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Abstract
Aiming at the defect that quasi critical path algorithm can't take into account both vertical scheduling and
horizontal scheduling when scheduling products, this paper proposes an algorithm based on quasi
critical path strategy for exchanging adjacent parallel processes of the same device. The algorithm takes
the scheduling scheme formed by the quasi critical path strategy as the basic scheduling scheme,
proposes and applies the adjacent parallel processes interchange strategy and the adjacent parallel
processes adjustment strategy, generates several new product scheduling schemes, and adds them to the
product scheduling scheme set. Finally, according to the optimal product scheduling scheme selection
strategy, the product scheduling scheme with the minimum total processing time is selected as the �nal
scheduling scheme. The proposed algorithm ensures the compactness of the serial processes, improves
the parallel processing of the parallel processes, and optimizes the scheduling results.

1. Introduction
Scheduling, as a key factor affecting the production e�ciency of enterprises, has always been a hot issue
studied by scholars. E�cient scheduling optimization algorithm can maximize production e�ciency and
help enterprises to achieve higher bene�ts. At present, there are two main research directions in this �eld,
namely, single processing (assembly) scheduling and integrated scheduling. Typical representatives of
the former scheduling are job-shop and �ow-shop scheduling. This kind of production mode of
processing �rst and assembling later is quite common in mass production. The reason is that: due to the
large quantity of products ordered, the centralized production of disassembled parts will produce a large
amount of inventory, and then the inventory will be assembled. In this way, synchronous processing and
assembly can shorten the production cycle. At present, there are many research achievements in this
direction, and more advanced methods include genetic algorithm [1], tabu search [2], neural network
method [3][4], heuristic algorithm [5] and various hybrid algorithms [6–8]. However, at present, enterprises
are facing more and more single and small batch orders. The production of these orders often does not
produce inventory, or produces a small amount of inventory. If the job shop and �ow shop scheduling
methods are still used, it will not shorten the production cycle, but will prolong the production cycle
because of the inevitable connection between production and assembly. Therefore, Xie et al. [9] proposed
an integrated scheduling method considering production and processing activities and assembly
activities at the same time. Among them, the quasi critical path method is an effective method to solve
the integrated scheduling problem. The algorithm points out the in�uence of the scheduling of long path
nodes in the process tree on the �nal scheduling results, and proposes to determine the scheduling order
of nodes by calculating the path length of each process node in the process tree, so as to improve the
scheduling priority of nodes on the long path and optimize the scheduling results. Many scholars then
improved the algorithm, including layer �rst, dynamic critical path and so on [10–13], but these methods
have high complexity. Based on the quasi critical path method, this paper proposes the adjacent parallel
process exchange strategy of the same device to optimize the scheduling results without increasing the
complexity of the algorithm [14].
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The rest of this paper is organized as follows: Section 2 contains problem description and analysis.
Section 3 discusses the strategy design. Section 4 shows the example analysis. Section 5 shows
experimental comparison and analysis. Section 6 concludes the paper.

2. Problem Description And Analysis
The product processing technology of the integrated scheduling problem is shown as a tree structure,
there is a product process tree, as shown in Fig. 1. Where, the node in the tree represents the working
procedure of the product, Among them, the node with a penetration of 1 is the processing process node,
and the node with a penetration greater than 1 is the assembly process node. In this paper, these two
types of operations are treated together, collectively referred to as processes. The text in the node
represents the process number, processing device number and processing time respectively. For example,
A1/M1/15 represents that process A1 will be processed on device M1, and the processing time is 15 time
units. The directed edge represents the partial order relationship of the processing order of the operation.
The root node represents the last operation in the product. The processing of the root node indicates that
the product has been processed. In addition, the integrated scheduling problem must meet the following
constraints.

(1)Each process must strictly abide by the agreed partial order relationship in the processing tree;

(2)Each device can only process one process at any time, and the processing process cannot be
interrupted;

(3)There is no device with the same function in the device set;

(4)If and only if all the foreprocesses of a process are in the state of �nished processing (or no
foreprocesses), the process can be processed;

(5)The same device does not exist in the workshop;

(6)Waiting between processing activities of different processes is allowed, and the device is allowed to
idle before the process arrives.

