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Abstract 5 

Flowshop production is adopted as the major type of production of reinforced precast concrete components and it 6 

has higher requirements on shop floor schedules than other types, especially that from rescheduling. However, up 7 

to now, very few approach for the optimization of the shop floor rescheduling has been proposed in spite of its vital 8 

importance. This research proposes an approach for optimizing shop floor rescheduling of multiple production lines 9 

for flowshop production of reinforced precast concrete components. The approach comprehensively utilizes the 10 

over-assigned time, which is the difference value between the assigned production time and the estimated one of a 11 

production step for a precast component to deal with production emergencies. Meanwhile, it keeps the adjustment 12 

of schedules at minimum to avoid massive material re-dispatch. First of all, the optimization objectives and 13 

constraints of optimized shop floor rescheduling of multiple production lines for flowshop precast production are 14 

analyzed and a mathematic model is thus formulated. Then, the solver of the model is established by using genetic 15 

algorithm. Finally, the approach is validated by case studies. It is concluded that the approach contributes to the 16 

effective and efficient optimized rescheduling of multiple production lines for flowshop precast production. 17 

Keywords: precast production; optimization; flowshop; reschedule; genetic algorithm 18 

1 Introduction 19 

The adoption of reinforced precast concrete components (precast components for short hereafter) enables the 20 

application of advanced industrial production and management approaches in construction and thus enhances the 21 

construction quality and efficiency. In general, scheduling is crucial for the production of precast components 22 

(precast production for short hereafter), which consists of master production scheduling, material requirement 23 

planning and shop floor scheduling. Among them, shop floor scheduling is the most detailed and difficult one, in 24 

which production tasks are assigned to specific workshop sections, teams or even operators (Yang et al., 2016). 25 

Moreover, flowshop production is adopted as the major type of precast production and it has higher requirements 26 



 

 

on shop floor schedules than other types, because its production steps are closely linked to each other.  27 

Since shop floor schedules should be coordinated with the assembly ones of construction sites, precast 28 

production is sensitive to production emergencies that may result in delay in precast production process, such as 29 

resource shortage, machinery breakdown, rush orders, etc. Over-assigned time for each precast step is always 30 

included in the planned shop floor schedules for production emergencies. Namely, during scheduling, the required 31 

production time of each production steps is assigned slightly more than the estimated one in case of production 32 

delay (General Administration of Quality Supervision, Inspection and Quarantine of P.R.C., 2009).  33 

The current operation procedure for the production emergency is shown as Figure 1 (General Administration 34 

of Quality Supervision, Inspection and Quarantine of P.R.C., 2009, Sheng et al., 2008, Yao, 2014). First, the 35 

emergency information is collected by site supervisors. Then, the operators and site supervisors try to eliminate its 36 

negative influence by using the over-assigned time of the corresponding workstation and slightly adjusting the 37 

production schedule of the workstation. Third, if the order requirements can be fulfilled just by doing so, the 38 

procedure ends and precast components are produced according to the new schedule. Otherwise, such counterplans 39 

as outsourcing orders, activating backup production lines, extending working hours, adding workers and reducing 40 

production requirements (Sheng et al., 2008, Yao, 2014), will be adopted by schedulers. Fifth, rescheduling is 41 

conducted based on the heuristic rules such as the right shift, left shift, opportunistic insertion, deterministic 42 

insertion and overall adjustment (Chan et al., 2003) and then go back to the third step.  43 

 44 

Figure 1. Current operation procedure for production emergencies 45 

However, the procedure cannot satisfy the current production requirements in the following two aspects. For 46 

one thing, because the over-assigned time among all the production steps in the plant is not fully utilized, 47 

schedulers rely on counterplans to deal with production emergencies, which lead to rise in production cost or 48 

failure in fulfillment of order requirements. For another, the heuristic rule based rescheduling approach do not 49 

guarantee optimal schedules theoretically and is significantly influenced by the experience of schedulers so that it 50 
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may result in waste of production capacity, increase of inventory demand and consequential rise of cost (Chan et al., 51 

2003). 52 

This research proposes an approach for the optimized shop floor rescheduling (the optimized rescheduling 53 

hereafter for short) of multiple production lines for flowshop precast production. The approach can not only take 54 

into account the traditional ways for schedule adjustment, such as outsourcing orders, activating backup production 55 

lines and/or extending working hours, but also make use of the over-assigned time of each production step as a 56 

whole to deal with serious production emergencies.  57 

The flow chart of the main part of the paper is shown in Figure 2. First, the optimization objectives and 58 

constraints of the shop floor rescheduling of multiple production lines for flowshop precast production are analyzed 59 

based on the MP-FSM (Flowshop Scheduling Model of Multiple production lines for Precast production) that the 60 

authors proposed previously. Second, the corresponding mathematic model, i.e., optimized Rescheduling Model of 61 

Multiple production lines for Flowshop Precast production (RM-MFP), are formulated accordingly. Third, a solver 62 

for the model is established by using Genetic Algorithm (GA for short hereafter). Finally, the way to apply the 63 

approach is introduced and the approach is validated by case studies. For better understanding, all the symbols of 64 

the paper are listed as an appendix of the paper with their units. 65 

 66 
Notes. MP-FSM is the abbreviation for Flowshop Scheduling Model of Multiple production lines for Precast production. RM-FMP is 67 

the abbreviation for optimized Rescheduling Model of Multiple production lines for Flowshop Precast production  68 

Figure 2. Flow chart of the paper 69 

2 Relevant studies 70 

The existing relevant studies of this research can be divided into two aspects, i.e., scheduling and rescheduling 71 

of precast production. It is obvious that rescheduling is essentially the scheduling with additional constraints.   72 

As far as scheduling is concerned, Chan et al. (2002) introduced an artificial intelligence based flowshop 73 

scheduling approach utilized in manufacturing industry and formulated the FlowShop Sequencing Model (FSSM) 74 

for precast production by analyzing the characteristics of precast production. Benjaoran et al. (2005) studied the 75 
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impact of the quantity of moulds on shop floor schedules of precast production and proposed the FlowShop 76 

Scheduling Model for Bespoke Precast production (BP-FSSM). Ko et al. (2010) improved the feasibility of the 77 

schedules using artificial intelligence by including the constraint of the buffer size, namely size of the temporary 78 

storage place, between workstations for the partially finished precast components waiting for completion 79 

(work-in-processes for short hereafter) storing into the optimization model and developed a corresponding 80 

scheduling system. Yang et al. (2016) proposed the Flowshop Scheduling Model of Multiple production lines for 81 

