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Abstract: One of the most important issues in the process of development and usage of a 
manufacturing system is job scheduling. Though many scheduling criteria for job scheduling 
have been proposed, but most of them are impractical for use in the low-volume/high-variety 
manufacturing environment. This paper reports the development of a dynamic scheduling 
system for job scheduling in low-volume/high-variety manufacturing environment. The system 
provides us with a practical facility for job scheduling which takes into account of the influence 
of many factors such as machine setup times, cell changes, replacement machines and load 
balancing between machines. The system is based on a set of heuristic algorithms and 
client/server database technology. Numerical testing example are taken from a real
manufacturing factory of Japan. And high-quality results are efficiently generated. 
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1 INTRODUCTION 

This paper is concerned with the development of a dynamic scheduling system for job 
scheduling in a low-volume/high-variety manufacturing environment. At present, 
approximately 50~75% of manufactured parts falls into the low-volume/high-variety and mid
volume/mid-variety categories, and with the trend toward to increase in the variety of the 
products[2]. However, the commonly used scheduling algorithms or heuristics such as Shortest 
Processing Time(SPT), First Come First Serve(FCFS), and Shortest Due Date(SDD) are all 
too simplistic for use in scheduling of the low-volnme/high-variety manufacturing. The reason 
is that these heuristics do not adequately address the influence of some other factors such as 
setup times, cell changes, replacement machines and over working time of personnels. 
Consequently, low-volume/high-variety manufacturing has always been plagued with 
difficulties and the scheduling task is left to the foreman of the manufacturing shop. 

This paper reports the development of the scheduling system for job scheduling in low
volume/high-variety manufacturing environment. The objective of the system is to provide 
shop floor personnel with a practical scheduling tool which dynamically assigns the workers, 
the products to different types of cells( an assigned machines groups which can have different 
types) with satisfying due dates and maximizing machine utilization when the products data to 
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be scheduled and the actual production progress has been given. The system also provides 
some analysis tools for analyzing the dally reasons, machine utilization and etc. The system 
uses the client/server architecture and different users can share the database in the server of 
network, so that the system becomes more powerful. 

2 SCHEDULING PROBLEM IN LOW-VOLUME/HIGH-VARIETY 
MANUFACTURING 

Because the low-volume/high-variety manufacturing is very plague with difficulties, the 
scheduling involves many factors to load a job onto a machine with the objective of satisfying 
due date and maximizing machine utilization. We first introduce these factors which influence 
the scheduling, and then summarize the scheduling problem. The factors used in our system 
can be listed as follows: order information, process design information, shop floor personnel 
information, cell and machine information, load balancing information, and actual production 
progress information. 

We continually describe them in details: 
I. Order information 
Order information contains due dates, number of the products in an order, and the names of 
the products. We assume that the orders are all divided into different lots by a process designer 
of the manufacturing company. For specification convenience, we sometimes use the word 
"lot" instead of "product" in later discussion. An order from a customer may includes several 
lots or a lot may consists of several different orders for the same product. The due date is one 
of the most important factors which are usually considered in common scheduling algorithms. 
The difference in our system is that the due date is considered as assigned due date or basic 
due date. 
2. Process design information 
This information includes the parameters of the machines used in each process, the replacement 
machines, the process flows and the process priorities of each lot. Here, we assume that a 
process of any lot is performed by any machine belonging to an assigned machine group and 
the process designer gives the process flows for each lot. 
3. Shop floor personnel information 
Shop floor personnel information are personnel group names, numbers of the personnels, 
calendar of the personnel groups, calendar of every personnel, and the working time horizon of 
each personnel. To satisfy due dates of the orders, personnels are sometimes asked to work 
overtimes. Consequently, the working time horizons of the personnels are considered as 
variables in our system. However, the length of the working overtime is given by the foreman 
rather than the system, because the system can not automatically do such decision. 
4. Cell and machine information 
To manufacture low-volume/high-variety products, we compose the different machines into 
cells. A cell is a set of machines with different types or a line to complete one or more than one 
manufacturing process. There are three types of cells in our system. One of them consists of 
independent machines which can process different lots in different machines but only complete 
one process for every given lot(see Figure l.a}. Another one consists of machines which 
continually complete several processes but only for an assigned lot, and any machine of the cell 
does not do the same process with other machines in the same cell(see Figure l.b). The last 
one is similar to the above second one, but a part of the machines of the cell can do the work 
on the same process( see Figure I.e}. These three types of cells are shown in Figure l. The 
other types of the cells can be obtained by composing of the above three basic types. 
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Figure 1 Three types of basic Cells. 
From the definition of the cells, we have that any machine can be the element of several 

different cells, but only one cell including such a machine is active at any assigned time. 
Moreover, we assume that any machine in our system must belong to a cell. 

Another important parameters on the cells are the production time and the setup time. 
To schedule the low-volume/high-variety manufacturing, we give the capacity of every 
machine for processing one item and for processing one lot , respectively. Here, an item is a 
part of a lot, which cannot be divided further more. Consequently, the production time PTi(m) 

of a lot in process 1 with machine m can be represented by: 

_ fN*t, or 
PT,( m) - 1 

~ tlot 

Here, N is the number of items of the lot, t is the process time of each item, tlot is the 
processing time of the lot, respectively. 

