R  U  T  C  O  R

R E S E A R C H

R  E  P  O  R  T
RUTCOR

Rutgers Center for

Operations Research

Rutgers University

640 Bartholomew Road

Piscataway, New Jersey

08854-0803

Telephone:
732-445-3804

Telefax:
732-445-5472

Email:  rrr@rutcor.rutgers.edu

http://rutcor.rutgers.edu/~rrr


Restoring the feasibility of cyclic integer schedules 

for a single-robot electroplating line

Lei Lei
Qing Liu

RRR xx-98, December, 1998

RUTCOR RESEARCH REPORT
RRR XX-98, DECEMBER, 1998

Restoring the feasibility of cyclic integer schedules 

for a single-robot electroplating line

Lei Lei

Qing Liu

Abstract. We study the problem of cyclic scheduling of a material-handling robot in an automated electroplating process. The process can be considered as a continuous multi-stage “no-wait” flow shop problem and at each stage certain chemicals are applied to the jobs. The processing time at each stage must be strictly controlled within specified lower and upper bounds to ensure proper amount of chemicals to be applied. Material handling operations performed by the robot follow a cyclic schedule. A cyclic schedule is feasible if it satisfies the processing time constraints and gives the robot enough time to travel between the starts of successive operations. Due to the changing conditions of actual manufacturing processes, which affect the speed of electroplating, the time bound at each stage may have to be increased from time to time. This often makes an initial schedule (developed according to standard system conditions) no longer feasible after the change. Whenever this infeasibility is detected, a new feasible schedule must be determined as soon as possible to maintain the continuity of the manufacturing process.


Finding an optimal cyclic schedule to minimize the cycle time, even with the single-product case, is NP-hard in the strong sense. Therefore, a heuristic scheduling algorithm that can quickly determine a quality feasible schedule after the bounds are changed each time has significant practical value. Toward this end, we perform a formal analysis to establish a foundation for designing such heuristics.  In particular, we show that 1) no matter how the bounds on processing times change, the system state always falls in one of the four exclusive cases; and 2) in three out of the four cases, we have the approaches to find a quality feasible integer schedule within polynomial time. An analysis on the optimality of the new feasible schedules is presented, and applies to both the single-product and the multiple-product problem. Finally, existing heuristics for the case that does not have polynomial solutions are reviewed

1. Introduction

We consider the problem of cyclic scheduling of a material-handling robot in an automated electroplating line. To our knowledge, there are more than 400 individually owned electroplating companies in the United States, plus numerous electroplating lines affiliated with large companies. These electroplating processes are widely used in the manufacturing of floppy disks, computer hard drives, communication network connectors and switches, dining-wares, as well as fine jewelry.  A common operation problem encountered by practitioners managing electroplating lines is the cyclic scheduling of material handling robot(s).


An electroplating process is a chemical process and can be considered as a multi-stage “no-wait” process. It typically consists of a sequence of chemical tanks called stages.  During a process, parts are loaded into barrels at a loading station (see Figure 1). Each barrel, which will be called a "job” thereafter, is then submerged in each of the tanks for certain time period specified by a plating specification. Because of the nature of electroplating, the processing time in each tank, which controls the thickness of the metal layer plated onto the surface of a part, must be strictly controlled to be within a given pair of lower and upper bounds. This requirement is called the time window constraints. If the processing time is not enough, the metal layer could be too thin. On the other hand, if the processing time is too long, a part could become a “nugget”. This will not only cause defect but also increase the production cost especially for gold or silver plating. 

The material-handling operations (i.e., the operations to move jobs between stages) are performed by a computer-programmed robot. To perform a scheduled operation, the robot will travel to the specified tank/location, wait if necessary, lift the job, travel to the next tank on the route and then release the job into the chemicals. After that, the robot is ready for the next scheduled material handling operation. A feasible robot operation schedule must satisfy the time window constraints and allow the robot to have enough time to travel between the starts of successive operations, which is called the traveling time constraints. The material handling operations performed by the robot are non-instantaneous and non-preemptive, and the resulting traveling time depends on the sequence in which material handling operations are executed. To reduce the damage of oxidization, it is required that a job, after being removed from a tank, must be directly sent to the next tank on the route so that the time of being exposed in air is minimized. This imposes so called the no-wait-in-process constraints. Note that, to minimize the chance of chemical contamination and for the sake of simplicity of control, it is implemented in practice that both the robot and a tank hold only one job at a time. Also, since the job processing times are specified in the time units of seconds in real electroplating processes, integer schedules which specify integer starting times for the operations are typically considered.






