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Customer Demand Satisfaction in Production
Systems: A Due-Time Performance Approach

Jingshan LiMember, IEEEand Semyon M. Meerkgwrellow, IEEE

Abstract—The problem of customer demand satisfaction in pro- FGB
duction systems with unreliable machines and finite finished goods - D - Demand
buffers (FGB) is addressed. The measure of customer demand sat- 'O—’D_‘O_' """ ®.T)
isfaction is characterized by the probability to ship to the customer m, B, m, me, B,, m, B
a required number of parts during a fixed time interval. This mea-
sure, referred to as the due-time performance (DTP), is often used
to characterize the quality of a supplier in the automotive industry
supply chain. In this paper, a method for evaluating DTP in serial
and assembly lines is developed and the problem of selecting ca-
pacity of the FGB is discussed. The results obtained are illustrated
by a case study at an automotive component plant.

Fig. 1. Serial production line with finished goods bulffer.

Production volume has been studied in numerous publica-
tions over the last 50 years (see, for instance, review [1] and
monographs [2]-[6]). In contrast, DTP was discussed in just a
few recent articles [7]-[11], although other variability measures,
such as production variance, have been studied more intensively
[12]-[20]. The notion of DTP was introduced in [7] in the con-

|. INTRODUCTION text of a single machine production system without a finished
A. Problem Addressed goods buffer (FGB). References [8] anel [9]also eddressed DTP
in production lines without FGBs. DTP in production lines with
HIS PAPER addresses the problem of customer demap@Bs was analyzed in [10] and [11]. In particular, a formula for
satisfaction in supply chain management. Each supplierpsrp calculation in aingle machine systemith FGB was de-
assumed to be a production system with unreliable machingged and it was shown that even a relatively small FGB dramat-
Each customer requires the supplier to ship him a requirgdy|ly improves the DTP. However, no methods for calculating
number of parts during a fixed interval of time. This arrangeyTp in production systems with more than one machine have
ment is typical in the automotive industry. For instance, mamysen developed.
engine and seat plants supply car and truck assembly plant§ne purpose and the contribution of this paper are in pro-
on a four-hour delivery schedule. Similarly, engine plants a{gjing a method for calculating DTP in multimachine serial and
expected to receive ignition and injection parts from the Secoﬁgsembly lines with FGBs.
tier suppliers ona fixed-interval delivery schedule, etc. To this end, Sections I-B and I-C give the problem formula-

If the machines were absolutely reliable, perfect customer dgsn and review results for the single machine case, respectively.
mand satisfaction would be possible. In reality, however, tRgaction 11 describes the idea of the approach developed in this
machines are never completely reliable and experience randggher. Section Il is devoted to DTP calculations in serial and
breakdowns. In this situation, the number of parts (units or SUssempbly lines with FGBs. Several structural properties of DTP
systems) produced by a production system during a fixed tinggs considered in Section IV. The case study is described in Sec-

interval is a random variable. Its distribution characterizes boifyy v, Finally, the conclusions are formulated in Section VI.
production volume and production variability. The productiofrhe proofs are given in the Appendix.

volume is typically defined as the expected value of this random

ve_rlable. 'I_'he production var|ab|I|ty_can be defined as the pr.obé_- Problem Formulation

bility to ship to the customer a required number of parts during a . o .

fixed time interval. This probability is referred to as the due-time The structure of production systems analyzed in this work is

performance (DTP). Section I-B gives a formal definition of thi§hown in Figs. 1 (serial line) and 2 (assembly line), where the

performance measure. circles represent the machines and rectangles are the buffers.
Obviously, Fig. 2 reduces to Fig. 1 when the number of parallel
lines in Fig. 2 is one. Assumptions formulated below define the
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Fig. 2. Assembly line with finished goods buffer.

line) requires a fixed unit of time to process a part. This ~ NV;; < o0). Buffer By, (respectively,Byyy,) is referred

unit is referred to as theycle time All machines have to as the finished goods buffer. All other buffers are called
identical cycle time. The time axis is slotted with the slot the in-process buffers.
duration equal to the cycle time. Starvation Rule:

i) During a cycle time, each machine can be in either “up” v) If buffer B;, i = 1, ..., M — 1 (respectively,B;;, i =
or “down.” When up, the machine could process apart. * , ¢ ;’: A 1) is empty at the bgéinning
When down, no processing takes place. of the time slot, then machin@; 1, = 1, ..., M — 1

iii) The status of the machines, i.e., up or down, is de- (respectivelysni;1, i = 0 S,j =1 M, —

. . . Wity ’ - AR ’ - ] 3
termined by the process of Bernoulli trials. In other 1) is starved during this time slot. The first maching
words, it is assumed that during each slot, machine (respectivelym;, i = 1, ..., S) is never starved. In the
mi, 4 = 1,..., M (respectlvelymi.i’ @ =0, T S, assembly line, machiney; is starved during the time slot,
J=1,..., M), is up with probabilityp; (respectively, if at least one of the buffetB; ., i = 1, ..., S, is empty
pij) and down with probabilityl — p; (respectively, at the beginning of the time slot.

1 — pi;); the status of the machine is determined at the
beginning of each cycle, independent of the status of
this machine in the previous cycle.

