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On-line scheduling of a robotic manufacturing cell with
stochastic sequence-dependent processing rates

ABRAHAM SEIDMANNt# -

The problem of on-line production control for a robotic manufacturing cell
producing parts of different types is analysed. The approach described in this
paper expands the results of an earlier study so as to provide for sequence-
dependent (deterministic or exponential) processing times at the cell. In addi-
tion, a novel production control strategy permitting temporary suspension of
the cell’s activities at certain decision epochs is formulated. Several numerical
examples are given to illustrate the productive potential of this formulation.
They seem to indicate the superiority of the new strategy presented here to
earlier optimal control strategies in which the cell had to be active as long as it
was unblocked.

1. Introduction

Most manufacturing facilities have very limited buffer capacity. Restricted
local buffers between the work stations bound the in-process inventory levels and
facilitate faster material handling capabilities. When the number of parts present
at any station is limited, parts routed to that station may be blocked. The lack of
downstream space forces the upstream station to shut down. Since the effect of
blocking is significant in various industrial systems, several models have been
proposed to deal with it. Surveys of transfer line models with finite buffers can be
found in Buzacott and Hanifin (1978), Gershwin and Berman (1981), Suri and
Diehl (1986), Gershwin (1985), and in Pollock et al. (1985). In general, analytic
solutions of these models are available only for systems having a small number of
stations and very few buffer spaces. Numerical solutions with varying degrees of
computational complexity are available for the analysis of larger systems.

Other authors were concerned with the assignment of randomly arriving parts
to parallel machines, each with its own limited input buffer space. Examples
include Cinlar (1967), Lemoine (1975), Davis (1977), Ephremides et al. (1980), and
Lin and Kumar (1984). Disney (1975), Lemoine (1977) and Stidham (1985) survey
the methodological research in this area. Many of these studies stress the signifi-
cant reduction in production flow times which are possible through the use of
dynamic assignment strategies. These strategies are based on a rational function
of the queue lengths at various downstream stations.

In this paper, we develop a new on-line production scheduling strategy for a
robotic manufacturing cell operating with microprocessor control. Cellular manu-
facturing, widely used in industry, is a modern concept which is often adopted as
a building block of larger facilities (Koren 1985). In such a system the cell pro-
cesses R types of parts, and forwards them to R emanating assembly lines, each
with a finite input buffer space (see, for example, Hutchinson and Wynne (1973)
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or Seidmann et al. (1985)). The microprocessor controller at the cell has full
knowledge of the instantaneous buffer occupancies at each downstream assembly
line. The first model of this system was formulated by Hahne (1981). White’s
method of successive approximations was then used to develop optimal dynamic
routing for a system having two (R = 2) unreliable lines. Later, Seidmann and
Schweitzer (1984) extended this model to handle any number of parallel-reliable
assembly lines.

Another related work is Yao and Shantihikumar (1986), which addresses the
optimal input rate to a system of several parallel-reliable manufacturing cells.

In this paper, an expanded representation of the production control strategy

for these systems is given.

' It differs from Seidmann and Schweitzer (1984) in permitting sequence-
dependent processing times at the cell, which can be either deterministic or expo-
nential; and in formulating an improved optimal production control strategy
which permits temporary suspension of the cell’s processing activities at certain
instances even though the buffers are not full. The decision problem considered at
the cell is the determination of the optimal production sequence which aims at
keeping all R assembly lines busy (i.e. not idle due to lack of input parts). The
motivation for the problem considered here lies in its application to various
dynamic routing problems in automatic manufacturing (Hodgson et al. 1985,
Vinod and Solberg 1985), unitary robotic cells (Seidmann and Nof 1985), and
flexible manufacturing systems (Yao and Buzacott 1985).

This paper is organized as follows: the manufacturing cell model is formulated
and its functional equations are outlined in § 2. Several measures for evaluating
the performance of the system under a given control scheme are formulated and
computed in § 3. Numerical examples illustrating the structure of the optimal
policy are presented in § 4. Section 5 concludes the paper with a proposal for
efficient industrial application of this scheduling strategy.

2. Model formulation

2.1. Introduction

This section describes the major components of the system, the state space
and the feasible set of decisions at each state; it also outlines the dynamic prog-
ramming functional equations and the value iteration algorithm for solving them.