           Figure 1:  An example of a robotic electroplating process which consists of 



            a sequence of chemical treatment tanks and a material handling robot. 
An electroplating process is typically a batch process. Each batch, as specified by a customer order, may contain either a single product (e.g., 12,000 disks) or a product mix (e.g., 6,000 sets gold plated dining-ware and 4,500 sets silver plated dining-ware). Whenever an order size is large, the required chemical tanks, typically 2x4x3 wheeled plastic containers, are rearranged according to the processing steps into a line along the fixed robot moving track. The main reason for this flow-line arrangement is to reduce the chance of residual chemicals of a job dropping into other tanks in the process. 

For a given batch, the manufacturing process follows a cyclic pattern. For the single-product case, in each cycle, exactly one job, e.g., a barrel carry 45 disks, is loaded into the process and exactly one job is completed from the process. For the multiple-product case, exact one minimal part set (MPS) is completed in each cycle. The multiple-product case also involves the job sequencing problem (since the jobs will be loaded one by one). A cyclic robot operation schedule, under a given job loading sequence, specifies when and where the robot should perform a material handling operation.  The related scheduling issue becomes more critical and difficult as the batch size increases, especially when the material handling system has a limited capacity. In this case, the efficiency of the robot schedules determines, to a great extent, the efficiency of the entire electroplating line.

The exact time required to achieve the desired plating specification in a tank depends on many factors. A major one is the density of chemicals. The values of these factors, however, may change throughout the continuous manufacturing process, and may not always be controllable. For example, the plating company that we visited shuts down the line and readjusts the chemical density only over the weekends. During weekdays, unexpected urgent orders may sometimes arrive and cause certain chemicals to be consumed faster than what was planned. In another example, chemicals in a tank may get contaminated during the process. Whenever this occurs, a back up tank is used as a replacement. Such back up tanks may have been used several times previously and may contain chemicals with low density.  Decreases in chemical density slow down the electroplating process and require technicians to adjust on-line (usually increase) the processing time windows to ensure the electroplating quality. One major operational issue caused by this is that an initial cyclic schedule, developed based on the standard shop floor conditions after the customer order arrives and prior to the production starts, may often become infeasible. Consequently, a new feasible schedule must be determined as soon as possible.


Finding an optimal cyclic schedule to minimize the cycle time, even with the non-integer solution and single-product case, is NP-hard in the strong sense (Lei and Wang, 1989).  In terms of the single-product case, a number of branch-and-bound based optimization algorithms have been reported in the literature. Examples of these work can be found in the papers by Shapiro and Nuttle (1988), Song, Zabinsky and Storch (1993), Lei and Wang (1994), Armstrong, Lei and Gu (1994), Chen, Chu, and Proth (1998), and Gu, (1999). Several of them have proposed very effective bounding schemes to solve the known test problems quickly (Chen, Chu, and Proth (1998), and Gu(1999)). However, due to the combinatorial nature of the problem, the time effort required to verify the optimal solution could sometimes go beyond the control (Lei and Wang, 1994). There is no guarantee that an optimization algorithm can always find the optimal solution or even a good feasible solution within a short time limit after time window changes. In terms of the multiple-product case, only heuristic solutions (Thesen and Lei, 1990) or semi-Markov decision models for problems with relatively small sizes (Yih, 1990, Yih and Thesen, 1991) are available in the literature.   There are also several interesting papers related to the special cases of the cyclic scheduling problems. Some representative work can be found in Crama and Klundert (1997), Hall and Sriskandarajah (1997), Levner, Sriskandarajah and Kats (1995), Levner, Kats and Levit (1997), etc.

