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Abstract 

Manufacturing scheduling and transportation mode selection decisions are the significant drivers 

for corporations within their supply chain network. Application of optimization and 

mathematical modeling approaches are almost always becomes the critical solution methodology 

for approaching joint manufacturing scheduling and transportation mode selection problems. 

Therefore in this paper, a mixed integer mathematical model is proposed for simultaneous 

optimization of manufacturing scheduling and transportation mode selection decisions in a 

cellular manufacturing environment. Product sequences are determined in each cell and then 

alternative transportation methods are identified while considering the capacity of chosen 

transportation mode for each smaller lot of every product to maximize the total profit.  

Introduction 

Today’s competitive and challenging business environment trigger companies to invest more on 

their supply chain operations. Especially for a manufacturing company in which the primary 

emphasis is to manufacture and meet the customer demands within an established time 

period/due date, a coordination of manufacturing and transportation selection decisions take part 

as the significant operational decisions for their supply their chain excellence.  In order to avoid 

customer penalty or even loss, manufacturers should be able to meet customer due dates. When 

the manufacturing capacity is not sufficient to complete and ship a job on time by using a regular 

transportation mode, the customer due date still can be met by choosing faster transportation 

modes. Hence, manufacturing capacity restriction is compensated by choosing a faster 

transportation method by considering the transportation capacity as well. In this paper, cellular 

loading and transportation mode selection decisions faced by many manufacturers that operate in 

make-to-order demand management environment is studied. Specifically, cellular manufacturing 

system (CMS) is considered in this research which consists of a group of closely located 

workstations where multiple, sequential operations are performed on one or more families of 

parts and jobs (Suer 1996). In other words, Suer et al. (1995) briefly describes the cellular 

manufacturing system by grouping the machines that can produce families of similar parts in 

cells. Each cell consists of various types of machines that are needed to process the jobs in the 

same family. Also, Suer et al (1995) indicated that cell loading is performed by considering 

demand, processing times, due dates of jobs, as well as the production rate of the manufacturing 

cell. 
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All in all, according to the best knowledge of authors, this paper considers both customer due 

date and alternative manufacturing due dates which are highly associated with the transportation 

mode chosen by considering the capacity restrictions. Celikbilek and Suer (2013) previously 

developed the similar model without considering the capacity restrictions. Current paper 

encompasses different capacity limitations of the selected transportation modes. According to the 

proposed mixed integer mathematical model, depending on the availability of capacity and 

alternative manufacturing due dates, a job can be divided into smaller lots and can be 

manufactured in different points in time by considering the setup time of each job. Consequently, 

these smaller lots can be shipped to the customer depending on the capacity available for that 

shipping method, such that the entire lot arrives to the customer by its desired due date. In such 

cases where capacity is not sufficient and the customer/ job is tardy (demand is not met), a 

penalty cost is charged for that tardy job. In this study, mainly truck, train and airplane are 

considered as transportation modes with their limited capacities. 

The flow of the paper is as follows; firstly a brief literature review about this topic is discussed. 

Then, description and definition of the problem is stated. Next, the proposed mixed integer 

mathematical model is explained in detail. Following section presents the preliminary 

experimentation and results. Last but not least, conclusions, discussions and future work will be 

stated in the final section.  

Literature Review  

Increasing the level of coordinated manufacturing and transportation operations in a highly 

competitive supply chain environment changes the direction of academic field. The research on 

concurrent manufacturing scheduling and transportation operations at the detailed scheduling 

level has been observed increasingly in the last decade. Various exact, heuristic and meta-

heuristic approaches are proposed in the literature. Briefly, Hall and Potts (2003) studied the 

single machine scheduling problem with batch deliveries, but without a transporter availability 

constraint in a single machine environment. Their objective was to minimize the scheduling and 

delivery cost by using dynamic programming. Next, Hall and Potts (2005) improved their 

aforementioned model by considering the problem domain in parallel machine scheduling 

environment.  

Wang and Lee (2005) studied the manufacturing and transportation integration problem by 

considering two different transportation modes for each job in a single machine environment. 

Higher cost is charged for the mode with the shorter transportation leadtime and lower cost is 

charged for the mode with longer transportation leadtime. Each job is first manufactured in the 

manufacturing facility and a due date is associated with each job. The objective of their study 

was to minimize the sum of the total transportation cost and the total weighted tardiness cost. A 

branch and bound algorithm was proposed with two different lower bounds and a mathematical 

model was proposed and solved in CPLEX for the considered problem. The results showed that 

the proposed branch and bound algorithm outperforms the mathematical model that was solved 

in CPLEX.  
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Moreover, Stecke and Zhao (2007) studied the joint manufacturing and transportation scheduling 

in a single machine environment by considering only one manufacturing due date of each job. 

