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Abstract 

Family based dispatching (FBD) rules are a prominent approach for implementing virtual cellular 

manufacturing, designed to enhance system efficiency by lowering setup times. However, FBD rules 

can trigger bulk arrivals and cause downstream delays – consequences that remain largely unexplored 

in existing literature. Additionally, contemporary FBD research has predominantly focused on 

minimizing average flow time. To address these gaps, this study investigates a novel shop floor control 

challenge that integrates FBD rules and pre-emption alongside newly identified key factors. Utilizing a 

two-stage flow shop model to isolate the direct downstream impacts of FBD rules under a due date-

related objective, this paper aims to identify ideal operational conditions for different pre-emption types. 

Ultimately, this research evaluates how different pre-emption types perform with the key factors, 

offering valuable insights into pre-emption, FBD rules, and the novel key factors. 
(Received in April 2026, accepted in July 2026. This paper was with the authors 2 weeks for 1 revision.) 
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1. INTRODUCTION 

Cellular manufacturing (CM) has been proposed to reduce costs and improve delivery speed in 

modern manufacturing environments. Cellular manufacturing physically groups machines to 

handle a group (a family) of similar jobs [1, 2]. Thus, cellular manufacturing requires group 

technology (GT) that identifies jobs with similarities in either design or manufacturing 

characteristics and groups them into job families (or part families). However, conversion to 

cellular manufacturing can involve the costly realignment of equipment. Virtual cellular 

manufacturing can be an effective alternative to cellular manufacturing when conversion to 

cellular manufacturing is not feasible for technical or financial reasons [3]. One way to 

implement virtual cellular manufacturing is by applying family based dispatching (FBD) rules, 

or equivalently group scheduling heuristics, to shop-floor control [1, 4]. 

      Pre-emption interrupts the processing of a job and places a different job at a workstation 

[5]. Pre-emption has received relatively less attention. However, pre-emption frequently occurs 

in dynamic manufacturing environments and has been investigated from both production 

control and scheduling perspectives [6-10]. Many shops fulfilling priority and rush orders find 

pre-emption an attractive choice because it can be advantageous to interrupt a lower-priority 

job when a high-priority job suddenly arrives. If pre-emption is not used appropriately, however, 

pre-emption may reduce overall system performance. 

      When the behaviour of a manufacturing system is modelled, more features are not 

necessarily helpful as redundant or irrelevant features oftentimes generate inferior models. In 

fact, it is a highly challenging endeavour to determine the key factors (or features) that influence 

system performance [11]. With respect to group technology, for instance, Morris and Tersine 

[12] searched ideal environments for group technology within the constraints of four critical 

factors using simulation modelling and a statistical approach. 

      Wemmerlöv [13] conducted a simulation study at a single machine to investigate the 

behaviour of FBD rules. Nomden and van der Zee [3] performed a simulation study to test three 
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family-based control schemes at a single-stage shop. In fact, most studies have focused on 

developing FBD rules at a single stage of the manufacturing process [14]. However, FBD rules 

can result in additional delays and bulky arrivals at following stages. A potential problem with 

a single stage is that the impact of FBD rules can be ignored on the subsequent machines [15]. 

Meanwhile, it can be hard to separate the pure effects of FBD rules on the subsequent stage, at 

complex and large job shops or flow shops. Van der Zee et al. [15] excluded such influencing 

factors by using a two-stage flow shop to develop several FBD rules. Van Der Zee [14] also 

chose a two-stage flow shop with one machine at each stage to propose new FBD rules through 

a simulation study. Since van der Zee et al. [15] used FBD rules at the first stage only, while 

van der Zee [14] applied them only to the second stage, however, there is room for improvement 

by analysing the full effects of FBD rules at the two-stage shop. In addition, most of the recent 

studies have concentrated on the development of new FBD rules, in which the average job flow 

time has mostly been minimized. Furthermore, any previous study had not tackled FBD rules, 

along with pre-emption, until recently. Jing et al. [16] dealt with both FBD rules and pre-

emption at the same time and investigated their behaviour extensively. However, their analysis 

did not consider dispatching rules as a key factor, and there may be further room to discover 

more key factors. 