2.2. The manufacturing activities

Consider a manufacturing cell processing parts, one at a time, for R(>1)
assembly or production lines. The mean time for the cell to process a part desig-
nated for line k is 1/u(k,y, k), 1 < k < R, where k, denotes the preceding part type
processed by the cell. These processing times can be either deterministic or expo-
nentially distributed. Such sequence-dependent service times are commonly found
in industry, where a single facility serves different kinds of emanating lines
(French 1982). Part type k departing from the cell is admitted into the input
buffer of line k. Line k (or, the first workstation on that line) has a production
time which is exponentially distributed with a mean of 1/4,. The input buffers for
line k have space for B, > 1 parts: one at the first workstation plus B, — 1 spaces
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Figure 1. Schematic layout of the manufacturing system control with R finite local
buffers. Status feedback information includes the buffer occupancies (n;) and the cell
set up (ky),

for the queueing parts (Fig. 1). The line takes parts, one at a time, from its input
buffer as long as parts are available. A shortage penalty of €, >0, (1 <k < R)
dollars per hour is incurred when line k is idle due to the absence of input parts.
This penalty is a tangible surrogate for manufacturing facility idle time and the
loss of production opportunities. The production control problem is to determine
which part type to process next in order to minimize the expected shortage
penalty cost per hour. This decision is made by an on-line controller having full
knowledge of the buffer status at all lines. :

This production control problem is formulated as a finite-state, infinite-
horizon ‘undiscounted semi-Markovian decision process (SMDP) (Howard 1971).
The’ successive state occupancies of such a process are determined by markovian
transition probabilities. The holding time in any state is described by a random
variable that depends on the presently occupied state and on the successive state
to which the next transition will be made. The process is markovian only at
certain points belonging to the state space where transitions take place. The state
space and the decision epochs (or the imbedding points) at which the system is
modelled are defined in § 2.4.

2.3. The stale-space

Let n(1 < k < R) denote the number of parts at line k (either at the input
buffer or possibly the one part being processed). The last part type produced by
the cell is given by k, . Let &, = 0 denote the initial (empty) state of the cell. The

state space is defined by
Q= {(n, k0)=(n1,n2, ceey Mg, ko)ll SkOSR,OS <Blko=0,n=0}

(OQ’I’L,-S i7i=1’2)""R)
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The total number of states is
R

NS=[]Bi+ 1R +1

i=1

These NS states are represented by the set of integers {1, 2, ..., NS} via the
mapping function y: Q- {1, 2, ..., NS}, where
1 ’ ifkp=0andn=o0
R-1 i R
Y, ko) = {2+ ng + 3, ng—i [[Br-ju1)  + [[Bi+ Diko—1) (1)
i=1 j=1 i=1
ifky=1,2,...,Rando<n<B

2.4. State transitions and decisions epochs

In this time-continuous model, transitions between system states may occur at
any time. When the cell is busy processing a given part type, its next decision
epoch occurs at the completion of processing that part. When the cell remains
idle, its next decision epoch will occur at the next end of processing event at one
of the lines. The control of the system is carried out during such decision epochs,
which may be of three sorts

(a) The initial cases: ko =0, 1, 2, ..., B, n = o. In the startup (and transient)
case the cell is not set up (k, = 0) and the buffers are empty (n = o). In all
other initial cases the buffers are empty and the cell is set up to some
specific part type (ko =1, 2, ..., R). The cell must then decide which type
k(k=1,..., R) to process. The mean holding time at that state 1s
1/u(0, k).

(b) The unblocked case: 0 < n < B, 1 < ky < R. The cell must decide whether
to remain idle until the next change in the system state (denote this deci-
sion as k = 0) or to process part type k (k=1, .., R). This type must be
selected only from these lines that have non-full buffers, i.e. from

= {k|n, < By} (2)

The mean time that the system will hold in this state depends on the prior
decision made by the cell:

_ YV ulko, k) if part type k is produced
"~ |1/A(n) if the cell remains idle

where A(n) = Y ;4@ 4 (the cumulative processing rate of all active lines in
n), and the set of all active lines is

Am) = {n(ny, ny, ..., ng)lo<n; < B;, 1 <i< R}

(¢) The blocked case: n = B. In the blocked state all buffers are full and the
cell must remain idle until the next system state (the first buffer becomes
empty). Then the cell can either remain idle until the next end of pro-
cessing event at one of the other lines, or else start processing a part for
one of the lines having a non-full buffer. The mean time that the system
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will hold in the blocked case is 1/4(B), where