Quality heuristic algorithms that can quickly identify a new feasible integer schedule each time after a bound on processing time is changed are of particular interests in practice. Toward this end, we perform in this study a formal analysis to form a foundation for such heuristic algorithms. We will show that 1) no matter how the time windows on processing times change, the system state always falls in one of the four exclusive cases; and 2) in three out of the four cases, we can develop efficient procedures to derive new feasible integer schedules within polynomial time. The complexity of the resulting polynomial procedures depends on the degree that an existing schedule violates the new time windows. We also analyze the optimality of the resulting new feasible cyclic schedules. The results are applicable to both the single- product problem as well as the multiple-product problem. 


The remaining part of this paper is organized as follows. Section 2 presents a formal analysis on the feasibility of a cyclic schedule. Section 3 gives polynomial algorithms that find the new feasible integer cyclic schedules under certain conditions. The optimality of the solutions is also analyzed.  Section 4 reviews available heuristics for the case (case 4) that polynomial solutions do not exist, and finally section 5 concludes the study.

2. Feasibility of a cyclic schedule
We start our analysis on the feasibility of a cyclic schedule in terms of the single-product problem, and then extend it to the multiple-product problem in the end of Section 3. 

Consider a given multi-stage (tank) flow line process with m tanks.  The process on (identical) jobs follows the order of tank 0, tank 1, tank 2, ..., tank m, and finally tank m+1, where tank 0 and tank m+1 denote the loading and the unloading stations respectively. After the processing on a job in tank 1 is completed, the job is sent to and then processed in tank 2, etc., until the job is finally removed from tank m and sent to tank m+1, which contains all the completed jobs. During the process, each job will be moved by the robot exactly m+1 times, including being moved from tank 0 to tank 1. In the following discussion, we shall let move i denote the material handling operation that moves a job from tank i to tank i+1, 

. 


The sequence of moves/operations performed by the robot in this continuous process follows a cyclic pattern.  Each operation cycle  is defined by a permutation of m+1 distinct moves: = <[0], [1], ... ,[m]>, where [i]=j, 

, means that move j is the ith move to start in an operation cycle. Since the operation cycle repeats, we shall consider move 0 as the first operation in a cycle, or say [0]=0. Let X denote the cycle time associated with a given cycle , i.e. X represents how long it takes to complete the m+1 moves ordered by . Let T=<t[0], t[1], …, t[m]> be the sequence of relative starting times of the moves in , with respect to t[0]=0.  Let

     


The loaded travel time required for robot to perform move i, 
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 which also includes the pause-over-tank time to allow excessive chemicals to drop.





     Robot traveling time(without carrying a job) from tank i to tank j.





     The lower bound on processing time in tank i,  






     The upper bound on processing time in tank i,  





Note that for any given 

 are binary constants. We assume all the parameters are integers.

Finding an optimal schedule that minimizes the cycle time for a given  can be formulated as an integer program:

Min X

Subject to:
a). Time window constraints
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(1)

b). Traveling time constraints








(2)

c). Integral constraints
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In constraints (1), quantity 
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defines the processing time in tanks i, which must be no less than Li and no more than Ui, 
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 In constraints (2), quantity 
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gives the robot arrival time at tank [i+1], which must be less than or equal to 
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  Similarly, quantity 
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gives the arrival time of robot at the loading station (tank [0]) after an operation cycle is completed, which must be less or equal to the cycle time X.  Constraints in (3) require both the cycle time X and operation starting times T to be integers.

A given cycle  is feasible if and only if its associated integer program (1)-(3) has a feasible solution.  Note that the set of constraints (1)-(2) defined above is not totally unimodular. Otherwise, it would have been treated as a standard LP problem.

In the following discussion, we shall use (, T, X) to define a cyclic schedule for the robot moves in a cycle. For a given set of m tanks, there are exactly m! possible operation cycles (i.e., m! circular permutations) for the single-product problem. 

Definition 1. Let X and T be the solution to (1)-(3) with respect to a given . A feasible cyclic schedule (, T, X) is global optimal if and only if 

 for any other feasible cyclic schedule 
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Clearly, a given cyclic schedule (, T, X) may not be feasible any longer after the bounds on processing times in some tanks are increased. To see this, consider the following example.   