The difference between the processing end time of the latest end process and the processing start time of
the earliest start process is the total processing time of the product. The scheduling objective of general
integrated scheduling problem is to minimize the total processing time.

The general description of integrated scheduling problem is shown in formula (1) - formula (4).

T = min {max{Ei}}  (1)
s.t. min(tij)  (2)
tij+1 ≤ tij + gij, i = 1,2,..., M; j = 1,2,...,N  (3)
txy ≥ max(tij + gij)  (4)
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Where, in formula (1), T is the scheduling optimization objective: the product is completed as soon as
possible, and Ei is the completion time of the last process on device i (i = 1, 2,..., m);In Eq. (2), tij is the start
processing time of the jth process of equipment I, and min(tij ) means that each process starts as soon as
possible under the constraints of equations (3) and (4);Equations (3) and (4) respectively represent the
constraints of process processing, tij+1 < = tij+gij means that the start time of the subsequent process on
the same equipment must be after the end of the previous process, gij is the continuous processing time
of the j-th process of device i; txy > = max (tij+gij ) indicates that the start time of the subsequent process in
the process diagram must be after the end of the previous process. Process txy is the subsequent process
of process tij.

3. Strategy Design
The algorithm design idea proposed in this paper is to optimize the scheduling results without increasing
the time complexity of the comprehensive scheduling algorithm. Through analysis, it is found that the
quasi critical path scheduling method pays too much attention to the vertical scheduling of processes in
the process tree and ignores the parallel scheduling of horizontal processes [7], resulting in unsatisfactory
scheduling results. Therefore, based on the scheduling results of quasi critical path algorithm, this paper
proposes to adjust the scheduling sequence of adjacent processes and parallel processes on each
process, so as to adjust the scheduling of subsequent processes, so as to �nd a better solution. The
algorithm framework is as follows:

1. Set the number of device required during product processing as N and the total number of processing
processes on each device as nd;

2. Calculate the processing path length of each process node in the product processing process tree;
3. Use the quasi critical path strategy to generate the product scheduling scheme and add it to the set of
alternative product scheduling schemes;
4. For i = 1 to N;
5. For j = 1 to Nd-1;
6. Based on the product scheduling scheme generated by the proposed critical path strategy, use the
adjacent process exchange strategy of the same device to select the exchange process and exchange the
scheduling sequence;
7. Use the same device process exchange adjustment strategy to adjust the processes affected by the
exchange process in step 6 to generate a new product scheduling scheme;
8. Add the scheduling scheme obtained in step 7 to the set of alternative product scheduling schemes;
9. Next i;
10. Next j;
11.In the set of alternative product scheduling schemes, the optimal product scheduling scheme selection
strategy is used to select the optimal scheduling scheme.
12.Generate product scheduling Gantt chart.
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Next, the adjacent process exchange strategy of the same device, the adjacent process exchange
adjustment strategy of the same device and the optimal product scheduling scheme selection strategy
are introduced in detail.

3.1Analysis and design of the adjacent process exchange strategy of the same device

Suppose there are 20 processes in the process tree, as shown in Fig. 1,namely A, B, C, D, E, F, G, H, I, J, K, L,
M, N, O, P, Q, R, S and T. These processes are scheduled according to the quasi-critical path algorithm,
and the result is, the sequence of processes on M1 is: A, B, C, D, E, F and G; The process sequence on M2
is: H, I, J, K and L; The process sequence of M3 is: M, N, O, P, Q, R, S and T. As shown in Fig. 1, the
processes on each processing device are arranged in a queue in order, and the �nal order is A, B, C, D, E, F,
G, H, I, J, K, L, M, N, P, Q, R, S and T. Start from the �rst step A, look for adjacent procedures on the same
device one by one, and judge whether they can be exchanged. Obviously, process G and process H,
process L and process M, these two adjacent processes cannot be exchanged because they do not
belong to the same processing device. The remaining adjacent processes need to be further determined
whether the processing sequence can be interchangeable. The method is: to judge whether there is A
serial relationship between the current process and the tight post-process in the process queue. If there is,
it cannot be exchanged; otherwise, the processing order of the tight post-process in the process A and the
same device will be exchanged.