      This study also addresses FBD rules and pre-emption for shop-floor control or production 

control. However, this paper considers dispatching rules in addition to FBD rules and pre-

emption. As far as the authors know, no study has analysed all FBD rules, pre-emption, and 

dispatching rules as key factors simultaneously. This paper provides a framework of decision 

making with regard to FBD rules, pre-emption, and dispatching rules. In addition, a two-stage 

flow shop is chosen in this study and FBD rules are applied to both stages, to fully consider the 

pure effects of FBD rules on the subsequent stage. Most importantly, this paper seeks to identify 

new key factors and investigate their effects on the performance of several different pre-

emption types. This research also aims to find ideal environments for several pre-emption types 

with regard to the new key factors. This paper minimizes the number of tardy jobs as the 

objective function. 

     The rest of this paper is structured as follows. The next section describes the shop floor 

considered and a framework of decision making with regard to pre-emption, FBD rules, and 

dispatching rules. Section 3 explains the FBD rules and dispatching rules used. Section 4 

discovers the key factors that affect the performance of different pre-emption types. Section 5 

compares and further investigates the different pre-emption types with regard to the key factors. 

General conclusions are provided in Section 6. 

2. PROBLEM DESCRIPTION 

Section 2 describes a two-stage flow shop and pre-emption types addressed in this research [16]. 

The flow shop has two consecutive stages where a machine exists at each stage. Each machine 

processes one job at a time and the length of its queue is unlimited. Jobs, i = 1, 2, …, n, enter 

the first stage, S1, and wait to be dispatched individually to its machine. After a job is completed 

at the first stage, the job joins the second stage, S2, and waits until it is dispatched to the machine. 

Job i belongs to job type or family j, j ∈ J. A major setup is required, when a different job family 

is chosen next on a machine. The current family j0 and the next family j determine the length 

of major setup time 𝑠𝑗0𝑗. When j0 = j, 𝑠𝑗0𝑗 = 0. A minor setup occurs between two adjacent jobs, 

but the minor setup time is included in processing time pij. The number of jobs waiting in the 

queue is nj for family j. After a job is processed at the two stages, the job leaves the shop. 

      According to Mosier et al. [17] and van der Zee [4], FBD rules involve three different 

decisions: family selection, decision moments, and job selection. The decision moments 

indicate when a decision is made regarding the family selection. The family selection 
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determines which family is chosen among the job families in the queue. In other words, the 

family selection is required to opt for a job family to be processed by a FBD rule, when a 

machine is available. Job selection is the decision following family selection. That is, the job 

selection indicates which job is chosen next among waiting jobs in the selected job family, 

when a machine is idle [16, 18]. 

      In addition to the three decisions defined by Mosier et al. [17] and van der Zee [4], Jing et 

al. [16] addressed pre-emption selection to deal with four different decisions. For decision 

moments, job and family selection rules are used at each job completion moment. Meanwhile, 

pre-emption is performed at each job arrival moment. However, pre-emption decisions can be 

more complicated than dispatching decisions, particularly when pre-emption is applied with 

both job and family selection rules. 

      Suppose that job family j* has priority. All jobs have the same priority within job family j*, 

and they are chosen for processing by the job selection rule being used. Once all necessary jobs 

are completed in job family j*, the next family is selected based on the family selection rule 

being used. Two pre-emption types can be defined in this situation. First, the current job in job 

family j0 being served is pre-empted immediately and returned to the queue, when a job of 

family j* arrives. This is traditional pre-emption and is defined as job pre-emption. Second, pre-

emption is delayed until the current job is finished, when a job of family j* arrives. Then, the 

current family j0 is pre-empted. This newer pre-emption type is defined as family pre-emption 

[16]. 