The setup time varies with the tooling, materials, and the products types. The setup 
time STij( m) of a lot in process i with machine m to next process j is given as follows: 

ST•j(m) = Stool + Smat 
Here, Stool is the time to set up tooling for the lot, which depends on the tooling required and 
the current tooling on the machine; and Smat is the time to change materials, e.g., change the 
back-up board in the manufacturing of flexible printed circuit. 

Consequently, we have that the machine time Ti for the production of a lot in process 1 

is given by: 
Ti = PTi(m) + STij(m). 
According to this formula, we can calculate the time for the production of any lot in the above 
three basic types of cells. 
5. Load balancing information 
In low-volume/high-variety manufacturing, the load balancing between machines must be 
considered to obtain the maximizing machine utilization, specially, in the case of machine 
breakdowns or unsatisfYing due dates, the replacement machines or cells should be used. 

In our system, we assign a set of replacement machines or cells for each machine and 
each cell, then, if a machine breakdowns or the due date of the lot to be processed will not be 
satisfied, the replacement machine or cell will be selected according to our scheduling rules. 
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6. Actual production progress 
The actual production progress information is important for dynamic scheduling. The system 
gets the actual data from shop floor by using data scanners, the information includes the status 
of every lot which has been scheduled or not, the status of the cells and the personnels in the 
shop floors, and the status of tools and materials. 

3 SYSTEM DESIGN 

We use the client/server model to construct our dynamic scheduling system. The reason why 
we use the client/server model is that the different shops in a factory always share the same 
database and the scheduling algorithm in the clients can be easily changed. 

Figure 2 shows the data flow of our system. 
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Figure 2 The data flow of the Scheduling System. 
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The System design includes five parts, i.e., the database design, the environment design, 
the heuristics design, the analysis algorithm design and the user interface design. We focus the 
discussion on the database, the environment and some heuristics of the system, rather than the 
analysis part and the user interface. 
1. The environment 
The network environment and the software environment our system required are shown in 
Figure 3. According to the Figure 3, the scheduling system obtains the order information, the 
process design information, the shop floor personnel information and other information except 
of the actual production progress information from the control center through a gateway. 
Moreover, the system gets the actual production progress information from shop floors 
through actual progress scanners which can be operated either automatically or in hand. The 
actual production progress data obtained from shop floors are sent to the database in the server 
at short intervals. The system performs rescheduling when it receives new actual production 
progress data and the user starts the rescheduling connnand. Here, we assume that the interval 
between two receptions of the actual data is smaller than the executive time of the scheduling 
system. 
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Figure 3 The construction of the environment of the scheduling system 
The database we used in our system is Btrieve developed by Novell Company. The 

Btrieve does not provide us with database management system, but only the format definitions, 
communication methods, and the development interfaces which can be invoked by using 
programming languages C, C++, PASCAL, BASIC and etc. The benefit of using Btrieve is 
that we can get a more flexible database system with high executive efficiency. Moreover, the 
strong network ability of the Btrieve is also what the scheduling system asks. 

The MS-Windows is used to provide users with a user-friendly interface, and we 
omitted the discussion on this part in this paper. 
2. Database design 
The design of the database by using Btrieve includes the data file design and the schema design. 
Figure 4 shows the basic relations of the data files of the system We construct 16 files for the 
system These files are accessed by using some keywords such as Process Flow No., Machine 
Group No., Cell No., and etc. 

The information introduced in above Section II are all put into these files of the 
database. For example, the order information, a part of machine balancing information, and the 
information on tools and materials are given in plan files. Figure 5. shows the design of the 
schema of the plan file. 
3. The design of the scheduling algorithm 
We propose a knowledge based step adjusting scheduling algorithm for our system This 
algorithm firstly selects the scheduling objects, i.e., some lots, from the plan file according to 
the experimental maximum production ability of a shop; and then calculates the last starting 
time(LS) of every process for every selected lot according to the given due date or assigned 
due date of the lot. The LS of a selected in a process is the time that the production of the lot 
in the process must start. Otherwise, the due date of the lot can not be satisfied and the 
postpone will occurs. We can get the LSi of a lot in the process i by using the following 
fornrula: 
LSI= LSi+ I- STi t+l- PTi 
Here, the LSi+ I is the last starting time of the lot in next process. If the next process is the last 
one, then LSi+ 1 is the due date. Moreover, the ~i i+ 1 is the setup time from process i to 
process i+ I and the PTi is 
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Figure 4 The relation of the files in the dynamic Scheduling System 
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Figure 5 The schema of the plan file. 
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the production time of the lot in process i. We must calculate the setup time and the 
production time to obtain the LS at first. 

The next step of the algorithm is the calculation of the available machines and cells, 
including calculations of the personnels working time. This calculation is very complicate 
because there are too many constraint conditions on the machines, the cells, and the personnel 
working times. For example, the personnel include the formal employers and the part time. 
Moreover, the personnels should be divide into different classes according to their knowledge, 
experience and some other conditions. We use different data files to classify them. 

