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Abstract. In the field of high-mix low-volume production, to keep shipping 
deadline of each order is one of key factors due to the reason for make-to-order 

production. However, this type of production has a enormous number of parts to be 

handled, complicated work procedures, and many restrictions on production 
resources. Therefore, it is difficult to make an optimal production plan considering 

shipping deadline and efficient usage of production resources. In this paper, the 

objective is to create work plans which meet the due date with short lead times as 
much as possible in a job shop type production line. First, we propose the method 

how to model and represent the complex data of an entire factory structure. Then, 

based on this model, it was proved that we can obtain the production plan with short 
lead times that emphasizes compliance with the sequence of product shipping by 

backward discrete event simulation. Furthermore, the effectiveness of the proposed 

method and the validity of the obtained production plan are confirmed by using 
actual factory processes and real data. 

Keywords. Job Shop Scheduling, Backward Simulation, Shipping Sequence, 
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Background 

In high-mix low-volume production, to keep shipping deadline of each order is one of 

the major issues in production management. For solving this issue, it is important to 

create a realistic and optimal production schedule considering shipping deadline of each 

order and efficient usage of production resources. Such job-shop type factories have huge 

complex project architecture due to the large number and variety of parts and processes. 

For example, each product has a unique procedure and workload for manufacturing. In 

addition, production resources including workers and robots have many restrictions and 

differences in their capabilities. For these reasons, it is difficult to create a realistic and 

optimal production schedule considering the requested shipping sequence and shipping 

deadline of each order and efficient usage of production resources. 

There have been many studies on scheduling problems focusing on shipping deadline. 

Morinaga et al. proposed a production scheduling method using a genetic algorithm for 
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multi-objective optimization of weighted shipping delays and equalization of the 

workload of set-up personnel [1]. Camino R. Vela et al. combined a tabu search 

procedure using nearest neighbor search with a genetic algorithm to maximize due date 

satisfaction under uncertain task durations and flexible shipping deadline [2]. J.Lohmer 

et al. presented a model formulation of the distributed job-shop scheduling problem with 

due date consideration and proposed adapted greedy heuristics as well as a genetic 

algorithm to solve large problem instances [3]. These studies propose an optimization 

algorithm of job-shop scheduling problems with shipping deadline added to the objective 

function. 

 In a situation where the shipping deadline has been determined, establishing the 

production plan in reverse is often adopted. This method is commonly referred to as 

backward simulations. Lynch and Vaandrager conducted a study on schedule planning 

using forward and backward simulation [4]. They established the production plan 

through backward simulations on plans involving several processes, and equipment 

allocation and verification were performed through forward simulation. Musselman et al. 

defined the schedule planning system and information flows through forward and 

backward simulations of APS (the Advanced Planning and Scheduling System) in an 

overall enterprise information system [5]. In addition, studies have been conducted on 

applying backward simulation-based production planning to semiconductor processes, 

which have batch production and Make-to-Stock (MTS) characteristics [6] [7]. Zhu et al 

used backward simulation to establish production plans for steelworks, which include 

several processes in their production flow [8]. Most existing studies performed backward 

simulations that focused on industries with fixed processes and facilities. In production 

simulations with fixed facilities, a single simulation model that focuses on the facilities 

is used. However, in high-mix low-volume production, all designs and characteristics of 

the products to be produced are different, and they undergo different processes and 

require different facilities. It is difficult for establishing the production plan in high-mix 

low-volume production to apply these studies. 

On the other hand, the Resource-Constrained Project Scheduling Problem (RCPSP) 

[9], one of the most challenging combinatorial optimization scheduling problems, has 

been the focus of a great deal of research. This involves the scheduling of project 

activities subject to precedence and resource constraints to meet the objectives in the best 

possible way. Nouri N. et al. proposed an efficient nature-inspired ABC algorithm for 

solving the RCPSP by using three types of honey bees [10]. Ripon K. et al. considered 

RCPSPs with known deterministic renewable resource requirements but uncertain 

activity durations, to approach based on the robust optimization concept [11]. However, 

these studies deal with very simple problems compared to the real problems, because the 

optimizing calculation cost is too heavy for utilizing these methods in the real field. 

With the optimization approach, only the production planners can understand it, but 

not the production managers and factory workers, and they are not able to respond well 

to sudden situations. From the perspective of production managers, it is necessary to 

have a scheduling method that makes it easy to make plans again when some troubles 

occur in the field. Optimization methods that take a lot of computational time may 

sometimes be inappropriate because troubles frequently occur in the production field. 