Remark 1: Assumption i) on the fixed processing time is ap-

Blockage Rule:
vi) If buffer B;, < = 1, ..., M — 1 (respectively,B;;, ¢ =
0,...,5, 7 =1,..., M; — 1) is full at the beginning

propriate for large volume, automated manufacturing environ-  ©f @ time sllot and machingr+1, @ = 1, ..., M —1

ment. On the other hand, the assumption on identical cycle time (reé,pectlve y’”}(““' ¢ :f 0, .- S’hJ E Lo M;; ;]

may or may not hold, depending on the nature of the production 1) d0€s not take a part from;; at the beginning of this
slot, thenm;, i = 1, ..., M — 1 (respectivelymn;;, ¢ =

system. Typically, in systems with automated material handling,
this assumption is satisfied.

Remark 2: Assumption iii) defines the Bernoulli statistics
of machine breakdowns. The Bernoulli model is appropriate
for modular production lines where operators use the push-but- ) ) X
tons and stop a module of the operational conveyor in order Dir» @ = 1...., S, is full and machinen,, does not
to accomplish the operation with the highest possible quality. @k @ part from3;y;, at the beginning of this slot.

The duration of this “breakdown” is short and of the order of Remark 3: Assumptions iii), v), and vi) are formulated in
the cycle time and, therefore, the probability to produce a pa@fms of time-dependent failures, i.e., machines can go down
during a cycle time arises naturally. Another frequent perturb@ven when blocked or starved [3], [4]. Another possible model
tion is pallet jam on the operational conveyor; to correct for thi§ that of operation-dependent failures, where no breakdowns of
problem also a short period of time is required. In many car agéfrved or blocked machines is possible [3], [4]. Both models are
engine assembly lines these are the predominant perturbatidtactical, depending on the production system at hand: For auto-
In these situations, the Bernoulli reliability model is appropriat&iated palletized material handling systems, the time-dependent
The literature offers another model of machines reliability—th@odel is more applicable. In case of manual material handling,
Markovian model, [2]-[6]. The Markovian model is appropriat@pPeration-dependent failures often take place.

for machining operations where the downtime is typically due Demand:

to machine breakdowns and the repair time is much longer tharvii) From the point of view of the demand, the time axis is
the cycle time. We study here only the Bernoulli case; the Mar-  divided into “epochs,” each consisting ¥ftime slots.

0,...,5,7 =1,..., M; — 1) is blocked during this
time slot. Machinen,; (respectivelyynons,) is blocked
if buffer By, (respectivelyBoys, ) is full. In the assembly
line, machinem; ., ¢ = 1, ..., S, is blocked if buffer

kovian case is considered in [21]. viii) At the end of each epoch, a shipmentDfparts has to
Buffers: be available for the customer.HR is the production rate
iv) Each bufferB;, ¢ = 1, ..., M, in serial line (respec- (PR) of the system, then

tively, By;, ¢ =0, ..., 5,5 = 1,..., M;, in assembly
line) has capacity) < N; < oo (respectively,0 < D<T-PR. Q)
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Remark 4: A method for calculating the production rate in N
the system defined by i)-vi) but without finished goods buffer P Demand
has been developed in [22]-[24]. Thus, the upper bourfd isf ®.D
readily available.

Demand Satisfaction Policy: Fig. 3. One-machine system with FGB.

ix) At the beginning of epoch, parts are removed from the
FGB in the amount ofnin(H (i — 1), D), whereH(i—1) Probabilitiesr;, ; and7y, ; can be easily calculated since they
is the number of parts in the FGB at the endof 1)th refer to the system without the FGB. Specifically
epoch. IfH(: — 1) > D, the shipment is complete; if
H(i—1) < D, the balance of the shipment, i.8— H (i— e = < T >pD+kj(1 —p)T=(D+k=)(g)

1) parts, is to be produced by, (respectivelysngyy,) D+k—j

during the shipping period'. Parts produced are immedi- T T

ately removed from the FGB and prepared for shipment, TN = Z < ‘>pk(1 _ p)T—k. (5)
until the shipment is complete, i.el) parts are avail- k=D+N—j

able. If the shipment is complete before the end of the . ) )
epoch, the system continues operating, but with the part_sUS'”g the above notations, the DTP of a one-machine system

being accumulated in the FGB, either until the end of th¥ith the FGB can be calculated as fOHOTWS: _
epoch or until the last machine,; (respectivelyimoas, ), Theorem 1[11]: Let Z = [21, ..., zx]* be avector defined
is blocked, whichever occurs first. If the shipment is ndtY
complete by the end of the epoch, an incomplete shipment
is sent to the customer. No backlog is allowed.

Remark 5: Assumption of no backlog is introduced to Simwhere matrix2 and vectorZ, are shown as (7) and (8) at the
plify the analysis. However, since backlog is typically satisfieHottom of the next page. Then, under assumptions i)-ix), the
by overtime, this assumption does not substantially reduce #hgp of the system witd/ = 1, is given by the formula
generality. v 7

Assumptionsi)—ix) define the productionlines under consider- ‘ TN . .
ation. Inthetime scale ofthe epoch andinan appropriately defined DTP= Z Z k < 7~>pj(1 -n". ©)
state space, systemi)—ix) is astationary ergodic Markov chain. We k=0 j=D—k |
refer to its steady state as the “normal system operation.”

