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1. Introduction 

In this paper, multi-stage production-inventory 
systems will be considered. Such systems can be 
described as networks of production stages, sep- 
arated by inventory points. Inventories may emerge 
for several well-known reasons, such as lot-sizing, 
buffering against uncertainty, or anticipating fu- 
ture demand-increases. In this paper we will focus 
on the function of inventories to buffer against 
uncertainty, especially against demand uncer- 
tainty. 

The strict distinction between production stages 
and inventory points is useful for many purposes, 
but it hides an important fact: The fact that 
production stages are mainly built up by queues. 
These queues could be considered as points of 
inventories as well. The main difference between 
queues and inventory points is the following. The 
material in queues is waiting and competing for 
capacity, and further processing of this material 
should start as soon as capacity is available. The 
material in inventory is not yet released to the 
shop floor, and further processing is not allowed, 
even if capacity is available. Thus, the release 
decision is quite important in multi-stage produc- 
tion-inventory control systems. 

In order to emphasize the similarity of queues 
and inventories, we shall call both forms of materi- 
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als waiting by the same term: slack. However, 
queues are called intrastage slack, whereas inven- 
tories are called interstage slack. 

Operations Research models have since long 
been used to set norms for both intrastage slack 
and interstage slack, for the purpose of dealing 
with uncertainties and short-term fluctuations in 
volume. A danger of setting such norms and creat- 
ing slack is that it removes the pressure to reduce 
the uncertainties and fluctuations. This danger is 
rightly stressed by the Just-in-Time movement, but 
also by the Manufacturing Resources Planning 
(MRP II) approach. The following elements of the 
MRP approach fit in this anti-slack philosophy: 
- the emphasis on a realistic Master Production 
Schedule (MPS) to coordinate the production 
stages in terms of volume of production; this 
prevents the creation of extraordinary intrastage 
slack (queues); 
- the emphasis on calculating dependent demand 
(this prevents the creation of superfluous inter- 
stage slack, due to unbalanced lotsizing of matched 
sets of parts); 
- the control of leadtimes by input-output  con- 
trol (this prevents again the creation of extraor- 
dinary intrastage slack); 
- rescheduling of work-in-process to earlier or 
later due-dates (this is meant to cope with dis- 
turbances and to prevent the necessity of safety 
stocks). N.B. rescheduling is often called priority 
control in MRP circles (cf. Plossl and Welch [13]). 

The only safety stocks which are allowed in 
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such an approach are stocks at the MPS level. For 
make-to-stock situations this level is the end-item 
level; for assemble-to-order situations this level 
corresponds to the highest sub-assemblies pro- 
duced without known customer orders. In the MRP 
literature there are only two exceptions to this 
rule. The first exception is that some safety stock 
is allowed for lower level items with independent 
demand (e.g. spare parts). The second exception is 
that some safety stock is allowed for uncertainty 
with respect to external supply. 

This approach has not led to software with 
much flexibility to use safety stocks. The software 
is mainly focussed on the above mentioned ele- 
ments (realistic MPS, dependent demand, lead- 
time control, rescheduling). The software users, 
however, in many cases like to have stocks at more 
levels than only the MPS level. Such stocks can be 
attractive because of a lower added value or a 
higher commonality, or the possibility of a 
smoother adjustment of subsequent production 
stages or a more effective input-output  control. 

This last point will be considered in more de- 
tail. Rescheduling is based on the idea that it is 
possible to compress or extend individual lead- 
times without increasing the average leadtime. This 
is possible because actual leadtimes are largely 
built up from queueing times, so from slack. The 
total amount of slack and the average leadtimes 
are controlled by the input-output  control func- 
tion. More effective input-output  control implies 
more reliable leadtimes. But effective input-out-  
put control requires some stock around the con- 
trolled stage. Effective input-output  control makes 
the slack necessary at the MPS level or within the 
stages smaller. 

Summarizing, the MRP approach foresees only 
slack at MPS level and within the production 
stages, while in many situations there are good 
arguments to have also slack (stock) between the 
stages. The subject of this paper is the possibility 
to use (or abuse) the MRP approach and MRP 
software in these kind of situations. The difficulty 
will apear to be the right equilibrium of reschedul- 
ing on one hand and the use of stocks on the other 
hand. To be able to investigate the interference of 
rescheduling and the use of safety stocks we con- 
sider first in Section 2 the case with no reschedul- 
ing, so the case with given leadtimes. In Section 3 
the possibilities to generate and use stocks in the 
MRP approach are discussed. One of the points 

considered there is the difficulty that rescheduling 
tends to make stocks ineffective (dead stock). Spe- 
cial attention is given to the possibility to generate 
stocks by hedging. In Section 4 the role of the 
MPS is considered and the relationship of the 
MPS-function and the Material Coordination 
function is discussed. 

2. Interstage slack in multi-stage production sys- 
tems 

In this section we consider multi-stage produc- 
tion systems and the possibility to absorb uncer- 
tainty by using inventory buffers between the 
stages. The production throughputtimes are as- 
sumed to be given. 