Example 1. Given that m=4, 
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, and the set of bounds on processing times shown in the following table:

Tank i
i=0
i=1
i=2
i=3
i=4




0
5
8
8
20







30
27
20
30

One of the feasible cyclic schedules with respect to the given set of bounds is:
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=36, 
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=<0,3,1,2,4>, and 
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={t0=0, t3=5, t1=11, t2=22, t4=28}. Let’s call this schedule an initial schedule.


This initial schedule yields the following set of processing times: p1=11-3=8, p2=22-(11+3)=8, p3=(
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+5)-(22+3)=16, and p4=28-(5+3)=20.  As we can see, if the bounds on the processing times do not change, then schedule (
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) is a feasible integer schedule. Now assume that the lower bound in some tank has been increased and consider the following scenarios.   

Scenario 1). 
If 

 is changed from 5 to some new value in the interval 



EMBED Equation 
, while keeping the lower bounds for the other tanks unchanged, 

, 
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 remain feasible. This is because all the resulting processing times are still within their respective time windows. 

Scenario 2). 
If 
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 is changed from 8 to some new value 



EMBED Equation 
, while keeping the lower bounds for the other tanks unchanged, 

 and 
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 are still feasible, but not 
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.   In particular, 

 needs to be changed. 

Scenario 3).
If 
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 continues to increase to 17, both the given cycle time 
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 and the set of starting times, 
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, are no longer feasible.  However, it is not difficult to show that a new cycle time X and a new set of starting times T still exist with respect  to the given 

.  

Scenario 4). 
If 
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 continuously increases to 
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>20, the given 

 becomes infeasible. In this case, a complete new schedule (, T, X) must be searched for and the associated integer program (1)-(3) does not have a feasible solution. 


In general, the computational complexity of deriving a new feasible operation schedule that satisfies the new bounds on the processing times depends on which of the following cases is true: 

Case 1: The set of operation starting times, 
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, in the initial schedule continues to satisfy the new bounds. The feasibility of (

,
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,
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) is not affected.

Case 2: The set of operation starting times, 
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, in the initial schedule violates the new bounds. However, a new set of starting times, T, with respect to the given 

 and 
[image: image33.wmf]X
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, which satisfies constraints (1) - (3) still exists. In this case, we need to determine a set of integer starting times, T, to meet the given 

 and 
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0

.

Case 3: 
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 and 
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 are infeasible for the given 

. However, a new set of feasible operation starting time T and cycle time X can be found for the 


Case 4: There exists no feasible X and T with respect to the given 

.  A completely new feasible schedule (
[image: image37.wmf]s

,T, X) must be determined, which implies a new NP-hard problem.


The cases 1, 2, 3, and 4 are complete and exclusive. Whenever the bounds on processing times are increased, we must be in one of these four cases. 

3. Determining new feasible schedules under cases 1, 2 and 3 in polynomial time

In this section, several conditions are described to distinguish among four exclusive cases, and approaches are developed to derive the new feasible integer schedules for these cases except case 4. Deriving the optimal integer schedule under case 4 requires solving a NP hard problem. Available heuristics capable of handling the later case are reviewed in Section 4.

3.1. Analysis based on a graphic representation


For any given pair of 

 and X, we can construct a directed graph G(V, E), where each node in V(G)={0,1,...,m} represents a particular move in (. Associated with each node i, i=1,...,m, there are three types of arcs in E(G): 
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It can be shown that, for any given m, there are no more than 3m arcs on the associated graph. Each arc, 
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i

j

,

, represents a constraint on the minimum time interval between the starts of move i and move j.  In addition, we also add an arc from node [m] to node [0] with arc length 
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Example 2(Continued from example 1). Given a robot operation cycle 
[image: image41.wmf]s
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=<0,3,1,2,4>,   the graphic representation of the problem follows:




                       


For the first type of arcs, the associated arc lengths are: 
[image: image42.wmf]5

3

,

1

0

]

1

][

0

[

=

+

=

c

d

a

, 
[image: image43.wmf]6

1

,

4

3

]

2

][

1

[

=

+

=

c

d

a

, 
[image: image44.wmf]3

2

,

2

1

]

3

][

2

[

=

+

=

c

d

a

, 
[image: image45.wmf]4

4

,

3

2

]

4

][

3

[

=

+

=

c

d

a

.