Precast production (MP-FSM) to facilitate optimized scheduling of precast production with multiple production 82 

lines.  83 

As far as rescheduling is concerned, Chan and Zeng proposed schedule adjustment approach of precast 84 

production based on the heuristic rules and Genetic Algorithm (GA for short here after) (Chan et al., 2003, Zeng, 85 

2007). Although the existing research development can be applied to improve shop floor rescheduling of multiple 86 

production lines for flowshop precast production, the optimization of the schedules still cannot be guaranteed.  87 

3 Analyzing optimized rescheduling  88 

During rescheduling, the over-assigned time utilization as well as counterplans, if they are applicable, 89 

contributes to deal with production emergencies. According to literature (Sheng et al., 2008, Yao, 2014), common 90 

counterplans include outsourcing orders, activating backup production lines, extending working hours, adding 91 

workers and reducing production requirements. However, counterplans application should be decided by schedulers 92 

before rescheduling, because they lead to extra cost or is contract-related so that normally it needs to be approved 93 

by multiple managerial departments. Moreover, by using the proposed approach to empower the software to 94 

optimally reschedule the precast production with the over-assigned time used as a whole, the step two and step five 95 

in the current operation procedure, as shown in Figure 1, can be combined so that a new procedure is formulated as 96 

shown in Figure 3.  97 

 98 

Figure 3. New operation procedure for production emergencies 99 

After collecting the emergency information, schedulers adjust the schedule optimally by using the proposed 100 

Start

1. Collecting 

emergency 

information

2. Rescheduling optimally 

by using the proposed 

approach

3.Order 

requirements are 

satisied?

End
Yes

4.Deciding the 

counterplans

No



 

 

approach in which the over-assigned time of multiple production steps in multiple precast components is utilized as 101 

a whole to deal with production emergencies. If it fails, one can decide applying such counterplans as outsourcing 102 

orders, activating backup production lines and/or extending working hours. Then the counterplans are input along 103 

with the production condition, production organization, emergency information and original schedule into the 104 

software and conducting rescheduling by using the proposed approach again. 105 

According to the new procedure, the step two, namely “rescheduling optimally by using the proposed 106 

approach” is crucial and is where the proposed approach mainly activated. Since it is an optimization process 107 

essentially, its problem definition, optimization objectives and constraints are introduced in the following. 108 

3.1 Problem definition 109 

The optimized rescheduling of multiple production lines for flowshop precast production is defined as follows. 110 

The plant is equipped with a number of moulds of various types, production pallets and production lines with fixed 111 

production routing. In each production line, precast components go through five production steps, namely moulding, 112 

placing rebars and embedded parts, casting, curing and demoulding. Each production step is handled in a particular 113 

workstation by a particular team. Among the workstations, the curing workstation, i.e. the curing room, in a 114 

production line is capable of handling a number of precast components simultaneously. Precast components of 115 

multiple types are produced according to the original shop floor schedule (original schedule hereafter for short) and 116 

the shift work system that specifies the working hours of a day and the way the work team shifts before 117 

rescheduling is carried out when production emergencies occur.  118 

3.2 Optimization objectives 119 

As rescheduling is essentially the scheduling with additional constraints, some of its optimization objectives 120 

can be inherited from those of scheduling. The optimization objectives of rescheduling were thus established, as 121 

shown in Table 1, where item 1 to item 4 are from scheduling (Yang et al, 2016), and the rest are obtained by 122 

analyzing the requirements that are specific to rescheduling. The latter is explained in detail in the following. 123 

Table 1 Optimization objectives 124 

Item number Optimization objective Remark 

1 Minimization of Workstation Idle time (WI) — 

2 Minimization of Contract penalty and Storage cost (CS) — 

3 Minimization of MakeSpan (MS) — 

4 Minimization of Type Change of precast components (TC) — 

5 Minimization of Material Re-dispatch complexity and workload (MR) New 

6 Using the minimum amount of Over-assigned time for production emergencies (UO) New 

Note. Type changes of precast components is an index to quantize the frequency of the changes in production operation of a 125 



 

 

workstation. 126 

3.2.1 Minimization of material re-dispatch complexity and workload 127 

 During flowshop precast production, materials such as rebar cages and embedded parts are pre-dispatched to 128 

the production lines and different type of precast components are assigned different set of materials. It is obvious 129 

that during re-dispatch, the complexity and workload of material re-dispatch should be minimized. 130 

3.2.2 Using the minimum amount of over-assigned time for production emergencies  131 

In practice, schedulers need to assign the required time for each production step of each precast component by 132 

around 20% more than the estimated time in case of delay of the production step (General administration of quality 133 

supervision, inspection and quarantine of P.R.C., 2009). Although the effect for using the over-assigned time of a 134 

single production step in a single component is limited, it is possible to deal with even serious production 135 

emergencies by utilizing the over-assigned time of multiple production steps in multiple precast components as a 136 

whole. In order to deal with the further uncertainty in production, schedulers should ensure that the amount of 137 

over-assigned time used for production emergencies is minimized. Besides, since the curing steps are executed in 138 

automatic curing rooms with high reliability, their corresponding over-assigned time is not considered. Moreover, 139 

the rest of the production steps should share all the over-assigned time equally during scheduling for better 140 

coordination. 141 

3.3 Optimization constraints 142 

Table 2 shows the optimization constraints of rescheduling established in this study. A number of optimization 143 

constraints of rescheduling are inherited from those of scheduling (Yang et al., 2016), i.e. from item 2 to item 6 in 144 

Table 2. The remaining items in the table are established by analyzing the changes of production conditions 145 

resulting from production emergencies (Sheng et al., 2008, Yao, 2014) including production step delay, resource 146 

shortage, machinery problem, machinery breakdown, order change and quality problem. For instance, since 147 

resource purchase is after scheduling, the amount of resource is not a constraint for scheduling. However, when the 148 

production emergency of resource shortage occurs, production of all the precast components that use the resource 149 

of this kind pauses and it becomes the domain constraint. 150 

Table 2 Optimization constraints  151 

Number Content Remark 

1 Constraint of workstation productivity Revised 

2 Constraint of the size of curing rooms — 

3 Constraint of the eight-hour day working — 

4 Constraint of the buffer size between workstations — 



 

 

5 Constraint of the quantity of moulds — 

6 Constraint of the quantity of production pallets — 

7 Constraint of the amount of resources New 

The details of the new or revised optimization constraints are explained in the following.  152 