We use MRP terminology, but the approach in 
this section is not completely consistent with the 
MRP framework since we assume that there is no 
rescheduling (to influence through-put-times) and 
that MPS and demand forecast are identical. These 
assumptions are made here to show first the possi- 
bility to use inventories (interstage slack) to ab- 
sorb uncertainty. In the next section we come back 
to these assumptions. It has to be mentioned, 
however, that this is the approach used by most 
authors o n '  MRP and safety stocks' (see Lambrecht 
et al. [6], Meal [8], Whybark and Williams [15]). 

2.1. One-stage case 

First, the most simple case, the one-stage case, 
is considered (see Figure 1). 

Assume that ordering is 'lot-for-lot'. In the 
MRP-scheme in Table 1 we see how demand fore- 
cast (gross requirement) determines planned order 
releases in case of no safety stock. 

Let D(t, t + k) be the demand in period t + k 
as forecasted at the start of period t. Let C(t)  be 
the sum of inventory and work in process at the 
start of period t (so C ( 1 ) = 3 0 + 8 0 + 6 0 + 7 0 ) .  
Then the general relationship between the P(t)  the 
planned order release in period t, the inventory 
position C( t ) and the demand forecasts D( t, t + k)  
is 

I 

p ( t )  = E D ( t ,  t + i)  - c ( t ) .  (a) 
i = O  

For sake of convenience we assume that 
/ 

C( t )  <~ E D(t ,  t + i). 
i = 0  
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Figure 1. One product, one stage 

If that is not the case the planned order release is 
equal to 0 (and not negative of course). For a good 
understanding of the role of safety stocks it is not 
necessary to consider in detail this difficulty. It 
may lead, however, to some more stock than sug- 
gested by relation (1). 

In case of uncertainty and no rescheduling pos- 
sibilities it may be necessary to release more 
material. This can be effectuated in three ways. 

(1) Use a fixed safety stock norm S. In this 
c a s e  

/ 

= E D ( t ,  t + i)  + s - c ( t ) .  
i=o 

(2) Use a fixed safety time norm e. In this case 

I+e 

P ( t )  = E D(t ,  t + i) - C( t ) .  
i=o  

(3) Overestimate the future requirement (hedg- 
ing): 

l 

P ( t ) =  E b ( t ,  t + i ) - C ( t ) .  
i=0 

The amount to release extra in these cases is 
respectively: S, E',+=e,+ ,D(t, t + i) and Eti=0{ D(t ,  t 
+ i) - D(t, t + i)}. In case of relatively stable re- 
quirement the methods are basically equivalent. 
We come back to these three methods in the next 
two sections. In this section we restrict the atten- 
tion to the use of safety stock norms. 

The size of the safety stock has to depend on 

Table 1 

MRP scheme for one stage, lot-for-lot ordering, leadtime is 3, 
safety stock is 0 

! 2 3 4 5 6 7 

Gross requirement 100 50 80 40 
Scheduled receipts 80 60 70 
Available balance 30 10 20 10 - 3 0  
Net requirement 30 
Planned order 30 130 50 100 

release 

130 50 100 

- 1 6 0  - 2 1 0  - 3 1 0  
130 50 100 

the amount of uncertainty. We distinguish three 
types of uncertainty: uncertainty with respect to 
demand, uncertainty with respect to leadtime and 
uncertainty with respect to yield. 

let o 2 ( i )  be the variance of the forecast error 
with respect to the demand i periods ahead. Let 
0 2 be the variance of the leadtime, and let o, 2 be 
the variance of the yield. For sake of convenience 
we assume that this variance is independent of the 
period, which is only approximately the case if the 
total work in process is rather constant. 

The safety stock has to cover all uncertainty 
over l +  1 periods. That means that S may be 
chosen equal to 

k ~/-~'-' / 2 . - S = o ( , ) + o ?  + 2 

where ~t is the average demand. The factor k can 
be used to control the stock-out risk. If the uncer- 
tainty is about normally distributed, the stock-out 
risk corresponding to a factor k is equal to 1 -  
F(k) ,  where F(-)  is the standard normal distribu- 
tion function. This is in fact an upperbound for 
the stock-out risk because negative releases are not 
possible which implies that it is not always possi- 
ble to reset the content of the system at the right 
level. But this plays only a role in cases with very 
dynamic demand and demand forecasts. 

To estimate the variance it may be better not to 
register each of these sources of uncertainty sep- 
arately, but to register combinations, for instance 
the demand during the leadtime. We refer to Brown 
[4, Ch.8] for a more fundamental discussion with 
respect to this point. 

In case of an effective input -output  control 
part  of the leadtime variance may be due to the 
fact that work orders have to wait before being 
released. 

It has to be mentioned here that a stock-out in 
the model will not always correspond to a stock-out 
in reality. Even in the classical inventory control 
approach, without formal rescheduling possibili- 
ties, there will actually be some rescheduling. In 
such an approach safety stocks are used to protect 
against rescheduling, while in the MRP approach 
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rescheduling tends to protect safety stocks of being 
used (see next section). 