2.5. The functional equations

Following Jewell (1963), the (NS + 1) functional dynamic programming equa-
tions for minimizing the expected shortage penalty per time unit are

'U(n, kO) = ,nin {q(ﬂ, #(kO ) k)) - g/ﬂ(ko y k) + v(eka k)}

k=1,2,...R
m=0,k=01,2 ..., B (4
v(0, 0) = 0 (+)

v(n, ko) = min [ min {q(n, Hko , k) — g/u(ke, k)

k € D(n)

+ Z 1)(.““’ #(,1;0 s k))v(n —J + ek’ k)}’

o<jsn

{Q(n, Am)) —g/Am) + Y. (A/A(m))o(n — ¢, ko)}]

ie A(n)

(n, ko) € Q, n#o0orB, 1<k, <R (unblocked case) (5)
R
v(n, ko) = —g/A(m) + Y (A/Am)(n — €, ko)
i=1

n=RB1<ky <R (blocked case) (6)
where we define:

e* = the unit vector in the kth direction (1 < k < R),

g = the long-run expected shortage penalty cost per unit time following the
optimal control policy (the ‘gain rate’ (Howard 1971)),

v(n, ko) = the relative value of state (n, ko) € Q (Howard 1971),

k = the control variable to be determined (k =1, 2, ... , R),

P(jIn, u(ke, k)) = the joint transition probability that line ¢ uses j; of its
Ui < n;) parts during the time that the cell processes one part type A—for
all i (i =1, ..., R)—given that the cell was initially at state kg . [See Appen-
dices A and B],

q(n, u(ky, k)) = the mean immediate shortage penalty cost incurred by all R lines,
starting with state n and extending over the time interval needed by the cell
to process one part type k. [See Appendices C and D],

g(n, A(n)) = Z,-Eﬂn) Ci/A(n), ns o, the mean immediate one-transition cost
incurred by all R lines, starting with state n (n # o) and extending over the
time interval to the next end of processing event in case that the cell decides
to remain idle. The set of starving (idle) lines at state n is Em) = {n(n,, ...,

ng)ln, =0, for 1 < k < R}.

The first eqn. (4) is used to fix the arbitrary additive constant of the relative
constant of the relative value vector v(n, k,). Equation (5) represents two types of
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possible decisions by the cell: The first set of terms computes the relative value of
state (n, ko) if part type k& € D(n) is processed, while the second set of terms com-
putes the relative value of that state if the cell decides to remain idle until the
next end of processing event at the lines. In the blocked case no starvation
penalty is incurred since all R lines are active (eqn. (6)).

2.6. Solution procedure

The (NS + 1) functional equations (eqns. (4)-(6)) are solved by the value iter-
ation scheme developed by Schweitzer (1971). An initial guess of v(n, ko) = 0 for
all states was used along with a step size equal to

1 = min [1/A(B), {min 1/u(ko, k)}] 0<ky<R 1<k<R (7)

The termination criteria was to exit the iterative process when g could be
estimated within +0-1%. The resulting solution is unique, since under any policy
probability matrix of the associated semi-markovian process on Q has a single
ergodic class with few communicating transient states (Schweitzer 1971). In prac-
tice, using this solution procedure, the average memory requirements are linear in
NS while time complexity is a quadratic function of N.S.

3. The performance measures

Once the desired production control policy is determined, several performance
measures can be computed. Let k*(n, ko) denote the optimal (or an arbitrarily
prescribed) policy.

3.1. The production rates of the lines
Define a new semi-markovian process producing a unit ‘reward’ whenever the

cell produces one part of type ¢: 1.e.

1 ifk*m, ko) =t ((=1,...,R), (n, ko) €Q

qn, ko) = k*(n, ko)e{l1,2, ..., R} (8)
0 otherwise
Let r(t =1, ..., R) denote the expected production rate of line ¢ following

k*(n, ko). The analogous value equations for computing r, are
v(n, ko) = q(n, ko) — r/ulko, k*(n, ko))
+ 3 PLiln, plko, k*(n, ko))Jom — j + €5, k*(n, ko))
esise k*m, ko) =1, ..., R, (n, ko) € Q
(cell processes part type k*(n, ko)) (9)
v(n, ko) = g(n, ko) — r/A(m) + .-;A:(..) I?n—) v(n — €', ko)
k*(n, ko) =0, (n, ky) € Q (cell remains idle) (10)
v(n, ko) =0 n=8B (11)
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Again, these equations are solved by the value iterative scheme of Schweitzer
(1971). The computed long run expected reward per unit time (the ‘gain rate’) is
r—which is also the processing rate of line ¢.