For the second type of arcs, the associated arc lengths are:
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For the third type of arcs, the associated arc lengths are: 
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At last we have 
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Now the set of inequalities in (1)-(2) can be represented as











(5)

A given operation schedule, (
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,T, X), satisfies (1) and (2) if and only if all arcs in the associated arc set E(G) satisfy (5).  Let C be a directed cycle on graph G(V,E), then by (5)
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This leads to the following results.

Lemma 1.  The feasibility of a given operation cycle and cycle time, 
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 and X, is independent of the values in T. 

Proof. The lemma follows from the above discussion.  
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Theorem 1. For a given 

 and 
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, if there is no positive cycle in the associated graph, then a new set of integer starting times, T, and a new feasible cyclic schedule  satisfying (1)-(3), 
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Proof.
Let 
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 be the length of the longest path from node [0] to node [i] on G(V,E), satisfying
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where 
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 denotes the longest path from node [k] to node [i].  Then, it is easy to see that the resulting 

satisfies (5). The computational effort to find such T is no more than 

 or 

steps by the shortest path algorithm, according to Ahuja, Magnanti, and Olin (1993).  Since all the parameters in arc lengths are integers, the resulting tis are integers, and 
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 is a feasible integer cyclic  schedule. 
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3.2.  Solutions to cases 1, 2, and 3

Assume that we have an initial feasible integer solution 
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 to start with. To distinguish between case 1 and the other three cases after bounds are changed, we only need to check the values of X0 and T0 against the newly updated right hand side  coefficients of (1). As long as the inequalities in (1) are satisfied, we are in case 1. Otherwise, we must be in either case 2, 3, or 4. Since (1) contains 2m inequalities, the complexity of the required checking procedure is O(2m) or O(m). To distinguish between case 2 and the last two cases (3 and 4), we construct directed graph G(V,E) based on the given 0 and X0, and then apply the procedure stated in the proof for Theorem 1 to find the longest path from node [0] to every other node [i], i=1, 2, …, m. The procedure terminates in O(m2) after either a positive cycle on G(V,E) is detected or all the paths are derived. The former implies that we are in either case 3 or case 4, and the later implies that we are in case 2. The following analysis illustrates how we further distinguish between case 3 and case 4 and determine the new feasible cyclic schedule in case 3. 


Let X1 be the new optimal cycle time with respect to 0 when we are in case 3. Let X>0   be an arbitrary trial cycle time(which may not be feasible with respect to the given 
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), and then construct a directed graph G(V,E). According to (4), the length of an arc on graph G, aij, can be one of the following:



1). a constant independent of X, by (4a); 



2). a function of –X, by (4b);



3). a function of X, by (4c).


Let C be a directed cycle on the associated graph 

. Its length can be represented as:

                         

,

where  parameters A(C) and (C) are cycle-dependent constants, A(C) denotes the constant component of C, and (C) denotes the coefficient of the cycle time X. For example, when P(C)= -23+2X, A(C)= -23 and (C)=2.  If C is a positive cycle, P(C)>0 and we have one of the following situations:

Situation a). If 

 and 

, then the current trial cycle time

 since the only way to make 

 is to increase the value of 

;

Situation b). If 

 and 

, then the current trial cycle time 

, which can be shown in the way similar to situation a);

Situation c). If 

, then

> 0 for any value of X, and the given 
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is not feasible, which implies we are in case 4. 

Situation d). If 

 and 

, then P(C)>0 for any value of 

>0, and the given 
[image: image71.wmf]s

0

is not feasible, which also implies we are in case 4.


In addition, we have the following results.

Lemma 2. If a given operation cycle (  is feasible, then all its associated feasible cycle times, X,  fall in a continuous interval within 

 where Xa and Xb stand for the minimum and maximum feasible cycle time under the given (,  respectively.

