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 Problem preview 

 Model 

 Two-stage assembly flow shop(TSAFP) 

 1𝑠𝑡 stage : 𝑚 machines 
 2𝑛𝑑stage : single assembly machine 
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 Two-stage assembly flow shop(TSAFP) 
with multiple non-identical assembly machines 
 1𝑠𝑡 stage : 𝑚 machines 
 2𝑛𝑑stage : 𝑚 assembly machines 
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 Literature review 

Type of stage Author Measure Algorithm 

Two-stage  
flow shop 

Lee et al(1993) 

Makespan 

B&B Potts et al(1995) 

Hariri and potts(1997) 

Al-Anzi et al(2006) SA, TS, H-TS 

Al-Anzi et al(2006) 
(Setup times) 

TA, PSO 

Al-Anzi et al(2005) 

Makespan  
and  

mean 
completion time 

ACO, SA, SDE 

 There are several assembly machines at the second stage 



 Objective 

 To minimize makespan 

 Decision variable 

 Sequence of job on each stage 
 Allocate to which machines at second stage 

 Solution approach 

 Hybrid Simulated annealing(SA) 

 Assumptions 

 Zero ready time 
 Preemption is not allowed 
 Each machine can process just one job at a time 

 Constraints 

 The last operation at Stage 2 may start only after all 𝑚 operations  
at Stage 1 are completed   

 Problem 

 TSAFP with multiple non-identical assembly machines 



 𝑇𝑖𝑏 Operation time of the job 𝑖 on machine 𝑏 at the first stage; 
  𝑖 = 1,… , n, 𝑏 = 1,… ,𝑚 

 𝑇𝑇𝑗𝑏 Operation time of the job in position 𝑗 in the first stage on machine 𝑏  

 at the first stage; 𝑗 = 1,… , n 
 𝑃𝑞𝑖 Assembly time of the job 𝑖 on assembly machine 𝑞 at the second stage; 

 𝑞 = 1,… , kk 
 𝑃′𝑞𝑗 Assembly time of the job in position 𝑗 in the first stage on assembly  

 machine 𝑞 at the second stage 
 𝑆𝑞𝑗  Completion time of the job in position 𝑗 in the first stage on assembly 

 machine 𝑞 at the second stage 
 𝐹𝑇𝑗𝑏 Completion time of an operation of job in position 𝑗  

 which has to be processed on machine 𝑏 in the first stage 
 𝐶𝑗  Completion time of job in position 𝑗 in the first stage, 

 i.e., ready time of the job for the second stage  
 𝐶𝑇𝑞𝑗 The completion time of the last job before job in position 𝑗  

 which has been assigned on assembly machine 𝑞 
 𝑆𝑆𝑞 Completion time of the last job assembled on assembly machine 𝑞  

 𝑍𝑍𝑞𝑗 The time which assembly process on job in position 𝑗 can be started 

 on machine 𝑞 
 𝑊 Makespan 

 Notations 

Job (𝑖) 
Position (𝑗)  
1st stage machine (𝑏) 
2nd stage machine (𝑞) 
 



 Notations 

 𝑥𝑖𝑗 =  
1
0
   

 𝑦𝑖𝑗 =  
1
0
  

if 𝑖th job is assigned to 𝑗th sequence in stage 1 
otherwise;  ∀𝑖 = 1,… , 𝑛, ∀𝑗 = 1,… , 𝑛 

if the job in position 𝑗 in the stage 1 is assigned to machine 𝑞 in the stage 2 
otherwise;  ∀𝑞 = 1,… , 𝑘𝑘, ∀𝑗 = 1,… , 𝑛 
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∀𝑞 = 1,… , 𝑘𝑘, ∀𝑗 = 2,… , 𝑛 

∀𝑞 = 1,… , 𝑘𝑘, ∀𝑗 = 2,… , 𝑛 

∀𝑗 = 1,… , 𝑛 

∀𝑞 = 1,… , 𝑘𝑘, ∀𝑗 = 2,… , 𝑛, ∀𝑘 = 2,… , 𝑗 

∀𝑞 = 1,… , 𝑘𝑘 



 Mathematical model 
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 Mathematical model 
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(5-8) 

𝑑𝑑𝑞𝑗 = 𝑦𝑞𝑗 ∗ 𝑍𝑍𝑞𝑗 

𝑒𝑒𝑞𝑗 = 𝑦𝑞𝑗 ∗ 𝑃′𝑞𝑗 



 Mathematical model 
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 Mathematical model 
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여기에 수식을 입력하십시오. 

 Hybrid Simulated Annealing(hybrid SA) 

Assembly machine 
selection heuristic 



여기에 수식을 입력하십시오. 