3.2. The utilization of the lines

The utilization of line ¢ is given by

U=r/A t=1,...,R (12)

3.3. The utilization of the cell

Since the processing times at the cell are sequence-dependent, one cannot
directly compute its utilization. Let CU denote the cell’s utilization. To compute
CU define another semi-markovian process similar to eqns. (9)~(11) with a one
transition reward equal to

p(ko, k*(n, ko)) if k*(n, ko) > 0
0 otherwise

Q(n’ ]”O) = { (1‘3)
The gain rate used here will be CU (instead of r, above). Clearly, (1 — C'U) is
the fraction of time that the cell is idle (i.e. the fraction of time in which the cell is

either blocked or is deliberately kept idle).

4. Numerical illustrations

This section illustrates the structures of the optimal policies for various oper-
ational modes. Consider a cell processing three part types for three distinet pro-
duction lines (R = 3). Each line has two buffer spaces (B, = B, = By =2) and a
production rate of 6 units per hour (1; = 1, = 1, = 6). The shortage penalties are
$120, $370 and $210 per idle hour for lines 1, 2 and 3, respectively (C, = 120,
Cy =370, C3 = 210). The processing rate matrix of the cell (=ulky, k)) is given
by Table 1. The state space of this problem has (2 + 1)°3 + 1 = 82 states.

Models having either deterministic or exponentially distributed processing times
at the cell are examined below. Two optimal strategies were computed for each
model in this study.

1. Initiated suspension strategy (ISS): in which the processing activities at
the cell can be suspended temporarily at certain decision epochs having
n < B. The rational of this policy is to save the capacity of the cell for some

k 1 2 3
ko
0 15 15 15
1 21 10 5
2 10 21 1
3 5 10 21

Table 1. The cell’s processing rates.
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of the production lines which are blocked at that instant. The functional
dynamic programming equations describing this strategy are given by eqns.
(4)-(6). ‘
Unsuspendable strategy (USS): in which the cell cannot remain idle unless
all the buffers are full. The functional dynamic programming equations
describing this strategy are similar to eqns. (4)-(6), except for (5) which is
replaced by the following equation for the unblocked case

]

o(n, ko) = min {q(n, plko, k) — g/uko, k)

k € D(n)

+ P(jin, plko, k)om —j + €, k)}

o<j<n
o<n<B I<i<R (14

Let ISS/DET and ISS/EXP denote initiated suspension strategy with deter-
ministic and exponentially distributed processing times, respectively. Further,
denote by USS/DET and USS/EXP the unsuspendable strategy with determin-
istic and exponentially distributed processing times, respectively. Table 2 pre-
sents several performance measures for these four models. Performance measures
presented are: production lines throughputs (r;), lines utilizations (U;), the cell’s
utilization (CU), and the expected starvation penalty cost per hour (g).

Comparing the performance measures of the deterministic and the exponential
models in Table 2 reveals that lower shortage penalties are associated with the
models assuming deterministic processing times at the cell. This is an expected
result that is attributable to the apparent reduction in the processing time varia-
bility.

Performance
measures Policy
! ISS/DET USS/DET ISS/EXP  USS/EXP
1 2155 2-783 2-278 3132
r; 2 4-996 4-665 4-624 4-149
3 4-482 4-194 4-134 3-693
1 0-359 0-464 0-380 0-522
U, 2 0-827 0777 0771 0-691
‘ 3 0747 0-699 0-689 0-615
cvU 0-841 0-978 0-799 0-934
g 191-92 209-85 224-53 252-22

r; throughput of production line ¢
U; utilization of production line 7
CU the utilization of the cell
g the expected starvation penalty cost per hour
ISS initiated suspension strategy
USS unsuspendable strategy
DET deterministic cell processing times
EXP exponentially distributed cell processing times

Table 2. Performance measures for various models. Identical buffer capacities are
assumed in all 3 lines (= B; = B, = B, = 2).
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Table 2 clearly indicates the superiority of the ISS mode over the USS mode:
switching from ISS to USS increased the expected shortage penalty by 9:3% in
the deterministic case and by 12:3% in the exponential case. Moreover, while USS
resulted in higher cell utilization than ISS, it also resulted in higher shortage pen-
alties. These results contra-indicate the common scheduling practice of contin-
uously loading and operating the bottleneck stations in manufacturing networks.
This special phenomenon was investigated by Meilijson and Yechiali (1977) in the
case of isolated non-preemptive G/GI/1 queues without blocking.