As shown in Fig. 3, processes A and B on the same processing device M3 processes, in its processing
device process C has already on the M3 is processed, in addition, the process is A process before
processing technology in the tree close to process A ', is processed on device M2, tight in the working
procedure in process B tree before working procedure for process B ', the device is processed on the M1,
the two can exchange, exchange process is divided into three kinds of circumstances:

(1) When the end time of process A 'and B' are less than the end time of process C, the beginning time of
process A is the end time of process C, and the beginning time of process B is the end time of process A.
When process A and process B are exchanged, only the start time of process A is set as the start time of
process B, and the end time of process B is set as the start time of process A.

(2) When the end time of process B 'is greater than that of process C, the beginning time of process A is
the end time of process C, and the beginning time of process B is the end time of process A. When
process A and process B are exchanged, only the start time of process B' is set as the start time of
process B, and the end time of process B is set as the start time of process A.
(3) When the end time of process A 'is greater than the end time of process C, the beginning time of
process A' is the end time of process A ', and the beginning time of process B is the end time of process A.
When process A and Process B are exchanged, only the start time of process B 'is set as the start time of
process B, and the end time of process B is set as the start time of process A.
To sum up, in order to realize the exchange between process A and process B, the starting time of process
B can be determined �rst, and then the starting time of process A can be determined.
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The speci�c steps of adjacent process interchange strategy of the same device are as follows:

Step 1: Determine whether process A and its tight rear process B in queue Q belong to A processing
device; if yes, go to 2; otherwise, go to 5.

Step 2: Determine whether there is A serial relationship between process A and process B; if yes, go to 5;
otherwise, go to 3.

Step 3: Adjust process B to be before process A, and the processing start time is the maximum value of
the end time of the pre-tightening process of original process A and the end time of the pre-tightening
process of process B in the process tree.

Step 4: Adjust the process A to be before the process B, and take the maximum value of the end time of
the process B and the end time of the process A in the process tree.

Step 5: end.

3.2 Analysis and design of the adjacent process exchange adjustment strategy of the same device

For a process, its current optimal processing time should be the maximum value of the end time of the
process before tightening the device and the end time of the process before tightening the process in its
process tree.

The algorithm steps are as follows:

Step 1: Judge whether there is a pre-tightening process in the process tree. If there is no turning to 2, if
there is turning to 4;

Step 2: Set the �nishing time of the pre-tight work in the process tree of this process to 0 and turn it to 4;

Step 3: Judge whether there is a pre-tightening process of the device in this process. If it does not turn to
4, if it does turn to 5;

Step 4: Set the �nishing time of the process before tightening the device in this process to 0 and turn it to
5;

Step 5: Take the maximum value of the end time of the process before tightening the device of the
process and the end time of the process before tightening in the process tree of the process as the
processing time of the current process;

Step 6:end.

3.3 Optimal product scheduling scheme selection strategy
analysis and design
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The algorithm steps are as follows:

Step 1: Judge whether the current scheduling set is empty. If it is, go to 4; if not, go to 2.

Step 2: Select the scheme with the minimum total product processing time in the set as the selection
scheme;

Step 3: Return the selected object scheme;

Step 4:end.

3.4 Implementation steps of the proposed algorithm
The algorithm steps are as follows:

Step 1: The quasi-critical path strategy is adopted to determine the scheduling sequence of each process
in the product processing tree.

Step 2: Use the �rst adaptation strategy to determine the scheduling time of each process in the product
processing process tree, and form the original scheduling plan D.

Step 3: Set up a total of M processing device.

Step 4: i = 1.

Step 5: Judge that I < = M, if true, go to 6, if not, go to 8.

Step 6: Put all the processes on the ith device in the original scheduling scheme into queue Q according
to the processing order.

