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Abstract: Although severe economic impacts due to the global financial crisis in recent years, many believe
that organizations and enterprises need to reconsider changes in systems and products innovation. In this paper,
a system procedure for constructing a reconfigurable manufacturing system is provided. The Petri Nets theory
and a system theory approach are being used to design rule-based discrete-event controllers for the sequencing
of jobs in manufacturing systems. The controller is described in terms of matrix equations that are easy to
implement on a personal computer. The concepts of Petri nets (PN) and the Industrial Engineering (IE)
techniques are included and described into matrix forms. Within the IE techniques, the standard bill of
materials (BOM) is used in the first design step to make a “task sequencing matrix.” Then a resource
requirement matrix is constructed to add non-shared resources and shared resources (e.g. pallets, transport
robots and material handling machines.) Non-shared resources are controlled using inner decision loops.
However, shared resources require outer decision loops for dispatching and routing that resolve conflicts,
taking into account the specified performance measures to be optimized (e.g. percentage of idle time,
throughput, etc.) The rule-based controller design algorithm is a step-by-step procedure with repeatability. The
matrix formulation allows a rigorous analysis of deadlock in terms of circular wait and blocking, and the
numbers of resources available.
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INTRODUCTION

Recently, severe economic impacts due to the global financial crisis, nevertheless, many believe that
organizations and enterprises need to reconsider changes in systems and products innovation. To meet the needs of
customers today, enterprises must find a better way of producing products. Hence, manufacturing system’s behaviors
obtain our focus in research. Manufacturing system is concerned as the discrete event (DE) systems which exist in high
popularity today and have many vigorous research developments. Those systems include the automated manufacturing
systems (AMS), highway traffic control systems, the internet, multi-platform battle groups, coordinated robotic groups,
wireless communication nets, etc. Different approaches have been developed to modeling, controls design, and
simulation for these discrete event systems[l], including Petri nets[4,8,10,11,12,19,21], control theoretic
techniques[15,17,18], expert systems design[3,12], alphabet-based approaches[22], perturbation methods[2,7], and so
on. It is unfortunately that there is no unified methodology that brings these techniques together while relating them to
standard industrial engineering (IE) techniques for the design of shop-floor manufacturing dispatchers and routers.
Those IE techniques include, for example, the bill of materials (BOM)[5,7], Steward’s sequencing matrix[23], the
resource requirement matrix[16], assembly trees[26], operation sequence[7,24], and existing dispatching algorithms[20].
A competing manufacturing system should provide the potential competition ability for business in surviving in today’s
world wide competitive environment. The flexibility and agility rely on the ability of the flexible and automated
manufacturing systems to fast reconfigure the new products and their operation processes and real time re-program the
AMS controller.

This paper presents a streamlined design algorithm for a novel matrix-based formulation for manufacturing
sequencers/dispatchers for the reentrant job shop. The design procedure is repeatable, so those two sensible engineers
working independently will reveal the same controller structure. Given the sequencing matrix, as used by Steward[23]
and the resource requirement matrix, as used by Kusiak[16], the discrete event manufacturing controller matrices can
be directly written down. The controller consists of inner loops where no shared resources are involved, and outer
shared-resource loops that require some conflict-resolution decision-making. These decisions are made by outer
dispatching loops and routing control loops that are based on standard IE algorithms. The resulting multi-loop rule-
based controller is very convenient for computer simulation, actual implementation, and modification when
performance goals are modified, resources change, or failures occur.



MATRIX FORMULATIONS IN CONTROLLER DESIGN

The following discussions are to show how to use the industrial engineering techniques to directly write down
a matrix-based logical dispatching/routing controller. Demonstration of industrial engineering techniques including the
bill of materials (BOM), the assembly tree/operation-process_tree, Steward’s sequencing matrix, the route sheet, the
resource requirement matrix, and dispatching'rU'Ies which related to- the shop-floor design are provided here. Combine
these well understood techniques WI'[hIn e manufaﬁt'}'hﬁ@f’éhgmeermq\commumty into an overall design and analysis
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Figure 3: Matrix-based task controller with resource allocation

Review of IE Techniques

The BOM is a document containing the assembly/subassembly relationships for a specified product line [5,24].
It is usually referred to as a structural parts list and may be considered as a lookup table or a matrix B, whose elements
B(i,j) are equal to 1 if subassembly j is required to produce subassembly i. This is identical to the definition of an
assembly tree [26], an example of which appears later in Figure 4a. The BOM/assembly tree is generally known for a
given product line. The operation process tree is an expansion of the assembly tree in that it includes all operations and
inspections performed on the parts needed to be manufactured. When producing a single part without assembly, the
assembly tree can be seen the same as the operation process tree.