2.2. The multi-stage case 

In this section the two-stage linear case is con- 
sidered (see Figure 2). But the results can be 
transferred to the general multi-stage linear case. 
Ordering is assumed to be ' lot-for-lot '  again. In 
Table 2 an example of an MRP scheme is given. It 
shows how planned order releases at both release 
points (1 and 2) are determined by demand fore- 
casts (gross requirements), inventories and work in 
process. 

The general expressions for the planned order 
releases at point 1 (Pl(t)) and point 2 (P2(t)) are 

I, 

P2(t) = ~. D(t, t + i ) -  C2(t ), 
i=0  

I a +/_~ 

P l ( t )  = E D(t, t + i ) - ( C l ( t ) + C 2 ( t ) ) ,  
i=o 

where C2(t ) is the content of stage 2 at the start of 
period t (work in process plus final inventory) and 
C~(t) is the content of stage 1 (work in process 
plus intermediate inventory). Note that the expres- 
sion for Pt(t) would get much more complicated if 
we would include the possibility that 

12 

C 2 ( t ) >  ~. D(t, t + i ) .  
1=0  

As in the one-stage case it is possible to use 
safety stocks to absorb uncertainty with respect to 
demand, leadtimes and yield. Let S t and S 2 be the 
safety stock norms at levels 1 and 2 then 

/2 

P2(t)  = ~. D(t, t + i ) - C 2 ( t ) + S  2, 
i=o 

I~ + 12 

P t ( t )  = E D(t, t + i ) - ( C l ( t ) + C 2 ( t ) )  
i~O 

+ S 1 + 3 2  . 

/ MRP and inventories 

Table 2 
MRP scheme for two stages, lot-for-lot ordering, leadtime of 
stages 1 and 2 is 2 and 3, no safety stocks 

Stage 2 1 2 3 4 5 6 7 

Gross requirement 100 50 80 40 130 50 100 
Scheduled receipts 80 60 70 
Available balance 30 10 20 10 - 3 0  - 1 6 0  - 2 1 0  - 3 1 0  
Net requirement 30 130 50 100 
Planned order 30 130 50 100 

release 

Stage 1 1 2 3 4 5 6 

Gross requirement 30 130 50 
Scheduled receipts 40 120 
Available balance 10 20 10 - 4 0  
Net requirement 40 
Planned order 40 100 

release 

The next point is to determine S 1 and S 2. To 
simplify the notation we assume from now on that 
there is only demand uncertainty. At point 2 one 
has to take into account uncertainty over l 2 + 1 
periods (leadtime plus review period), at point 1 
one has to take into account uncertainty over 
11 + l 2 + 1 periods. That implies that it is reasona- 
ble to choose S 1 and S 2 so that 

$1 + $2 = k J ~ t ' + t ' o 2 t i )  V i=0 -  t 

s o  

12 2 S l = k { ¢ ~ l i ~ = + o t 2 o 2 ( i ) - ¢ ~ i = o  0 ( i )  } .  

It is also possible of course to make the safety 
factors for $2 and $1 + $2 different (i.e. different 
k 2 and kl). 

In this two-stage case it is less clear how the 
stock-out risk depends on k. In the one-stage case 
the siock-out risk is 1 -  F(k) (see the previous 
subsection). In this case the stock-out risk is be- 
tween 1 - F(k) and 2(1 - F(k)), because there are 

I t 
1 2 

Figure 2. One product, two stages 

£2 
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T a b l e  3 

S t o c k - o u t  r i sk  as  f u n c t i o n  o f  I 1 a n d  12, k = 2 

S t o c k - o u t  r i sk  1 - F ( 2 )  

11 = 4,  l 2 = 1 0 . 0 3 9 1  0 . 0 2 2 7  

/ 1 = 2, l 2 = 3 0 . 0 3 1 2  0 . 0 2 2 7  

two release points, that is, two points where the 
demand can be misestimated. The stock-out risk is 
investigated for the case where o( i )=  o. 

In Table 3 the stock-out risk is given for two 
values of l 1 and 12,  and k = 2. 

If the demand forecast is not too dynamic a 
reasonable possibility is to delete all time depend- 
ence in D( t, t + i ), s o  D( I, t + i )  = D. In that case 
the system described here is equivalent to a Base 
Stock Control System (see Magee [7], Peterson- 
Silver [12]). The release quantities are 

Pz( t )  = (12 + 1)D + S 2 -  C2(t ), 

e l ( t ) = ( l ~  + 12+ 1 ) D +  & +$2 

- ( C , ( t ) + C 2 ( t ) ) .  

Note that in the completely stationery case it will 
never occur that 

C2( t )>(12+ I )D.  

Base Stock Control is directed to an effective use 
of inventories (inter-stage slack) in case of a situa- 
tion with not too divergent product structures and 
rather stable demand forecasts. For a comparison 
of Base Stock Control and MRP, see Timmer et al. 
[14]. See Clark /Scar f  [5] for a proof of the opti- 
mality of Base Stock Control in case of a linear 
product structure with inflexible leadtimes and no 
capacity problems. 