Several representative system states are depicted along with their relative
values and the associated optimal decisions in Table 3. For example, when the
system is empty and the cell is not set up [n = (0, 0, 0), k, = 0, Y(n, k) = 1], the
optimal decision in all four models is to process part type 2 (k*(0, 0, 0, 1) = 2).
The relative values function v(n, k) shows the marginal one time set up price
that one may be willing to pay in order to start the system in state (n, k) rather
than in state (o, 0). Starting the system at a state having v(n, ko) > 0 is less
favourable than starting it at state (o, o).

Table 3 shows that except for rare occasions, the optimal policy (k*(n, kg)) is
independent of the cell’s processing time distribution if one follows the same strat-
egy. Such similarity in the optimal discrete response reveals the robustness of
these optimal policies to changes in the relative variability of the distribution
function; it is clearly evident here since the deterministic and the exponential
assumptions represent two extreme points in terms of the processing time varia-
bility. Similar pattern was detected in several other problems that we studied. An
intuitive explanation of this feature, when found, could give useful insights into
both this problem and other related issues.

Investigating the impact of the local buffer spaces on the cell’s performance
and on the structure of the optimal policy, we varied B from (2, 2, 2) to (4, 4, 4).
Table 4 presents the performance measures computed for the four models
assuming increased storage capacity (B = 4). In this case, switching from ISS to
USS increased the expected shortage penalty only by 1:05% at the deterministic
case and by 7-2% at the exponential case.

These marginal ditferences in the expected shortage penalty between the two
operating strategies are significantly smaller than those shown in Table 2. Tt
seems, therefore that the relative benefit of the new ISS proposed here, becomes
less pronounced as the probability of blocking decreases.

Finally, Figs. 2-5 depict the optimal policy for several decision epochs. The
optimal decision regions for each state space rectangle are simply connected sets
in all cases. The boundary curves between the decision regions are monotonically
non-decreasing as a function of the buffer occupancies along the state space axes.
In general, the decision regions are not convex and the boundary curves have no
inflection points, i.e. they are not S-shaped.

Figure 2 shows that, in several cases using ISS, the cell is kept idle although it
is not blocked (e.g. ko =1 and n = (2, 2, 0) or (n = (2, 2, 1)). The same decision
boundaries under USS are shown for comparison in Fig. 3. The decision bound-
aries in these figures have the same structure, except for the suspended pro-
duction states. X

The intercept in Fig. 5 indicates the number of parts one would be willing to
see in station 3 before choosing to produce a part for station 2 which is kept
starving. Note that only parts type 2 or 3 are selected, despite the fact that
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Performance
measures Policy
i ISS/DET USS/DET ISS/EXP USS/EXP
1 3-995 4-007 3-537 3-849
7 2 5791 5782 5615 5:505
3 5:241 5-225 5-004 4-798
1 0-666 0-668 0-589 0-641
U, 2 0-965 0-963 0-936 0917
3 0-837 0-871 0-834 0-799
cv 0-978 0-994 0-899 0-970
g 79-52 80-36 107-79 115-56

Table 4.

917

Performance measures for various models. Identical buffer capacities are
assumed in all 3 lines (= B, = B, = B; = 4). Note the parameters and variables used here
are defined in Table 2.

ny = 0. This figure exemplifies the impact of using a relatively small value of

u(3, 1) (i.e. high set-up times)

regions.

Figure 2.
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Figure 5. Optimal decision boundaries for initiated suspension strategy assuming expo-
nentially distributed cell processing times (ISS/EXP) with buffer capacities B, =
B, = By = 4. k*(n, k) denotes the optimal responses when the cell is set up to part
type ko = 1. The buffer status of lines 1, 2 and 3 are given by n; =0, n, and »;,
respectively.

5. Concluding remarks

A new manufacturing contro} strategy is presented in this paper. This strategy
permits lemporary suspension of the cell’s processing activities at certain instances
even though the buffers are not full. Analysing the structure of this optimal
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control strategy, and comparing it with the common scheduling practice of con-
tinuously loading and operating the cell, lead to the following observations:

(¢) Employing the temporary suspension option leads to improved system
performance, despite possible reduction in the expected utilization of the
cell.