Let #; be the number of parts produced by the last machine Il. APPROACH TODTP CALCULATIONS
my in serial line ormgy, in @assembly line in epochduring the
normal system operation. Then DTP can by expressed as

Z=-R"'Z, (6)

The main difficulty in developing a method for calculating
DTP is that the behavior of a production line within an epoch
DTP=Pr(H(i—1)+% > D) (2) (i.e.,inthetime scale of the machine cycle time) is not described

by a stationary random process. For instance, the probability
Ahat the last machinen s (in serial line) ormgay, (in assembly
line), is blocked during a time slot, j = 1, ..., 7T, clearly
Qpends ory and is a monotonically increasing function pf
his makes exact calculations of DTP intractable. Therefore, a
simplification is necessary. The simplification used in this work
is based on two steps: stationarization and subsequent recursive
iterations. These steps are next described.

where, as beforei(: — 1) is the number of parts in the FGB
the end of(« — 1)th epoch and) is the demand.

The main problem addressed in this paper is as follows: Giv
production system i)-ix), develop a method for evaluating DT.
as a function of system'’s parameters.

A solution to this problem is given in Section IlI.

C. Available Results

As it was pointed out above, a method for DTP calculation i, Stationarization
a single-machine system with FGB was developed in [10] and
[11]. Since this result is used for DTP calculations in multimat—
: . . . h
chine systems, we briefly outlined it.

Consider a one-machine line, shown in Fig. 3. Assume that
e probability that the machine is up and FGB is full during

Consider a one-machine production system with the FGB %fnme‘slotj, =1 T’.'.S known. Dgnoted this prob_ab|||ty
capacityN (Fig. 3). Following [11], introduce the notations: asP(j). Then the probability’s, thatm is up and FGB is full
pactty g-2) 9 ' " during an epoch exactly, time slotsk, = 1, ..., 7 can be
t, =number of parts produced during epadhno expressed as
blockage occurs P { P(T—-k+1)—P(T—-k) 1<k<T-1
k;, =
Zk:PI‘(IT[(L—]_):]C)7 k=0,1,..., N. 0, ky =T (10)

e ;= Pr(t; = D+ k — j), k=12 ..., N—-1 Thus, the expected value &f is

T -1
Fy=> kP, =Y kb, (11)
7n,; = Pr(t; > D+ N —j), Jj=0,1,....,N. (3) Ky =0 ko=1

2
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Using this expression, the approximate probability thas up where
and FGB is full duringanyslot j can be introduced as follows: 201, fork =0
]5 Eb 12 hO(Ov jv k) = hO(Oa J - 1a k)q
T (12) +ho(0,j—1,k—1)p, fork>0
. . : : (15)
Then the approximate probability that FGB is full during any
time sloty, is with initial conditions
X Pb Eb ( ZD4i5 for i>0 N >D,
p p i1 > %, for i=0, N>D 16
We use these expressions as the stationarized probabilities of the (@ 1) = =0 (16)
corresponding events. 0, for ¢i>0, N<D
To evaluateP, and P, the distributionP, (j) is necessary. It 1, for i=0, N<D
can be calculated as follows. Introduce the probabilities: 5 B
. __ 2, for 0<k<D, N>D
h(t, ) = Prob{i parts in FGB at beginning of slot ko - = >
N ho(0,1, k) =< 2z, for 0<k<N, N<D
7 in an epocfy 0, for N+1<k<D/N<D
1=0,....N, j=1,...,T a7)
ho(0, 4, k) = Prob{0 parts in FGB at beginning of slot  andz;, k=0, 1, ..., N, is calculated according to (6). There-

7 andk parts have been shipped in

fore, the probability thatn is up and FGB is full during slatis

j=1,...,T, k=0,...,D Thus, P, can be calculated as follows:
—1_ 1 -1
¢=-~r Py=o Y7 KB(T — k+1) = B(T ~ k)]
Under assumptions i)—ix) antif = 1, functionh(<, j) is de- =t
fined recursively by p =
=7 D [N, T =k +1) = h(N, T = k)[k
(h(1,5=1)g =t
+h0(07 7_17 D)p7 fori=1 d . . .
s =2 SN )~ b, G DIT - j+1). (29)
Wi, ) = h(i, j —1)q =
’ +h(i—1,j—1p, forl<i<N Analogously,
h’(Na J - 1) T
. . . 1
( +h(N—-1,j—1p, fori=N Pr=2=>"[hN,j)—h(N,j— DT -j+1). (20)
(14) T <
Jj=2
71,1 — 71,0 — 1 1,2 — 71,0 TI,N — 71,0
R— 72,1 — 72,0 72,2 =720 T2, N 72,0 (7)
TN,1 = TN,0 N,2 = TN,0 TN,N —TN,0— 1
71,0
72,0
Zo = (8)
T"N-1,0

T”N,0
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To summarize, it is convenient to introduce an operator die DTP of aA/-machine serial line [respectivelf; + - - - +
stationarizatior; defined as Ms + Mp)-machine assembly line] can be evaluated, using
. (6)—(9), as the DTP of a one-machine system defineghby,. s
Pr=2:(p, N, T, D) (respectivelypo s, brns) and FGB of capacity,, (respectively,

1 T NOJWO), i.e.,
= ) [MN, )= RN, j-DIT-j+1) (21) .
=2 DTPscrial = DTPL(pasPns, Nar, D, T) (30)
where h(N, 7), 7 = 1,...,T, is calculated according to
(14)—(17). Expression (21) is used in Section Il for DTP
calculation.