Step 7: i++, go to 5.

Step 8: Determine whether there is only one process in queue Q, instead of going to 9, go to 17.

Step 9: Queue A from queue Q.

Step 10: Start the adjacent processes interchange strategy process A, If the interchange occurs, go to 11;
otherwise go to 12.

Step 11: Start the adjacent process interchange strategy and go to 12.

Step 12: Add the resulting new product scheduling solution to the product scheduling solution set, and go
to 8.
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Step 13: Calculate the total processing time of each product scheduling scheme in the product
scheduling scheme set respectively.

Step 14: Select the �nal scheduling scheme of the product according to the optimal scheduling scheme
selection policy.

Step 15: Output the gantt chart of scheduling results.

3.5 Complexity analysis of the proposed algorithm
Let all the cross points in the product processing tree whose input degree is greater than 1 be K, that is,
the number of subtrees be K, the total number of work order be N, and the number of device be M. Based
on literature [7], that the critical path algorithm complexity to O{Max[(n(n-m)/(2m)),(nn)/(16m)]}.

In this paper, the adjacent process interchange strategy of the same device is designed. The average
number of processes involved in this algorithm is N /2, and the operational complexity of the algorithm
for the interchange of processes is O(1), and the time complexity of this strategy algorithm is O(n/2). The
adjacent process exchange adjustment strategy of the same device is designed, which involves at most
N-1 processes. The operation algorithm complexity of the adjustment of process processing time is O(1),
and the time complexity of this strategy algorithm is O(n-1).

Due to the quasi-critical path strategy, the adjacent process interchange strategy and the adjustment
strategy for the interchange between adjacent processes are serial operations, so the time complexity of
the algorithm in this paper is the same as that of the algorithm in literature [7], which is O{Max[(n(n-
m)/(2m)), (nn)/(16m)]}.

4. The Example Analysis
In order to facilitate readers to understand the algorithm, the following is an example analysis. Product a
is set as shown in Fig. 1. The total processing time obtained by scheduling product a according to the
algorithm proposed in [7] is 265, and the Gantt chart for scheduling �nal product a is shown in Fig. 4. At
the same time, scheduling the product processing process tree shown in Fig. 1 according to the algorithm
proposed in this paper, the total processing time of product a is 255, and the Gantt chart for scheduling
�nal product a is shown in Fig. 29.

According to the proposed algorithm, the scheduling results shown in Fig. 4 were respectively taken as
the initial scheduling schemes, and the adjacent processes on the same device were swapped to try to
�nd a better scheduling scheme.

Speci�c scheduling steps and results are shown in Fig. 5 to Fig. 28:
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By comparing the above scheme with the original scheduling scheme, it is found that the total processing
time of the product scheduling scheme obtained after the adjustment of process A21 and Process A14 on
device M3 is 255. This scheme is the scheduling scheme with the minimum processing time, and is
selected as the �nal product scheduling scheme, as shown in Fig. 29.

5. Experimental Comparison And Analysis
To verify the effectiveness of the proposed algorithm,four sets of data were randomly generated, with 50
products in each set. The parameters of products were randomly generated.The software used on the
experimental platform is Windows 10, 64 bit, GCC5.5, and the hardware of the experimental platform is
an Intel Core I7-860 processor with 32 GB of memory. Five groups of experiments were designed as
follows: The randomly generated data in Experiment 1 were that the number of processes was less than
20 and the total processing time of the workpiece was less than 50, the experimental results are shown in
Fig. 30;The randomly generated data in Experiment 2 were that the number of processes was less than 30
and the total processing time of the workpiece was less than 100, the experimental results are shown in
Fig. 31;The randomly generated data in Experiment 3 were that the number of processes was less than 50
and the total processing time of the workpiece was less than 200, the experimental results are shown in
Fig. 32;The randomly generated data in Experiment 4 were that the number of processes was less than 60
and the total processing time of the workpiece was less than 300, the experimental results are shown in
Fig. 33;Experiment 5 is the comparison of the average values of the above four experimental results, the
experimental results are shown in Fig. 34.