And, solutions obtained by optimization methods are not always satisfactory for the field. 

From factory workers’ point of view, they would prefer to adopt easy-to-understand 

working rules rather than having to check a work plan every time. The assignment 

solution obtained by the optimization method does not have clear rules such as 

dispatching rules, which are often unacceptable to workers. Therefore, it is necessary to 

Y. Okubo and T. Mitsuyuki / Study on Job Shop Scheduling204



have a transdisciplinary scheme that allows information sharing among production 

planners, production managers, and factory workers, who have their own individual 

disciplines for operational reasons. In this study, we focus on a factory where products 

are produced in all different processes and facilities. Then we approach the scheduling 

planning to ship the products in the required sequence. We propose the factory modeling 

method using nodes and links, and backward simulation that can be achieved by simply 

reversing the links to satisfy the requested sequence. 

1. Proposed Method 

1.1.  System modeling of target production project 

All data reproducing a factory consists of four models: product model, workflow model, 

workplace model, and team model. These models will be the input information for the 

discrete event simulation described below. 

The product model represents information related to products to be manufactured in 

the target production project. Each product has its dependent relationship with a 

workflow described below. 

The workflow model represents a workflow for expressing a unique work procedure 

required to produce a target product. First, since this workflow is composed of multiple 

tasks. All tasks can be created from the information of the production model and target 

domain knowledge. Each task has the attribute of work amount and a dependency on 

others.  

The workplace model represents information about a workplace and facilities in the 

workplace. A workplace is a variable used to express the limit of the area where products 

and facilities can be placed. First, define each workplace, the number of products that 

can be placed in this workplace, tasks that can be handled in this workplace, and facilities 

that this workplace has. The number of workers in a workplace can be constrained by 

dependency between the workplace ,and facilities. Next, define each facility and skill 

value for each task handled by it. If the skill value is set to 0, it means that the facility is 

not able to perform the corresponding task.  

The team model represents information about an organizational team and workers 

for a target production project. First, define each team, tasks that the team corresponds 

to, and workers who belong to the team. Next, define each worker, skill value for each 

task, and facility that can be handled. 

1.2. Simulation system 

Next, we propose the discrete event simulation system to create a work plan using these 

models in the previous section. The proposed simulation system is developed based on 

the previous study[12]. The method for performing a task in this simulation is that the 

remaining work amount of each task is reduced for each step based on skill values of 

assigned facilities and workers, and status is updated. (NONE: cannot start, READY: 

can start, WORKING: work in progress, FINISHED: work completed). The specific 

procedure of simulation is following: 

1. Initialize the simulation setting. 

2. Extract of tasks which states are READY or WORKING. 
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3. Place products that are dependent on the extracted tasks in corresponding 

workplaces. 

4. Extract available workers and facilities. 

5. Allocate workers and facilities based on the task priority rule. 

6. Perform the task 

7. Determine the end of the simulation 

 

As an initial setting to start the simulation, set the state of head tasks to READY and 

other tasks to NONE. In step 2, extract tasks in the READY or WORKING state. In step 

3, the products depending on the READY tasks are placed in the workplace according to 

the workplace model. If the corresponding workplace is not available, the target product 

will stay at the same workplace as at time t-1. The products depending on WORKING 

tasks are placed in the same workplace as at time t-1. In step 4, available workers and 

facilities that are not allocated or working at the current time are extracted. In step 5, 

according to the task priority rule, workers and facilities with skill values for the 

corresponding task are allocated. The task priority rule is adopted to a dispatching rule 

called TSLACK (Total Slack Time) [13]. This rule performs the task included in a 

workflow that is on the critical path preferentially. Specifically, the smaller SLACK of 

the task calculated by the Critical Path Method [14], the higher its priority. Slack(t) of 

task j at time t is calculated as in equation (1) using the latest start time LSTj(t) and the 

earliest start time ESTj(t). 

 

                                                                             (1) 

 

If a resource is allocated to the task, the state of this task becomes WORKING and 

updates the remaining work amount of the task based on the skill value of the resource. 

If the remaining work amount is 0 in this update, the task state is set to FINISHED. If all 

preceding tasks are FINISHED, the state of a task becomes READY. When the states of 

all tasks are FINISHED, the simulation is terminated. If not, advance time t by one step 

and go back to step 2. The simulation result outputs the end time of the simulation, the 

state of each model at each time, and the tasks that each resource has assigned. 

As an exception to the above simulation flow, auto task can be defined. Auto task 

allows automatic task performance without the need to assign facilities or workers. For 

example, it can be used to adjust the time interval between the input time of one product 

to the production line and the input time of the next product. 