Task Sequencing Matrix:

Steward’s sequencing matrix[23] is a matrix S whose elements S(i, j) are equal to 1 if task j must be completed
as a prerequisite for performing task i. This is the same as the definition of the BOM/assembly tree. In fact, in both the



assembly and operation process trees, the nodes may also be interpreted as jobs to be accomplished to produce a given
product. Thus, in Figure 4a, job R1U1 representing a part is transported by robot 1 the first time must be completed as
precondition for performing job M1P. The sequencing matrix has been extensively analyzed by Warfield[25], who has
shown that from it can be deduced the hierarchical structure of a manufacturing system. It has been used in applications
by Eppinger et. al.[6] and others.

Route Sheet and Resource Requirement matrix:

The route sheet (or operation sheet) is also a document gathering the typical information of operations for
producing a part, equipments or resources used for performing related operations, and processing time for each
operation. A separate route sheet is normally required for each part that needs to be manufactured by company itself
instead of purchasing from others. The route sheet provides the resource information needed for the resource
requirement matrix[7]. The resource requirement matrix is a matrix R whose elements R(i, j) are set equal to 1 if
resource j is required for job i. The resources may include machines, robots, fixtures, tools, transport devices, and so on.

Dispatching Rules

We say a job is activated or fireable if all the preconditions for its performance are met. The problem of
dispatching is that of allocating shared resources in the event that multiple jobs that require the same shared resource
are activated. Dispatching can be viewed as a decision made by a resource on which jobs to accept (or parts to process).
There are numerous dispatching rules [17,18,20] including first in first out (FIFO), earliest due date (EDD), select the
job with the shortest operation time, last buffer first serve (LBFS), and so on. Though rigorous analyses of the
performance of different dispatching rules are sparse, it is known for instance that LBFS yields bounded buffer lengths
and minimizes the mean of the part delay (cycle time). EDD on the other hand minimizes the variance of the part delay.
A small mean delay equates to small work-in-process (WIP), while a small variance of the delay guarantees that the
system will reliably meet due dates. Given a performance measure specified by the user, one wishes to select the
dispatching rule that optimizes this index. Performance measures might include machine percent idle time, part
throughput time, buffer lengths, WIP, percent of jobs late, and so on.

Matrix-Based Controller Design

A rule-based matrix controller is now discussed that permit assembly/job sequencing, then addition of resources,
and dispatching controller design. The matrix controller will be illustrated using a multiple-part-paths-reentrant-flow-
line design example as indicated in section 2.1. Though the example is simple, the technique extends directly to more
complicated systems using the notions of block matrix (e.g., subsystem) design. The AMS matrix controller is based on
a matrix formulation where each matrix has a well-defined function for job sequencing, resource assignment, and
resource release. In fact, the design algorithm uses task sequencing matrix (found from the BOM or assembly/operation
process trees) and the manufacturing resource requirement matrix. This matrix-based logical controller has the multi-
loop feedback control structure shown in Figure 3, with inner loops where there are no shared resources, and outer
loops containing shared resources where dispatching and/or routing decisions are needed. It allows for shared-resource
conflict resolution to provide guaranteed deadlock avoidance. Then, as is standard in industrial engineering,
dispatching can be performed in accordance with prescribed performance objectives such as minimum resource idle
time, maximum throughputs, task priority orderings, task due dates, minimum time of task accomplishment, and so on
as prescribed by the user. In this multi-loop control structure, the inner loops can be considered as decision-free PN
where no decisions are needed, and the outer decision-making loops can be considered as PN supervisors in the manner
of Krogh and Holloway[14] and Ramadge and Wonham[22]. The matrix controller is described by the following
equations:

Controller State Equation: X=F,Q®V.®F, ®r® F, QU ® F, ® 0, @
Job Start Equation: v, =S5, ® X @)
Resource Release Equation: ri=S5, ® x 3)
Product Output Equation: y = S y ® X 4)