The operational divergence among these two pre-emption types and no pre-emption (non-

pre-emption) creates a fundamental trade-off between prompt responsiveness and setup 

productivity. Job pre-emption prioritizes incoming urgent demands from family j* by 

immediately halting an active task; however, this disruption may compel the machine to 

undergo extra major and minor setup times to switch families and jobs and later complete the 

suspended job. In contrast, family pre-emption may mitigate these immediate setup penalties 

by permitting the current task to run to completion, thereby postponing the family and job 

switches. The three tactical alternatives including non-pre-emption can directly affect overall 

system efficiency. This effect is investigated in terms of the number of tardy jobs in this 

research. 

     This study also aims to discover new key factors and examine how they impact the 

performance of traditional and new pre-emption types. This paper eventually seeks to provide 

ideal environments for each pre-emption type in terms of the key factors. The objective function 

used is to minimize the number of tardy jobs. 

3. FBD RULES AND DISPATCHING RULES USED 

This study chooses several FBD rules through a literature survey [4, 14, 19-22] and preliminary 

experiments to meet the research objectives well. 

      First Come FAMily rule (FCFAM): This rule often works as a benchmark FBD rule. 

Among job families waiting in the queue, this rule chooses job family j1 based on the job that 

arrived first in a queue. 

      DDFAM rule: This rule chooses job family j1 based on which first job has the earliest due 

date. 

      DKFAM: This rule is applied when a job is completed at a machine in order to minimize 

job tardiness. 

      Minimum Average Setup time rule (MAS): With this MAS rule, job family j1 is selected 

based on the minimum average setup time in the queue. 

      Minimum Average Setup and Processing time rule (MASP): This rule selects job family 

j1 based on the minimum average setup and processing time. 
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      MASP_ADaptive rule (MASP_AD): This rule is an extension of the MASP rule that 

allows for alternative choices of batch size b. That is, 

 𝐹𝑀𝐴𝑆𝑃_𝐴𝐷 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑗∈𝐽;𝑏=𝑏𝑚𝑖𝑛..𝑛𝑗;𝑛𝑗>0

𝑠𝑗0𝑗+∑ 𝑝𝑖𝑗
𝑏
𝑖=1

𝑏
    (1) 

with 𝐹𝑀𝐴𝑆𝑃_𝐴𝐷 = (𝑗1, 𝑏1) and 𝑏𝑚𝑖𝑛 = 𝑟𝑜𝑢𝑛𝑑 (
𝑠𝑗0𝑗

(
1

𝜆
−𝑝̅)

) 

      𝐹𝑀𝐴𝑆𝑃_𝐴𝐷 is the highest priority batch characterized by selected batch size b1 and selected 

job family j1. bmin is the lower bound of batch size b calculated based on setup time sj0j, mean 

processing time per job for all families 𝑝̅, and interarrival time 
 1

 𝜆
. 

      MASP_AD_BAtch rule (MASP_AD_BA): This rule is a modification of the MASP_AD 

rule that adjusts the lower bound of batch size b. In other words, 

𝐹𝑀𝐴𝑆𝑃_𝐴𝐷_𝐵𝐴 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑗∈𝐽;𝑏=𝑏𝑚𝑖𝑛..𝑛𝑗;𝑛𝑗>0

𝑠𝑗0𝑗+∑ 𝑝𝑖𝑗
𝑏
𝑖=1

𝑏
    (2) 

with 𝐹𝑀𝐴𝑆𝑃_𝐴𝐷_𝐵𝐴 = (𝑗1, 𝑏1) and 𝑏𝑚𝑖𝑛 = ⌈(
(1+𝑥)𝑠𝑗0𝑗

(
1

𝜆
−𝑝̅)

)⌉, where 𝑥 = {
 0  if 𝑏 = 𝑛𝑗

1  else       
 

      For job selection, this study uses three job selection rules, EDD (earliest due date), FCFS 

(first come first served), and SPT (shortest processing time), as the most common dispatching 

rules [23-26]. General, standard, and neutral rules are desirable and reliable in this study, 

because this research aims to generally analyse the behaviour of pre-emption with respect to 

FBD rules, dispatching rules, and other key factors. 

4. KEY FACTOR ANALYSIS 

Two-level factorial designs are effective, when many factors are considered. The number of 

replications is usually one in the 2k or 3k designs with k factors, each at two or three levels [27]. 