1.3. Backward simulation 

Traditionally, forward scheduling methods have been used mainly for solving production 

scheduling problems by using simulation techniques. These methods allocate jobs in 

advance according to the process steps along with the time flow. However, it is not 

suitable for creating a schedule that aims to improve shipping sequence compliance. 

Because forward scheduling methods, which use a discrete event simulation following a 

time axis, cannot control the end time of work for each product. Therefore, this paper 

adopts the backward simulation as a scheduling method. In this method, the due date of 

each targeted product is starting time of the process and simulate in opposite direction 
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from the real-time flow. To perform backward simulation using the simulation system 

described in section 1.2, it is necessary to modify the workflow model. Figure 1 describes 

how to model the backward simulation method by comparing it with the forward 

simulation method. This figure considers a work plan in which N products are shipped 

in the requested sequence. 

 

Figure 1. Comparison of the two methods. 

 

First, as for the forward simulation method, simulation start time is when Product 

1(the product with the highest requirement sequence) is put into the production line. Next, 

define auto task and set this work amount taking into account the relationship between 

input time intervals for each product. Then, add auto task before the first task, and create 

a workflow by linking tasks with each other in the direction of the actual procedure. On 

the other hand, as for the backward simulation method,  simulation start time is when 

Product N (the product with the lowest requirement sequence) is shipped. Next, define 

auto task to adjust shipment timing between products. Then, add auto task after the final 

task, and create a workflow in the opposite direction of the forward simulation method.  

2. Case Study 

In order to verify the validity of the proposed method, a case study is conducted using 

the structure and product data of a real construction machinery production project. This 

case study assumed that this factory should manufacture 20 products with a different 

deadline considering the requested shipping sequence on a certain day. Figure 2 shows 

the overview of the target production project. 
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Figure 2. Overview of target production project. 

 

First, define each product according to the product model by giving it a unique 

name for example “P_1”. The requested shipping sequence is determined according to 

the number “1" through “20" at the end of the product name in this case study. Since 

each of the 20 products has a different completion process, they have their own 

workflows as shown in Figure 2. Next, define 15 different tasks from “A” to “O” in this 

factory. For each product, create a workflow that prioritizes the tasks required to ship it. 

The work amount for each task is determined independently. In order to keep only the 

requested shipping sequence, the work amount of auto task for each product is set 0.      

Each product is placed on a jig tool and workers use a welding machine on it to 

manufacture. In this factory, there is a workplace dedicated to robots where humans 

cannot enter. A jig tool is modeled as a workplace and a welding machine as a facility. 

Based on the floor map of the factory, define all workplaces and facilities and their 

dependencies. In this case study, a robot is modeled as a worker like a human, not as a 

facility and the robot's workplace has a facility dedicated to the robot. For example, the 

workplace “Place_FH” has two facilities, “w_FH_a” and “w_FH_b”. We can constrain 

the number of workers who can work in the same workplace by the number of welding 

machines. 

Next, the task name following a workplace name "Place_"  shows the dependency 

between them on which task can be performed in each workplace. For example, the 

workplace “Place_FH” can deal with the task “F” and “H”. The dependency between a 

facility and a task is the same as the dependency between the workplace to which the 

facility belongs and the task. Skill values of each facility are set to 1 for the task related 

by the arrow, and 0 for the others. For example, the facility “w_FH_a” has a skill value 

of 1 for the task “F” and “H”, and a skill value of 0 for others, which means  “w_FH_a” 

can deal with “F” and “H”. 

This factory is operated by six human workers and one robot worker. As the feature 

of this factory, for the task “E” and “F”, it is possible to choose to be performed either 

by human workers or robot worker. 7 workers named “w1” to “w6” and “Robo” are 

defined in Table 1. The dependency between the team and tasks is defined as this team 
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is targeted to work from the task “A” to “O”. Since the worker “Robo” can work at 2.5 

times the human work efficiency, the skill value is set to 2.5. 

 

Table 1. Worker Skill info. 
 

A B C D E F G H I J K L M N O 

Robo 0 0 0 0 2.5 2.5 0 0 0 0 0 0 0 0 0 

w1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

w2 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

w3 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 

w4 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 

w5 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 

w6 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 

 

Finally, arrows connecting a worker and a facility in Figure 2 show the dependency 

between them regarding which facility each worker can handle. Since both the worker 

“w3” and “Robo” have skill of the task “E” and “F”, they may be assigned to the same 

workplace if only modeling in Table1. However, human workers can work together in 

the same workplace, but the robot cannot work with other workers. This constraint can 

be modeled by specifying the facility that can be handled by “Robo” and “w3”. 