These are logical equations and therefore are binary; i.e. matrix elements are either 1 or 0. The controller state
equation (1) is a collection of rules so that it is formally a rule base. These equations are carried out in negative logic.
The “overbar” denotes logical negation by applying the negation and de Morgan’s laws. The logical negation can be
defined as follows: given a natural number vector n, its negation is N such that N(i) =0 if n(i) >0, and 1
otherwise. Hence, “0” entries in V_, and T, indicate jobs complete and resources idle, respectively. And entries of
“17in V¢, I, and Y therefore indicate the jobs to be started, resources to be released and part output, respectively.
A computed entry x; =0 (i.e, X, =1) of the logic controller state vector X represents that all the conditions
required to satisfy and fire the rule i are met. It is worth noticing that all the matrix operations here are defined in or/and
algebra, so that the standard addition and multiplication are now replaced by “@®” and “®” which representing the “or”
and “and” operations.

It is convenient here to refer now to Figure 3 where the work-cell (also representing the PN places) is separated
from the controller (PN transitions). The controller observes the status outputs of the work-cell, namely, vg,
representing “completed jobs” and r¢, representing “resources currently available or idle”. The controller state equation
(1), analogous to the matrix differential equation X=AX+BuU in control system theory, checks the conditions required
for performing the next jobs in the flexible manufacturing system. Based on these conditions, stored in the logical
controller state vector x, the job start equation (2) computes which jobs are activated and may be started and the
resource release equation (3) computes which resources should be released (due to completed jobs). Then, the
controller sends commands to the work-cell, namely, vs, representing jobs to be started, and rs, representing resources
to be released. Products out are given by Eq. (4). (Subscript ¢ denotes ‘complete’ or “current status’; s denotes ‘start’).

These equations are easy to write down, for Fy is the job-sequencing matrix and it can be determined from the
BOM or assembly/flow process trees. Fr is the resource requirement matrix, which is assigned by the shop-floor
engineer. Matrices Sy, Sr and Sy are equally direct to write down (see subsequent example). Input u represents raw
parts entering the cell. Input u, is a conflict resolution input that selects which jobs to initiate when there are
simultaneous requests involving shared resources; this dispatching input is selected in higher-level control loops using
well-known techniques [20]. In fact, conflicts can occur in both the situations in choice tasks and shared resources. This
means that the situations may occur when the job-sequencing matrix Fy and the resource requirement matrix Fr poth
have multiple “1”s in the same column. Sequencing matrix Fy and the resource requirement matrix Fr have long been
used as heuristic design aids by industrial engineers, with some possibility for limited analysis (as described, e.g., by
Warfield[25] in the case of Fy and Kusiak[16] in the case of Fr). The matrix controller elevates these design techniques
to formal computation elements. The effect of the or/and matrix algebra with negative logic in Eqg. (1) and positive logic
in Eq. (2)-(4) is that Eq. (1) is a rule base using ‘and’ clauses, while Eq. (2)~(4) are rule-bases using ‘or’ clauses. This
is exactly what is required for dealing with shared resources. It is easy to show that with the “or/and” matrix algebra,
the equations just given become mathematical equations that allow formal computation of the rules in the AMS
controller. This allows (1) computer simulation and (2) computer implementation of the controller on an actual
workcell. The operations required in the controller equations can easily be carried out using standard real-time control
software on a personal computer, including MATLAB, MATRIXX, LabVIEW and ProModel. It is noted that the
coefficient matrices in Eq. (1) are sparse, so that real-time computations are very easy even for large manufacturing
systems. Moreover, Eq. (1) is nothing base, so that the rules can be fired using efficient algorithms such as

the Rete algorithm. PO
(WH?2)

unload M2 PO
(WH2)
ducts
e I given In Figure 4a, which shows t @firactions (jobs) to produce a
blyotke@ gontains information analogous to the BOM; it does clude any resource information.

whaPY by robot R1 from warehouse 1.
phaded from M1 into machine center 2 (M2) by robot, R2 fq ing operation (M2P). The result is the

Pl; (warehouse 1,i.e., WH1
with raw materials stored) with raw materials stored)

Pl ; (warehouse 1, i.e., WH1

Figure 4: Product information: (a) Assembly tree, (b) Subassembly tree showing resources assigned to jobs.

