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Part A. Mathematical model of the multi-objective DHHBFSP
	This section establishes a mathematical model to explain the multi-objective DHHBFSP. The notations and mathematical model are as follows: 
	Indices

	
	Indices of jobs , .

	
	Indices of operations and stages, .

	
	Indices of factories, .

	
	Indices of machines, .



	Parameters
	

	N
	Total number of jobs.

	S
	Total number of stages.

	F
	Total number of factories.

	
	Standard processing time of  at the  stage.

	
	Number of machines at the  stage in factory .

	
	The due date of .

	
	Process time factor of operations at the  stage in factories .

	
	Standard unit time energy consumption at the  stage in factories .

	
	Factor of unit energy consumption during the idle time of machines.

	
	Factor of unit energy consumption during the blocking time of machines.

	
	A very large positive number.



	Decision variables

	
	Completion time of the operation of .

	
	Departure time of the operation of .

	
	Tardiness of .

	
	Energy consumption during the processing of all machines.

	
	Energy consumption during the idle time of all machines.

	
	Energy consumption during the blocking time of all machines.

	
	Idle time of  at the  operation.

	
	Blocking time of  at the  operation.

	
	, if  is assigned to ;
, otherwise.

	
	, if  is processed by the  machine at the  stage of ;
, otherwise.

	
	, if  is processed after  at the stage of ;
, otherwise.


Objectives:
	
  
s.t.
          	(1)
        	 (2)
Constraints (1) and (2) calculate the tardiness for all jobs. 
  	(3)
 	(4)
 	(5)
Equations (3), (4), (5) calculate the energy consumption during the processing, idle, and blocking states, respectively.
                                           	   (6)
Constraint (6) ensures a job is assigned to only one factory.
                                   	(7)
Constraint (7) ensures that a job selects an available machine from the assigned factory.
  	(8)
 	(9)
Constraints (8) and (9) prevent processing overlap between adjacent jobs on the same machine.
 	(10)
Constraint (10) indicates that a job cannot be processed until it is released from the previous stage.
                                                              	 (11)
 	(12)
Constraints (11) and (12) describe the blocking constraint, which indicates that a job can only be released when the operation is ﬁnished and there is an available machine at the next stage; otherwise, it should be held at the current machine.
Part B. Description of APN
APN [1] mainly consists of a feature extraction layer, query glimpse layer, and pointer layer, as shown in Figure S1. Before state feature extraction, the state feature vector  of each agent is passed through a fully connected layer to form the job state feature vector.
To extract useful factory information for the optimization objective, the APN uses the attention layer in the transformer [2] to extract the feature , which can significantly reduce the processing time of the input sequence and increase the training speed of the entire policy. The attention layer builds dependencies between the input and output information entirely using a multi-head self-attention mechanism that contains two main sublayers: a multi-head self-attention layer and a feedforward network layer, each of which uses batch normalization (BN) to deal with outputs. To prevent gradient disappearance, residual connections between the sublayers were applied.
In the query glimpse layer, the attention mechanism uses multiple query vectors for . Each query vector focuses on a different part of the  information during the query process, allowing the current  information to be parsed from a different perspective. The obtained global shop floor vector is also used as a query vector to update the query vector again with each of the input job features  to select the job that is most beneficial to the optimization objective.
Similar to the attention mechanism, a pointer mechanism [3] is used to generate a probability distribution for selecting the next job for processing by computing the relation values between the job feature vector  and the query vector. A mask is a vector indicating the validation of actions. It is the same size as the actions. If action  is valid, the mask is 1; otherwise,  is 0.