2.3. The convergent case 

The case with a purely convergent product 
structure can be treated in precisely the same way 
as the linear case. See Figure 3 for a simple 
example. It is assumed that for each unit of the 
final product one needs one unit of each of the 
components. The planned order release at point 2, 
according to MRP calculations, is equal to 

1:+1~ 

P2(t)  = £ D(t,  t + i ) - ( C s ( t ) + C a ( t ) )  
i - O  

where C3(t ) is the content of stage 3 (plus final 
inventory) and C2(t) is the content of stage 2 (plus 
intermediate inventory). The safety stocks neces- 
sary in this convergent case can be determined as 
the safety stocks in the linear case. 

S,=kCZ' , '=oO2( i )  , 

t~ Iv', +',oz[ ; ~ - k¢~:oo2(  i ) S1 = ~ V ~ i = 0  ' , ' 1  

kCZ,=oO (i) S 2 = ~ V z ~ i = o -  ~l  ] - -  Ix 2 . 

As in the linear case it is possible to use different 
safety factors for the S 3, S 1 + S  3 and S 2 + S  3. 
Since both components have to be available to 
make one final product it seems to be reasonable 
to keep the safety factors for $1 +$3 (k l )  and 
$2 + Ss (k2) equal. 

2.4. The divergent case 

The divergent case (see Figure 4) is less simple 
because of the possibility of inbalanced final in- 
ventories. However, for a wide range of situations 
it is still so that the planned order releases at the 
lower level only depend on the content of the 

r 

1 

2 

F i g u r e  3. S i m p l e  c o n v e r g e n t  n e t w o r k  
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system at that level and at higher levels. In such 
cases it is possible to use the same type of analysis 
to get good heuristics to determine safety stocks 
(see Wijngaard [17]). See also Zipkin [18] for a 
special way to treat inbalanced final inventories in 
the multi-location inventory problem. Related 
problems are investigated by Bemelmans [1]. 

2.5. Lot sizing 

lots in stage 2 the requirement of components 
becomes very irregular. That suggests that using a 
safety time norm with respect to stage 1 would 
work better than a safety stock norm. However, it 
can be shown that the slack generated by using a 
safety stock norm works at the component level 
also as safety time (see Timmer et al. [14] for an 
example). 

Consider first the linear two-stage case with 
fixed lots q] and q2. Suppose the safety stocks are 
S~ and S 2. That means that whether or not an 
order release at point 1 is necessary, depends on 
whether the following inequality is satisfied: 

/ I + / 2 

S , + $ 2 +  E D ( t , t + l ) < ~ C , ( t ) + C 2 ( t ) "  
i=0 

Neglecting for the moment the possibility that 
components are temporarily arrested in the inter- 
mediate inventory, the stock-out risk is the same as 
in the lot-for-lot case. But now it is a risk per order 
instead of a risk per period. The influence of 
arresting components in the intermediate inven- 
tory is not very important as long as the safety 
factor used at release point 2 is about equal to the 
safety factor used at release point 1. Essential is 
that the number of components arrested before 
point 2 is sufficient to form a reasonable lot to 
release. In the case of fixed lots this implies 

qz = nq2, n integer. 

In case of more flexibility with respect to the lot 
sizes the condition is much less severe. 

It has to be mentioned here that in case of large 

3 .  S t o c k s  i n  M R P - I  s o f t w a r e  

In this section we discuss the possibility to 
generate and use stocks via MRP-I software. As in 
the previous section the MPS is considered to be 
identical to the demand forecast. In the next sec- 
tion we consider other types of MPS and the 
relationship of MPS and stocks. Section 4 will be 
more in the MRP-II spirit (MRP-I I=  Manu- 
facturing Resources Planning). 

There are three possibilities to generate stocks 
(interstage slack): 

- safety stock norms, 
- safety time norms, 
- hedging. 

These possibilities will be considered in the next 
three subsections. Special attention is given to the 
interference of rescheduling and the use of stocks. 

3.1. Safety stock norms 

The first possibility is to introduce safety stock 
norms per level. In the computation of the 
time-phased available balance of an arbitrary item, 
the very first step is to deduct the safety stock 
norm from the on-hand stock (see Orlicky [11]). 

i , 

Figure 4. Simple divergent case 

/ 
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The situation where the on-hand stock is less than 
the safety stock norm is treated like a physical 
shortage: it does create an immediate rescheduling 
message, a rush-order to fill the gap. That means 
that within MRP-software packages safety stock is 
implemented as 'dead stock'. The MRP system 
does not use safety stocks, but rather tries to 
prevent safety stocks from being used. Only if 
i'escheduling is not successful, the safety stock is 
used. That means that the effectiveness of safety 
stocks for absorbing uncertainties and fluctuations 
depends also on the length of the review period. 
The shorter the review period the more reschedul- 
ing opportunities to prevent the stock from being 
used. In case of a throughputtime equal to the 
review period there are no rescheduling opportuni- 
ties. 