(b) The impact of the initiated temporary suspension of the cell becomes more
influential with the increasing portion of the set ups in the processing
times.

(¢) Temporary suspension is significantly valuable for systems characterized
by highly variable sequence-dependant processing times.

(d) The relative benefit of employing temporary suspension strategy, become
less pronounced as the probability of blocking the cell decreases.

(¢) The discrete responses of the optimal policy are (almost) independent of
the cell’s processing time distribution.

Explicit models are provided here for generating the optimal policy assuming
deterministic or exponential cell processing times. Since processing activities at the
cell are modelled as a semi-markovian decision process, various other distribu-
tions of the processing times at the cell can be accommodated—provided they are
known and possess a rational Laplace transform. The computer code for comput-
ing the optimal policy and a variety of performance measures is available to
readers on request from the author,

The current shortcomings of these models are that reliability and production-
mix issues cannot be addressed at their present form. Ongoing research, however,
indicates that this modelling approach also lends itself to extensions for optimally
controlling robotic manufacturing systems with a more general topology.

Industrial implementation of the control scheme outlined above involves two
phases. The first phase is the off-line policy computation which includes the data
collection, the application of the semi-markovian decision model and the tabula-
tion of k*(n, ko) as a function of Y(n, ko). This is a one-time step, best carried out
on a mainframe or mini-computer. Memory requirements are linear in NS and
time complexity is a quadratic function of NS. The second phase is the actual
on-line industrial control. The instantaneous system state (n, ko) is constantly
monitored by the on-line controller. At each decision "epoch it computes the
mapping transformation y(n, ky) and then immediately retrieves the tabulated
optimal decision k*(n, ky). (The interested reader is referred to Seidmann and
Schweitzer (1984) for further details).

Appendix A. The transition probabilities (exponential cell processing times)
The joint transition probability that line i, 1 < i < R, uses up j; of its n; parts
during the time the cell processes one part to line k, 1 < k < R, is denoted by

P(j'“) #(k01 k)) with n = (nl’ Ny, ..y nR) and j= (jl)ij --ij)

If z denotes the actual time for the cell to process one part for line & (‘holding
time’), then its p.d.f. is given by

hion(z) = ptko, k) exp [—u(ky, k)z), 220 (A1)
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Next, let fi(j;|n;, z) define the conditional probability that line ¢ having n; parts
consumes j; parts during the time interval z. Hence, we conclude that in general

o R

P(jIn, plko, k) = | T1/ilGilni, 2k, (2) dz (A2)

0 i=1
Since each station ¢ consumes parts in a Poisson process during the time
interval =z
5]1‘0 n;, = 0
(42" exp (—4;2)

Ji!
SilJilng, 2) = < , (A3)

ni~1
1 - Zfl‘(/,nlni’z) n;?],j,—='n‘.
m=0

0 otherwise

Combining the four cases of eqn. (A 3) and then inserting eqn. (Al) into (A2)

leads to

P(jin, ulko, b)) = p(ko, k) f dz exp [—p(ko, k)z]
0

st 82 SR '
Z Z Z X(1, m1)X(2, m2) ... X(m, mR)?" exp (—mz) (A4)

ml=1 m2=1 mR=1

where
_ R
I=Zl(i,mi)
i=1
; (A5)
&)=Zw(i,mi)
i=1
Ifn"Zlandj"=ni
m—1 1<m<wy
I(t, m) =
{O m=mn; + 1
A l<m<n,k (A6)
w(t, m) = 0 m=n +1
—(A)m-1 — ! <m<n;
X(i,m)={ A" Ym—-1)! 1<m<n
1 m=nl+l
If n; = 0 then let
St=1
(i, 1) =0
. ? (A7)
w(, 1)=0
X(, 1) =4,
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fu;>land 0 <y, <n; — 1

Si=1
i, 1) = j5;
ASB
w(t, 1)=4 > (4 8)
X @@, 1) = ()il

Evaluating the integral over z yields

P(jIn, ulko, k) = pu(ko, k Z Z X(1, m1)

ml 1 mR

. X(R, mR))/(u(ko, k) + @) (A9)

Appendix B. The transition probabilities (deterministic cell processing times)

In the case of deterministic cells’ processing times the p.d.f. of z, the actual
cell’s processing time (‘holding time’), is given by
ko, k(2) =
ko. k 0 otherwise

Inserting A, ,(z) into eqn. (A 2) leads after several computations to the final
result

(B 1)

SR

s1
(jIn, ulky, k)) = Z Z Z X(1, m1)X (2, m2)

ml=1 m2=1 mR=1
- X(R, mR)[/u(ko, k)] exp [—(@/ulke, k)] (B2)

The values of (81, ..., SR), (ml, ..., mR), (X(1, ml), ... X(R, mR)), [ and &
are given in Appendix A.