[bookmark: _Ref178717869]Figure S1. APN structure
	This study also uses the APN structure for critics, which contains a feature extraction layer, a query glimpse layer, and a Q-net layer. The Q-net layer is shown on the right side of Figure S1. Substituting the pointer with a Q-net can establish the APN structure in the critic. The output of the critic is the vector [q1, q2].
Part C. Response values of four parameters on different levels
Response values and rank of each parameter in parameter tuning are shown in Table S1.
[bookmark: _Ref178717108]Table S1. Response value and rank of each parameter
	level
	B
	γ
	PR
	TR

	1
	2004.772
	1037.677
	2146.401
	484.269

	2
	646.074
	904.923
	1258.204
	979.019

	3
	484.268
	484.267
	1031.888
	1173.208

	Dalta
	1180.985
	408.589
	833.117
	502.370

	rank
	1
	4
	2
	3



Part D. IGD and P values of IPPO, PPO_S, PPO_OL & PPO_U

IGDs and P values of each instance for IPPO, PPO_S, PPO_OL and PPO_U with two different DDT can be found from Table S2 and Table S4.
[bookmark: _Ref178717082]Table S2. IGD values and P values between IPPO and the PPO_S
	Instances
	DDT = 1.0
	DDT = 1.5

	
	IGD
	P 
	IGD
	P 

	
	PPO_S
	IPPO
	PPO_S
	IPPO
	PPO_S
	IPPO
	PPO_S
	IPPO

	J10E1
	7.29E+03
	4.54E+01
	0.00
	0.67
	3.77E+03
	0.00E+00
	0.00
	0.91

	J10E2
	5.44E+03
	1.60E+03
	0.00
	0.50
	7.56E+03
	0.00E+00
	0.00
	0.88

	J10E3
	4.02E+03
	3.11E+02
	0.00
	0.50
	6.19E+03
	1.66E+02
	0.00
	0.50

	J10E4
	7.41E+03
	3.38E+02
	0.00
	0.50
	5.78E+03
	1.50E+02
	0.00
	0.60

	J10E5
	3.87E+03
	4.90E+02
	0.00
	0.40
	4.22E+03
	1.78E+02
	0.00
	0.50

	J20E1
	9.29E+03
	0.00E+00
	0.00
	1.00
	9.66E+03
	6.33E+02
	0.00
	0.67

	J20E2
	8.11E+03
	3.78E+02
	0.00
	0.50
	3.78E+03
	4.83E+02
	0.00
	0.75

	J20E3
	6.68E+03
	0.00E+00
	0.00
	1.00
	3.16E+03
	0.00E+00
	0.00
	1.00

	J20E4
	5.83E+03
	3.98E+02
	0.00
	0.67
	5.96E+03
	0.00E+00
	0.00
	1.00

	J20E5
	4.94E+03
	7.45E+02
	0.00
	0.60
	4.82E+03
	1.22E+03
	0.00
	0.17

	J50E1
	2.18E+03
	8.07E+02
	0.00
	0.50
	8.23E+03
	9.08E+02
	0.00
	0.50

	J50E2
	4.43E+03
	9.16E+02
	0.00
	0.50
	6.54E+03
	0.00E+00
	0.00
	1.00

	J50E3
	4.33E+03
	4.63E+02
	0.14
	0.57
	9.04E+03
	0.00E+00
	0.00
	1.00

	J50E4
	6.84E+03
	2.11E+02
	0.00
	0.75
	1.22E+04
	6.87E+02
	0.00
	0.67

	J50E5
	4.11E+03
	1.56E+03
	0.00
	0.33
	8.88E+03
	0.00E+00
	0.00
	1.00

	J100E1
	2.69E+03
	3.07E+03
	0.33
	0.33
	1.23E+04
	7.35E+03
	0.00
	0.25

	J100E2
	5.86E+03
	2.14E+03
	0.00
	0.33
	1.93E+04
	0.00E+00
	0.00
	1.00

	J100E3
	8.97E+03
	1.11E+03
	0.20
	0.60
	1.09E+04
	0.00E+00
	0.00
	1.00

	J100E4
	5.00E+03
	4.54E+03
	0.10
	0.20
	7.75E+03
	3.21E+03
	0.00
	0.67

	J100E5
	2.30E+03
	3.40E+03
	0.50
	0.33
	1.41E+04
	2.78E+03
	0.00
	0.70

	J200E1
	2.40E+04
	8.64E+03
	0.20
	0.50
	7.22E+04
	3.56E+03
	0.00
	0.67

	J200E2
	1.66E+04
	1.56E+04
	0.33
	0.42
	4.43E+04
	4.56E+03
	0.00
	0.83

	J200E3
	3.25E+04
	1.86E+04
	0.20
	0.60
	5.80E+04
	4.85E+03
	0.00
	0.75

	J200E4
	2.15E+04
	1.34E+04
	0.19
	0.54
	1.07E+04
	2.60E+03
	0.25
	0.75

	J200E5
	1.47E+04
	1.23E+04
	0.00
	0.83
	2.96E+05
	3.28E+03
	0.00
	0.71
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Table S3. IGD values and P values between IPPO and the PPO_OL
	Instances
	DDT = 1.0
	DDT = 1.5