Proof.   Let 

 and 

 be feasible cycle times for a given , and 

. Let C be an arbitrary directed cycle on G(V,E). Since X and X+ are feasible cycle times, we have  

 and 

.  Let 

.  If 

 is also a feasible cycle time with respect to , then we prove the Lemma.  To see this, consider that if 

, then 

;  and if 

, then 

. This means that 

 must also be a feasible cycle time.  
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Lemma 3. If a given ( is feasible, then its associated minimum cycle time Xa is given by 

.

Proof. Let X be a feasible cycle time of (.  Then 

 for any directed cycle C on the associated graph, and

                           


 This means 

 defines the feasible region for the cycle time. The Lemma is proved. 
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The above analysis leads to a simple binary search, which terminates with either a new feasible integer schedule for case 3, or a conclusion that we are in case 4.  Let X1 denote the new minimum integer cycle time and T1 be the set of starting times that achieves X1. Let 

 and 

 denote the lower and upper bound on X1 respectively, and

 be a trial cycle time. Construct a graph 

 for the given pair (
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0

,

). If 

does not contain any positive cycle, then let 
[image: image75.wmf],

X

X

=

 

 and use new X to update graph 

 for the next iteration. If 

contains any positive cycle, the following decisions are made. If we are in either situations (c) or (d) as discussed in this section, stop the search and conclude that the given 
[image: image76.wmf]s

0

is not feasible (i.e., case 4). Otherwise we must be either in situation (a) or in situation (b). In situation (a), reset the lower bound to 
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X

X

=

 and in situation (b), reset upper bound to 
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X
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 Let 

, and use the new trial cycle time X to update the graph for the next iteration. The search continues until 

 no longer changes, and let X1=X. 

Theorem 2. The new feasible integer schedule under case 3 can be derived in 

, where D is the distance between the lower and upper bounds of the minimum cycle time under the given .

Proof. For the binary search, the total number of iterations over a continuous interval with width D, 

 - 

, is log(D). For each given trial cycle time during the search,  the existence of a positive cycle can be determined in 

 by Theorem 1.  
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One remaining issue is to derive the upper bound 

and lower bound 

 for the binary search under a given operation cycle. Let X1 be the new minimum cycle time associated to  after the time windows are changed. To derive a lower bound for X1, consider an expanded operation sequence based on  , =<[0],[1],…[m],[m+1]> where [m+1]=[0] and denotes the first operation that the robot performs in the immediate succeeding cycle. Now, let y[0],[j] stand for the minimal time interval between the starts of operations [0] and [j], where 
[image: image80.wmf].

1

0

+

£

£

m

j

 Then the value of y[0],[j] can be determined recursively by
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where (8) gives the earliest robot arrival time at tank [j] and (9) gives the earliest time to remove the job from tank [j] so that the minimum processing time requirement is satisfied. Compute the values for y[0],[j] , j=1, 2, …, m+1, then y[0],[m+1] gives the minimum time interval between the starts of the operation [0] from two successive cycles, a lower bound on X1. It is easy to see that this lower bound can be found in O(m) time. The parameter y[0],[j] has been used in the search algorithms proposed by Lei (1993).

To derive an upper bound on X1, we consider the following result.

Theorem 3. Let 
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 be the new global minimum cycle time after a change in the bounds on processing times. Then, 
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, where 
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 is the global minimum cycle time prior to the change, and 

stands for the amount of lower(upper) bound increment for processing in tank i, 

.


Proof.  Let 
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 after the bounds on processing times are changed.  Let P(
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Example 3 (Continued from example 1). The given initial cyclic schedule is 
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=<0,3,1,2,4>, and 
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=<0,5,11,22,28>. Assume that 
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, and a new set of bounds on processing times is listed below. 
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Since both 
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 and 
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 are no longer feasible with respect to these new bounds, we perform a binary search to determine if we are in case 3 or case 4.    Since 

 and  

,  a upper bound for the new minimum cycle time is

  

 

by theorem 3, and a lower bound is 

.

