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A Study on Information Flow and Routing

in a Class of Flexible Manufacturing Systems '
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Abstract

The routing flexibility in FMSs can be achieved through two levels : the paraliel
operations and the alternative stations. To accommodate this pertaining flexibility
for part routing in FMSs, a hierarchical routing principle is developed which considers
both the routing flexibility and the performance effectiveness, which can also be easily
implemented. For the proper implementation of this routing algorithm, the required
information flow is identified which turns out to be very simple.

1. INTRODUCTION

In this work, we study a dynamic control of part-routing in a class of manufacturing
systems. The practical system studied is 2 network of part-manufacturing machines which
is usually termed as a flexible manufacturing system(FMS)(Groover 1980).

A FMS is essentially an automated jobshop with a set of versatile work stations(mac-
hines) and automated material handling device. Under the computer control and numerical
control techniques. this system atlows coasiderable flexibility in assigning operations along
with their associated tools among machines and pesmits very general flow patterns of the
jobs within the system. And a part may follow several different routes in terms of sequence
of operations andfor machine combinations to perform these operations.

Due to the complexity of the proper implemeniation of FMSs, it is not likely that job
routing follows a fixed patiern which is determined at the pre-production planning {evel
independent of the operational state of the on-line system(Buzacott and Shanthikumar 19
30), and if these decisions are made at the pre-production planning level, routing flexibnlity
is simply deteriorated.
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To make use of this routing flexibility, it requires the detailed information about the
status of the machines and jobs and the capacity of collecting, retrieving and utilizing on-line
information, and thereby making adaptive decisions. Therefore, in this new manufacturing
systems, the invisible information flow becomes more important in addition to the physically
visible material flows.

A formal and systematic approach to dynamic part routing in FMSs is relatively few.
Buzacott(1982) studied a set of dynamic routing rules which utilize simple information of
system states and provide some insights into system performance. Yao(1987) developed a
probabilistic shortest queue routing which routes a part with the highest probability to the
statton with the largest empty spaces. Extentions of the probabilistic shortest queue routing
to multiple job types and closed queueing network with arbitrary configuration can be found
in Yao and Buzacott(1985). Though these studies all utilize, to some extent, the flexibility
pertaining to part routing, the concept of routing flexibility was first quantified in Yao(19
85). A concept, routing entropy, is formulated as a measure for routing flexibility, and a
routing principle depending on the on-line information of the operational status is proposed.

The purpose of this paper is to develop a simple and easily implementable dynamic part
routing rule in a class of FMSs with single server stations which utilize the routing flexibility
pertaining to parts routing but also accomplish the performance effectiveness, and demon-
strate its applicability,

2. Sturcture of Routing Flexibility.

Yao(1985) identifies four different levels of the production task, (i)part types, (i) seq-
uential subsets, (iii) parallel operations, and (iv)alternative stations, and has shown that
routing flexibility can be achieved through the last two levels, i.e. through parallel operations
and through alternative stations. In this section, we explore the details of the underlying
structure of routing flexibility.

The routing flexibility through the alternative stations comes from the capability of
versatile machines which can perform many different operations and is closely related with
the production planning problem of FMS. To explain, suppose we have product types, t=
1, ---, T, to be manufactured and their relative product quantities, Q(t), t=1, ---, T, then
we have the number of each operation type, @, j=1, ---, J, from the operation mix of part
types. Let » be the number of operations assigned to station i, i=1, :--, M, and gy, i=1, +-,
M, and j=1, ---, J, be a variable which represents the number of operation type j assigned
to station i. Then, the number of type j operations, &, and the number of operations ass-
igned to station i, , can be written respectively as :

&}J=ZMI d‘Us J=l$ th Js
w=30u, i1, -, M, @

Let s, be the processing time of the type j operation, j=1, ---, J, and s be the service
rate of machine at station i, i=1, ---, M, then the mean processing time of machine at sta-



tion i, denoted by 1/e. is:
i ]
w=25053065, i=1, - M. (2.2)