3.3.1 Constraint of workstation productivity 153 

During rescheduling, not only the constraint of workstation productivity that resulted from normal production 154 

but also that resulted from production emergencies should be considered. The former aspect of the constraint is the 155 

same as that of the MP-FSM (Yang et al., 2016). The latter aspect of the constraint depends upon the reasons for the 156 

change of production condition. For example, a production step delay could lead to the increase in production time 157 

of a production step of a precast component, while a machinery problem could result in the increase in production 158 

time of a production step of multiple precast components. 159 

3.3.2 Constraint of the amount of resources  160 

Resources such as concrete are essential for flowshop precast production. During rescheduling, it is necessary 161 

to ensure that the resource supply is always more than the resource consumption.  162 

4 Formulating RM-MFP  163 

Based on the analysis in Section 3, the RM-MFP is formulated by mathematically modeling the 164 

aforementioned optimization objectives and constraints. In order to make the model easy to understand, the known 165 

quantities and variables are described in advance in the following. 166 

4.1 Known quantities, independent variables, dependent variables and their notations 167 

4.1.1 Known quantities 168 

For the optimized rescheduling of flowshop precast production, the known quantities are divided into five 169 

parts. 170 

(1) Parameters of plant condition 171 

The total quantity of production lines is denoted as L. The maximum quantity of precast components that can 172 

be handled in the curing room of production line l is denoted as Yl. The total quantity of moulds of type $ in the 173 

flowshop is denoted as Q$. The total quantity of production pallets in the flowshop is denoted as P. The serial 174 

number of the workstation for production step k (k≤ 5) in the production line l is denoted as Ml,k.  175 

(2) Parameters of production organization 176 

The working hours, non-working hours and overtime hours allowed during the working day are denoted as HW, 177 

HN and HE respectively. 178 



 

 

(3) Parameters of order  179 

The total quantity of precast components is denoted as n. Some other parameters such as the total quantity of 180 

precast components of each type in the original orders are also known. 181 

(4) Parameters of original schedule 182 

The earliest beginning time for the first production step of the first precast component to be produced the 183 

production line l is denoted as S(Jl,1, Ml,1). The total quantity of precast components of type $ be produced in the 184 

production line l during period (t0, t0+Tp) according to the original schedule is denoted as Suml,$
O (t0, t0 + Tp). 185 

(5) Parameters of production emergency 186 

The estimated duration delay is denoted as ha. The duration of machinery breakdown is denoted as (tbs, tbe). 187 

Some other parameters such as the total quantity of precast components of each type in the rush orders are also 188 

known. 189 

4.1.2 Independent variables 190 

The RM-MFP inherits the independent variables from the MP-FSM for the allocation plan of the precast 191 

components to the production lines and their priorities of resource utilization (Yang et al., 2016). In addition, the 192 

objective of using the minimum amount of over-assigned time for production emergencies brings new independent 193 

variables, i.e., the duration for using the over-assigned time and the proportion of the used over-assigned time to the 194 

assigned production time. These 4 variables determine the new schedule for precast production and are called 195 

production arrangement in this paper. 196 

The representation of the variables is as follows. The allocation plan of the precast components to the 197 

production lines is represented by production line number ALc (ALc∈N
+
, N+ stands for all positive integers), 198 

where the precast component c is produced. The priorities of resource utilization of precast components is 199 

represented by j (j∈N
+
). The precast components with higher priorities can get resources earlier than the others. 200 

The duration for using the over-assigned time is represented by Tr. Thus, given that t0 is the initial time for using 201 

the over-assigned time, the over-assigned time is used during the period [t0, t0+ Tr]. The proportion of the used 202 

over-assigned time to the assigned production time, which equals the estimated production time plus the 203 

over-assigned time, is represented by φ. 204 

4.1.3 Dependent variables 205 

The other dependent variables can be inferred from the known quantities and variables. 206 

As the allocation plan of the precast components to the production lines and their priorities of resource 207 



 

 

utilization is represented by the variables, the serial number of the precast component produced in production line l 208 

at the sequence i can be determined and represented by Jl,i.  209 

The total quantity of precast components produced in the production line l (l ≤L) can be determined and 210 

represented by nl and n = ∑ nl
L
l=1 .  211 

As the contract penalty is given in the order or contracts and the storage cost of each precast component 212 

should also be known, the contract penalty and storage cost of the precast component produced in production line l 213 

at the sequence i can be determined and represented by τl,i and εl,i respectively.  214 

Similarly, the due time of the precast component produced in production line l at the sequence i can be 215 

determined and represented by dl,i.  216 

The production time of the step k of the precast component produced in production line l at the sequence i can 217 

be determined and represented by Pl,i,k.  218 

4.2 Optimization objectives 219 

Since all the optimization objectives in Table 1 should be applied in the RM-MFP, the method of weighting 220 

and normalizing is used to combine all the optimization objectives as Equation (1). 221 

Min f = wWI ∗ (
fWI

fWI
∗ ) + wCS ∗ (

fCS

fCS
∗ ) + wMS ∗ (

fMS

fMS
∗ ) + wTC ∗ (

fTC

fTC
∗ ) + wMR ∗ (

fMR

fMR
∗ ) + wUO ∗ (

fUO

fUO
∗ )     (1) 222 

In the equation, f is the unfitness value of the evaluated schedule. wWI, wCS, wMS, wTC, wMR and wUO 223 

are the weights of the optimization objectives WI, CS, MS, TC, MR and UO, respectively, and the sum of them is 1. 224 

fWI, fCS, fMS, fTC, fMR and fUO are the values of the optimization objectives respectively. fWI
∗ , fCS

∗ , fMS
∗ , fTC

∗ , 225 

fMR
∗  and fUO

∗  are the values of each optimization objective, respectively, under the condition that the shop floor 226 

rescheduling problem is optimized by only using the corresponding optimization objective. The unfitness value 227 

grows with the value of each optimization objective linearly, so that the change of each optimization objective can 228 

be directly reflected as the change of the unfitness value, which makes the equation suitable as the multi-objective 229 

function for precast scheduling or rescheduling problems. Such a technique has been applied in similar researches 230 

such as that of Benjaoran (2005). 231 

It is necessary to noted that the weights of the optimization objectives, namely wWI, wCS, wMS, wTC, wMR 232 

and wUO should be decided by the user according to his perception on relative importance of the optimization 233 

objectives. An investigation and determination method of weights in decision making problems with multiple 234 

objectives has been proposed by Zhen (1987), in which the preference of schedulers and the interaction effect 235 



 