For dependent demand items, preventing the 
employment of safety stocks is in concordance 
with the MRP philosophy outlined in Section 1. 
For independent demand items, for MPS-items 
and for components supplied from outside, it is 
not in concordance with the MRP philosophy. 

Of course the MRP software gives only release 
and reschedule suggestions, but it may be difficult 
for the system user to diagnose whether a certain 
rescheduling suggestion is only generated by a 
stock being less than the safety stock norm or by a 
real shortage. This is especially so in case of 
multi-stage structures. 

3.2. Safety quantity and safety time 

In the previous subsection, we discussed the 
implementation of safety stocks within MRP sys- 
tems by means of a safety stock norm per item; 
such a norm results in maintaining a certain quan- 

tity of safety stock at each point in time. A second 
way of implementing safety stocks is by the usage 
of safety time, i.e. by adding some extra amount of 
time in the MRP-I offsetting procedure; employ- 
ment of safety time results in creating time-varying 
safety stocks, as shown in Figure 5. 

If this principle is to be implemented in soft- 
ware, a clear distinction should be made between 
the need-date of a certain amount of material, and 
the due-date of the corresponding scheduled re- 
ceipt. The suppliers' delivery performance should 
be measured against the due-date. If the distinc- 
tion between need-date and due-date is not sup- 
ported adequately by the system, standard MRP-I 
logic will delay all scheduled receipts up to the 
need-data and the results will not be visible in the 
form of a time-varying safety stock, but in the 
form of an unplanned increase in work-in-process. 
On the other hand if need-date and due date are 
distinguished safety time norms will, just as safety 
stock norms, easily lead to 'dead stock' since re- 
scheduling leads to not using the slack. It is dif- 
ficult for the user of the system to decide whether 
or not it is necessary to react on exception mes- 
sages, especially in multi-stage cases. 

An obvious advantage of employing safety time 
norms as compared to safety stock norms is the 
following. Safety time norms do not generate any 
safety stock unless there exists a real demand in 
the near future; safety stock norms generate safety 
stock regardless of the existence of a real demand. 
An obvious disadvantage of employing safety time 
is caused by the requirement to extend the plan- 
ning horizon at the MPS-level (at least if the item 
concerned is somewhere in the 'critical path' of an 
MPS-item, cf. New [10]). 

Several writers investigate the question of 

T 
stock 
level 

safety time safety time 

due-~date need~-dai'e due~date need!date 
> time 

Figure 5. Safety stock pattern generated by adding safety time in offsetting. Infrequent ordering. 
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whether safety quantity is to be preferred to safety 
time. Whybark and Williams [15] relate this ques- 
tion to the source of uncertainty. They distinguish 
between timing uncertainty and quantity un- 
certainty. Timing uncertainty may occur both with 
respect to the demand pattern and the supply 
pattern of an item. As far as the demand pattern is 
concerned, timing uncertainty occurs when it is 
certain that a demand will occur, but when the 
exact period shows a random deviation from the 
expected value. As far as the supply pattern is 
concerned, timing uncertainty occurs similarily 
when it is certain that a scheduled receipt will 
arrive, but when the exact period shows a random 
deviation from the expected value. An analoguous 
definition can be given for quantity uncertainty. 
The supply pattern may show some random scrap, 
the demand pattern may have a stochastic nature. 
Based on a number of simulation experiments for 
one item, Whybark and Williams [15] conclude 
that timing uncertainty should be met by safety 
time, whereas quantity uncertainty should be met 
by safety quantity. 

Although these conclusions provide better un- 
derstanding of the problem at hand, they do not 
provide an adequate answer to all problems faced 
in practice. This is due to the fact, that timing 
uncertainty and quantity uncertainty can be de- 
fined precisely in simulation experiments, but not 
in real life situations. For example, consider de- 
mand quantity uncertainty. In Table 4 a parent 
item is shown with average independent demand 
of 10 per period, with some small variance. De- 
pending upon independent demand actual realiza- 
tion the planned order of period 4 will shift to 
period 3. Thus, for the component of this item, 
timing uncertainty is created. However, the magni- 
tude of this timing uncertainty is revealed gradu- 
ally over the three-period offsetting time. From the 

Table 4 
Quantity uncertainty of parent results in timing uncertainty of 
component 

Period 1 2 3 4 5 

Dependent demand 50 30 50 60 40 
Independent demand 10 10 10 10 10 
Scheduled receipt 100 
Available balance 60 0 60 0 - 70 - 120 
Net requirements 70 50 
Planned orders (due) 100 100 

position of the component item, measuring the 
timing uncertainty becomes a highly complex job, 
because many scheduled receipts of the parent 
item face continously changing due dates. It re- 
mains doubtful, whether safety time in offsetting 
the parent planned order is to be preferred to 
safety quantity at the component level. Recall that 
in the previous section it has been shown that in 
case of lot sizing the safety quantity at the compo- 
nent level has the same effect as safety time. 