When we have finished the above calculations, we assign all usable cells to the given 
lots process by process, until the final process of every given lot has been scheduled. Over 600 
rules are used for this assignment in our system However, if the overability occurred in any 
process at the same time, i.e., the usable cells are less than the quantity of the lots required; 
then, we use the following two methods to solve the problem: 
1. Give a priority to each lot 
The policy for deciding the priority is as followings: 

a. The lots with earlier due date have the higher priorities. 
b. If the user assigns a lot with a higher priority than others, then the lot has a higher 

priority. 
c. To those lots which have the same due dates and no user-assigned priorities, we give 

the following formula to calculate the priorities: 
Pi = a 1 * A + a2 * B + a3 * C + a4 
Here, the a1. a2, a3, a4 are constants given by the user, and A represents the number of 
processes to be passed from the current process until the final process, B is the production 
time including the setup time from the current process until the final process, C is the waiting 
time until the current time. According to this formula, a lot with longer waiting time, longer 
production time and more processes will get higher priority. 
2. Use replacement machines or cells 
The selection of replacement machines and cells is based on two conditions, i.e., a set of 
candidates of replacement machines or cells to a given lot, and the utilization rates of these 
candidates. The system selects a candidate with lowest utilization rate and no loading in the 
current time as the replacement one. If there is no such a candidate, then the delay will occur. 

Finally, the system shows the scheduling results to the user and enters the end state of 
the scheduling. The flow chart on the scheduling algorithm is shown on Figure 6., and we can 
briefly write the algorithm as follows: 
Step 1: Select the scheduling objects from the plan file and the postpone queues, which 

are not over the experienced maximum production ability of a shop, according to 
the due dates. 

Step2: Check the materials and tools status required by the selected lots. If the required 
materials or tools are not ready, then the corresponding lots are added into the 
postpone queues and repeat to Step 1. 

Step3: Decide the process flows of the selected lots with materials and tools ready. 
Step4: For each process of every selected lot, calculate the setup time and the LS. 
StepS: For each machine calculate the cells it belongs to the active times of the cells, 

and the required personnels for operating these cells. 
Step6: For each lot, assign the corresponding usable cells to it by the LS if each 

corresponding process based on the rules for scheduling. If overability occurred 
at any cell, then the system adjust the requirement to the cell according to the 
due dates and the scheduling rules. 

Step 7: If a lot can not satisfy its due date, then the system searches a replacement 
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Figure 6 The flowchart of the scheduling system 
machine or cell and go to Step4. If the replacement machine or cell can not be 
found, then this lot is added into the postpone queues. 

StepS: Decide the scheduling and show the scheduling results. 

4 IMPLEMENTATION OF THE SYSTEM 

According to the design of the system outlined in the previous sections, we have implemented 
the system in the BC++ language and the Btrieve database running on Netware 3.1.1 network 
operating system and MS-Windows. The server is the PC486 with 200MB hard disk, and the 
clients are the PC386 with 120MB hard disks. The system has been implemented for practical 
usage with two objectives in mind: user-friendliness and high executive speed. 
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The system are mainly constructed with 6 modules as shown in Figure 7. These 
modules are: User interface module, Scheduling module, Analysis module, two 
Communication modules in the client and the server, and the database management module. 

The scheduling module performs scheduling according to the heuristics given in 
previous sections, the analysis module analyzes the scheduling resuhs and the postpone reasons. 
While the Communication modules provides us with the client/server architecture. Moreover, 
the database management module provides us with the operation methods to the Btrieve 
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interface 
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Network 

Figure 7 The module construction of the Scheduling System 
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database. It is possible to install the Btrieve database and the management module into the 
client. 

5 EVALUATION 

The system has been used in a Japanese manufacturing factory which has over one thousand 
machines with different types, over one thousand personnels, and over ten shop floors. The 
factory which produces the Flexible printed Circuit manufacturing is a typical example in low
volume/high-variety. We have used our system in the scheduling of the exposure shop and the 
laminate shop of the factory. These two shops both have over one hundred machines and over 
one hundred workers. Using our system, the foreman can automatically schedule the shop 
production activities of 3~5 days with less than 1600 lots( a lot always includes 50~200 sheet 
parts). The executive time for scheduling in a 386/33 client is near to 2~5 minutes and the 
machine utilization can averagely arrive 90% in general cases. Moreover, comparing with the 
case of performing the schedule in hand, the system provides us with less postpone of the due 
date of the lots, because the machine utilization is increased and the personnels are used more 
reasonable by the system. 

6 CONCLUSION 

This paper has reported the development of a practical scheduling system for low-volume/high
variety manufacturing. This system has been implemented in client/server architecture and the 
influence of many factors on the scheduling process such as set up times, personnels 
overworking times, cell constructions, and replacement machines has been considered. The 
system has been used to the practical shop floor scheduling in a manufacturing factory of Japan 
and the scheduling resuhs have provided with much better machine utilization and less 
postpone then the scheduling in hand. 
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