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Abstract 

 
This paper presents a new due date driven Material Handling Rule Priority Index for material handling equipment 
scheduling strategy.  The development of an agent based material handling equipment control strategy using this 
proposed priority index is described.  The performance comparison of this model with the existing control strategies 
is conducted via simulation considering average tardiness, maximum lateness, total number of tardy jobs and 
average cycle time as the performance measures. The results of the comparison signify that the proposed procedure 
provides superior performance over the other control strategies under the considered experimental setting.   
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1. Introduction 
In a job shop environment, scheduling jobs and material handling system to meet due date have become imperative 
issues, since the job orders are generally varied in size and production sequence.  To produce a product according to 
schedule, products must be delivered at the workstation where it will be processed at the right time.  The best 
developed scheduling plans for jobs on machines are rendered ineffective, if material handling system is not capable 
of delivering the materials to the machines at the appropriate time.  Researches in job shop scheduling often ignore 
the impact of material handling scheduling technique and assume that the product will be available at the 
workstation at the planed time.  Hence, an effective scheduling of material handling systems is a must to ensure 
proper delivery of the product.   
 
In manufacturing system scheduling, dispatching rules which are easier to implement especially for a dynamic 
systems in real time, are used extensively. This is because most of the scheduling problems are extremely difficult to 
solve (i.e., non-polynomially solvable).  In material handling, several dispatching rules are proposed for material 
handling equipment task assignment decision, which is commonly evaluated by applying heuristic rules or 
combination rules.  Material handling scheduling has typically focused on two types of rules: 1) work-center 
initiated rule and 2) vehicle initiated rule.  Work-center initiated rule is generally applied to a situation where there 
are more material transporters available than waiting jobs.  On the other hand, vehicle initiated rules are utilized 
when the number of jobs waiting to be delivered is more than the number of available transporters.  Table 1 
summarizes some of material handling dispatching rules available in literature. 
 

Table 1: Material handling dispatching rules 
Dispatching Rule Author 

Shortest Travel Time (STT) Egbelu and Tanchoco [1] 
Modified First-Come-First-Served (MFCFS) Egbelu and Tanchoco [1] 
Minimum-Remaining-Outgoing-Queue-Space (MROQS) Egbelu and Tanchoco [1] 
RULE Hodgson et al. [2] 
Demand-Driven-Rule (DEMD) Egbelu [3] 
First-Encountered-First-Served (FEFS) Bartholdi and Platzman [4] 
Most Significant Move (MSM) Han and Mcginnis [5] 
Vehicle Assignment by Load Utility Evidence (VALUE) Taghaboni [6] 
Balanced Work Load (BWL) Kim el al. [7] 
Multi-Attribute Dispatching Rule (MADR) Jeong and Randhawa [8] 
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2. Objective 
In this paper, we propose a hybrid dispatching rule which considers the due date of the jobs in the task assignment 
process of the material handling equipment. Using the proposed dispatching rule, an agent based procedure is 
developed. This procedure is based on a centralized bidding control concept. 
 
The organization of the paper is as follows:  first, a detailed development of a new material handling dispatching 
rule to minimize the average tardiness and maximum lateness is presented.  Next, procedure using the proposed 
dispatching rule is presented and computational experimentation to verify the effectiveness of this rule is 
demonstrated. Finally, the effect of the number of transporters in the system and job scheduling policy on 
performance measures such as average tardiness, average cycle time, total number of tardy jobs and maximum 
lateness is analyzed.  
 