The resulting binary search process is summarized as follows:

Iteration i 









Positive Cycle?
T0
t3
t1
t2
t4

      0
36
48
42
No
0
5
11
24
28

      1
36
42
39
No
0
5
11
22
28

      2
36
39
38
No
0
5
11
22
28

      3
36
38
37
No
0
5
11 
22
28

      4
36
37
37
No
0
5
11 
22
28

The new feasible integer cyclic schedule is then given by



=37  and 

={t0=0, t3=5, t1=11, t2=28 , t4=32 }.

Which means that 
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is still feasible and we are in case 3.

Regarding the optimality of the new feasible integer schedules under cases 1, 2, and 3 as discussed above, we assume that 
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 was global optimal prior to the change, i.e., 
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 for any other feasible cycle schedule (, T, X).  If we are in either of cases 1 or 2, and if only some lower bounds are increased, then the new schedule is still globally optimal. The reason is that the minimum cycle time with respect to any other operation cycle will monotonicly increase as the lower bounds increase, while X0 remains unchanged in cases 1 and 2.  However, if the respective upper bounds also increase, then this global optimality is no longer guaranteed since an increment in upper bound implies a relaxation of (1)-(3).


The optimality of the new feasible schedule in case 3 is not guaranteed. In case 3, even though we can find the new minimum feasible cycle time with respect to the given 0, 0 itself may no longer be globally optimal. Nevertheless, Theorem 4 below gives a worst case performance bound on the quality of the new feasible schedules derived under cases 1, 2, and 3, regardless how the bounds are changed. 

Theorem 4.  Let X1 be the new minimum feasible integer cycle time with respect to the given operation cycle 

 under cases 1, 2 and 3. Let X* be the global minimum cycle time after bounds on processing times are increased. Then 

, where 

 stands for the lower( upper) bound increment for tank i. 
Proof. Since 

 and 

 by Theorem 3, 
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3.3. Extension to the multiple-product cyclic scheduling problem 


The above analysis for restoring the feasibility of a cycle integer schedule after time windows are changed can be directly extended to the multiple-product cyclic scheduling problem.  In each operation cycle, exactly one minimum part set (MPS) is produced. An example of such a MPS is {A, B, A, C}, which consists of two jobs of type A, one job of type B, and one job of type C.  Finding an optimal cycle time for the multiple-product problem involves two types of sequencing: one is robot operation sequencing and the other is job sequencing. For simplicity, we assume the order of jobs in a MPS is fixed in advance (i.e., we do not consider the issue of job sequencing here). 

For a given MPS with K jobs, a robot operation cycle  contains exactly K(m+1) operations. For example, if a MPS has two jobs, job 1 and job 2, then a possible operation cycle  may look like [
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], where 
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 means move i is performed for the 
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 job in a MPS, and k=1 or 2. In the two-product case, each move i (
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) is performed exactly twice in a cycle. In the general k-product case, each move i (
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) is performed exactly k times in a cycle.  One necessary condition for a multiple-product cyclic schedule to be feasible is given in Lemma 4 below.

Lemma 4.  If a robot operation cycle ( for multiple-product is feasible, then it must satisfy the following condition: between two move ks (
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) in , there is one and only one move 
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. 

Proof.  After the first move k, there must exist a move k+1 that vacant tank k+1 so that the second move k, in , can be performed, since one tank can hold only one job at a time. 
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For example, (=[
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] is not a feasible operation cycle, since move 
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 tries to send a job into a currently occupied tank (tank 2 which becomes occupied after move 
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 is performed and will remain occupied until move 
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 is performed). 

Lemma 4 also implies that between two move ks (
[image: image130.wmf]m

k

£

£

1

), there must exist exactly one move k-1 on any feasible operation cycle for multiple-product problems.  In the following discussion, we shall only consider the candidate operation cycles that satisfy Lemma 4. 

To formulate a mathematical programming for the multiple-product problem, we extend our notation to:

K                       The number of jobs to be produced in a cycle, or the size of a MPS.        
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   The upper bound on processing time of job k in tank i, 
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and extend constraints (1)-(3) to

a’). Time window constraints
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(1a)
b’). Traveling time constraints
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c’). Integral constraints
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A given operation cycle  is feasible to the K-product problem if and only if a solution to (1a)-(3a) can be found.