Job Sequencing Matrix:



Referring to Figure 4a, define the job vector of part type 1 as vi=[RlU, M1P R2U, M2P Rw,[ . Same for the
job vector of part typerdy V2 ,\yplpdefmeﬂ AMR2URIM 3P R1U3] Then the job vector of the w e]oc[eII is defined as

rerequis

[VlT VZT] The:@tewarg’ s seqgencing matrn@ F\1 foythe assembly tree of part 1 in F|guT4a <|y|ven}by

MP 1 0 0 0 0 Job

(5) F,.= R2, |0 1 0 0 0.

M2P | Q 0 1 0 0

R, |0 0 0 1 0

In this mat'g' , an gntry of1 in pgsitiong(i, J) ipdicates that job j must be completed prior to starting job i. F, is

independent of available resources, and reflects the fact that the assembly tree imposes only a partial ordering on the
sequence of jobs. Regardless of the resources available, F,; will not change.

The mean of this matrix is Fv

Controller State Vector and Job Start Equation:

The job vector v has two interpretations. As a status output of the work-cell, it denotes completed jobs; in this
role it is denoted as v.. On the other hand, as an input to the work-cell, it represents a job start command vector,
denoted as vg. To proceed it is now necessary to define a controller state vector X, whose components are associated
with the vector v=[R1U; M1P R2U; M2P R1U, PO,| R2U, M3P R1U, PO,]', that checks the conditions of the rules
needed for job sbequenglng Tf(])eno by applying Kotjon of the block structure, the job start equation is

nditions fulfilled

0 00 X,
010000/ 0000 X, ..;ﬁ*‘[@sv]
001000l 0000 X, Thus, the mean of S, matrix is (6)
000100 0O0OOO Xg

Vs =Ihaheojol startmatrix @, ,canenty Bf| 1xin positiGh Xi, j) indicates that job i can be started when component j of
the contralleo state wectorois active. dn the regntrant flow line the matrix S, has 1's on the diagonal. In the job shop with
variable %Iartgrmgtingjs g céhn h&X/eJm@ItlQIe entrigs in a single column, corresponding to different routing options.

| 0 01 0] Xq
The part output equation is po _ | PO o _ 0000010000 @x=S ® x, )
PO, 0 00 0O 0‘ 0 0 01 y

Causal Ordering of Job Places:

It is important to order the job places correctly in the AMS controller formulation to obtain lower triangular
matrices F,, S, [25], for then the sequencing of the jobs is causal. To obtain a causal ordering of the jobs, number the
job places sequentially from left to right along each single part path. In the case of the multiple-part-paths reentrant
flow line, numbering jobitplace&.is basgd on the order of part types accordingly. Different part types represent different
single part paths. Afte laces sequentially from left to right along part path 1, then continuously the
numbering from left to rggaht alo)plg part fath and so on (as shown in Figure 5)

Figure 5:Job sequencing PN of assembly (no resources included).

As for the case of assembly, using Figure 5 as an example, parts a and b enter the workcell and are together
assembled to produce part c, which is then drilled (part d) to result in part e, which is the cell output (PO denotes
‘product out’). One can see from Figure 5, two part-paths merge together into one at the assembly point. Suppose part
path j1 is the complete path, with a partial part path j2 merging into path j1 at a transition on that path. In this situation,
one may number the jobs of partial path j2 from left to right, stopping at the last job prior to the assembly transition.
Then, return to the beginning of path j1, picking up the place ordering by numbering the job places of path j1 from left
to right. The transitions should be numbered corresponding to the job places they feed into. This procedure corresponds
to numbering the jobs from bottom to top in an assembly tree. Note that each complete part path terminates in an extra
transition that is required to produce the product output equations and to release the pallets, if any are used in that
corresponding part path.

Adding the Resources and Conflict Resolution Input
To build a dispatching controller for shop-floor installation to perform this particular reentrant flow line task, the

resources available must now be added. In Figure 4 is given a subassembly tree for product 1 of the reentrant flow line
task, which includes resource requirements information. This information would in practice be obtained based on the



available manufacturing facility. The figure shows that part input Pl; and part output PO, do not require resources.
Pallets (P1) are needed for part 1 and its derivative operations. Robot R1 is responsible for loading work in process of
part type 1 to machine center M1 for drilling, then robot R2 loads the drilled part to machine center M2 for milling, and
finally unloaded by R1 again as final product 1 output to the finished product warehouse.