The average work requirement assigned to station i, denoted by £, i=1, ---, M, is equal
to the product of the mean processing time of a machine at station i and the number of
operations assigned to station i, that is :

P m)=3150%, i=1, -, M, @3

and can be used as a measure of the relative work-load assigned to station i.
And, the average work requirement of jobs within he system, 3.0, is :

IV IP LT, (2.4)

The different loading policies have the different average work requirement of jobs
among stations. Then, how to distribute the average work requirement of jobs among sta-
tions becomes an importani production planning problem in FMSs. In this case. the total

] ; —
number of the distinguished states of possible allocations is equal to ot ﬁ]\—;—c:)_Ll—l);’M!.

For details, we refer to Stecke(1983), and Kim(1988).

A major estimation of performance can be measured through the evaluation of the
Jackson queueing network(Jackson 1963, Gorden and Newell [967) which has been exten-
sively applied to study FMSs(Buzacott and Yao 1986). In Stecke(1983), various other
objective functions are considered regarding material movement, tool magazine utilization,
and operation priorities.

The alternative stations for each operation can be identified through the solutions of
the above production planning problem, le. &;s, the required production quantities of
operation type | at station i, i=I, -, M, and j=1, ---, J. And it is important to point out
that, for queueing network models of FMSs, the values of &s can also be used directly
to determine visit ratios and these can replace the routing matrix.

However, consider a route of a part type, that is, a path of successive station visits of
a part type to complete all it's required operations. Then the required operations may have
technological restrictions on the order in which operations can be performed, and a route
consists of a set of operations which can be grouped into a series of sequence constrained
subsets, Z(1)=1, --~. L(t). That is, any operation in subset £+ I(t) can not be initiated before
ali the operations in subset £{t) are completed. And, in each subset #(t), there exist opera-

tions ngy=1, -+, Ngu, which are sequence independent and then can be performed in any
order. These sequence-independent operations will be referred to, in the sequel, as parailed
operations.

Therefore, the parallel operations and the alternative stations complete[y characterize
the routing flexibility of a part. And it is quite clear that, while a part flows through the
system, the parallel operations and the alternative stations of a part keep changing, which
in turn provides a basis for characterizing its routing flexibility.



3. Hierachical Routing Principle

Based on the analysis in the previous section, any routing machanism should consist
of the following two levels : (i) choose the next operation among the immediate paralle]
operations, (i) choose one station among several alternative stations.

We first study the way of choosing the next operation to be performed among imme-
diate parallel operations. The concept of routing entropy introduced by Yao(1985) can be
used to measure the routing flexibility. To explain, we focus on the £th sequential subset
of a part(to facilitate presentation, we don’t differentiate the part types here), with Ny(n,=
I, -+-, Ng¢) parallel operations in the subset, and with MO ma(£)=1, -+, M,(£)) alternative
stations for each operation ng, n,=1, ---, Ny. Then, the tot&l number of possible routings
in this sequential subset £ is equal to @, where $,=N,! - ,.El M:(£). The routing entropy
of an operation ne, Ex(£), the routing entropy of a part in the sequential subset £, E(#),
and the routing entropy of a part type t over all it’s sequential subsets, Ex(1), can be sum-
marized as follows :

B(£)==3; {(1/M(£)) In(1/M.(£))
=—In{1/M.(£}}, 3.1
E(f)=—S31/Ne T Mo Infi/N I Moy,

where the range of summation covers all of the possible #, routings in the sequential subset

2

= —In{lf#}
=3% E(#)+InNy, (3.2)
and
Es()=3,E(0). (33)
Let Ex be the total routing entropy of the operation mix of production task, then
Ex=3QUEx(1). (3.4)

The concept of routing entropy indicates the routing flexibility by analogy with the
entropy of information theory, physics, and thermodynamics which takes a similar mathe-
matical form. Occasionaily the terms ‘Commentropy’ or ‘Negentropy’ are also used.

Also we note the following points which are of special interest to our study : As a part
goes through it’s operations, (i) both the total amount of work and routing entropy decr-
ease, (ii) within a sequential subset £, the total eatropy in the sequential subset, E(£), keeps
decreasing until all the operations in subste £ are accomplished, and the nth operation
performed reduces E(¢) by the following amount.