(respeCtively I:T-I—\F)assembly = DTPl (pOJ\lgﬁnsa NOJWO ) D, T)) .
B. lterations (31)

Consider the serial and assembly lines shown in Figs. 1 andI Section Il torep 4 d ibed
2, respectively. To adopt the above stationarization procedure,n ection ', operatorsk; and®s are descrived, conver-
assume that the probability that the last maching (for the gence qf the_ |te_rat|0r_ls is considered, and the accuracy of DTP
serial line) ormops, (for the assembly line) is not starved iscalculauons Is investigated.
known. Denote an estimate of this probabilitysas. Modify
pas (respectivelypoyy, ) by multiplying it by ,,, and denote the IIl. DTP CALCULATIONS
modified machine as»), (respectivelymy,, ). Using this ma- A, Operator®,
chine and procedures (14)—(17) and (21), calculate the stationa

'Z(,e,d probabll_lty,Pf.Nlntroduc_e now another fictitious m'?ICh'ne’dure for performance analysis of serial lines developed in [22].
My (reSPAeCt'VeW_nOMO)_' defmeq bypas(1— Pf) [respectively, |, jeed, assume tha{,(n + 1), calculated according to (24), is
pom, (1= Py)]. Using this machine and deleting FGB, calculatgnown. Consider the serial line consisting/df machines with
the newp, s by employing the recursive procedure for perforparamete@l, o, par—1, P (n + 1) and M — 1 in-process

rC)perator<1>2 can be defined through the aggregation proce-

mance analysis of serial Iin.es developed iq [22] (res_p.ectively, tfrers N1, ..., Ny_1. According to [22], its performance can
[23] and [24] for assembly lines). Having this probability, repegje analyzed using the following convergent recursive procedure
the process described earlier anew. (see [22] for details):
In other words, in the case of serial lines, the iterations have
the form Pis+1) =pi[1-Q (pls(s+1). l(5). )]
plj\l(n + 1) :pl\fﬁns(n) (22) 1<:< M-—1
Prtn+1) =01 (py,(n+1), Ny, T, D 23
s 1) l(pM(T ) Noa ) @3) pl(s+ 1) =pi1-Q (pLi(s+ 1), pl(s + 1), Nica )|
Pau(n+1) =pum[l — Pr(n+1)] (24) 9 <i< M (32)
ﬁns(n+1):(1)2 (p17 '7pl\l—lvplj(l(n+1)7
with boundary conditions
Ny, ooy Ny—y) (25)
n=0,1,2 ..., pr(0)=1 pl(s) =p1, pha(s) =pi(n+1), 5=1,2,3, ...,

where®; is the stationarization operator defined in (21) dnd and initial conditions

is the operator that represents the mapping fppto ... This

operator is defined precisely in Section IlI-A below. p(0) = p;, i=1.... M
For assembly lines, the iterations remain the same with the

only difference that subscripif is changed tq0M,}, and op- Where

erator®, to ®3 (defined in Section 111-B below), i.e. (1—2z)(1— ) 2
. - T . o rTFY
Pon, = PoryPns(n) (26) Ol g, N) = 1_ Qalx )
Pr(n+1) =1 (pors, (n + 1), Noas,, T, D) (27) 1z ey
3 N+1-2’ B
Pony (n+ 1) =poag, [1 — Pr(n +1)] (28) (1 _—;) *
Prs(n+1) =®s (P11 -5 Pomsg—15 Poag, (0 + 1), Ty —a) (34)
Nivs s Nowrg—1) - (29) In terms of the steady states of this procedure, i.e.,
If procedure (22)—(25) [respectively, (26)—(29)] is convergent ) f f )
and the following limit exists lm pi(s) =pi(n+1), i=1....M

lm Prs(n) := Pns lim p%(s) :==pl(n +1), i=1, ..., M (35)

n—o0
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N=2, T=4, D=3 N=3, T=5, D=3
025 04
035
0.2 0.3
Demand
T o5 5025
o, P fo2
0.1 015
0.1
0.05
0.05
Fig. 4. Assembly line with FGBM,, = 1. 075 08 085 > 08 085 1 08 07 058 09 !

the probability that buffe,;_; is not empty can be evaluatedFig- 5. P;: Monotonicity with respect tg.
as
C. Convergence

pir (n+1) .
E— (36) To prove the convergence of recursive procedures (22)—(25),
by (32)—(36) and (26)—(29), (37)—(39), it is important to know
Thus, (32)—(36) represent the mapping frpffj(n + 1) to  whether the probability5f defined by (14)—(21), is monotonic
Pns(n + 1), denoted in (25) a-. with respect tap. Intuitively, this property clearly takes place.
However, a rigorous proof of this fact seems to be intractable.
B. Operator®; Therefore, although in every example analyzed numerically