 

between all the objectives have been concerned. Many other mature studies about impact analysis has also been 236 

concluded by Porter (1980).  237 

The values of the optimization objectives from 1 to 4 in Table 1 inheriting from the MP-FSM are formulated 238 

as Equation (2) to Equation (5). 239 

fWI  = ∑ ∑ [∁(Jl,nl
, Ml,k) − S(Jl,1, Ml,k) − ∑ Pl,i,k

nl
i=1 ]5

k=1
L
l=1               (2) 240 

fCS  = ∑ {∑ τ
l,i

∗ Max[0, ∁(Jl,i, Ml,5) − dl,i]
nl
i=1 + ∑ εl,i ∗ Max[0, dl,i − ∁(Jl,i, Ml,5)]

nl
i=1 }L

l=1      (3) 241 

fMS = Max∀lϵN+|l≤L∁(Jl,nl
, Ml,5)                          (4) 242 

fTC = ∑ {√∑ TQl,s
2L

l=1 /Ls + √∑ CQl,s
2L

l=1 /Ls}S
s=1                    (5) 243 

In the equations, S(Jl,i, Ml,k), Pl,i,k and ∁(Jl,i, Ml,k) are the entering time, duration and leaving time of the 244 

precast component Jl,i in the workstation Ml,k respectively. Max∀lϵN+|l≤Lf(l) is the maximum of f(l), where l is 245 

a positive integer and l ≤ L. TQl,s is the total quantity of the types of the precast components in the shift s of the 246 

production line l. CQl,s is the total quantity of the type changes of precast components during production in the 247 

shift s of the production line l. S is the total quantity of shifts. Ls is the quantity of production lines actually 248 

participating in the production in the shift s. 249 

The equations for the new optimization objectives are introduced in the follows. 250 

4.2.1 Equation of minimization of material re-dispatch complexity and workload 251 

As mentioned in Section 3.1.1, to achieve the optimization objective, the complexity and workload of material 252 

re-dispatch should be minimized. The more production lines are involved in rescheduling, the easier the operators 253 

make mistakes during production. The complexity of that can be measured by fMR1, namely, the quantity of 254 

production lines whose schedules are changed by rescheduling. Because exchanging two precast components of the 255 

same type between different production lines does not result in material re-dispatch, the workload of material 256 

re-dispatch can be measured by fMR2, namely, the sum of absolute change of component quantity of each type in 257 

each production lines by rescheduling. For example, the original production sequence of 2 production lines is 258 

components of type A, A, A and B, B, B, respectively, while the new production sequence of them is components of 259 

type A, B, A and B, A, B, respectively, so both fMR1 and fMR2 are equal to 2.  260 

The difference between the quantity of production lines whose schedules are changed by rescheduling and the 261 

sum of absolute change of component quantity of each type in each production lines by rescheduling is huge, so it 262 

is further divided into two sub-objectives accordingly, as shown in Equations (6) and (7). Then they are combined 263 

as Equation (8) by using the normalization method.  264 



 

 

fMR1 = Lr                                    (6) 265 

fMR2 = ∑ *∑ |Suml.$(t0, t0 + Tp) − Suml.$
O (t0, t0 + Tp)|

$MN

$=$1
+L

l=1 , $ ∈ ($1, … $MN)      (7) 266 

fMR =  
fMR1

fMR1
∗  + 

fMR2

fMR2
∗                                    (8) 267 

In the equations, Lr is the quantity of production lines whose schedules are changed by rescheduling. 268 

$ represents a type of the precast component, while $1 and $MN represents the first and the last type of precast 269 

component, respectively. Tp is the duration from the initial time of rescheduling. Suml,$(t0, t0 + Tp) is the 270 

quantity of precast components of type $ in the production line l from time t0 to t0 + Tp according to the new 271 

schedule, while Suml,$
O (t0, t0 + Tp) is that according to the original schedule. fMR1

∗  and fMR2

∗  are the values of 272 

each sub-objective, respectively, under the condition that the shop floor rescheduling problem is optimized by only 273 

using the corresponding sub-objective. 274 

4.2.2 Equation of using the minimum amount of over-assigned time for production emergencies  275 

During the period (t0, t0+Tr), the used over-assigned time for production emergencies in production line l can 276 

be measured by fuo, namely the time difference of finishing a certain amount of job before and after using the 277 

over-assigned time. The average efficiency increases by 1/(1 − φ) times and the time for finishing a certain 278 

amount of job decreases by φ ∗ Tr times in a single production line. Hence, the value of the optimization objective 279 

can be formulated as equation (9). For the example shown in Figure 4, the over-assigned time of the workstations in 280 

1 production line is utilized from 12:00 to 14:00 in a day, with the proportion φ being 6.8%, so the fUO is 0.136.  281 

fUO  =  φ ∗ Tr ∗ Lr                                     (9) 282 

 283 

Figure 4. Optimization objective of using the minimum amount of over-assigned time for production emergencies 284 

4.3 Optimization Constraints 285 

All the optimization constraints in Table 2 are adopted in the RM-MFP. Constraint of workstation productivity, 286 

that of the size of curing rooms, that of the eight-hour day working, that of the buffer size between workstations, 287 



 

 

that of the quantity of moulds, that of the quantity of production pallets, that of the amount of resources inherit 288 

from the MP-FSM and are formulated as Equation (10) to Equation (16), respectively. 289 

S(Jl,i, Ml,4) ≥ Max
∀yϵN+|y<i

Yl
th

∁(Jl,y, Ml,4)                           (10) 290 

C(Jl,i, Ml,3) ≥ {
T,                 if T ≤ 24D + HW + HE

24(D + 1) + Pl,i,k,    if T > 24D + HW + HE
                 (11) 291 

C(Jl,i, Ml,4) ≥ {

T,              if T < 24D + HW              

24(D + 1),         if 24D + HW ≤ T ≤ 24(D + 1)

T,                if T > 24(D + 1)            
           (12) 292 

C(Jl,i, Ml,k) ≥ {
T,           if T < 24D + HW and k = 1,2,5,6

T + HN,      if T ≥ 24D + HW and k = 1,2,5,6
             (13) 293 

C(Jl,i, Ml,k) ≥ S(Jl,(i−Bl,k), Ml,(k+1))                           (14) 294 

S (Jl,i
j,$

, Ml,1) ≥ Min ,Max
∀l′ϵN+|l′≤L,∀yϵN+|y≤N,∀xϵN+|x<j

Q$ [∁ (J
l′,y
x,$ , Ml,6)]-           (15) 295 

S (Jl,i
j

, Ml,1) ≥ Min ,Max
∀l′ϵN+|l′≤L,∀yϵN+|y≤N,∀xϵN+|x<j
P [∁ (Jl′,y

x , Ml,6)]-           (16) 296 

In the equations, Max
∀yϵN+|y<i

Yl
th

f(y) represents the Ylth maximum value of f(y), where Yl is the maximum 297 

quantity of precast components that can be handled in the curing room of production line l, and y is a positive 298 

integer and y ≤ i. Max
∀yϵN+|y<i

Q$ f(y) stands for the first Q$ maximum values of f(y), where y is a positive 299 

integer and y ≤ i. For example, given that f(y) = y2, i = 3, its value is the set {4, 9} if Q$ = 2, while its value is 300 

the set {0, 1, 4, 9} if Q$ = 4. T is the C(Jl,i, Ml,k) calculated without considering the constraint of eight-hour day 301 

working. D=integer(T/24) is the total quantity of days passed from the start of the production to the C(Jl,i, Ml,k). 302 