	
	IGD
	P value
	IGD
	P value

	
	PPO_OL
	IPPO
	PPO_OL
	IPPO
	PPO_OL
	IPPO
	PPO_OL
	IPPO

	J10E1
	4.50E+02
	4.54E+01
	0.33
	0.67
	1.02E+03
	0.00E+00
	0.09
	0.91

	J10E2
	1.66E+03
	1.60E+03
	0.50
	0.50
	3.69E+03
	0.00E+00
	0.00
	0.88

	J10E3
	7.03E+02
	3.11E+02
	0.20
	0.50
	1.23E+03
	1.66E+02
	0.10
	0.50

	J10E4
	2.06E+02
	3.38E+02
	0.25
	0.50
	4.78E+03
	1.50E+02
	0.00
	0.60

	J10E5
	4.52E+02
	4.90E+02
	0.20
	0.40
	1.32E+03
	1.78E+02
	0.20
	0.50

	J20E1
	2.85E+03
	0.00E+00
	0.00
	1.00
	3.87E+03
	6.33E+02
	0.11
	0.67

	J20E2
	3.20E+02
	3.78E+02
	0.30
	0.50
	2.44E+03
	4.83E+02
	0.00
	0.75

	J20E3
	1.64E+03
	0.00E+00
	0.00
	1.00
	1.38E+03
	0.00E+00
	0.00
	1.00

	J20E4
	1.10E+03
	3.98E+02
	0.00
	0.67
	3.19E+03
	0.00E+00
	0.00
	1.00

	J20E5
	4.11E+03
	7.45E+02
	0.00
	0.60
	5.51E+02
	1.22E+03
	0.67
	0.17

	J50E1
	1.77E+03
	8.07E+02
	0.17
	0.50
	1.07E+03
	9.08E+02
	0.50
	0.50

	J50E2
	1.72E+03
	9.16E+02
	0.25
	0.50
	2.33E+03
	0.00E+00
	0.00
	1.00

	J50E3
	1.55E+03
	4.63E+02
	0.29
	0.57
	6.65E+03
	0.00E+00
	0.00
	1.00

	J50E4
	2.10E+03
	2.11E+02
	0.25
	0.75
	2.08E+03
	6.87E+02
	0.00
	0.67

	J50E5
	2.30E+03
	1.56E+03
	0.33
	0.33
	3.37E+03
	0.00E+00
	0.00
	1.00

	J100E1
	3.61E+03
	3.07E+03
	0.17
	0.33
	2.83E+02
	7.35E+03
	0.75
	0.25

	J100E2
	2.48E+03
	2.14E+03
	0.33
	0.33
	1.05E+04
	0.00E+00
	0.00
	1.00

	J100E3
	5.39E+03
	1.11E+03
	0.20
	0.60
	9.77E+03
	0.00E+00
	0.00
	1.00

	J100E4
	9.60E+03
	4.54E+03
	0.00
	0.20
	8.07E+03
	3.21E+03
	0.00
	0.67

	J100E5
	5.20E+03
	3.40E+03
	0.17
	0.33
	7.11E+03
	2.78E+03
	0.00
	0.70

	J200E1
	2.50E+04
	8.64E+03
	0.30
	0.50
	8.11E+03
	3.56E+03
	0.33
	0.67

	J200E2
	1.78E+04
	1.56E+04
	0.25
	0.42
	3.33E+04
	4.56E+03
	0.00
	0.83

	J200E3
	5.00E+04
	1.86E+04
	0.00
	0.60
	1.12E+04
	4.85E+03
	0.25
	0.75

	J200E4
	2.67E+04
	1.34E+04
	0.19
	0.54
	1.27E+04
	2.60E+03
	0.00
	0.75

	J200E5
	1.60E+04
	1.23E+04
	0.17
	0.83
	2.19E+04
	3.28E+03
	0.14
	0.71
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Table S4. IGD values and P values between IPPO and the PPO_U
	Instances
	DDT = 1.0
	DDT = 1.5