In order to be consistent with the application described in Sd&is function was found to be monotonically increasing, we
tion V and to simplify notations, we consider below assembiftroduce this property as a hypothesis.
line with a single machine in all component lines and a single Hypothesis 1:For system i)—ix) with}/ = 1, the station-
machine in the final assembly line (Fig. 4). Note that in thifized probability that the FGB is full;, is a monotonically
case the second subscript becomes superfluous and, therefBfgeasing function op.
is omitted from Fig. 4 and the following discussion. An illustration of this property for two typical systems is
For the system shown in Fig. 4, operadayof (29) can be de- given in Fig. 5. Based on this hypothesis, we formulate the fol-
fined through the recursive procedure introduced in [23], [24PWing. - _ _ _
Specifically, assume{/(n + 1) is known and consider the as- Proposition 1: Under Hypothesis 1, iteration procedures
sembly line shown in Fig. 4 with no FGB and maching (22)—(25), (32)-(36) and (26)—(29), (37)—(39) are convergent,
defined by the parametey;(n + 1). Then, as it follows from I.€., the following limits exist

[23], [24], estimateX; (0) of the probability that buffers;, I Pf (n) = Pf

Pns(n+1) =

i =1,..., 5, is empty can be calculated using the following P o
recursive procedure [23]: Hm fns(n) == (40)
1—1
o _ o Proof: See the Appendix. [ |
X0, s+1) = i, ph(n+1 1—X;(0,s+1
( ) =@ (p o ) a=1[ i ) Thus, theDTPseml andDTPassembly can be calculated using
(30) and (31) withp,,, defined in (40).
S
I -5, 9], Ni> , D. Accuracy
J=itl The accuracy ODTP.eriar @nd ID/ﬁDassembly have been eval-
i=1...,8 s=0,1,2 ... (37) uated using discrete event simulation. We simulated dozens of
systems defined by i)—ix) with various machine, buffer, demand,
with initial conditions and epoch parameters. Tables | and Il present 20 serial and 20
. ) assembly lines, respectively. In each run of the corresponding
Xi(0,0) =0, i=1,...,5 discrete event model, zero initial conditions for all buffers have

been assumed and 10 @0@ime slots of warm up period has
Oe:en carried outl(, as before, is the length of the epoch). The
next1000007 slots of stationary regime have been used to sta-
lim X;(0, s) := X;(0), i=1...,8 (38) ftistically evaluate the DTP. In Tables | and II, DTP denotes the

andQ(z, y, N) defined in (33).
In terms of the steady state of this procedure, i.e., in terms

500 DTP obtained by simulation, where&TP denotes the esti-
the probability that the assembly machine is not starved is evlates calculated according to (22)—(25), (30), (32)—(36), and
uated as (26)—(29), (31), (37)—(39), respectively. As it can be seen from

Tables | and Il, the estimates provide relatively high precision,
[ } (39) with errors ranging from 0.23% to 3.38% for serial lines and
0.49% to 4.83% for assembly lines.
Remark 6: Calculation of DTP using expressions (22)—(25),
Thus, (37)—(39) represent the mapping frg(n + 1) to (30), (32)—(36), or (26)—(29), (31), (37)—(39), is many orders of
Pns(n + 1), denoted a9s3 in (29). magnitude faster than discrete event simulations. For example,

::tn

pns 71+1

=1
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TABLE | pyt+.+D;=4.5, N=[3333], T=5, D=4
ACCURACY OF DTP ESTIMATION IN SERIAL LINES . ' . - i
(%err = |DTP — DTP|/DTP-100%) D
i N; T |D| DTP | DTP | %err
0.80 0.80 11 3| 2108799 | 0.8717 | 0.93 0.99 M’ ]
0.70 0.85 21 31209169 | 0.9190 { 0.23
0.85 0.80 21 4]3[0.8894 0.8787 | 1.20 ___ :p=[0.90.90.90.9 0.9], PR=0.8410, L=0.9512
0.75 0.85 23 |10 7 | 0.9330 | 0.9557 | 2.43 08 / ]
0.90 0.65 23 10 [ 6 | 0.9435 | 0.9411 | 0.25 o !
0.55 0.65 33 105 109338 | 0.9654 | 3.38 <E ’/ — ———:p=[0.88 0.89 0.9 0.91 0.92], PR=0.8358, L=0.9572
0.86 0.86 0.86 111 3|2 109142 | 0.8998 | 1.58 !
0.85 0.85 0.85 222 4 | 3109462 | 0.9417 | 0.48 0.97 ' l.’ wmm—: p=[0.92 0.91 0.9 0.89 0.88), PR=0.8358, L=0.9572 7
0.76 0.76 0.76 331 5| 30926509163 | 1.10 ;
0.88 0.82 0.76 121 31209072 ]0.8918 | 1.70 /
0.75 0.90 0.83 121 1 3 0.7168 | 0.7195 0.38 0ssl l./ cereeeeeel P=[0.89 0.9 0.92 0.9 0.89], PR=0.8436, L=0.9483 |
0.81 0.86 0.89 221 4 | 3 ]0.9234 | 0.9239 | 0.05 ;
0.87 0.83 0.87 112 3 | 210936109276 | 0.91 /
0.80 0.85 0.90 0.80 3231 4 | 3 |0.9006 | 0.8997 | 0.10
0850.70075090 | 3212 | 5 | 3 |0.9252 | 0.9186 | 0.71 05 L L L = L L L . T
0.84 0.85 0.85 0.84 1112 5| 3(0.9224 | 0.9031 | 2.09 Ny
0.86 0.87 0.870.870.8 {22221 | 4 | 3 ]0.9232 | 0.9154 | 0.84
0.800.850.900.750.85 {21321 3 | 2 ]0.9409 | 0.9352 | 0.60 Fig. 6. Moderate load.
0.75 0.90 0.80 0.90 2222
0.90 0.70 0.75 0.80 2222 5] 3109363 | 0.9470 | 1.14
0.65 0.90 0.80 0.90 2222 IV. STRUCTURAL PROPERTIES
0.90 0.70 0.75 0.80 2222 5| 3 (09190 | 0.9461 | 2.95