Similar to the analysis in sections 3.1 and 3.2, for any given pair of 
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 and X, we can construct a directed graph G(V, E), where each node in V(G)={0,1,2,,...,Km+m-1} represents a particular move in (. There are three types of arcs in the graph: the first type of arcs ensures the traveling time to be satisfied, the second type of arcs ensures the lower bound on processing times, and the third type of arcs ensures the upper bound on the processing times. The arc lengths for these three types of arcs are represented as follows:
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In addition, we also add an arc from last node [K(m+1)] to node [0] with arc length 
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 Example 4 (continued from example 1). Assume that a given MPS has two jobs, a job of type 1 and a job of type 2. For the sake of simplicity, we define the job of type 1 as the same as the one used in example 1 with tanks 3 and 4 removed. The set of bounds on processing times for the job of type 2 is given in the following table:

Tank i
i=0
i=1
i=2
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If a robot operation cycle is (=<
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>,  the associated directed graph G(V,E) follows:






Whenever there is a change (increase) in the bounds on processing times, regardless  which job in a MPS, we can construct the associated graph G(V,E) using (4a’)-(4c’), as shown in example 4, and directly apply the results discussed in section 3.2 to determine if we are in cases 1, 2 or 3. If we are, the new feasible integer solution can be determined in polynomial time by the procedures developed for the single-product problem. Since the uses of these results for the multiple-product problem is essentially the same, we shall not give additional examples here. Note that the analysis on the optimality of new feasible schedules for the single-product problem (section 3.2) is still valid for the multiple-product problem.


The results on restoring the feasibility of an integer cyclic schedule can also be applied to the applications involving parallel tanks of the same type. In practice, parallel tanks are installed to prevent bottleneck in manufacturing steps, and have been considered in the study on scheduling algorithms by Armstrong, Gu and Lei (1996). 

4. Available heuristic algorithms for case 4
Case 4 refers to the situation where we face a new NP-hard problem. Several heuristics currently available in the literature can be used to quickly find a feasible integer schedule for this case. Most of them were developed for the applications involving either high product variety with low order sizes, or potential facility (robot or tanks) failures.

Lei (1988), Thesen and Lei (1990), Sun, Lai, Lam and So(1994) reported simulation studies on the performance of dispatching rules that assign robots to material handling operations, based on systems with 2 to 4 robots and 7 to 40 processing tanks. One of their dispatching rules is called the nearest robot first, as its name implies, a robot is assigned to its closest job demanding the operation. Heuristics based on such dispatching rules usually load a new job into the process as soon as both the tanks and robot(s) are available and do not guarantee the operations to follow a cyclic pattern. Yih (1994), and Ge and Yih (1995) further proposed algorithm-based heuristics. One of their approaches uses an incomplete branch-and-bound search. The resulting algorithm can schedule multiple job types and can be extended to the cases with multiple robots. 

Available optimization algorithms for special cases of the single robot cyclic scheduling problem can also be used to determine feasible integer heuristic schedules in polynomial time. If we choose an arbitrary integer value, 

,  from the associated time window, 



 and fix the processing time in tank i to be 

, then the resulting problem of finding a feasible integer schedule can be solved by applying the algorithm developed by Levner, Kats and Levits (1997) in 


5. Conclusion


We have performed a formal analysis on the complexity of deriving the new feasible integer cyclic schedules for the operations of a robot in an electroplating process whenever system conditions change.  This analysis leads to polynomial and strongly polynomial solution procedures for deriving the new feasible schedules in three out of the four exclusive cases. For the only case to which polynomial solutions do not exist, we review the available heuristics that can be applied directly. 

As we have shown, the proposed polynomial procedures can also be generalized to the multiple-product case to which no optimization algorithms are currently available in the literature. Another use of our results is to derive feasible initial schedules for products with similar processing requirements. That is, given the schedule for product A, we can use the procedures discussed in this paper to derive an initial feasible schedule for product B quickly,  if both A and B have the same processing steps (i.e., the same sequence of tanks) but different time windows for processing in different tanks.
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