	
	IGD
	P 
	IGD
	P 

	
	PPO_U
	IPPO
	PPO_U
	IPPO
	PPO_U
	IPPO
	PPO_U
	IPPO

	J10E1
	2.58E+03
	4.54E+01
	0.00
	0.67
	6.01E+03
	0.00E+00
	0.00
	0.91

	J10E2
	2.12E+03
	1.60E+03
	0.00
	0.50
	1.29E+03
	0.00E+00
	0.13
	0.88

	J10E3
	5.58E+02
	3.11E+02
	0.30
	0.50
	3.98E+02
	1.66E+02
	0.40
	0.50

	J10E4
	6.66E+02
	3.38E+02
	0.25
	0.50
	4.62E+02
	1.50E+02
	0.40
	0.60

	J10E5
	6.64E+02
	4.90E+02
	0.40
	0.40
	4.31E+02
	1.78E+02
	0.30
	0.50

	J20E1
	1.57E+03
	0.00E+00
	0.00
	1.00
	6.73E+02
	6.33E+02
	0.22
	0.67

	J20E2
	1.11E+03
	3.78E+02
	0.20
	0.50
	2.13E+03
	4.83E+02
	0.25
	0.75

	J20E3
	3.85E+03
	0.00E+00
	0.00
	1.00
	2.77E+03
	0.00E+00
	0.00
	1.00

	J20E4
	1.05E+03
	3.98E+02
	0.33
	0.67
	1.62E+03
	0.00E+00
	0.00
	1.00

	J20E5
	2.74E+03
	7.45E+02
	0.40
	0.60
	6.64E+02
	1.22E+03
	0.17
	0.17

	J50E1
	1.52E+03
	8.07E+02
	0.33
	0.50
	4.09E+03
	9.08E+02
	0.00
	0.50

	J50E2
	1.56E+03
	9.16E+02
	0.25
	0.50
	4.38E+03
	0.00E+00
	0.00
	1.00

	J50E3
	3.09E+03
	4.63E+02
	0.00
	0.57
	6.58E+03
	0.00E+00
	0.00
	1.00

	J50E4
	4.28E+03
	2.11E+02
	0.00
	0.75
	1.42E+03
	6.87E+02
	0.33
	0.67

	J50E5
	3.12E+03
	1.56E+03
	0.33
	0.33
	3.17E+03
	0.00E+00
	0.00
	1.00

	J100E1
	8.19E+03
	3.07E+03
	0.17
	0.33
	1.12E+04
	7.35E+03
	0.00
	0.25

	J100E2
	1.58E+03
	2.14E+03
	0.33
	0.33
	7.99E+03
	0.00E+00
	0.00
	1.00

	J100E3
	1.33E+04
	1.11E+03
	0.00
	0.60
	7.28E+03
	0.00E+00
	0.00
	1.00

	J100E4
	4.17E+03
	4.54E+03
	0.20
	0.20
	5.13E+03
	3.21E+03
	0.33
	0.67

	J100E5
	5.27E+03
	3.40E+03
	0.00
	0.33
	5.90E+03
	2.78E+03
	0.30
	0.70

	J200E1
	4.35E+04
	8.64E+03
	0.00
	0.50
	9.36E+03
	3.56E+03
	0.00
	0.67

	J200E2
	2.28E+04
	1.56E+04
	0.00
	0.42
	3.61E+04
	4.56E+03
	0.17
	0.83

	J200E3
	2.38E+04
	1.86E+04
	0.20
	0.60
	2.71E+04
	4.85E+03
	0.00
	0.75

	J200E4
	1.53E+04
	1.34E+04
	0.15
	0.54
	1.49E+05
	2.60E+03
	0.00
	0.75

	J200E5
	3.61E+04
	1.23E+04
	0.00
	0.83
	2.38E+04