The two-level factorial design is modified in this research, because a factor includes more than 

two levels. That is, pre-emption type has three levels in this research: job pre-emption (JP), 

family pre-emption (FP), and non-pre-emption (NP). 2 replications are randomly implemented 

for each run in this approach. It is assumed that the factors are fixed and the designs are 

randomised completely. Note that moderate deviations from normality have minimal impact on 

the validity of fixed effects ANOVA [27]. 

      Simulation models are developed by using Arena 14.0. Each replication is 4,000 hours long, 

of which a warm-up period is 1,000 hours determined by the well-proven graphical procedure 

of Welch [28]. The experimental conditions are given in Table Ⅰ for this experiment and are 

determined through preliminary experiments as well as a literature survey: Bokhorst et al. [1], 

Nomden et al. [19], van der Zee [4, 22], and so forth, based on real cases such as the 

manufacturers of high tech defence products and pumps. 

      This experiment considers four job families. Each of the four job families has 25 % of all 

jobs. The TWK method determines the due date di of job i by 

𝑑𝑖 =  𝑡𝑖 + 𝑓 ∙ 𝑝𝑖      (3) 

where ti is arrival time, f means allowance factor, and pi is processing time [29]. The tightness 

of due dates is varied by the allowance factor f. 

      Table Ⅰ provides four factors with two or three levels selected for this experiment. The four 

factors are due date tightness, pre-emption type, priority location, and job selection rule. Due 

date tightness is selected because tight or loose due dates are directly related to the number of 

tardy jobs and thus the due date tightness may work as a new key factor that affects the 

performance of pre-emption. Two levels of allowance factor f, 3.1 and 2.7, are determined 
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through a literature survey and preliminary experiments to best describe due date tightness. The 

value of 3.1 represents a relatively relaxed due date condition, while 2.7 reflects a tighter one. 

Table Ⅰ: The first experiment: experimental conditions. 

Family mix  Equal share per family 

Number of families 4 

Inter-arrival time distribution Negative exponential 

Processing/setup time distribution Gamma (𝜎, 𝛽) 

CV of processing/setup time 0.33 

Utilisation U1 = U2 = 85 % 

Setup to run-time ratio 0.25 

FBD rule FCFAM 

Average processing time at S1 (minutes)  Family 1 1.5 

Family 2 1.25 

Family 3 1 

Family 4 0.75 

Average inter-arrival time (minutes) 1.49 

Average processing time at S2 (minutes) 1.13 

 Factor A (Due date tightness)   f = 3.1 

f = 2.7 

Factor B (Pre-emption type) Family pre-emption (FP) 

Non-pre-emption (NP) 

Job pre-emption (JP) 

Factor C (Priority location) Family 1 (P1) 

Family 4 (P4) 

Factor D (Job selection rule) FCFS 

SPT 

Table Ⅱ: The first experiment: analysis of variance. 

Source of 

variation 

Sum of 

squares df Mean square F 

A 675.233 1 675.233 6427.673** 

B 383.024 2 191.512 1823.040** 

A × B 19.605 2 9.802 93.311** 

C 178.475 1 178.475 1698.939** 

A × C 2.878 1 2.878 27.394** 

B × C 108.400 2 54.200 515.941** 

D 374.301 1 374.301 3563.047** 

A × D 0.444 1 0.444 4.227* 

B × D 2.468 2 1.234 11.744** 

C × D 0.004 1 0.004 0.037 

Error 3.467 33 0.105  

Total 1748.297 47   

* Significant at the 0.05 level. ** Significant at the 0.01 level. 
 

      This experiment uses three pre-emption types as traditional and new pre-emption types: NP, 

JP, and FP. Priority location is also considered as a new factor, because priority is directly 

related to the unique nature of pre-emption. Priority is applied to either family 1 with the longest 

average processing time or family 4 with the shortest average processing time. 

