step 2.3.2 

  else  

    returns solOptPFSP 
 

Step 2.4 

From solOptPFSP builds the initial solution of  

LPFSP, denoted as LPCB* 

Step 3: Run TS approach starting with the initial 

solution  LPCB*: 
 

Step 3.1 
Initialize the tabu list TL = empty 

Initialize k (the iterations number) 

Initialize the current solution solLPCB = LPCB* 

Initialize the optimal solution solOptLPCB = LPCB*  

Add LPCB* in TL 
 

Step 3.2 

From the current solution it is generated 

listOfNeighbors following the rule: 

While the size of listOfNeighbors doesn’t meet 

noIterations, two jobs positions are randomly 

switched in solLPCB and it is built solCandidat  

If TL doesn’t contain solCandidat  then  

 add solCandidat  in  listOfNeighbors 
 

Step 3.3 
Builds RDD from listOfNeighbors orderd by Cmax 

ascending  
 

Step 3.4 
solLPCB= first element from listOfNeighbors 
 

Step 3.5 
If Cmax(sol LPCB)  <  Cmax(solOpt LPCB)  then  

solOpt LPCB =  sol LPCB 
 

Step 3.6 
If  k  <  noIterations then  

             k=k+1 

             go Step 3.2 

   else  

      returns solOpt LPCB 

      Stop Spark Context 

3 THE ANALYSIS OF THE RESULTS 
 

The proposed approach is coded in Java and run 

on a PC INTEL.Core-i5 CPU @ 2.30 GHz processor 

16 GB. The Apache Spark environment has been 

installed in Standalone mode, and it manages directly 

the application scheduling and provisioning of 

hardware resources.  

LPCB runs with 2000 iterations and 100 

neighbors of the current solution for different lots 

size and the results are described in Table 2-Table 8. 

Along with the optimal solution are calculated the 

following values: 

The Lower Bound, denoted as LB (Dodu and 

Ancău, 2021) 

The error percentage is the difference between LB 

and the solution generated using LPCB, denoted as  

%100max 



LB

LBC
Dist

                       (12) 
 

 

The Average, denoted as Mean: 
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Standard Deviation, denoted as SD: 
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(14) 

 

 

Standard Score - how many Standard Deviation 

from the Mean  of Cmax, denoted as Score: 
 

SD

MeanC
Score


 max

 (15) 

 

Confidence Interval of the Mean with a 95% 

Level of Confidence, denoted as CI. 
 

   Table 2 - LPCB results, set 1
 

No jobs/lot 10 

LB 2358.129  

Cmax 2394.129 

Dist 0.00015 

Mean 2394.96  

SD 2.75 

Score 1 

CI[95%] [2394.84, 2395.08] 
 

Table 3 - LPCB results, set 2
 

No jobs/lot 100 

LB 3328.129
  

Cmax 23546.613
 

Dist 0.00009
 

Mean 23547.58
 

SD 2.94
 

Score 1 

CI[95%] [23547.45, 23547.71]
 

 

Table 4 - LPCB results, set 3
 

No jobs/lot 500 

LB 116528.129
  

Cmax 117557.653
 

Dist 0.00008
 

Mean 117558.54
 

SD 2.82
 

Score 1 

CI[95%] [117558.41,117558.66]
 
 

Table 5 - LPCB results, set 4
 

No jobs/lot 700 

LB 163128.129
  

Cmax 164563.173
 

Dist 0.00008
 

Mean 164564.07
 

SD 2.87
 

Score 1 

CI[95%] [164563.94, 164564.19]
  

 

Table 6 - LPCB results, set 5 

No jobs/lot 100-300
 

LB 43599.129
  

Cmax 43850.282
 

Dist 0.00005
 

Mean 43853.85
 

SD 8.13
 

Score 1 

CI[95%] [43853.50, 43854.21]
 

 

Table 7 - LPCB results, set 6
 

No jobs/lot 300-500 

LB 98121.129
 

Cmax 98833.335
 

Dist 0.00007
 

Mean 98841.68
 

SD 23.85
 

Score 1 

CI[95%] [98840.63, 98842.72]
 

 

Table 8 - LPCB results, set 7
 

No jobs/lot 500-700 

LB 135634.129
 

Cmax 136673.188
 

Dist 0.00007
 

Mean 136675.12
 

SD 4.28
 

Score 1 

CI[95%] [136674.93, 136675.31]
 

 

 

The proposed approach performs well for all the 

sets and obtains the optimal sequence with a Tabu 

Search algorithm. In order to see if these results are 

statistically significant it is provided the 95% 

confidence interval. The gap between the initial 

solution and the Lower Bound is very small. The 

large sample size of Cmax and the small standard 

deviation have combined to give small confidence 

interval. A lower value of the standard deviation 

indicates a homogeneous distribution of the Cmax 

values around the Mean and Score = 1 and it shows 

that the optimal solution is one SD far from Mean 

and can be considered reasonably common and 

expected (the value of Cmax is not exceptionally high 

or exceptionally low). 

4 CONCLUDING REMARKS 
 

LPCB obtains the optimal sequence of 10 lots 

with specific PCB models (rbx711, xit1083, djb2036, 

pia3056, dkf3954, fqm5087, fea5557, xsc6880, 

ida8197, dga9698) in order to minimize the assembly 

time where the assembly process follows the stages 

from M1 to M9.  

LPCB is a generalization of PFSP on lots with 

hundreds of identical PCBs, using a Tabu Search 

algorithm that starts with an initial solution, uses the 

random shifting of two lots indexes operation for the 

neighborhood generation and stops when the 
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maximum number of iterations is met.  

The Tabu Search methodology is used two times 

for LPCB: for getting the initial solution and when it 

provides the global solution. For the initial solution 

TS starts with the initial solution provided by NEH 

algorithm (the heuristic proposed by Nawaz, 

Enscore and Ham in 1983) and solves PFSP. The 

sequence of jobs from the global solution of PFSP 

imposes the order of lots for the initial solution of 

LPCB. The collection of the candidates in 

neighborhoods is evaluated by delegating the 

parallel computations to the Apache Spark engine. 
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