	3.28E+03
	0.14
	0.71



Part E. Detailed comparison between IPPO and PPO_S, PPO_OL & PPO_U
To demonstrate the trend in the change in the number of jobs with different DDT values, we calculated the average values of IGD and P with different numbers of jobs. Figure S2 shows that with an increase in the number of jobs, the IGD of all methods increases regardless of whether the DDT values change, which is caused by the scale of the instances. However, the methods do not exhibit similar trends in P values with an increasing number of jobs. We can learn from the right side of Figure S4 that all methods change slightly in the P value as the number of jobs increases when the DDT value is 1.5. However, with a DDT of 1.0, as shown on the left side of Figure S3, with the exception of the PPO_U, the other methods were unstable. However, with DDT = 1.0, IPPO performed the best with 20 jobs. This is because the model was trained for each episode with the insertion of 20 jobs and a DDT of 1.5. Therefore, the proposed IPPO performed better than the other unimproved methods, although it was sensitive to the training setting.
[image: ]  
[bookmark: _Ref178717573]Figure S2. IGD value trend of different methods vs. number of jobs 
[image: ] 
[bookmark: _Ref178717615]Figure S3. P value trend of different methods vs. number of jobs 
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Part F. IGD and P values of IPPO, dispatching rules, metaheuristics & DRL methods
IGDs and P values of each instance for IPPO, dispatching rules containing earliest due date (EDD), modified due date (MDD), minimum slack time (MST), shortest process time (SPT), and largest process time (LPT), and one commonly used MODRL method (abbreviated as SW) can be found in Table S5 and Table S6.
Table S5. IGD values between IPPO and other rules
	Instances
	EDD
	MDD
	MST
	LPT
	SPT
	SW
	IPPO