3.3. Hedging 

A third possibility to create safety stocks within 
MRP systems consists of deliberately overplanning 
the master schedule (cf. Wight/Landvater, ap- 
pendix D [16], New [10]). 

In order to illustrate the technique, consider an 
assembly A, that is built in one period from a 
subassembly B; in turn, B is manufactured in one 
period from component C, which is fabricated in 
one period from raw material D (with, again 1 
period leadtime). If all safety stock for demand 
fluctuations of A is stocked at the MPS level (i.e. 
item A) this safety stock has to cover the maxi- 
mum reasonable demand over 5 periods (leadtime 
+ 1 (review period)). If the expected demand is 50 
units per period and if the maximum reasonable 
demand per period is 70 units, the safety stock (at 
MPS level) should be set at 5 x 20 = 100 units. 

The hedging technique employs a gross require- 
ment pattern as shown in Table 5. If actual de- 
mand for a number of periods (at least 5) is equal 
to 50 the resulting inventory situation is depicted 
in Figure 6. The stock at level A is higher than the 
stocks at the other levels because of the review 
period. If actual demand increases suddenly to 70, 
all stocked items will be moved forward, creating 
after 5 periods the situation depicted in Figure 7. 

If, instead, the demand in the first period is 20 
the inventory becomes 70 and the scheduled re- 
ceipt of 50 for the next period will be 'rescheduled 

Table 5 
Overplanning for item A 

Period 1 2 3 4 

Demand 50 50 50 50 
Overplanning 20 20 20 20 
Gross requirement 70 70 70 70 



J. Wijngaard, J. C. Wortmann / M R P  and inventories 289 

S=20 S=20 S=20 S=40 

© © © 
Figu re  6. S t e a d y  s ta te  s i tua t ion  if ac tua l  d e m a n d  a lways  equa ls  50 (SR = schedu led  receipts ,  S = s tocked  i tems)  

S=O S=O S=O S=O 

Figu re  7, R e a c t i o n  in case  of  a s u d d e n  increase  o f  d e m a n d  f rom 50 to 70 

out'. For further analytical work, see Miller [9], 
who analyzes the situation where the demand per 
period is identically independent normally dis- 
tributed. 

Compared to using safety stock norms, demand 
hedging has the advantage that it is possible to 
choose the hedges so that the overplanning is used 
indeed and not enfeebled by rescheduling to 'dead 
stock'. This is considered in more detail in subsec- 
tion 3.4. 

3.4. Static hedging 

In this subsection we consider in more detail 
one specific way of hedging, namely static hedging. 
In case of static hedging the hedges (amount of 
overplanning) only depend on the horizon. We 
give special attention to the interference of static 
hedging and rescheduling. Demand uncertainty is 
assumed to be the only uncertainty. 

3.4.1. One stage 
In case of hedging the planned order release in 

period t, P(t) ,  is equal to (see Section 2) 

1 

P ( t )  = ~_, b ( t ,  t + i) - C ( t )  
i = 0  

with 

i ) ( t ,  t + i ) =  D( t ,  t + i) + h( t ,  t + i).  

In these expressions D(t, t + i) is the demand 
forecast and h(t, t + i) the amount of overplan- 
ning of D(t, t + i). The total amount of overplan- 
ning 

l 

~ _ , h ( t , t + i )  
i=O 

has to cover all forecast errors over the leadtime 
plus review period. 

Suppose the forecast error only depends on the 
horizon and let o2(i) be the variance of the error 
of the forecast with horizon i (see Section 2), then, 
one may choose h(t, t + i ) =  :h( i )  (thus inde- 
pendent of t) and one has to determine the h( i )  
such that 

/ 

k t Y ' . h ( i ) =  ~ E i = o  °2 ( i )  
i = 0  

The case with h(t, t + i) independent of t is called 
static hedging. Here we deviate from the terminol- 
ogy of Miller [9] who calls the way of hedging 
where h(t, t + i) is independent of t + i static. 

One of the advantages of hedging is that it is 
possible to change h (i) without changing the plan- 
ned order release, as long as the sum 52 I= 0 h (i) is 
kept constant. This can be used to reduce the 
number of rescheduling-in and rescheduling-out 
messages. Extreme are the cases 

2 
h ( 0 ) = k  ,=0 o ( i ) ,  h ( j ) = O f o r j > O ,  

and 

h ( j ) = O f o r j = O , . . . ,  1 - 1 ,  

h(l)=k E o2(i). 
i = l  

The first case is equivalent to introducing a 
safety-stock norm equal to 

/ 2 • k /E,=oO (,1. 

In this case one may expect many rescheduling 
messages. 