Bl,k is the maximum quantity of precast components that can be stacked between workstation Ml,k and Ml,k+1. 303 

Jl,i
j,$

 is the serial number of the precast component of type $ produced in production line l at the sequence i, whose 304 

priority is j (The bigger j is, the higher the priority is). Jl,i
j

 is the serial number of the precast component produced 305 

in production line l at the sequence i, whose priority is j.  306 

The equations for the new optimization constraints are introduced as follows. 307 

4.3.1 Equation of constraint of workstation productivity 308 

As mentioned in Section 3.3.1, the constraint is divided into two aspects, the constraint of workstation 309 

productivity under normal production condition and that resulted from production emergencies. The former inherits 310 

from the MP-FSM, as Equation (17) and Equation (18). Equation (17) means production step (Jl,i, Ml,k) does not 311 

start if the precast component Jl,i does not finish its last production step in workstation Ml,(k−1) or the workstation 312 

Ml,k does not finish its last job, namely precast component Jl,(i−1). Equation (18) means the leaving time of the 313 



 

 

precast component Jl,i in the workstation Ml,k cannot be earlier than the entering time of that plus the production 314 

duration of the production step. 315 

S(Jl,i, Ml,k) ≥ {
Max[∁(Jl,(i−1), Ml,k), ∁(Jl,i, Ml,(k−1))],   if k ≠ 4

∁(Jl,i, Ml,(k−1)),                    if k = 4
             (17) 316 

C(Jl,i, Ml,k) ≥ S(Jl,i, Ml,k) + Pl,i,k                       (18) 317 

The latter depends on the production emergencies causing the productivity change.  318 

Production step delay increases the production time of a single step of a single precast component. The delay 319 

duration is represented by ha, and the corresponding equation is (19), which means that the leaving time of the 320 

precast component Jl,i in the workstation Ml,k cannot be earlier than the entering time of that plus the production 321 

duration of the production step and plus delay duration.  322 

C(Jl,i, Ml,k) ≥ S(Jl,i, Ml,k) + Pl,i,k + ha                          (19) 323 

Machinery problem, adding workers, using over-assigned time and reducing production requirements change 324 

the production time of one or several steps of multiple precast components as formulated as Equation (20), which 325 

means if production step (Jl,i, Ml,k) is influenced by these production emergencies, the leaving time of the precast 326 

component Jl,i in the workstation Ml,k cannot be earlier than the entering time of that plus the production duration 327 

of the production step and plus the extra time for the production step because of the influence. 328 

C(Jl,i, Ml,k) ≥ S(Jl,i, Ml,k) + Pl,i,k + hb, if (Jl,i, Ml,k) ∈ ConditionComps            (20) 329 

In the equations, ConditionComps is a set of the combination of precast components and workstations that 330 

are directly influenced by the production emergencies, while hb is the extra time for the production step because 331 

of the influence. 332 

Machinery breakdown stops production in a single workstation in a production line and the corresponding jobs 333 

delay until the machinery is repaired. Hence, the corresponding equation is Equation (21) and (22). Equation (21) 334 

means that no precast component enter the workstation Ml,k when it is breakdown. Equation (22) means that the 335 

duration of machinery breakdown adds to the production duration of production step (Jl,i, Ml,k), when machinery 336 

breakdown happens during it. 337 

S(Jl,i, Ml,k) ≥ tbs, if S(Jl,i, Ml,k) ∈ (tbs, tbe)                        (21) 338 

C(Jl,i, Ml,k) ≥ Pl,i,k + tbe − Max{[tbs − S(Jl,i, Ml,k)], 0} ,   339 

 if (tbs, tbe) ⋂[S(Jl,i, Ml,k), C(Jl,i, Ml,k)] ≠ null                      (22) 340 

In the equations, (tbs, tbe) is the duration of machinery breakdown. 341 

Activating backup production lines changes the quantity of production lines, but it results in no extra 342 



 

 

constraints. 343 

Taking production step delay as an example, a production step starts as 9:30, namely, S(Jl,i, Ml,k) = 9: 30. It takes 344 

0.5 hours, namely, Pl,i,k = 0.5h. But production emergencies delay it by 0.3 hours, namely ha = 0.3h. Hence, the 345 

finish time for the step C(Jl,i, Ml,k) should be later than 10:18 as shown in Figure 5. 346 

It is worth noting that during rescheduling by using the RM-MFP, users can simply apply all the equations of 347 

constraint of workstation productivity, because the equation is objective so that actually it has nothing to do with 348 

whether the corresponding production emergency occur or not. Taking the Equation (21) as an example, if the 349 

production emergency of machinery breakdown does not happen, tbs=0 and the equation becomes S(Jl,i, Ml,k) ≥ 0, 350 

which obviously can be satisfied. 351 

 352 

Figure 5. Example of constraint of workstation productivity 353 

4.3.2 Equation of constraint of the amount of resources 354 

As mentioned in Section 1.2.2, the optimization constraint can be described as the resource supply in the plant 355 

should not be less than the resource consumption. The resource supply is determined by the procurement plan, 356 

which can be formulated as an increasing function, y = Msupply(t). The bottleneck of resource supply is the start 357 

time for producing any precast component, t = S(Jl,i
j

, Ml,1). Thus, the total supply is Msupply[S(Jl,i
j

, Ml,1)]. The 358 

production of precast components follows the priorities of resource utilization of precast components (Zeng, 2007). 359 

Mconsume(Jl,i
j

) is the resource consumption of the precast component Jl,i
j

. Thus, until the start time for producing 360 

Jl,i
j

, the resource consumption is ∑ Mconsume(Jl,i
j

)
j
x=1 . In this way, the optimization constraint is formulated as 361 

Equation (23). It can be depicted by Figure 6, which means the curve of resource consumption should always be 362 

within the envelope diagram of the curve of resource supply. 363 

Msupply[S(Jl,i
j

, Ml,1)] ≥ ∑ Mconsume(Jl,i
x )

j
x=1                         （23） 364 



 

 