Among the above �ve groups of experimental data, the black line represents the scheduling results
obtained by the proposed algorithm, and the red line represents the scheduling results obtained by the
quasi critical path method. It can be clearly seen from the �gure that in the above experiments, the black
line in the �gure of each item is lower than or equal to the red line, indicating that the value of the
scheduling result of the proposed algorithm is lower than that of the scheduling result of the quasi critical
path method. Therefore, the scheduling results of the two algorithms are better than the quasi critical
path scheduling method, which can prove the effectiveness of the proposed algorithm.

6. Conclusion
The key contributions of this work are:

(1) An algorithm based on quasi critical path strategy for exchanging adjacent parallel processes of the
same device is proposed.

(2)The performance of the proposed algorithm is analyzed and compared with current algorithm.

(3)The proposed algorithm lays a theoretical foundation for the subsequent research of the algorithm.
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It may be the next step to apply the idea of adjacent parallel processes interchange strategy to the �eld of
integrated scheduling to solve other problems, such as: integrated scheduling problems with multi-device
processes, batch integrated scheduling problems, distributed integrated scheduling problems, etc.
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Figures

Figure 1

FIG.1 Schematic diagram of Adjacent process interchange strategy
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Figure 2

FiG.1 Schematic diagram of three situations of interchange between process A and process B

Figure 3

FiG.4 Results of quasi-critical path strategy scheduling
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Figure 4

FIG.5 Scheduling scheme obtained from switching process A1 and process A22

Figure 5

FIG.6 Scheduling scheme of reprogramming process A22 and Process A19
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Figure 6

FIG.7 Scheduling scheme obtained from switching process A19 and process A7

Figure 7

FIG.8 Scheduling scheme obtained from switching process A7 and process A23
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Figure 8

FIG.9 Scheduling scheme obtained from switching process A23 and process A20

Figure 9

FIG.10 Scheduling scheme obtained from switching process A20 and process A28
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Figure 10

FIG.11 Scheduling scheme obtained from switching process A10 and process A6

Figure 11

FIG.12 Scheduling scheme obtained from switching process A6 and process A3
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Figure 12

FIG.13 Scheduling scheme obtained from switching process A3 and process A9

Figure 13

FIG.14 Scheduling scheme obtained from switching process A9 and process A15
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Figure 14

FIG.15 Scheduling scheme of reprogramming process A15 and process A27

Figure 15

FIG.16 Scheduling scheme obtained from switching process A5 and process A16
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Figure 16

FIG.17 Scheduling scheme of reprogramming process A16 and process A8

Figure 17

FIG.18 Scheduling scheme obtained from switching process A8 and process A24
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Figure 18

FIG.19 Scheduling scheme of reprogramming process A24 and process A18

Figure 19

FIG.20 Scheduling scheme obtained from switching process A18 and process A21
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Figure 20

FIG.21 Scheduling scheme obtained from switching process A21 and process A14

Figure 21

FIG.22 Scheduling scheme of switching process A2 and process A4
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Figure 22

FIG.23 Scheduling scheme of reprogramming process A4 and process A12

Figure 23

FIG.24 Scheduling scheme of reprogramming process A12 and process A11
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Figure 24

FIG.25 Scheduling scheme of reprogramming process A11 and process A13

Figure 25

FIG.26 Scheduling scheme of reprogramming process A13 and process A17
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Figure 26

FIG.27 Scheduling scheme obtained from switching process A17 and process A26

Figure 27

FIG.28 Scheduling scheme of reprogramming process A26 and process A25



Page 25/29

Figure 28

FIG.29 Final product scheduling scheme

Figure 29

FIG.30 Comparison chart of experiment 1 results
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Figure 30

FIG.31 Comparison chart of experiment 2 results
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Figure 31

FIG.32 Comparison chart of experiment 3 results
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Figure 32

FIG.33 Comparison chart of experiment 4 results
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Figure 33

FIG.34 The mean comparison chart of the above four experimental results