AE(£)=Eo(£)+In(N;—n+1). (3.9)

Under the first-come-first-served queueing discipline, the term In(Nz—n+1) has no



bearing on the type of operation and depends only on the order that they are actually
performed.

Therefore, the following routing rule is immediate : if a part has several parallel oper-
ations available, always perform next the operation which has the smallest routing eniropy,
E.(#), ie. the smallest number of alternative stations, and retain the flexible operations to
cope with potential future disturbances. As a direct consequence of the result, the best
routing rule here can be identified as the one that defivers the operations in the increasing
order of their routing entropy.

Now, we have an operation to perform next, then we need a method to assign this
operation to one of the alternative stations. Conventional routing mechanism discussed in
the open literature is to assign an operation randomly to stations according to their rouiing
probabilities(Kelly 1979). However, stochastic analysis is primarily important for the system
design purposes and there is no known implementation of probabilistic routing in any
existing FMS. Therefore, what is required is some means of assigning operations to stations.

The probabilistic routing is essentially a randomized version of the deterministic routing.
Suppose a deterministic routing, scheme which assigns an operation type ng to alternative
stations, i.e.1,---, Ma(£), more orderly, while keeping the other things being fixed, then this
certainly contributes to a better system performance. The formal approach for this line in
the store-and-forward computer network can be found in Yum(1981).

To explain, suppose a part has operation u, to be performed next and it belongs 10
operation 1ype j, and the operation has Ma(£) alternative stations which are equivalent to
the alternative stations of operation type j. The required production quantity of operation
type j at station ma(£), ma(£)=1, -, Mul€), is duliai. The probabilistic routing assumes to
assign an operation type j to statioa mu(#) with probability p(ms(£)), ma(£)=1. ---, Mn(4),
which is determined by Sa*un/@- On the other hand, the deterministic routing with P(ms-
(£))s assigns the operation type j to stations in a sequential manner which minimizes the
sum of squares of the deviations from rational P(ma{£))s.

Let the first m assignment decisions consist of the sequence{g(1), ---, &lm); where &
(i) is the station of the /th decision, i.e. &(1} is the siation ffom which the first operation
iype ] get service, &(2) is the station from which the second operation type j get service, and
so forth. Let @(ma(£)Im), m{£)=1, ---. M\(#£), be the total number of assignments at station
ma{#) among these m decisions, then the sequence in the set can be determined as follows:

step | : m=1

siep 2 : compute for all i, i=1, -+, M), .
()= T+ {(D(ma(£) | m — 1)/m) — Pl £))} +{(®(i 1m — 1) +1)/m) — PG (3.6)
step 3 : g(m)=arg min{7(i). i=1, ---, Ma(&)} (3.7)

step 4 : m=m+1 ; Go To step 2.
Also suppose @, di* -+, ke be relatively prime, then the generated sequences are

all recurrent with recurrent period e(Yum 1981). That is, the overall sequence S(j) takes
the form of {( - )}, where { - ) means that the sequence inside is to be repeated. As a num-



erical example, consider operation type j with Ma(£)=2. Let P(1)=2/3 and P(2)=1/3, then
S()={(1, 2, 1)} with period 3 according to the above algorithm, and it represents the sequ-
ence of stations that assigns the first j operation which requires service to station 1, the
second } operation to station 2, the third j operation to station 1, the fourth j operation to
station 1, and so forth. This property. considerably simplifies the routing mechanism, and
the sequence inside the bracket completely determines the order of assigning operation type
j to their alternative stations.

Therefore, the overall routing scheme can be summarized at two different levels : (thf
a part has several immediate parallel operations, perform the operation next which has the
smallest routing entropy, (ii)among the several alternative stations, route the operation to
the next station in the sequence S(n(#)}.