      SPSS 26.0 is used to present the analysis of variance in Table Ⅱ. The analysis of variance 

indicates that all main factors are significant at the 1 % level. In Table Ⅱ, it should be observed 



Jing, Wang, Kwak: Analysis of Pre-emption Based Virtual Cellular Manufacturing 

423 

that pre-emption type significantly affects the system performance. In addition, significant 

interactions exist between pre-emption type and each of the other factors. Job selection rule 

turns out not to have a significant two-factor interaction with priority location. Fortunately, 

however, this is not the scope of this research. Note that three-factor interactions and higher are 

usually trivial in most experimental settings [27]. This result demonstrates that due date 

tightness, priority location, and job selection rule are significant with respect to the performance 

of pre-emption. 

5. ANALYSIS OF SIMULATION RESULTS 

The 2nd experiment aims to compare three pre-emption types in order to find and measure 

notable differences in relation to the three main factors identified in the 1st experiment. Most 

simulation conditions are similar to those of the first experiment. In the second experiment, 

however, 30 replications are run in total and more levels are considered for an in-depth analysis 

of the key factors. For example, due date tightness considers one more level of the allowance 

factor (f = 2.3) to represent an even tighter due date condition. Preliminary experiments 

demonstrate that values outside a meaningful range do not accurately capture the characteristics 

of the due date tightness. The experimental conditions are provided in Table Ⅲ for the second 

experiment. 

Table Ⅲ: The second experiment: experimental conditions. 

Family mix  Equal share per family 

Number of families 4 

Inter-arrival time distribution Negative exponential 

Processing/setup time distribution Gamma (𝜎, 𝛽) 

CV of processing/setup time 0.33 

Utilisation U1 = U2 = 85 % 

Setup to run-time ratio 0.25 

Average processing time at S1 (minutes)  Family 1 1.5 

Family 2 1.25 

Family 3 1 

Family 4 0.75 

Average inter-arrival time (minutes) 1.49 

Average processing time at S2 (minutes) 1.13 

  Due date tightness f = 3.1 

f = 2.7 

f = 2.3 

Pre-emption type Family pre-emption (FP) 

Non-pre-emption (NP) 

Job pre-emption (JP) 

Priority location Family 1 (P1) 

Family 4 (P4) 

FBD rule FCFAM  

DDFAM 

DKFAM 

MAS 

MASP 

MASP_AD 

MASP_AD_BA 

Job selection rule FCFS 

EDD 

SPT 
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      In Table Ⅳ, performance differences of three different pre-emption types are explored 

using all pairwise comparisons based on the paired-t approach for statistical validity. In order 

to achieve an overall confidence level of 90 %, each confidence interval is made at level 

96.67 % [28]. A significant difference exists, when the p-value is less than 0.033. 

      Simulation results are presented in Table Ⅳ with the number of tardy jobs denoted in 

thousands as the average of thirty replications. And, Table Ⅳ a), b), and c) are the results of 

different allowance factors, each of which has the results of two priority locations. For each 

priority location, three different pre-emption types are compared at each combination of family 

selection rule and job selection rule. That is, three pairwise comparisons are carried out at each 

combination by the paired-t approach. The value in bold is the best outcome through three 

pairwise comparisons for the three pre-emption types. When two or three pre-emption types are 

the best without any statistical difference, both or all of them are denoted in bold. The cell with 

a grey background implies the best combination of pre-emption types and family selection rules 

for each job selection rule. 

      Table Ⅳ shows that due date tightness affects the performance of pre-emption. As the 

allowance factor decreases from Table Ⅳ a) to b) to c), the due date is tighter, and job pre-

emption and family pre-emption work better than non-pre-emption in general. In Table Ⅳ c), 

non-pre-emption never shows the best outcome. The looser due dates are, the worse job pre-

emption is. Simultaneously, as due dates are looser, non-pre-emption becomes better. 

      Table Ⅳ indicates that priority location also affects the performance of three different pre-

emption types. When priority is applied to family 1 with the longest average processing time, 

non-pre-emption and family pre-emption work better than job pre-emption. Job pre-emption is 

never the best. With priority on family 4 with the shortest average processing time, on the other 

hand, non-pre-emption loses its advantage considerably, while job pre-emption starts to show 

good performance. Job pre-emption is satisfactory with a tight due date (f = 2.3) and priority on 

family 4, while non-pre-emption is better as priority is on family 1 and due dates are looser. 