290 J. Wijngaard, J.C. Wortmann 

Table 6 
Static hedging and rescheduling, h ( l ) =  20 

First period 

Gross requirement 70 50 50 50 50 

Scheduled receipts 50 50 
Available balance 20 0 0 - 50 - 100 - 150 

Net requirement 50 50 50 

Planned release 50 50 50 

Second period, demand in period 1 was 51 

Gross requirement 70 50 50 50 

Scheduled receipts 50 50 
Available balance 19 - 1 - 1 - 51 - 101 

Net requirement 1 50 50 

Planned release 51 50 

/ MRP and inventories 

Table 7 

Static hedging and rescheduling, h (3 )=  20 

First period 

Gross requirement 50 50 70 50 50 
Scheduled receipts 50 50 
Available balance 20 20 20 - 5 0  - 1 0 0  - 1 5 0  

Net requirement 50 50 50 

Planned release 50 50 50 

Second period, demand in first period was 51 

Gross requirement 50 50 70 50 

Scheduled receipts 50 50 

Available balance 19 19 19 - 51 - 101 

Net requirement 51 50 

Planned release 51 50 

Consider for instance the case with leadtime 
equal to 2, a stable demand of 50 per period, a 
hedge for the first period equal to 20 and lot-for-lot 
ordering. In that case the stock on hand w,ll 
become 20, and each period an order of 50 units 
will arrive. However, if the actual demand in a 
certain period appears to be 50 + t, the available 
balance in the first period gets negative and a 
rescheduling-in message will occur (see Table 6). 
This example shows, that hedging in the first 
period leads to rescheduling behaviour that resem- 
bles the rescheduling consequences of safety stocks; 
there is only a difference between the two for a 
scheduled receipt due in period 1. In fact a safety- 
stock norm can be interpreted as a hedge in period 
0. 

The same example is considered for the other 
extreme way of hedging. The stable situation is 
again the situation with a stock on hand of 20 and 
each period an order of 50 units arriving (see 
Table 7). It appears that no rescheduling is neces- 
sary. It has to be mentioned here that reschedul- 
ing-out messages would have occurred if the hedge 
h(3) had been increased to 60. The stock at hand 
in the stable situation is 10 in that case instead of 
60, because of this rescheduling-out. To cir- 
cumvent this rescheduling-out it is possible to 
choose a way of hedging which distributes the 
total hedge more evenly over the leadtime, for 
instance 

/ 2 
¢ • i = 0  o ( i )  

h ( j ) = k  l + 1  , j = l  . . . . .  l, 

J 2 _  (J)=4Z,=oO (,) 

The last way of hedging follows from interpreting 
the one-stage case with leadtime l as an /-stage 
case, all stages having leadtime 1 (see the next 
subsection). 

3.4.2. More complex structures 
Of the linear cases we consider only the two- 

stage case (see Figure 2). The multi-stage linear 
case can be treated similarly. The planned order 
releases in period t at points 1 and 2 are equal to 
(see Section 2) 

Ii +12 

P t ( t ) =  Y'. b ( t ,  t + i ) - ( C , ( t ) + C 2 ( t ) )  , 
i = 0  

12 

P2(t) = Y'. b ( t ,  t + i) - C2(t) ,  
i = 0  

with 

b ( t ,  t + i ) = D ( t ,  t + i ) + h ( t ,  t + i )  

and D(t, t + i) and h(t, t + i) as in the previous 
subsection. As in the one-stage case we assume 
h(t, t + i) being independent of t, so h(i). 

If all uncertainties have to be absorbed by 
hedging one may choose the hedges so that 

Z h(;)=kCE,°oO2(;), (2) 
i ~ 0  

11 + 12 
t /'~"~12+11 

Y~ h ( i ) = K V L , =  o a2( i ) .  
i = o  

The way the total amount of overplanning is dis- 
tributed influences again the number of reschedul- 
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ing messages. Relation (2) is an extra restriction on 
this distribution, which decreases the possibility to 
choose the hedges so that only few rescheduling 
messages are generated. 

The divergent case is not considered in this 
paper (see also Section 2). It has to be mentioned 
however that once the total required safety stocks 
are determined, the problem to realize these stocks 
and to make them work effectively by static hedg- 
ing is analogous to the corresponding problem in 
the linear case. 

In the convergent case hedging is less flexible. 
Compare the case considered in Section 2.3. Sup- 
pose one wants to realize and use safety stocks as 
suggested there. This can be done by a pattern of 
hedging satisfying 

= , = = o  o ~') 
i = O  

1~+13 f /~"~lt+13 21 
E hti)= VZ.,=o o 

i -O  

l ,+l~ 

-~ h(i)=k~ El'+̀ 'i--O 17 2---  . ( 1 )  
i = 0  

This shows that in case of convergent networks the 
distribution of the hedges is heavier restricted than 
in the linear case. In case of many components the 
most straightforward way of hedging is as follows: 

.j - 1 2 

Such a choice of hedges reduces also the frequency 
of rescheduling-out messages. 

4. The role of the MPS 

The MPS is essential in the MRP-II  approach. 
It is necessary to distinguish two aspects with 
respect to the MPS. 
- The MPS is the result of coordination of sales 
and manufacturing 
- The MPS is the basis for coordinating the vari- 
ous production stages. 