3. Proposed Material Handling Dispatching Rule 
Meeting the due date is one of the most important performance measures in practice.  Late delivery of products can 
have a deteriorating impact on relations with customers, which consequently leads to reduction in future sales.  As a 
result, tremendous efforts have been put into the development of dispatching rules to minimize job tardiness in job 
scheduling.  Modified Operational Due-Date (MOD), Apparent Tardiness Cost rule (ATC), RR rule, Processing 
Time Plus Work In Next Queue rule (PT + WINQ) and Multi-factor rule (MF) are some of most well known 
scheduling rules, whose objective is to minimize the tardiness [9-13].  In these rules, due date and remaining 
required processing time are the two basic elements used to calculate the slack time (time remaining for a job to be 
completed prior to the due date). For example, the ATC rule is applied to minimize the total weighted tardiness 
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where, wj, pj and dj are the weight, processing time and due date of job j, t is the current time, p  is the average 
processing time of the remaining jobs, and K is a scaling parameter. This ATC rule uses slack time for each job to 
calculate the proportion of available time left to complete a job to prioritize each job in the schedule.  
 
In this paper, a dispatching rule which uses the due date for material handling scheduling is proposed. The proposed 
dispatching rule comprises of two components.  The first component (equation 2) attempts to minimize the 
maximum lateness and average tardiness of jobs, while the second component (equation 4) aims to reduce the 
unloaded travel time.  The first component requires information on Due Date and Required Remaining Processing 
Time for each job.  To establish the relationship between the available time left for a job and total remaining process 
time, our model incorporates an approach similar to the ATC rule, which leads to the resulting function: 
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where, di is the due date of job i, tnow is the current time, tris is the total remaining processing time and k  is a look-
ahead parameter.  In this model, the total remaining processing time includes not only the remaining processing time 
of a job, but also the expected waiting time in queue, pick-up/drop-off time and loaded/unloaded travel time.  It is 
also assumed that the unloaded travel time is approximately equal to the loaded travel time [14]. tris can be expressed 
as:  

1 1
2 ( ) ( )

m m m

r i s i x i x l i x p i c k u p d r o p o f f
x s x s x s

t p w t t t m s
= + = + =

= + + + + -å å å                                      (3) 

where, pix is the processing  time of job i at stage x, wix is the expected waiting time in queue for job i at stage x, m 
represents the total number of operations of job i, tlix is the loaded travel time of job i from stage s to s +1, and tpickup 
and tdropoff denote the pick-up time and drop-off time. 1( , , )i n o w r i sg d t t assigns the lower ratio value between slack time 
and total remaining flow time with higher priority.   
 
The second part of the dispatching rule aims to minimize the unloaded travel time and uses an idea similar to the 
STT rule, which dispatches vehicle to the nearest workstation according to the distance between the vehicle’s 
current location and the workstation where a job is waiting to be picked up: 
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where, tuis represents the unloaded travel time from current location of nearest vehicles to stage s.   2 ( )u i sg t  assigns 
higher priority to jobs with lower unloaded travel time value.  It also helps to break a tie when the priorities of two 
jobs are equal.  When the priorities of two jobs are equal, the vehicle will be dispatched to the nearest workstation.  
The second restriction of tuis value is applied generally to the situation where the station uses the same port for 
picking up and dropping off parts.  
 
By combining the two functions, Material Handling Rule Priority Index (MHRI) (equation 5) can be calculated 
using the following expression: 

( , ) 1 2
1( , , , ) ( , , ) ( ) e x p * e x pi n o w r i s

i s i n o w r i s u i s i n o w r i s u i s

r i s u i s

d t t
M H R I d t t t g d t t g t

k t t

é ùæ ö æ ö- -
= = - ê úç ÷ ç ÷

ê úè ø è øë û

          (5) 

 
4. Bidding Control Procedure 
This research utilizes a multi agent system similar to the one proposed by Yu and Krishnan [15].  The model 
consists of four multi agents: 1) cooperation agent, 2) job management agent, 3) resource broker agent, and 4) 
resource control agent.  The material handling resource control agent is added at the same hierarchy level as the job 
management agent and material handling vehicle agent is added in the lowest level along with the resource control 
agent.  The cooperation agent has a list of existing orders that needs to be performed by the job management agents 
in the next level.  The material handling control agent determines the number of transporters required to perform 
these tasks.  The material handling resource control agent bids through the resource broker agent for each operation 
to the job management agents in the higher level.  Based on the analysis of the bids, the job management agent 
identifies the material handling agent that will perform the task.  The material handling vehicle agent bids for each 
of operation based on the due date priority, and time needed to complete the job.  The best bid is then used to assign 
tasks to vehicles.  When there are more jobs to be moved than the available transporters, then the algorithm 
calculates the priority for each job.  Since the focus of this paper is to develop the scheduling strategy for material 
handling systems, the details of the agent based system will be elaborated in a different paper.   
 