 365 
Figure 6. Constraint of the amount of resources  366 

5 Establishing a solver by using Genetic Algorithm 367 

Ma et al. (2015) proposed an exhaustion based solver for a similar problem, namely, shop floor scheduling 368 

model of multiple production lines for flowshop precast production, but the calculation load is extremely large. 369 

Since GA can be utilized to operate on a population of solutions rather than on one individual and uses no gradient 370 

or other problem specific information, it is ideal for solving such nonlinear scheduling problems, where the search 371 

space is large and the number of feasible solutions is small (Wall, 1996, Tormos et al, 2008). Wu et al. (1993) and 372 

Lei et al. (2012) compared GA, Particle Swarm Optimization (PSQ for short hereafter) and Simulated Annealing 373 

(SA for short here after) with similar scheduling cases and verified that GA is the best among them. Hence, the 374 

research uses GA to establish the solver for the RM-MFP.  375 

Solving the RM-MFP by using GA is similar to solving the MP-FSM (Yang et al., 2016), which contains the 376 

following steps as shown in Figure 7. 1) Generate the initial population of chromosomes randomly according to the 377 

coding method, each of which represents a production arrangement. The size of population is set by schedulers and 378 

is denoted as m, which is even. 2) Calculate the conditional optimal schedule for each production arrangement 379 

represented by a chromosome based on the Equations from (1) to (23) in the method described by Yang et al. 380 

(2016). This step is needed because even if production arrangement is given, more than one feasible schedule can 381 

be generated according to it. Thus, m conditional optimal schedules can be achieved; 3) Evaluate the m conditional 382 

optimal schedules and find the best one based on the optimization objectives and determine whether to terminate; 383 

and 4) If it is to continue, generate a new population of chromosomes based on the previous one by mutating and 384 

crossing over and go back to the step 2), otherwise, terminate the calculation and produce the best schedule selected 385 

by step 3) (Yang et al., 2016).  386 



 

 

 387 

Figure 7. Flow chart of the RM-MFP solver 388 

Because the RM-MFP has different optimization variables compared with the MP-FSM, its coding, mutation 389 

and crossing over method needs to be developed accordingly. Due to space limitation, the paper only describes the 390 

parts of the solver which are different from those in the MP-FSM. Moreover, as the calculation load of scheduling 391 

and rescheduling are comparable according to the form of the mathematic models, the calculation parameters such 392 

as population size and mutation chance for solving the RM-MFP can be determined by referring to those for 393 

solving the MP-FSM (Yang et al., 2016). 394 

5.1 Coding method of chromosomes 395 

 All the 4 variables mentioned in Section 4.1.2 should be represented in a chromosome to describe a specific 396 

production arrangement for rescheduling. Thus each variable is represented as a group of genes in a chromosome 397 

respectively. The total quantity of the genes which represent the first two variables, namely the allocation plan of 398 

the precast components to the production lines and their priorities of resource utilization, is n, which is the total 399 

quantity of precast components. The representation of the genes corresponding to the two variables is decimal. For 400 

better mutation and crossing over, the representation of the genes corresponding to the last two variables, the 401 

proportion and duration of releasing over-assigned time, is binary and ternary respectively to increase the length of 402 

chromosome part. The number of genes is designed as 5 according to production practice (General administration 403 

of quality supervision, inspection and quarantine of P.R.C., 2009) for both variables. The chromosome design is as 404 

follows.  405 

 A chromosome is a 2*(n+5) matrix of genes, which can be divided into two parts as shown in the Figure 8. 406 

The left part is further divided into two sections, which are coded decimally. The genes in the top left section, 407 

namely AL1, …, ALn, are serial numbers of precast components arranged according to their priorities of resource 408 

utilization. The values of the genes are not repeated with the range [1, n]. The genes in the bottom left section, 409 

namely j1, …, jn, are the serial number of production lines where the precast components right above the serial 410 
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numbers are produced. The values of the genes can be repeated with the range [1, L]. The right part is also divided 411 

into two sections, which are coded in the binary and ternary respectively. The values of the genes of the part can be 412 

repeated. The ternary number constituted by the genes of the top right section, namely 413 

y5+3*y4+3
2
*y3+3

3
*y2+3

4
*y1, is the duration for using the over-assigned time, Tr. The binary number constituted 414 

by the genes of the bottom right section over 100, namely (z5+2*z4+2
2
*z3+2

3
*z2+2

4
*z1)/100, is the proportion of 415 

the used over-assigned time to the assigned production time of each step, φ. φ ≤ ɸ, where ɸ is the proportion of 416 

the over-assigned time to the assigned production time. 417 

 418 

Figure 8. Coding method of chromosomes  419 

5.2 Crossing over and mutation method of chromosomes  420 

 The different sections of the chromosomes cross over following different cross over operators.  421 

Since the genes in the top left section are not repeated, the order-based crossover operator, namely OX2, is 422 

applied for the section as illustrated in Figure 9 (Yang et al., 2016). First, a continuous subsection of chromosome, 423 

which is shorter than the parent section, is randomly selected within a parent section and all the rest genes in the 424 

parent section are inherited by the child section. Then the genes in the selected subsection are rearranged according 425 

to the appearance order of the equivalent genes in the other parent section and inherited by the child section. Thus 426 

the top left section of the child chromosome is created. 427 

 428 
Figure 9. Cross over operator for the top left section 429 

Since the genes in the bottom left section can be repeated, the basic two-point cross over operator is applied 430 

for the section as illustrated in Figure 10 (Yang et al., 2016). First, a continuous subsection of chromosome, which 431 

is shorter than the parent section, is randomly selected within a parent section and all the rest genes in the parent 432 

section are inherited by the child section. Then the corresponding subsection in the other parent section, the 433 

position of which is the same as the selected subsection, is directly inherited by the child section. Thus the bottom 434 

left section of the child chromosome is created. 435 

 436 



 

 

Figure 10. Cross over operator for the bottom left section 437 

Since the two sections in the right part of the chromosomes are short, the basic one-point cross over operator is 438 

applied for the sections as illustrated in Figure 11 (Crossover, 2016). First, a cut point is randomly selected within 439 

the both parent sections and the parent sections are cut as four subsections. Then, the right subsection of a parent 440 

section and the left subsection of another parent section is inherited by the child section. In the way, the right part of 441 

the child chromosome is created. 442 

              443 
Figure 11. Cross over operator for the top right section and the bottom right section                                        444 

The different sections of the chromosomes mutate following different mutation operators.  445 

Since the genes in the top left section are not repeated, the genes in the section follows the mutation operator 446 

by which the position of two randomly selected genes are interchanged as illustrated in Figure 12. First, two 447 

different genes are selected in the section. Then, the section is mutated by exchanging the position of them. 448 