 Hybrid Simulated Annealing(hybrid SA) 

 Assembly machine selection heuristic 

1. Ready time & Matrix PP(assembly time of jobs on assembly machines) 

 𝐶1 = 2, 𝐶2= 5, 𝐶3 = 9, 𝐶4= 13 

 𝑃𝑃 =

11   8
2    3
9    2
7    9

 

 Ex) Job : 4,  
     2nd stage assembly machine : 2 

2. Vector 𝑆 (the time which assembly machines become idle for each allocation) 

 𝑆 = 0    0  

3. Matrix M 

 𝑀1 =

13   10
7     8
18   11
20   22

 

4. Vector 𝑆 updating 

 𝑆 = 7    0  
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여기에 수식을 입력하십시오. 

 Hybrid Simulated Annealing(hybrid SA) 

 Assembly machine selection heuristic 

5. Matrix M 

 𝑀1,1 = max 2,7 + 11 = 18 
 𝑀2,1 = max 9,7 + 9 = 18 
 𝑀3,1 = max 13,7 + 7 = 20 

 𝑀2 =
18   10
18   11
20   22

 

6. Vector 𝑆 updating 

 𝑆 = 7    10  

7. Matrix M 

 𝑀1,2 = max 9,10 + 2 = 12 
 𝑀2,2 = max 13,10 + 9 = 22 

 𝑀3 =
18   12
20   22

 

8. Vector 𝑆 updating 

 𝑆 = 7    22  

9. Matrix M 

 𝑀1,2 = max 13,22 + 9 = 31  𝑀4 = 20   31  
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여기에 수식을 입력하십시오. 

 Hybrid Simulated Annealing(hybrid SA) 

 Assembly machine selection heuristic 

 A single machine : 𝑀 =

13   10
7    11
7     8
20   22

 

 In more than one minimum case 

𝑀 =

13   10
7    11
7     8
20   22

 

 A single job : 𝑀 =

13   10   15
7     7    12
18     8   14
20   22   16

 𝑀 =

13   10   15
7     7    12
18     8   14
20   22   16

 

 Random : 𝑀 =

13   10
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20   22

 𝑀 =
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20   22

 

Wise selection 

Random selection 



여기에 수식을 입력하십시오. 

 Hybrid Simulated Annealing(hybrid SA) 

 Initial sequences 

 𝑅𝑎𝑛𝑑𝑜𝑚 

 Neighborhood generation(Swap) 

1 3 2 4 

1 4 2 3 

 Neighborhood movement 

 The initial temperature (𝑻𝟏) : 
- 0.01, 0.1, 10, 100, 1000 and 10000 

 The final temperatures (𝑻𝟐) : 
- 0.005, 0.001, 0.0005, 0.0001, 0.00005  
  and 0.00001  

 The cooling factor 𝒂 : 
- 0.94, 0.95, 0.96, 0.97, 0.98 and 0.99 

 The number of iterations 𝒏𝒐𝒊 : 
- 10, 20, 40, 60, 80, 100, 120, 150 and 200 

 Probability 𝑝 =  𝑒−(
𝑑

𝑇1
), 𝑑 =  

𝐹2−𝐹1

𝐹1
 

 Termination condition 

 Stop when the finial temperature 
reaches to the steady state 

 Parameter setting 

 Best results parameter setting 
 The initial temperature (𝑻𝟏) : 10 
 The final temperatures (𝑻𝟐) : 0.0001  
 The cooling factor 𝒂 : 0.96 
 The number of iterations 𝒏𝒐𝒊 : 100 



 Experimentation environment  

- first stage(𝑚) : 2, 4, 6 and 8 

- second stage(𝑘𝑘) : 2, 3 and 4 

- first stage(𝑚) :  0,100  

- second stage(𝑘𝑘) : 1,100   

 Number of jobs : 30, 50, 70, 90 and 110  
 

 Number of machines : 
 
 
 

 Uniform distribution :  
 
 
 

 Comparison the performance of the heuristics using measure : 
 
 

 
 

- Average error solution error 

- Average best solution error 

- Average worst solution error 

- Coefficient of variation(CV) 

- Run time 







 3600∗ : more than 3600 sec 
 All of the problems are less than 2% in Average mean solution error 
 Large problem with more than 50 jobs are less than 1% in Average mean solution error 









 Experimentation 
Environment 

- Application : bedroom furniture  

- First stage (𝑚) : 5 

- Second stage 𝑘𝑘  : 3 



 Summary 

 TSAFP with multiple non-identical assembly machines 
 Makespan 
 Hybrid SA 

 Future research 

 Other heuristics 
 Other objectives 
 Sequence-dependent setup times, Buffer between stages  

and Priorities in jobs 

 Adv. and Dis-adv 

 Adv. 
 

 Dis-adv. 