The proposed material handling dispatching rule is applied in the resource broker agent to bid jobs for transporter 
task assignments. A bidding procedure is developed to control the material handling resources. This Material 
Handling Rule (MHR) utilizes the centralized bidding concept in which all transport requests go through a single 
bidding center.   
 
Let I denote the set of available jobs waiting to be delivered at tnow, and ia represent a job waiting to be delivered 
from workstation a at tnow, where ia Î  I.  In addition, let V be a set of available vehicle at tnow.  The centralized 
bidding procedure is conducted as follows: 
 
When jobs (I) and vehicles (V) are available (i.e., fÏI and fÏV )  
Do 

(1) Select the job with the highest MHRI  value 
(2) Assign this job to the nearest vehicle available 

End 
 

This procedure collects all of the transport requests and prioritizes the requests using one central bidding resource 
broker agent.  The benefits of employing this procedure are easiness of implementation and control.  In addition, 
MHR helps to dynamically schedule the material handling system with respect to the current status of all jobs.  
Intuitively, this procedure will work effectively for a manufacturing system that frequently receives expediting 
demand with tight due date.  Using MHRI dispatching rule, the expedited order will be assigned with the highest 
priority since this order has the least amount of time to be completed. In other words, when centralized bidding 
control is utilized, the highest priority job will be pushed through the system first.  
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5. Computational Experimentation 
ARENA 7.01 Simulation Software is used to experiment several operating conditions on five machine job shops 
using a terminated simulation approach (i.e., it is assumed that the system is empty and idle prior to simulation run).  
It is worth mentioning here that the case studies are developed to represent the scenario in which the system has both 
regular priority products (loose due date) and high priority products (tight due date).  This allows the evaluation of 
the responsiveness of the material handling dispatching rules to unexpected demand and tight due dates.  The 
detailed system configuration such as distance matrix, processing time, due date, and product sequence are shown in 
table 2, 3, and 4. 

 
Table 2: Summary of product demand and their corresponding process sequence and due date  

Product Type Process Sequence Demand Due Date (hours) 

1 1-2-3 10 32 
2 1-3 25 24 
3 2-3-1 15 16 

 
Table 3: Summary of process time of jobs 

    Process Time (hours)   

Machine Product 1 Product 2 Product 3 

1 TRIA(0.02, 0.08, 0.12) NORM(0.06, 0.02) NORM(0.07, 0.001) 
2 TRIA(0.1, 0.16, 0.22)  TRIA(0.1, 0.16, 0.22) 
3 NORM(0.07, 0.001) NORM(0.07, 0.001) TRIA(0.02, 0.08, 0.12) 

 
Table 4: Distance matrix (feet)  

Workstation R 1 2 3 S 

R   5 5 7 11 
1 5   5 7 10 
2 5 5   5 7 
3 7 7 5   5 
S 11 10 7 5   

 
 
In our study, the main performance measures of interest are average tardiness, maximum lateness, the total number 
of tardy jobs and average cycle time.  Several case studies are developed to evaluate the performance of the 
proposed agent based procedures when the jobs are scheduled according to First-In-First-Out (FIFO), Earliest Due 
Date (EDD) or Apparent Tardy Cost (ATC) dispatching rules at each workstation.  As for material handling 
dispatching rules, STT, FCFS and MHR are considered.  The numbers of transporters allowed in the system are 
selected in a way that the transporters utilization is within 80% to 100%. In addition, the following assumptions are 
made: the input and output buffer queue capacity at each workstation is infinite, the processing time of jobs at each 
machine and job arrival rate are either deterministic or follow a known distribution, each machine can process only 
one job at a time, production sequence of each job is known, the reliability of machines and material handling 
equipment are 100%, the vehicles travel at constant velocity (30 feet/hour), vehicle can only carry one load at a 
time, vehicles are stationed at the last drop-off point, the aisles spaces are large enough, so that there is no 
congestion, and pick-up and drop-off time is also assumed to be constant (0.1 hours). 
 