 449 

Figure 12. Mutation operator for the top left section 450 

Since the genes in the rest sections are repeatable, the genes in the sections follows the mutation operator by 451 

which the value of a randomly selected gene changes randomly within the corresponding value range as illustrated 452 

in Figure 13. 453 

 454 

Figure 13. Example of the mutation operator for rest sections 455 

The best chromosome recording strategy is used during the generation of new population for better 456 

convergence performance. That is, the best chromosome in the current population is selected and recorded as C
0
 457 

according to the optimization objectives. After generating the new population by using the crossing over and 458 

mutation operators, the best chromosome in the new population is selected and recorded as C
1
. Then, C

0
 and C

1
 are 459 

compared and the one of better performance is reserved in the new population (Li, 2004, Zhou, 1999). Such a 460 

process goes on until the convergence criterion is met and the optimal plan is thus obtained. 461 



 

 

6 Verification 462 

Based on the procedure as shown in Figure 3, the proposed approach is verified in two steps after a 463 

corresponding program was developed and used. In the first step, a production case of the production emergency of 464 

duration delay is used, and a widely used software is used for preliminary comparison where the overall adjustment 465 

rule is applied. The results are analyzed according to the optimization objectives. In the second step, seven 466 

production cases of the production emergency of rush order arrival is used, and the same software is used for 467 

further comparison, where Earliest Due Date (EDD) rule, Shortest Processing Time (SPT) rule and Least Slack 468 

Time (LST) rule are applied, respectively.  469 

6.1 Step 1: a production case 470 

Ten precast components produced in two production lines are rescheduled in the case. The precast components 471 

share 7 production pallets and 7 moulds, among which 3 moulds are of type A, 2 moulds are of type B and 2 472 

moulds are of type C. Three shifts are applied in the production, which guarantee the continual production during 473 

the whole day. Resource supply follows the Equation (24). The buffer size between workstations and curing rooms 474 

is set as 3 and 20 respectively. The production information of the precast components is derived by referring to the 475 

case used by Benjaroran et al. (2005) as shown in Table 4, which was also used in the validation of Ko et al.’s study 476 

(2010) and Yang et al. (2016). The production time of each step in the table includes the over-assigned time with 477 

the over-assignment proportion of 20%. The original schedule is depicted in Figure 14. All the precast components 478 

are finished within 55.6h. The production emergency is assumed to be that the No. 4 precast component in the 479 

production line 2 doubles its production time of the second production step due to extra requirement from the 480 

customer, namely ha=4h. Hence, the shop floor rescheduling is necessary or the precast components cannot be 481 

delivered on time.  482 

y = Msupply(t) = {
15, if 0 ≤ t < 20

20, if 20 ≤ t
                             （24） 483 

Table 4. Production information of precast components 484 

Component Production time of each step (hour) Due date 

(hour) 

Penalty rate per hour 

(Dollar/Component) 

Resource 

consumption 

(unit) 

Quantity 

(piece) 
Id Type M1 M2 M3 M4 M5 Earliness Tardiness 

1 A 2 1.6 2.4 12 2.5 57 2 10 1 3 

2 B 3.4 4 4 12 2.4 57 2 10 2 4 

3 C 0.8 1 1.2 12 1.8 53 2 10 1 6 

M1: moulding, M2: placing of rebars and embedded parts, M3: casting, M4: curing, M5: demoulding 485 

 486 



 

 

 487 
Moulding   Rebars and embedded parts placing   Casting   Curing   Demoulding 488 

               Number of the production line where the production step is processed 489 
 490 

Figure 14. Original schedule 491 

In the case, the production emergency is solved only by using the over-assigned time as a whole. The new 492 

schedule generated by using the proposed approach is shown in the Figure 15. It is obvious that all the objectives 493 

were achieved. For instance, all the precast components are produced within 56.9h and can be delivered in time. 494 

Moreover, because only the production jobs in the production line 2 are adjusted in the new schedule, the material 495 

re-dispatch is not necessary. In addition, the period for using the over-assigned time, Tr, is only 39h and the 496 

decrement rate of the estimated production time of the steps, φ, is only 6.7%, which means that little over-assigned 497 

time for production emergencies are used to solve the production emergency. Moreover, all the optimization 498 

constraints were satisfied in the schedule. As the RM-MFP is inherited from the MP-FSM, the first six constraints 499 

are inevitably satisfied. The curves of resource consumption and supply are depicted in Figure 16, which shows the 500 

resource supply is enough for production according to the schedule. 501 

 502 

Moulding   Rebars and embedded parts placing   Casting   Curing   Demoulding 503 

               Number of the production line where the production step is possessed 504 
Figure 15. New schedule by RM-MFP 505 

 

 



 

 

 506 

Figure 16. Resource consumption and supply according to the new schedule by RM-MFP 507 

Next, Asprova APS is selected as a comparison to adjust the schedule based on the heuristic rule, where the 508 

over-assigned time within the production steps is not utilized as a whole, namely, the assigned production time is 509 

regarded as the estimated production time. The software is developed by a Japanese company called Asprova in 510 

1994. Currently it is leading in the market in Japan and is used worldwide. The overall adjustment rule is applied, 511 

because theoretically it performs the best. The new schedule obtained by using Asprova APS is shown as Figure 17. 512 

Some objectives are not achieved in the schedule. For instance, all the precast components have to been produced 513 

in 61.8h, which is beyond the requirement of the customer as shown in Table 4. Moreover, according to the 514 

schedule, the 515 

 516 
Figure 17. New schedule by Asprova APS 517 

material re-dispatch is inevitable because the production adjustment is within the two production lines. The result 518 

indicates that, comparing with the heuristic rule based method, the proposed approach gives better results in solving 519 

the production emergencies, because it can utilize the over-assigned time as a whole and keep the adjustment of 520 

schedules at minimum to avoid massive material re-dispatch.  521 

The minimum of the weighted and normalized value of the objectives in each population during calculation is 522 

depicted in the convergence curve of Figure 18. The calculation converges within 30 iterations, which shows the 523 



 

 

high calculation efficiency of the solver for the RM-MFP. Based on the curve and the principle of GA, the schedule 524 

in the Figure 15 can be trusted as the optimal solution of the case within limited calculation loads. 525 