	J10E1
	2.18E+04
	1.08E+04
	1.73E+04
	2.53E+04
	1.33E+04
	1.53E+04
	0.00E+00

	J10E2
	1.94E+04
	9.42E+03
	1.80E+04
	2.40E+04
	1.30E+04
	1.40E+04
	1.63E+03

	J10E3
	2.29E+04
	2.19E+04
	1.73E+04
	2.41E+04
	1.62E+04
	1.81E+04
	0.00E+00

	J10E4
	2.09E+04
	1.95E+04
	1.62E+04
	2.62E+04
	1.42E+04
	1.62E+04
	0.00E+00

	J10E5
	1.96E+04
	1.73E+04
	1.84E+04
	2.15E+04
	1.58E+04
	1.13E+04
	0.00E+00

	J20E1
	2.36E+04
	1.23E+04
	1.80E+04
	2.34E+04
	1.63E+04
	1.44E+04
	0.00E+00

	J20E2
	2.26E+04
	1.36E+04
	1.69E+04
	2.01E+04
	1.79E+04
	1.01E+04
	0.00E+00

	J20E3
	2.56E+04
	1.04E+04
	1.68E+04
	1.83E+04
	1.62E+04
	1.53E+04
	0.00E+00

	J20E4
	2.28E+04
	1.10E+04
	1.86E+04
	2.41E+04
	1.85E+04
	1.41E+04
	0.00E+00

	J20E5
	2.60E+04
	1.22E+04
	1.56E+04
	1.99E+04
	1.79E+04
	1.27E+04
	0.00E+00

	J50E1
	3.03E+04
	3.10E+04
	3.08E+04
	1.81E+04
	3.08E+04
	1.97E+04
	7.50E+03

	J50E2
	2.71E+04
	3.21E+04
	3.19E+04
	2.46E+04
	2.19E+04
	2.46E+04
	1.17E+04

	J50E3
	2.39E+04
	3.88E+04
	2.88E+04
	2.17E+04
	2.88E+04
	2.32E+04
	0.00E+00

	J50E4
	2.43E+04
	3.72E+04
	2.81E+04
	2.22E+04
	2.41E+04
	1.93E+04
	9.21E+03

	J50E5
	2.28E+04
	4.01E+04
	2.63E+04
	2.19E+04
	2.33E+04
	2.20E+04
	4.19E+03

	J100E1
	1.65E+05
	8.29E+04
	6.45E+04
	8.12E+04
	9.15E+04
	4.16E+04
	2.38E+04

	J100E2
	1.52E+05
	1.03E+05
	6.55E+04
	8.76E+04
	8.47E+04
	4.25E+04
	1.16E+04

	J100E3
	9.30E+04
	9.41E+04
	8.18E+04
	9.12E+04
	9.28E+04
	4.19E+04
	5.93E+03

	J100E4
	1.01E+05
	9.68E+04
	7.35E+04
	8.34E+04
	9.04E+04
	4.64E+04
	3.85E+04

	J100E5
	1.35E+05
	7.83E+04
	9.13E+04
	8.92E+04
	8.93E+04
	4.51E+04
	5.81E+04

	J200E1
	2.91E+05
	2.83E+05
	3.05E+05
	2.21E+05
	2.31E+05
	7.04E+04
	0.00E+00

	J200E2
	3.24E+05
	2.42E+05
	3.41E+05
	2.26E+05
	2.67E+05
	7.26E+04
	0.00E+00

	J200E3
	3.51E+05
	2.79E+05
	3.31E+05
	2.33E+05
	2.33E+05
	6.75E+04
	2.20E+05

	J200E4
	3.00E+05
	2.53E+05
	3.19E+05
	2.15E+05
	2.19E+05
	7.33E+04
	1.23E+04

	J200E5
	3.11E+05
	2.66E+05
	3.10E+05
	2.03E+05
	2.66E+05
	7.72E+04
	0.00E+00



[bookmark: _Ref178716911]Table S6. P values between IPPO and other rules
	Instances
	EDD
	MDD
	MST
	LPT
	SPT
	SW
	IPPO

	J10E1
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J10E2
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.50 

	J10E3
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J10E4
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J10E5
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E1
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E2
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E3
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E4
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E5
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J50E1
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.50 

	J50E2
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.33 

	J50E3
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J50E4
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.50 

	J50E5
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J100E1
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	J100E2
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J100E3
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.33 

	J100E4
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.33 

	J100E5
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E1
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E2
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E3
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E4
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.33 

	J200E5
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 



IGDs and P values of each instance for IPPO, metaheuristics (MOEAD23 and Pdjaya23) and DRL methods (MAEQL and MAGPI) can be found in Table S7 and Table S8.
[bookmark: _Ref178716855]Table S7. IGD values between IPPO and other algorithms
	Instances
	MOEAD23
	Pdjaya23
	MAEQL
	MAGPI
	IPPO