The number of transporter is tested at two levels: 3 transporters and 5 transporters.  To gather the average tardiness, 
the simulation is terminated when the number of parts produced of product type 1, 2 and 3 are 10, 25, and 15 parts 
respectively. The simulation was run for 20 replications. The results of the experiments are summarized in table 5, 6, 
7 and 8.  
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Table 5: Results summary for average tardiness (hours) 

  3 Vehicles 5 Vehicles 

  FIFO EDD ATC FIFO EDD ATC 

FCFS 16 16 16 8.14 8.16 8.32 
STT 16 16 16 8.12 8.15 8.3 

MHR 10.8 10.8 10.8 3.75 3.75 3.81 
 

Table 6: Results summary for maximum lateness (hours) 

  3 Vehicles 5 Vehicles 

  FIFO EDD ATC FIFO EDD ATC 

FCFS 32.7 32.7 32.7 13.6 13.5 13.3 
STT 32.5 32.5 32.5 13.4 13.3 13.2 

MHR 24.4 27 26.9 6.04 6.04 6.09 
 

Table 7: Results summary for total number of tardy jobs (parts) 

  3 Vehicles 5 Vehicles 

  FIFO EDD ATC FIFO EDD ATC 

FCFS 24.9 24.9 24.9 12.8 12.8 12.4 
STT 24.9 24.9 24.9 12.8 12.8 12.4 

MHR 34.8 34.8 34.6 14.9 14.9 14.7 
 

Table 8: Results summary for average cycle t ime (hours) 

  3 Vehicles 5 Vehicles 

  FIFO EDD ATC FIFO EDD ATC 

FCFS 25 25 25 15.4 15.4 15.4 
STT 24.9 24.9 25 15.4 15.4 15.4 

MHR 29.3 29.3 29.3 20.3 20.3 20.3 
 
The results show that MHR model provides superior performance over STT and FCFS in term of average tardiness 
and maximum lateness under all the job scheduling methods considered.  On average, under MHR rule, the average 
tardiness of jobs are reduced by 32% when there are three transporters and 53% when there are five  transporters 
when  compared with STT and FCFS rule.  In addition, under the MHR rule, the maximum lateness is also reduced 
by 16% and 54% when there are three and five transporters in the system respectively. However, in terms of total 
number of tardy jobs and average cycle time, FCFS and STT outperform the MHR rules. Since MHR is a priority 
based rule, the jobs with the highest priority will be pushed through the system neglecting all other jobs in the 
system with less priority. Thus the cycle time of those of less priority jobs can increase substantially, which in turn 
contribute to the higher average cycle time.  
   
5. Conclusion 
In this paper, we proposed a due date driven material handling scheduling dispatching rule. The proposed 
dispatching rule takes into account the slack time needed to complete the order on time by considering the 
loaded/unloaded travel time, expected waiting time in queue, the loading and unloading time and the processing 
times of the job to prioritize jobs according to the MHRI values.  The maximum MHRI value is used as a bid to the 
material handling resource control agent.  An agent based procedure (MHR) employing the MHRI dispatching rule 
has been developed.  Several case studies were developed and the MHR rule consistently performed better than 
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other rules considered in the experimental design (FCFS and STT) in terms of average tardiness and maximum 
lateness objectives.   
 
Although, the results showed that MHR outperforms the STT and FCFS for the scenarios considered, the results also 
indicate the situations where STT and FCFS provide better results. Since MHR is driven by due date and slack time, 
if the due date tightness of all products are approximately equal, MHR model will have little impact on the average 
tardiness and maximum lateness.  
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