 526 
Figure 18. Convergence curve of the case 527 

6.2 Step 2: seven production cases 528 

Seven cases of rescheduling was further carried out to compare the performance of the proposed approach with 529 

the heuristic rule based ones. Asprova APS was also applied as a comparison to generate the heuristic rule based 530 

schedules. The arrival of new rush order is selected as the reason for rescheduling. It is common in practice and 531 

little experience is required for rescheduling as most software provides the functionality. The new order contains 5 532 

precast components of Type A. Since the software does not support quantitative multi-objective optimization, the 533 

minimization of makespan is selected as the only optimization objective, because it is one of the most significant 534 

objectives of rescheduling. To minimize the makespan, the weights of optimization objectives is WWI=0%, 535 

WCS=0%, WMS=100%, WTC=0%, WMR=0%, WRC=0% in the proposed approach and the overall adjustment is 536 

selected as the heurist rule for rescheduling in Asprova APS. Three widely used dispatch rules, namely Earliest Due 537 

Date (EDD) rule, Shortest Processing Time (SPT) rule and Least Slack Time (LST) rule are applied in each case 538 

respectively as calculation parameters in Asprova APS to determine the production sequence (Yang et al., 2016). 539 

The seven cases that were used in a previous study (Yang et al., 2016) are used, in which, the quantity of each 540 

type of component, quantity of production lines, quantity of pallets are varied. The schedules of the seven cases that 541 

were scheduled by using Asprova APS by Yang et al. (2016) are used to determine the original schedules. The 542 

original schedule for each case in the study is adopted as the best one among the 3 schedules of each case. Since the 543 

production emergency is set as rush order arrival, the resource supply is enough in the 7 cases. The other 544 

parameters follow the cases of Yang et al. (2016). The makespans of both the original schedules and the new 545 

schedules that are obtained by using the proposed approach are shown in Table 5. 546 

Table 5. Makespan of the original and new schedules of the comparative cases 547 



 

 

Cases 

Component quantity 

(piece) 
Makespan 

of original 

schedules 

(hour) 

Dispatch rule of 

original 

schedules 

Makespan of new schedules (hour) 

Type 

A 

Type 

B 

Type 

C 
SPT EDD LST RM-MFP 

1 12 8 5 77.4 LST 82.2 83.4 83.4 77.4 

2 8 7 5 77.4 LST 79.4 80.2 80.2 77.4 

3 10 5 6 77.4 EDD 102.5 104.9 104.1 102.5 

3 9 3 6 41 SPT 61.5 62.3 62.3 61.5 

5 12 8 7 56.4 SPT 61.5 66.2 64.8 61.5 

6 15 11 7 82 LST 102.5 107.6 105.8 102.5 

7 14 4 10 67.2 EDD 86 67.2 68.7 67.2 

Note: the quantity of precast components in Table 5 is the total quantity in the new schedules 548 

Table 5 shows that the proposed approach is more optimal than the heuristic rule based ones. It shows better or 549 

equal performance in 100% of the comparative cases. To be specific, 43%, 86% and 100% of the schedules 550 

adjusted by the proposed approach has shorter makespan compared with those adjusted by Asprova APS by using 551 

the dispatch rules of SPT, EDD and LST respectively. For the rest of the cases, the performance of the two 552 

approaches is the same. Moreover, the performance of the heuristic rule based rescheduling approach is highly 553 

depended on the experience of schedulers, because many calculation parameters, such as the heuristic rules and 554 

dispatch rules, need to be determined manually. The proposed approach is also more efficient because less trial and 555 

error processes are necessary. 556 

7 Conclusions 557 

This paper proposes and verifies an approach which includes an optimized Rescheduling Model of Multiple 558 

production lines for Flowshop Precast production (RM-MFP) and a corresponding GA-based solver to realize the 559 

optimized rescheduling. The RM-MFP includes a number of new optimization objectives and constraints that were 560 

identified through literature review and field investigation. Morever, the proposed method can make use of the 561 

over-assigned time of multiple production steps in multiple precast components as a whole in the rescheduling 562 

process. Furthermore, a GA based solver is proposed to achieve the optimization. 563 

Compared with the existing approaches, the proposed approach is less dependent on the experience of 564 

schedulers to enable the scheduler to deal with production emergencies more effectively and efficiently. To be 565 

specific, in the comparative cases of the study, the proposed approach shows better performance in 76.3% of them 566 

and performs equally in the rest. The proposed approach contributes to the innovation of body knowledge on the 567 

way to carry out optimized rescheduling of multiple production lines for flowshop precast production. 568 

Since fixed-location production is also an important type for precast production especially for big, heavy or 569 



 

 

special designed precast components and the scheduling of such type can be classified as open shop scheduling, 570 

most of existing research achievements in the scheduling or rescheduling of precast production cannot be directly 571 

applied in the problem. So scheduling or rescheduling of precast production of fixed-location is another further 572 

research direction. 573 
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Symbols Meaning Unit 

$ A type of the precast component - 

Bl,k Maximum quantity of precast components that can be stacked between workstation Mk and Mk+1 Piece 

ConditionComps 
A set of the combination of precast components and workstations that are directly influenced by the 

production emergencies  
- 

CQl,s 
Total quantity of the type changes of precast components during production in the shift s of the 

production line l 
1 

dl,i Due time of the precast component produced in production line l at the sequence i Hour 

ha Estimated duration of delay Hour 

hb Extra time for the production step because of the influence 1 

HE Overtime hours allowed during the working day Hour 

HN Non-working hours during the working day Hour 

HW Working hours during the working day Hour 

Jl,i Total quantity of precast components produced in the production line l Piece 

Jl,i
j,$

 
Serial number of the precast component of type $ produced in production line l at the sequence i, 

whose priority is j 
1 

Jl,i
j

 
Serial number of the precast component produced in production line l at the sequence i, whose priority 

is j 
1 

L Total quantity of production lines Set 

Lr Quantity of production lines whose schedules are changed by rescheduling Set 

Ls Quantity of production lines actually participating in the production in shifts Set 

Ml,k The serial number of the workstation for production step k in the production line l 1 

n Total quantity of precast components Piece 



 

 

Symbols Meaning Unit 

nl Total quantity of precast components produced in the production line l Piece 

P Total quantity of production pallets in the flowshop Set 

Pl,i,k Production time of the step k of the precast component produced in production line l at the sequence i Hour 

Q$ Total quantity of moulds of type $ in the flowshop Set 

Tp Duration from the initial of rescheduling to the end of the schedule Hour 

TQl,s Total quantity of the types of the precast components in the shift s of the production line l 1 

Tr The duration for using the over-assigned time Hour 

Yl Maximum quantity of precast components that can be handled in the curing room of production line l Piece 

φ Proportion of the used over-assigned time to the assigned production time 1 

τl,i Contract penalty of the precast component produced in production line l at the sequence i Dollar/hour 

εl,i Storage cost of the precast component produced in production line l at the sequence i Dollar/hour 
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