	J10E1
	4.77E+03
	3.84E+03
	8.28E+03
	5.34E+03
	0.00E+00

	J10E2
	4.45E+03
	5.42E+03
	7.99E+03
	4.01E+03
	1.63E+03

	J10E3
	2.54E+04
	2.19E+04
	2.73E+04
	2.01E+04
	0.00E+00

	J10E4
	2.09E+04
	2.05E+04
	3.42E+04
	2.62E+04
	0.00E+00

	J10E5
	1.86E+04
	1.73E+04
	2.88E+04
	2.10E+04
	0.00E+00

	J20E1
	1.36E+04
	1.27E+04
	3.36E+04
	1.64E+04
	0.00E+00

	J20E2
	1.21E+04
	1.43E+04
	2.29E+04
	1.01E+04
	0.00E+00

	J20E3
	1.36E+04
	1.74E+04
	3.12E+04
	1.63E+04
	0.00E+00

	J20E4
	1.68E+04
	1.10E+04
	2.30E+04
	7.14E+03
	0.00E+00

	J20E5
	1.30E+04
	1.82E+04
	2.94E+04
	9.93E+03
	0.00E+00

	J50E1
	1.13E+04
	1.10E+04
	4.08E+04
	8.15E+03
	7.50E+03

	J50E2
	1.71E+04
	1.42E+04
	4.19E+04
	4.60E+03
	1.17E+04

	J50E3
	2.07E+04
	1.90E+04
	2.88E+04
	2.32E+04
	0.00E+00

	J50E4
	1.43E+04
	1.12E+04
	3.81E+04
	1.42E+04
	9.21E+03

	J50E5
	2.76E+04
	1.47E+04
	3.63E+04
	2.00E+04
	4.19E+03

	J100E1
	6.78E+04
	8.46E+04
	3.15E+04
	2.16E+04
	2.38E+04

	J100E2
	7.23E+04
	6.08E+04
	2.41E+04
	0.00E+00
	1.16E+04

	J100E3
	8.30E+04
	7.71E+04
	3.28E+04
	2.25E+04
	5.93E+03

	J100E4
	7.14E+04
	4.62E+04
	4.15E+04
	2.64E+04
	3.85E+04

	J100E5
	6.53E+04
	8.25E+04
	1.03E+05
	9.81E+04
	5.81E+04

	J200E1
	2.41E+05
	2.03E+05
	1.83E+05
	2.05E+05
	0.00E+00

	J200E2
	1.17E+05
	1.30E+05
	5.12E+04
	2.26E+04
	0.00E+00

	J200E3
	4.51E+05
	1.33E+05
	5.13E+04
	3.29E+04
	2.20E+05

	J200E4
	2.40E+04
	1.29E+05
	3.65E+04
	5.33E+03
	1.23E+04

	J200E5
	1.11E+05
	1.56E+05
	1.85E+04
	1.22E+04
	0.00E+00



[bookmark: _Ref178716874]Table S8. P values between IPPO and other algorithms
	Instances
	MOEAD23
	Pdjaya23
	MAEQL
	MAGPI
	IPPO

	J10E1
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J10E2
	0.25 
	0.25 
	0.00 
	0.00 
	0.50 

	J10E3
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J10E4
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J10E5
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E1
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E2
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E3
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E4
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J20E5
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J50E1
	0.00 
	0.00 
	0.00 
	0.50 
	0.50 

	J50E2
	0.00 
	0.00 
	0.00 
	0.67 
	0.33 

	J50E3
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J50E4
	0.00 
	0.00 
	0.00 
	0.50 
	0.50 

	J50E5
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J100E1
	0.50 
	0.00 
	0.00 
	0.50 
	0.00 

	J100E2
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J100E3
	0.00 
	0.00 
	0.00 
	0.67 
	0.33 

	J100E4
	0.00 
	0.00 
	0.00 
	0.67 
	0.33 

	J100E5
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E1
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E2
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E3
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 

	J200E4
	0.00 
	0.00 
	0.00 
	0.67 
	0.33 

	J200E5
	0.00 
	0.00 
	0.00 
	0.00 
	1.00 
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