      In Table Ⅳ, job selection rule also has an impact on the performance of pre-emption types. 

In Table Ⅳ c) with priority on family 4, for example, job pre-emption performs best when 

FCFS is used, while family pre-emption shows the best performance when job selection rule is 

EDD or SPT. Furthermore, the best rule denoted by a grey background appears in family pre-

emption for EDD and SPT, but job pre-emption has the best rule with FCFS. With a moderate 

level of due date tightness (f = 2.7) and priority on family 1, family pre-emption is generally 

superior when FCFS or EDD is used, while non-pre-emption is better with SPT. In Table Ⅳ a) 

with priority on family 4, non-pre-emption has the best rule with a grey background for FCFS 

and EDD, while the best rule is with family pre-emption for SPT. 
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Table Ⅳ: The second experiment: simulation result. 
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6. CONCLUSIONS 

This research tackles and analyses FBD rules and pre-emption simultaneously with several new 

key factors for production control. Statistical analyses are performed to identify new critical 

factors that influence the performance of different pre-emption types. This paper also 

investigates the performance of different pre-emption types under a variety of conditions with 

the key factors. 

      The first experiment considers due date tightness, pre-emption type, priority location, and 

job selection rule. All of them significantly affect system performance. It is also observed that 

due date tightness, priority location, and job selection rule influence the performance of pre-

emption types. The three factors are subsequently incorporated into the second experiment 

using an alternative experimental design to further investigate the behaviour of different pre-

emption types. It is shown that as the three factors change, pre-emption types also perform 

differently, which explains the importance of analysing key factors very well. The two 

experiments also reveal that family pre-emption is generally better than job pre-emption. When 

three different pre-emption types collaborate with dispatching rules and FBD rules, all 

observations should carefully be taken into account for better system performance. 

      There are many cases in which pre-emption is required but overall system performance is 

not satisfactory. This study demonstrates how and when the new family pre-emption can be an 

excellent alternative to the traditional job pre-emption, as pre-emption works with FBD rules. 

This research applies FBD rules to both stages of a two-stage flow shop unlike previous studies 

so that the pure effects of FBD rules on the subsequent stage are fully considered. Overall, this 

paper discovers new key factors and presents ideal environments for each pre-emption type 

under the various experimental conditions in terms of the newly identified key factors. This 

study also provides excellent guidelines for which pre-emption type should be applied to a 

given production situation with the key factors. 

      Building upon these contributions, several promising avenues for future research emerge. 

First, this study may be integrated with data-driven technologies and real-time production data, 

enabling adaptive decision-making within highly dynamic manufacturing environments  

[30-33]. Additionally, future studies can expand the scope of this work by evaluating a broader 

range of alternative performance measures. 
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  ( 𝜎 ,   𝛽 )


    d  i =     t  i +   f ∙ p  i


  x =  {      0     if   b =   n  j   1     else              


    b  m i n =  ⌈  (    ( 1 + x )   s    j 0 j   (  1  𝜆 −   p - ) ) ⌉ ,


    F  M A S P _ A D _ B A = (   j 1 ,     b 1 )  


    F  M A S P _ A D _ B A =     a r g m i n  j ∈ J ; b =   b  m i n . .   n  j ;   n  j > 0 ⁡      s    j 0 j +   ∑  i = 1  b    p  i j  b


      1    𝜆


    p -


   s   j 0 j


    F  M A S P _ A D


    b  m i n = r o u n d  (     s    j 0 j   (  1  𝜆 −   p - ) )


    F  M A S P _ A D = (   j 1 ,     b 1 )


      F  M A S P _ A D =     a r g m i n  j ∈ J ; b =   b  m i n . .   n  j ;   n  j > 0 ⁡      s    j 0 j +   ∑  i = 1  b    p  i j  b
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