The above resource constraints and process characteristics of the factory are 

modeled and simulated by using a python discrete event simulation package called 

pDESy [15]  that we have developed. Figure 3 shows a Gantt chart for expressing the 

Gantt chart of each product by executing the backward simulation. The orange periods 

indicate that work in progress and the gray periods express the time when the product is 

stagnant in the workplace. From Figure 3, it can be said that the 20 products are 

completed in the required sequence. If each product is manufactured based on this result, 

it can be shipped in the required shipping sequence.   

 

 

Figure 3. Gantt Chart for Case Study. 
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3. Discussion 

This section compares the commonly used forward scheduling methods with the 

proposed backward simulation method for the same case to validate the production plan 

obtained with our proposed method. The forward simulation results performed by using 

pDESy are shown in the Gantt chart of Figure 4. 

 

 

Figure 4. Gantt Chart for forward scheduling. 

 

For comparing the results of forward and backward simulation, the following four 

KPIs are used. 

� Lead time (LT) 

� Total waiting time of workers (Total FT) 

� Total stagnating amount of products (Total ST) 

� Compliance value (CV) 

In order to calculate the KPI correctly, it is necessary to evaluate the time period when 

products exist on all tasks. The lead time (LT) is defined as the period from the time when 

the first product in the completion sequence is shipped to the time when the 10th product 

in the completion sequence is shipped in this paper. Next, Total FT is the total amount 

of time that each worker in a team waits between completing a task and starting the next 

task. Then, Total ST is the total amount of time that each product stagnates in the 

workplace between the end of the task in progress and the start of the next task. Finally, 

the compliance value (CV) indicates how well the 10 products shipped comply with the 

requested shipping sequence. CV  for a product (p_x ) is calculated as in equation (2) 

using the requested shipping ranking of p_x (Requested Sp_x) and completion ranking of 

p_x by simulation output results (Shipping Sp_x). In other words, a smaller value indicates 

that products are completed in the requested sequence. 
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                                         (2) 

 

Table 2 shows the results of comparing the same case study between the backward 

and forward types using KPIs defined above. 

 

Table 2. Backward and Forward Results. 
 

LT 

[min] 
Total FT 

[min] 
Total ST 

[min] 
CV 

Backward 621 805 2230 0 

Forward 622 554 2129 11 

 

From the comparison, the production plan obtained from the backward method has 

a very good compliance value, even though the lead time is almost the same as obtained 

from the forward simulation method. However, the waiting time of workers and the 

stagnating amount of products are higher. In the forward simulation, tasks flowing to the 

production line are performed one after another by free workers without considering the 

future which results in an incorrect shipping sequence. When the backward simulation 

results are viewed in the direction of the time axis, it appears that the workers and 

products are made to have free time. Therefore, it is thought that products can be 

completed in the required sequence by providing a buffer and making adjustments, such 

as intentionally stagnating tasks in the backward simulation or forcibly giving workers 

free time. 

In order to show that our method can be applied to other cases, we also investigated 

other 5 days’ cases. The results are summarized in Table 3. From Case 2 to Case 5, the 

results were generally the same as the one in the case study. In Case 6, the compliance 

value of forward simulation result was 0 because the same type of products were 

produced continuously on that day. From these results, it can be said that the proposed 

method can be applied to other cases in this factory . 

 

Table 3. Results of other 5 days’ cases. 
 

LT Total FT Total ST CV  
FS BS FS BS FS BS FS BS 

Case 2 557 596 402 749 2158 2673 8 0 

Case 3 521 556 496 798 1552 1984 5 0 

Case 4 458 501 449 702 1387 2043 8 0 

Case 5 553 598 734 849 1626 2239 8 0 

Case 6 505 516 334 578 1111 1611 0 0 

 

4. Conclusion 

This paper proposed a method of job-shop scheduling considering keeping the requested 

shipping sequence of each product by system modeling of target production project and 

executing backward process simulation. Firstly, we modeled complex production project 
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by using the product model, workflow model, workplace model, and team model. From 

these models, proposed method can create a production plan for keeping requested 

shipping sequence by backward simulation. The proposed method was applied to the 

case study of the actual factory process of manufacturing multiple types of products. 

Results show that the backward simulation result is superior to the forward simulation 

result cosidering the comparison of lead time, total wating time of workers, total 

stagnating amount of products and compliance value. From this results, it can be said 

that proposed method is effective as a production planning method for keeping the 

requested shipping sequence in a job-shop type production line.  
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