Appendix C. The one-transition expected cost (exponentially distributed cell
processing times)

The one-transition expected cost is given by

R
q(n, pu(ko, k)) = Z CiU(n, plky, k)) (C1)
i=1
where U(n;, u(ko, k)) is the mean duration, within the time interval when the cell
is processing one part of type k, that line i is starved, given that this time interval
began with n; parts at line 5. Extending the analytical framework of Seidmann
and Schweitzer (1984) leads to the final result

1
(n, uky, = ( -
9, Hlko x; llko,k) A + plky,

k)) 1<i<RO<Sm<B, (C2
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Appendix D. The one-transition expected cost (deterministic cell processing
times)

Following the definitions in Appendix C, the one-transition expected cost is
given by

o

q(n’ #(koa k)) = ZC U(nn #(LO’ k)) (D 1)

If n; 2 1, let ¢ denote the time for line 7 to consume n; of its parts. Since the
line’s processing times are exponential, it means that ¢ has an Erlang probability
density. For a given {(t < 1/u(ky, k)), line ¢ starves for (1/u(kq, k) — ¢) time units.
This leads to

1/utko, k) i’.li
Uln. ko, k) = —_—
(n’l! lu( 0 )) J; (ni_ 1)!

1
X exp (—A;t)m1 (———-—t) dt t=>0 D2
P utko, k) 2

To compute U(n;, u(ky, k)) define the following auxiliary function

1 1 i n;
=—|— —(Ai/ulko, k = UXx@ni-! ; = ).
) (#(ko,k) exp [—(4i/u(ko, ))]+i.- vxer =) w21 (D3)
For (" =1 we get the seed of the integrals
1
UX(1) =1‘{1—8XP[ plko, )1} (D4)
Performing the integration leads to the final result
A7 [ ] Uxus—YhY-=u0 ’((1"')} =1
2 i _ P Al ni =
(i — ! Luko, k)
U(n;, plko, k) = | (D3)
- n; =0
Au(kO ’ k)

L’analyse porte sur le probléme du contrdle de la production en direct pour
une cellule de fabrication robotique produisant différents types de picees.
L’approche décrite dans le présent article développe les conclusions auxquelles
avait ibouti une étude antérieure de sorte a prévoir les temps de traitement
(déterministes ou exponentiels) dépendant des séquences au niveau de la
cellule. En outre, une stratégie innovatrice de controle de la production per-
mettant de suspendre provisoirement les activites cellulaires lors de certaines
peériodes de décision est formulée. Plusieurs exemples numériques illustrent le
potentiel de productivité de cette formulation et semblent indiquer que cette
nouvelle stratégie est supérieure aux stratégies de controle optimales ant&
rieures dans lesquelles la cellule devait étre active tant qu’elle n vt.ut pas blo-
(]uve

Es wird das Problem der On-line-Regelung und Steuerung von Fertigungs-
verfahren an einer automatisierten fexiblen Fertigungszelle untersucht, die
Teile verschiedener Art herstellt. Der hier beschriebene Losungsweg erweitert
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die Ergebnisse einer fritheren Untersuchung, und erméglicht es damit. auch
arheitstolgebedingte (deterministische oder exponenticlle) Bearbeitungszeiten
an der Zelle zu beriicksichtigen. Aullerdem wird eine neue Fertigungsstrategic
vorgeschlagen, die zu gewissen Zeitpunkten, an denen Entscheidungen getrof-
fen werden miissen, eine zeitweilige Unterbrechung der Zellentitigkeit erlaubt.
An Hand einiger numerischer Beispiele wird das Fertigungspotential einer
solchen neuformulierten Strategie veranschaulicht. Die Ergebnisse lassen
darauf schlieBen, daBl die hier vorgestellte neue Strategie fritheren Steuerstra-
tegien liberlegen ist, denen zufolge die Fertigungszelle in Betrieb sein soll.
solange sie nicht besetzt ist.
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