Similarly, a job is first needed to finish in manufacturing facility and then shipped by multiple 

shipping modes within a specified customer due date. In that study, third-party logistics 

companies were considered in which multiple shipping modes were provided. Mixed Integer 

Programming (MIP) model was used to obtain the minimum total cost. Two distribution 

scenarios such as partial delivery allowed or not-allowed were considered. For partial delivery 

allowed situation, non-preemptive earliest due date model was used along with MIP. In partial 

delivery not-allowed case, MIP is used along with heuristic algorithm called NPD. The heuristic 

algorithm quickly provided near-optimal solutions.  

Furthermore, Zhi-Long Chen and Pundoor (2009) studied single production line by considering 

the weight of each job/order in the system. Each job/order has a weight, and the total weight of 

the orders packed in a batch must not exceed the capacity of the delivered vehicle and also each 

deliver batch has a fixed distribution cost. Mixed Integer Programming (MIP) was used to 

achieve the objective of obtaining a joint schedule for manufacturing and distribution that 

minimizes the total cost of distribution in the presence of requiring the average lead-time of 

orders to be within a given threshold. Steinrücke (2011) considered the integration of 

manufacturing and transportation problem in global aluminum supply chain network. Many 

supply chain tiers were considered and a novel type of mixed-integer decision making model was 

proposed. A planning and scheduling model minimizes the manufacturing and distribution costs 

of the overall supply chain network by deducting the bonus payments for early deliveries to 

customers. Additionally, relax-and-fix heuristics were presented and among the generated 

scenarios, the proposed heuristics were able to solve and find optimal and near-optimal solutions 

within a short period of time. Moreover, Cakici, Mason, and Kurz (2012) analyzed the problem 

of manufacturing and distribution by aiming to minimize the total weighted tardiness and total 

distribution costs in an integrated supply chain environment. Jobs were manufactured in a single 

machine environment and delivered to customers by a capacitated vehicle. Each job had a 

weight, its own processing time, due date and size which is customer specific. A multi-objective 

mathematical model was proposed along with different heuristics and a genetic algorithm (GA) 

approach for further elaborating the multi-objective problem. 

In this paper, a cellular manufacturing system is considered for joint optimization of 

manufacturing scheduling and transportation mode selection decisions. Similarly in Celikbilek 

and Suer (2013), each job has three alternative manufacturing due-dates and these alternative due 

dates are linked with the transportation mode chosen. Uniquely, the main objective of this paper 

is to propose a mixed integer mathematical model to assign jobs to cells, determine job sequence 

in each cell and identify the transportation methods by considering the capacity of the 

transportation modes for each smaller lot of every job to maximize the total profit. Consequently, 

these smaller lots can be shipped to the customer by using alternative transportation methods 

such as train, truck and plane, if they have the capacity, and then the entire lot arrives to the 
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customer by its desired due date. Each cell and each transportation mode has certain capacity and 

in such cases where capacity is exceeded, the job is tardy and customer demand will not be met. 

Therefore, a penalty cost is charged for every tardy job. A setup time is also considered for each 

job. 

Problem Statement 

The problem of this paper is inspired from the pharmaceutical company that manufactures blood 

sugar strips and ships with different transportation modes. In the manufacturing area, there are 

three cells and each cell performs three operations sequentially. Number of machines within each 

cell varies for each cell based on their type and speed. The production rate for each cell is 

different and so does for cells as well. The production rates are defined as vials/min. The strips 

are manufactured within a cellular manufacturing area and then shipped by using various 

transportation modes such as air, truck and rail. The demand and the sales price for each job are 

known and setup time is fixed and specific for each job (Celikbilek and Suer 2013). Also, the 

capacities of transportation modes are known and specific for each transportation mode. The 

overall system is illustrated as below.  