Note that robot R1 represents a shared resource for producing product 1, so that dispatching decision-making is
needed when the two loading and unloading jobs are simultaneously requested, in order to avoid possible deadlock.
There are scores of dispatching rules available and in standard use in manufacturing engineering [20] (for example, last
buffer first serve, earliest due date, least slack time, clear the longest buffer, etc.). The Petri nets framework goes out of
its way to obscure how these dispatching rules should be incorporated into work-cell controller design. We are showing
here how the matrix controller in Figure 3 is derived in a step-by-step repeatable design algorithm in terms of standard
job sequencing and resource matrices, and then dispatching rules are used in the outer loops to resolve shared-resource
conflicts. This provides a repeatable design algorithm for discrete event controller design and shows how industrial
engineering techniques fit into AMS controller design.

Resource Requirements (RR) Matrix:
The issue of required and available resources is now easily confronted as a separate engineering design issue

from job sequence planning. As resources change or machines fail, the RR matrix is easily modified. RefeTrring to
Figure 4b and Figure 3, it is easy to define the resource vector as r = [M1A M2A M3A P1A P2A R1A R2A], where
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denotes!‘j 5 comp ete”, and onlthe resource ector r denotes “current status of the resources’. Both veand r, are status

outputs of the work-cell. Again, Over-bars denote negation, so that, for instance the zero entries of I indicate which
resources are idle (using negative logic). It is direct to show that using negative logic makes the conditions for the rules
X into ‘and” clauses, with zero elements of F,, F. becoming ‘don’t care’ elements. For instance, the conditions for x,
become after some logical manipulation (deMorgan s rules): x,=R2U,;, .AND. M2A,, so that x, fires when jobs
R2U, has been completed and resource M2 is available. According to equation (6), this now commands the initiation of
the grinding operation that produces the final product of part type 1.

Conflict Resolution Input:

The extra input up is the shared-resource decision control input. It is needed since the resource requirement
matrix F, has multiple 1's in the last two columns, indicating that robots R1 and R2 are shared resources (c.f.,
Kusiak[16]). To resolve potential conflict and turn the controller into a ‘decision-free’ graph, it is therefore necessary to
add the extra dispatching control input up, which is allowed to have only one of its entries high at any given instant for
each robot. For robot R1, the high entry selects which of the three jobs, unload raw part type 1 from warehouse to M1,
unload product 1 as output, or unload product 2 as output, will be performed in the event that three are requested
simultaneously.

It is exactly in selecting up, that the dispatching rules available in manufacturing texts[5,20] can be used to select
which jobs to perform next in the event of simultaneous requests using the same resources. Thus, the dispatching rules
belong in the outer loops of Figure 3. Our algorithm shows how to formally identify the control inputs needed by
Krogh and Holloway[14] and Ramadge and Wonham[22], which are selected to avoid ‘forbidden states’ in PN design.
Specifically, any columns in F, containing more than a single 1 require an associated shared resource dispatching input
(c.f., the use of F, by Kusiak[16] in dispatching).

Resource Release Matrix:

The last issue to be resolved in this design is that of resource release. Thus, using manufacturing engineering
experience and Figure 4b, select the resource release matrix S, to be



Conditions fulfilled

Release
resource

Hence, the mean of the matrix S, is S .(10)

wofkeell to start resource release. In this matrix, a ‘1’ entry in position (i,
hen entry j of x has become high (e.g., in this example, on completion of

high - that is, after either job R2U, or jo , is complete.
Thus the complete construction of the reconfigurable matrix framework for manufacturing and dynamic
monitoring system is then developed.

CONCLUSIONS

A matrix-based formulation of AMS controllers was presented. The design procedure of the matrix controller is
repeatable, so those two sensible engineers working independently will reveal the same controller structure. Complete
simulation equations were provided for an AMS system. The matrices in the controller description come directly from
industrial engineering tools such as the bill-of-materials, assembly tree, and resource requirement matrix. Using these
matrices, algorithms will be given to compute certain critical conditions essential to the deadlock analysis later on, as
well as certain critical subsystems within which work-in-process (WIP) should be limited to avoid deadlock.
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