A. Load Factor
Using the method developed above, this section illustrates

TABLE I several structural properties of DTP in production lines with
ACCURACY OF DTP ESTIMATION IN ASSEMBLY LINES FGBs. T . dd d: Which . f EGB
(%err = |DTP — DTB|/DTP-100%) . s. Two questions are addressed: ich capacity o
is necessary to ensure sufficiently high DTP? What are mono-
pi Ni T|D|DTP | DTP |%err  tonicity properties of DTP, in particular with respect to the ship-
P, Ps po | Ni,---,Ns | Ny ; ; o ; _
ORE O 0.80 73 T T3 09056 To8s01 T i1 ping period7? It turns out that answers to_both queonns de
0.85 0.82 0.80 13 2 132 | 00343 | 0.9214 | 1.38 pend on how large is the deman, vis-a-visthe production
0.75 0.75 0.71 22 2 |5]3]09143|0.8935 | 2.27 capacity of the systertl,- PR, where, as beford; R is the pro-
075075 1071 22 | 1]15]3]0872008372]399  qyctign rate of the corresponding system without the FGB. We
0.84 0.86 0.82 32 2 [ 4| 3 |0.9415 | 0.9287 | 1.36 . . . . .
0.75 0.85 0.70 31 3 1513109284 | 0.9133 | 1.63 formalize this relatlonshlp by the load faCt(m',, defined as
0.79 0.85 0.82 21 2 |32 |0.9393]0.9250 | 1.52
0.79 0.85 0.82 21 4 | 3|2 [0.9660 | 0.9564 | 0.99 D
083080 _ |087] 23 | 2 |43 0940409358 049 L= "7n (41)
081081081 |080] 222 2 | 3| 2 |0.9504 | 0.9306 | 2.08
0.830.880.86 |085] 322 2 |43 |0.0471 |0.9208 ] 1.83 - L
0.800.800.80 |0.70] 222 2 | 5|3 |0.9263 | 0.8973 | 3.13 Due to (1,)'0 <L=< 1', Obviously, largeL implies _that the ,
0.90 0.88 0.85 [ 0.78 312 5 312109372 09324 | 051 demand is heavy, relative to the average production capacity
0.80 0.830.860.78 [0.75| 3323 [ 2 {3 ] 3]0.9504 [0.9291 | 2.24 of the system; small. means that the production capacity is
0.780.83084087[082] 2121 | 2 |5 | 3 | 0.9243 | 0.8880 | 3.03 o
0.80 0.82 0.88 321 underutilized.
0.86 0.84 0.83 23 2 | 3| 2|09534]09277! 270
0.78 0.80 0.82 333 B. FGB Capacity for High DTP
0.84 0.86 0.75 33 2 | 3| 2|09551 09327 2.35 i o o i )
0.80 0.80 0.80 322 Consider a serial line with five machines and four in-process
5 3(;8(? ;)3;8(;)84 0.76 32323 2 151309452 | 0.8990 | 4.83 buffers, each with capacity 3. Assume that parameteos the
085086087 |077| 222 |2 |32 |09sr7|0ss02| 287  Machines are constrained by;_, p; = p* and consider four
0.80 0.82 0.83 232 types ofp; allocations
081084083 |083| 332 2 |32 [o09652 09362 3.00

uniform:p; = p, Vi, i=1,...,5;

?

discrete event simulation of every system included in Tables | inverted bowlips > pa = ps > p1 = ps;
and Il takes on the average about 40 minutes using HP C360 FAMDIDT < Dy < Da < Da < Pe:
workstation, whereas calculation according to (22)—(25), (30), P-P1< P2 <P3 < Ps < D5

(32)-(36), or (26)—(29), (31), (37)—(39), takes less than a inverted rampp; > pa > p3 > ps > ps.

second.