 
Figure 1: The overall framework of the problem studied (Celikbilek and Suer 2013) 

 

Figure 1 illustrates the considered system. The customer wants to have the job by dc and also 

availability of alternative manufacturing due dates (dm1, dm2, dm3) are shown as above. Different 

transportation leadtimes (L1, L2, and L3) lead to different manufacturing due dates. Moreover, 

this problem illustration summarizes that depending on the availability & capacity of 

manufacturing cells and also the alternative manufacturing due dates, a job can be divided into 

smaller-lots or sub-lots by considering setup times and can be manufactured in different time 

periods (Celikbilek and Suer 2013). Consequently, these smaller-lots can be shipped via 

alternative transportation modes by considering the capacities of each transportation mode, such 

that the entire jobs arrives to customers by its expected due date and the overall net profit is 

maximized.   
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Proposed Mathematical Model 

A mixed integer mathematical model is proposed in order to maximize total profit by assigning 

products to cells, determine product sequence in each cell and identify the transportation 

methods for each smaller lot of every product in a multi-cell manufacturing environment. The 

notation is as follows; 

Notation: 

 

 Indices: 

v  job index 

z  cell index 

u  due date index 

 

Parameters:  

n  number of jobs 

s  number of cells 

ndv  number of alternative manufacturing due dates for job v 

d[k]  k
th

 smallest manufacturing due date 

Wk  set of jobs with due date less than or equal to dk 

N  sum of number of alternative manufacturing due dates 

prvz   profit for job v when built in cell z 

pcvz penalty cost for job v when it is tardy in cell z 

crz cell rate for cell z 

Cu capacity of chosen transportation mode 

stvzu setup time for job v when built in cell z with a due date u  

cvu  transportation cost for product v if manufacturing due date u (transportation cost)  

is used 

tvz in-cell time of job v in cell z   

 

Decision variables: 

xvzu  percent of job v assigned to cell z with due date u 

yvzu  1 if setup is performed for job v assigned to cell z with a due date u, 0 otherwise. 

ζv 1 if penalty is charged for job v, 0 otherwise.  

 

 

The proposed multi-cell loading mathematical model with lot splitting feature is described 

below. First, all manufacturing due dates are sorted in the increasing order (including all 

alternative due dates as well). Then, the mathematical model is solved. 

Objective Function: 
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Subject to: 

 

      

   

   

 

   

                                                                                                                                    

                                                                                                                 

           

   

   

 

   

                                                                                                                     

                                                                                                                         

 

   

 

   

    

                      

    

                                                                             

 

The objective is to maximize the net profit obtained by assigning jobs to cells with selected 

manufacturing due dates as shown in Equation 1. Net profit is computed by subtracting 

transportation costs and penalty costs (if any) from the profit to be obtained from the sales of 

products in a cellular manufacturing environment. Equation 2 indicates that total percent of 

assignment of a job cannot exceed 100%. Equation 3 enforces that setup should be performed for 

all the jobs that are assigned to cells with a corresponding due date. Equation 4 indicates that 

only one penalty cost can be charged for a job. Equation 5 restricts that each selected mode has 

certain capacity limit that should not be exceeded. Equation 6 enforces that, setup time is 

considered for jobs that need setup for processing and the jobs from set Wk assigned to cell z 

cannot violate due date k. 

 

Preliminary Experimentation and Results 

 

In this study, demand of each job is used for determining the processing times for products. The 

processing time is calculated by dividing the demand of a product by the corresponding cell 

output rate. Therefore, total processing time of a product depends on which cell it is produced. 

The cell rate is different and the output rate of job depends on the cell it is produced. The sales 

price of each job is assumed to be known and a setup time is considered for each job. In such 

cases where capacity is not available and the product is tardy (customer demand is not met), a 

penalty cost is charged for that tardy product. The penalty cost is known which is associated with 

the job itself and in such cases where capacity is not sufficient to manufacture a job and becomes 

tardy, a penalty cost is charged. Capacity restriction is enforced for each transportation mode. 

The capacities are known and subject to change for train, truck and plane.  

The profit of each product on a cell is obtained by subtracting fixed setup cost of each product 

for each cell and due date configuration and the corresponding cell manufacturing cost from the 

sales price. The manufacturing cost is obtained by multiplying hourly cost of labor with the 

number of workers and unit processing time (hour). As a result, total net profit is maximized. 

This paper discusses a mixed integer mathematical model to assign products to cells, determine 

product sequence in each cell while considering the setup time and then identify the 

transportation method for each smaller lot of every product by considering the transportation 

capacity to maximize the total net profit. 
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Experimentation with 10 jobs 

Due to the space limitations only the 10-job data is given in this paper. All the demand, unit sales 

price, hourly labor cost and production rate are shown below.  

Table 1: Data for 10 job problem with three cells and three alternative manufacturing due dates 

 
 
 Table 2: Demand Data         

 
 

In-cell processing time of different jobs on different cells, alternative manufacturing due dates, 

profits of different jobs on different cells are shown in above tables. The setup times are fixed 

and specific for each job. Each job has a penalty cost once it is tardy and these penalty costs are 

known in advanced (Celikbilek and Suer 2013). Along with that, each transportation mode has 

certain capacity limit which is stated in the following sections.     