An example is in order. Suppose at a certain point in time, a part enters it's £th seq-
uential subset, which carries two parallel operations : turning(two alternative stations : T,
and T: with S(T)={(T,, T, T\)}) and boring(three alternative stations - Bi, Bz, and B; with
S(B)={(Bi, Bs, By, Bz, Bi, Bs, B)}). The last turning operation up to now was performed
at station To, the second element in the sequence, and the last boring operation at station
B, the third element in the sequence. The first decision is whether to go for turning first
followed by boring, or the other way around. Since Ex(£) value for turning operation is In
2, while Es(£)=In3 for boring operation, the turning operation should by performed first.
Then the next decision is whether to route the turning operation to station T, or station
Ts, and since the next element in the sequence $(T) is T), it should be delivered to station
Tl.

It is perhaps of interest to note the followings : (i) the more precise definition of the
routing entropy could have been obtained such that it takes into account the work-load
distribution, i.e. visit ratio, that is

En(f)=—3 P(mu(4)) InP(ma(2)),

and, hence, E(¥), Ex(t), and Ex accordingly. However. the routing entropy has been form-
ulated to take simpler form with it’s own meaning, (ii) to implement this routing mechanism,
each part circulating in the system maintains and keeps track of only a list of it’s immediate
parallel operation(s) and the corresponding alternative station. And this information is
updated whenever a part finishes an operation and hence constitutes an information flow.
(i) instead of the deterministic routing modelled here, we can constder the production-
dependent probabilistic routing, that is, parts are routed to the latest station in production
schedule with the highest probability. In general, such a state dependent routing doesn't have
a simple analytical solution. Even though reversibility, key to the tractability, is assumed.
the transition rates of the queue length process can not be factorized into two functions,
one depending on the total number of parts at the source station and the other depending
on the destination station, and, hence, it can not be modelled to have product-form solution
(Kelly 1979.)



4, Application

To make proper use of the proposed routing principle by accomodating the service
interruptions such as machine breakdowns, maintenance, and so on, the service rates of
machines and the measure of flexibility, i.e. the routing entropy can be reformulated as
follows. Suppose the proportion of time that the station i is operational, that is, the relia-
bility of station i, is r()), then the effective processing time of the machine at station i, 1/u,
can be redefined as the actual service time plus the duration of interruptions during the
service, 1.e. 1/u—1/(ur(i)}(Vinod and Aliiok 1986). Therefore, the long-term optimal loading
of station i, #*, of the production planning problem in Kim(1988) should be adjusied to
2*t(i) through equation (2.3), and hence, the required production quantity of operation type
j at station i, 6", i=1, ---, M and j=1, ---, J, in the short/medium term perspective, and,
therefore, the generated sequence of operation type j, S(j), i=1, ---, J. can be obtained acc-

ordingly. In addition, the measure, routing entropy, can be reinterpreted to accomodate
the reliability of the station, ie.,
M) Moy Mo d)
E)=—30" ()2, 1)} - nir@ (O,  {malfM, @.1)

and E(#), Ex(1), and Ex accordingly.

Consequently, the routing principle can be adopted to take into account the machine
state by simply skipping the station with service interruption in the sequence S(j} maodified
by l/r{i} whenever service interruption occurs at that station until the station becomes
operational again. By these simple adjustments, decisions on the choice of station to do the
next operation can be adaptively made in response to disruptions of the operation of the
system caused by the service interruptions.

3. Conclusion

In this study, we developed an hierarchical routing principle in FMS which does take
into account both parallel operations and alternative stations. It is known that not only state
dependent probabilistic routing{Buzacott 1982, Towsley 1980, and Yao 1987) but also
deterministic routing(Yum 1981) is betier than fixed probabilistic routing in performance.
However it appears to be difficult to characterize the optimal routing rule except for the
several special cases(Buzacott 1982, Seidmann and Schweitzer 1982, Maimon and Gershwin
1988). On the other hand, as the routing flexibility increases while keeping the other things
being the same, for instance the visit ratios, the sysiem performance improves(Yum ]978).
Therefore, the routing scheme proposed here does have merit in considering both the per-
formance effectiveness and the routing flexibility, as well as its simplicity and easy implem-
entation.
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