Remark 7: Note that the accuracy of DTP evaluation, illusSpecific values of; for each of these allocations are shown in
trated in Tables | and I, is comparable to that of productiokigs. 6 and 7 wit* = 4.5 and 4.2, respectively, along with the
rate evaluation in production lines without FGBs (see [1]-[6}orresponding production rate and load factor of each line. Note
[22]-24]). that in Fig. 6 the load is moderate whereas in Fig. 7 it is heavy.
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P +.4+Pg=42, N=[3333] T=4, D=3 p=[08, 0.8], N=[3, 2], PR=0.75
T T T T T T T T T i ! ! i 7 )
L J
0ot b
08 : T=40 7
0.71 — — T=20 ]
06F 1 T=12 7
o
<k
0.95F / Q051 p
A —— - ~1p=[0.82 0.83 0.84 0.85 0.86], PR=0.7524, L=0.9968 b R ('
094l f il | 04} J
Fi ————: p={0.86 0.85 0.84 0,83 0.82}, PR=0.7524, L=0.9968 03k 4
093f ; 1
‘I
o2/ . 02r ’
Al ccreones: P=[0.83 0.84 0.86 0.84 0.83), PR=0.7589, L=0.9883
;
091} 1 o1r ’
N
0ol : s . , ; . s s 0 : : '
2 4 G 8 2 4 6 8 2 ° 02 04 08

Fig. 7. Heavy load. Fig. 8. Monotonicity ofDTP with respect to load factor.

p=Ip,. 0.84, 0.84], N=[3, 3, 2], T=4, D=3 p={0.8,0.75, p,, N=[2, 3, 1], T=3, D=2
Within this scenario, using (22)—(25), (30), (32)—(36), w 094
calculateDTP for all lines involved. The results are shown ir % 092
Figs. 6 and 7. Examining these data, we arrive at the followir 0o
observations. <5 <E088
1) For moderate load and for @l allocations, the FGB ca-  oss '
pacity of about 1-1.5 shipments is sufficient to provide o8
high DTP. 0%s o8 os4 08 o088 09 °%7 o7z o7 o7 o7 08
2) For heavy load, the FGB of capacity 4-5 shipments P Ps
necessary to provide high DTP for all allocations. peI0.7, 0751, Ny, 1) T=5, D=5 y P08 08L NS N T4, D=3
3) For both heavy and moderate loads, the bgstalloca- 005 098
tion is the ramp; the worst is the inverted ramp. This im 098
plies that DTP, unlike PR, does not obey the reversibilit _g.*° 0%
property [25] and is not maximized by the inverted bow s = o
allocation [26]. 08 0"8:
Remark 8: Although the above observations are based ¢ ., 056
the data obtained via approximate calculations (22)—(25), (3¢ ° 2* *, ¢ ® *° A

(32)—(36), discrete event simulation support these conclusions.
Fig. 9. Monotonicity ofDTP with respect to machine reliability and buffer

C. Monotonicity Properties capacity.
Intuitively, it is clear that DTP is monotonically decreasing a< p=[0.82, 0.62], Ne(3, 2], L-0.9605 p=[0.84, 0.84), N3, 2], L=0.9405
afunction of the load factof,, and monotonically increasingas ~ *®
a function ofp; andN;,i = 1, ..., M. Although no analytical z:
proofs of these facts are available, all systems analyzed usi _ e oce
(22)—(25), (30), (32)—(36), exhibited these properties. Exampli “5 os2 &
are shown in Figs. 8 and 9. (In Fig. 8, valueslof> 1 are 091
included for the sake of mathematical completeness.) 09
On the other hand, the intuitively expected property of DTE *® s @ & a0 %0 » & o & w
monotonicity with respect to the shipping peridd, does not 1088, 0,88, N[5, 2, Lo0 8364 006, 08], N-[3, 2], L-08511
take place. Several examples are shown in Figs. 10 and 11.  os» 09994
Fig. 10, the value oD /T’ is kept constant, whil& is changing; ~ ****
in Fig. 11, the value oP R is fixed.) The lack of monotonicity is 0558 oeee
especially pronounced for high load factors and practically dis<5, B poc
appears for relatively small. Discrete event simulations also  ogss
support this conclusion. 099 09988
The counterintuitive behavior of Figs. 10 and 11 may be e) %5, o 20 s 0 A TEET I
T T

plained as follows: For small&r (which implies smalleD and

|argerNM/D)_the probability to satisfy the demand by the congig 10, L ack of monotonicity oBTP with respect to shipping period (the
tents of FGB is larger than that for largér Only whenZ be- case ofD/T =constant).
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p=0.8, N=3, L-0.9583 p=0.8, N=3, L=0.95
0.955 0.975
Injection Moldin
0.95 0.97 o g
[ — ] 0 — ] — ]
0.945 0.965
<Eoss <E o096
0.935 0.955 Storage
093 095
0.925 0.945
0 50 100 150 0 50 100 150
T T
p=0.8, N=3, L=0.9375 p=0.8, N=3, L=0.9167
0.99 0.995
0.985 Assembly
0.99
(p098
5 a
0.975 <0985
0.97
0.98
0.965
0.96 0.975 Storage
0 50 100 150 [} 50 100 150
T T

Fig. 11. Lack of monotonicity oDTP with respect to shipping period (the Fig. 12. Injection molding—assembly system.
case ofPR =constant).