 

 

Table 3: Cell hourly labor cost 

& production rate 

Table 4: Customer DD’s & transportation leadtimes 
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Experimentation Results-10 jobs with different transportation capacities 

The optimal solution for the 10 job problem shows different results depending on the constraint 

in transportation capacity. The experimentation is performed with small, moderate and large 

transportation capacities for different transportation modes. Different types of capacities for 

different transportation modes are shown below Table 5. 

Table 5: Different transportation capacities for different modes 

Mode 

Transportation Capacity 

(units) 

Small Moderate Large 

Train 20,000 25,000 30,000 

Truck 12,000 15,000 20,000 

Plane 14,000 20,000 26,000 
 

Different optimal results for small, moderate and large transportation capacity restriction are 

shown in below Table 6.  

Table 6: Optimal Solutions for 10-job problem 

Small Transportation 

Capacity 

Moderate Transportation 

Capacity 

Large Transportation  

Capacity 

x212 = 10% x711 = 100% x212 = 23% x632 = 17% x111 = 98% x611 = 11% 
x1022 = 
100% 

x223 = 7% x831 = 100% x222 = 77% x711 = 86% x131 = 2% x622 = 30% 
Total 

Profit=$ 

35,783 
x232 = 83% x933 = 100% x311 = 9% x721 = 14% x212 = 37% x632 = 59% 

x331 = 100% 

Total Profit=$ 29,180 

x331=91% x831 = 100% x222 = 36% x731 = 100% 

x513 = 29% x433 = 100% x933 = 100% x232 = 27% x811 = 17%   

x523= 71% x523 = 100% x1012 = 100% x321 = 100% x831 = 83%   

x611 = 6% x513 = 38% 
Total Profit=$ 34,278 

x423 = 100% x923 = 62% 

 
x632 = 94% x631 = 83% x523 = 100% x931 =38% 

  

It is observed that, more tardy jobs are observed when the transportation capacities are small. For 

instance, when low transportation capacities are considered, three tardy jobs (Job 1, Job 4 and 

Job 10) are observed, which leads less profit due to the insufficient transportation capacity. In the 

case of moderate transportation capacity, only one tardy job (Job 1) is observed for the specific 

type of problem. However, when the transportation capacity increases all the jobs are finished on 

time and sent to customers  within their expected due date. Also, it was observed that more jobs 

are splitted among and within the cells when transportation capacities are increased.  Below 

Figure 2 illustrates the Gantt chart of the highest total net profit of the problem.  
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Figure 2: Gantt chart for 10-job problem-Large Transportation Capacity Consideration 

 

Experimentation Results-20 jobs with different transportation capacities 

 

Similarly the results were calculated for the 20-job problem and illustrated briefly in Table 7.  . 

 
Table 7: Optimal Solutions for 20-job problem 

Small Transportation 

Capacity 

Moderate Transportation 

Capacity 
Large Transportation Capacity 

x331 = 94% x1111 = 100% x323 = 100% x932 = 15% x222 = 100% x822 = 50% 

Total 

Profit= 

$ 43,897 

x333 = 6% x1931 = 100% x523 = 100% x933 = 64% x323 = 100% x831 = 50% 

x523 = 99%   x622 = 14% x1111 = 100% x523 = 100% x923 = 100% 

x533 = 1% 

Total Profit= 

$ 30,952 

x632=86% x1631 = 100% x622 = 68% x1111 = 100% 

x632 = 100% x722=16% x1931= 100% x632 = 32% x1631 = 100%   

x731= 12.5% x731 = 84% 
Total Profit= 

$ 37,556 

x723 = 52% x1931 = 100%   

x732 = 87.5% x832=100% x731 = 13% 
x2031 = 100% 

 
x933 = 100% x923 = 15% x732 = 35% 

  

According to the results obtained, again lower number tardy jobs and higher profits are observed 

when we have higher transportation capacities. Similarly, lot-splitting of jobs are increased when 

the transportation capacity increases.  

 

Conclusions, Discussions & Future Work 

 

Concurrent optimization of manufacturing scheduling and transportation mode selection 

operations are highly critical for a manufacturing company. Hence, the aim of this paper is to 

guide the manufacturer by proposing a mixed integer mathematical model for joint optimization 

of manufacturing scheduling and transportation mode selection decisions in a cellular 

manufacturing environment. Job sequences are specified in each cell and following that, 

alternative transportation methods are determined by considering the capacity of each 

transportation mode for each smaller lot of every product to maximize the total profit. Moreover, 

incorporating the stochasticity for different parameters, application of different heuristics/meta-

heuristics and many more can be considered as a future work of this research.   
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