) o _ From the point of view of the in-process storage, injection
comes so large that the averaging effect of the shipping periggiding part of the system consists of seven virtual machines,
becomes dominant, the system ships reliably all dem@nds ¢5cp producing a single part-type. The parts are placed in

or below its capacity. _ _ the storage and then drawn by the assembly, one part of each
Thus, smaller but more frequent shipments are easier to mSEFt—type to assemble the product. This simplified model,

than larger but less frequent ones. This conclusion is importapterred to as the virtual model. is shown in Fig. 14.
for lean operations, since the regime when DTP is increasing agased on a two-month performance data, the parameters of
afunction of/" occurs for relatively largé’, typically associated ¢he virtual model have been identified as shown in Table Ill.

with mass production operations. o _ The subsequent analysis is carried out in terms of this model.
Remark 9: Note that the lack of monotonicity of the variance

of the number of parts produced during a fixed interval of tim& Design of FGB Capacity

was also found in [9], [16], [19], and [27].

Using the recursive procedure (26)—(29), (31), (37)—(39) and
the parameters of Table Ill, we calculate DTP of the virtual
model for various values of the capacity of FGBg. The re-
sults are shown in Table IV. As it can be seen, gy = 9,
DTP > 0.997 and subsequent increase/g§ results in a very
A. System Description and Physical Model small improvement of DTP. Therefore, the capacityM\ef has

L , . been recommended as one shipment size (Ne.= 9). This
The layout of the injection molding—assembly prOdUCt'OFbcommendation was accepted by the plant management.
system under consideration is shown in Fig. 12. It consistSpamark 10 The load factorL, of the assembly system, de-

of 13 presses, which mold seven part-types, and 3 identigalay i Fig. 14 and Table I, is 0.95. Therefore, a relatively

assembly lines. The storage between the injection molding agfl,| FGB capacity of one shipment size, obtained above, is in

the assembly serves as the in-process buffer; the storage affGbement with the results for the serial line, discussed in Sec-
the assembly serves as a finished goods buffer. tion IV.

Each mold can be placed on any of the 13 presses, depending
on the availability and schedule. The assembly uses each of the
seven part-types to assemble the final product. Thus, the phys- VI. CONCLUSION
ical model of the system can be represented as shown in Fig. 13, . . . .
The goal of this project was to select the capacity of the FG,BTh'S paper provides a recursive method for calculating DTP

so that DTP> 0.99, based on the shipping schedule defined 59 production systems_with FGBs. B"."S.Ed ona hypothesis, con-
vergence of the recursive procedure is justified analytically. The

T =12, D = 9. Before this study, no strict limits on FGB was : . )
formally imposed, and the system was managed on the basi&gfuracy ofthe meihod is evaluated numerlcglly. Itis shown that
the intuitive principle “the more finished goods the better.” Fhe accuracy1s comparaple to that of production rate calculation
in production systems without FGBs.
The method developed can be used for design of production
B. Virtual Model systems from the point of view of the customer demand satis-
Direct analysis of the model in Fig. 13 is quite complicatedaction in supply chain management. Such a utilization is illus-
Therefore, a simplification is necessary. The simplification useéxhted by a case study of an injection molding—assembly line at

in this work can be described as follows: an automotive component plant.

V. CASE StuDY: DTP ANALYSIS OF INJECTION
MOLDING—ASSEMBLY SYSTEM IN AUTOMOTIVE COMPONENT
PLANT
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Fig. 13. Physical model of injection molding—assembly system.

Fig. 14. Virtual model of injection molding—assembly system.

TABLE Il
PARAMETERS IDENTIFIED

Virtual Machine | 1 2 3 4 5 6 7 0
Di 0.82 | 0.82 | 0.82 | 0.82 | 0.82 | 0.82 | 0.82 | 0.79
26 | 27 | 30 | 15 | 18 | 45 | 46 | N

z

TABLE IV
DUE-TIME PERFORMANCE OFINJECTION MOLDING—ASSEMBLY SYSTEM FOR
VARIOUS CAPACITY OF FGB

No 3 4 5 6 7
DTP | 0.9544 | 0.9719 | 0.9823 | 0.9888 | 0.9928
Ny 8 9 10 11
DTP | 0.9954 | 0.9970 | 0.9981 | 0.9988

Assembly

Finished goods
buffer

Demand

APPENDIX

Proof of Proposition 1: By induction: In the case of serial
line, since forn = 0, $,,,(0) = 1, then

pu(1) =pum
Pr(1) =®1(py, Ny, T, D)
(1) =pumll - Pf(l)]-
Thus
Pns(1) =P2(p1, .5 pu—1, paa[l — Pp(1)]
Niy ooy Ny1) < 1= pps(0)
P(2) =pardns(1) < phy(1)
and, from Hypothesis 1, we have
Py(2) < Pp(1).
Assume now that fon > 0,
Prs(n) < Pns(n —1).
Then
Pp(n+1) < Py(n)
Par(n+ 1) >piy(n).
Due to monotonicity of operata, (see [22]), we have
Prs(n+1) < prs(n)
which implies that
Pp(n+2) < Pr(n+1).

Therefore, the sequencgs,(n) andﬁ’f(n) are monotonically
decreasing. From [22] and (20), it follows thats(n) and
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Pf(n) are bounded from above and below. Therefore, they arg8] P. Ciprut, M. O. Hongler, and Y. Salama, “On the variance of the pro-
convergent.

The proof for the assembly line is similar to the above, taking g
into account that

(20]
s

pne = ] [1 - %i0)]

=1

[21]

[22]

and thatp,,, is monotonically decreasing with respectiq);.

(see [23]). Proposition 1 is proved.

(23]
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