This latter coordination is executed by the 
Material Coordination function (see Bertrand 
-Wijngaard [3]). 
These two aspects of the MPS are also expressed 
by "The  MPS represents a statement of produc- 

tion and not a forecast of market demand" (see 
Ber ry-Vol lmann-Whybark  [2, page 6]). In the 
previous two sections we have assumed that the 
MPS is identical to demand forecast. In this sec- 
tion we investigate how the results of the previous 
sections fit in the complete MRP-II  approach 
(where the MPS is not identical to the demand 
forecast). 

It is important to determine to what extent 
demand variations have to be dealt with by the 
MPS and to what extent by Material Coordina- 
tion. We consider two possibilities. 

The first possibility is that demand variations 
have to be dealt with by the MPS only. This leads 
to two types of MPS: the MPS that is frozen 
during the cumulative leadtime and the MPS that 
overplans the demand. These two types of MPS 
are considered in detail in Sections 4.1 and 4.2. 

The second possibility is that part of the de- 
mand variations, especially the short term varia- 
tions, are transmitted via the MPS to Material 
Coordination. This leads to an MPS which is 
rather similar to demand forecast. This type of 
MPS is considered in Section 4.3. 

4.1. Frozen MPS 

In this section we assume that demand varia- 
tions have to be dealt with by the MPS function 
and that the MPS is frozen during the cumulative 
leadtime. That means that demand uncertainty 
over the leadtime has to be met by stocks at or 
beyond the MPS level. In our opinion, this type of 
MPS is in fact presupposed by the advocates of 
the MRP phylosophy. With such an MPS, it can 
indeed be required that the MPS is 'realistic' (Plossl 
and Welch [13, ch. 6]). 

Material coordination is directed to realizing 
the MPS. Rescheduling may be necessary to deal 
with supply disturbances (production and purchase 
delays). It may also be useful to apply stocks at 
the Material Coordination level, for instance safety 
time to tackle purchase disturbances or safety 
quantity to tackle yield uncertainty. But then there 
are the same problems with respect to the inter- 
ference of rescheduling and the use of inter-stage 
slack as described in Section 3. Also, if stocks are 
used by both the MPS function and the Material 
Coordination function it makes sense to control 
these stocks integratedly especially if stocks are 
implemented at both levels as safety quantity. The 



292 J. Wo'ngaard, J.C Wortmann / MRP and inventories 

most straightforward option therefore is to com- 
bine a frozen MPS with using no slack at the 
Material Coordination level (or only safety time). 

The computation of safety stock norms at the 
MPS level can be based on classical inventory 
control theory (fixed leadtime, known demand dis- 
tribution, etc.). 

4. 2. MPS  as overplanned demand 

It is not in all situations attractive to have the 
stocks necessary to deal with demand uncertainty 
at the MPS level only. This is especially far from 
optimal in cases with a high commonality (so a 
partly divergent structure). 

It is possible to have these stocks at lower levels 
without transferring the control of these stocks to 
Material Coordination. But that requires that the 
MPS overplans the demand. The MPS is not frozen 
in that case of course, because overplanning com- 
bined with a frozen MPS would lead to cumula- 
tion of stocks. 

Overplanning the demand at MPS level is a 
form of hedging. In Section 3 we considered a way 
of hedging where the hedges were put on the 
requirement following from the MPS, so within 
control of the Material Coordination function. 
Here the hedges are within control of the MPS 
function. The effect of the hedges on planned 
order releases and rescheduling messages, how- 
ever, is the same and hedges can be determined in 
the same way therefore. As in the case of a frozen 
MPS, stocks at the lower levels (not generated by 
the MPS) do not fit well in this approach. Material 
Coordination has to rely on rescheduling (and 
maybe safety time). 

In case of a frozen MPS the objective for 
Material Coordination is to realize the MPS. In 
this case where the MPS overplans the demand the 
objective for Material Coordination is in fact to 
maintain a certain inventory state or delivery 
potency. 

A well-known form of overplanning is the so- 
called option ooerplanning. Suppose it is possible 
to produce two types of a final product, type A 
and type B. Let the total demand be rather pre- 
dictable, but the distribution over the two types 
unpredictable. In that case it may be useful to 
structure the bill of material as in Figure 8 and to 
formulate the MPS at the lower level. To tackle 

t 

option A option B 

Figure 8. Option overplanning 

distribution uncertainty it is possible to overplan 
the options. 

Suppose the average demand of option A is 50 
per period and the maximum demand is 70. Then 
the MPS for option A should be 70. Let the total 
cumulative leadtime until the MPS stage be 1. 
Then this option overplanning generates an aver- 
age cumulative stock of ( l +  1) 20 which is dis- 
tributed evenly over the total leadtime (see also 
Section 3.3 and the example mentioned there). 
This stock is necessary to maintain the potency to 
satisfy the maximum demand of 70 per period. 

4.3. Demand variations partly transmitted to 
Material Coordination 

A good cybernetic principle is to try not to have 
information processing delays. That implies that 
changes in the demand should be transmitted as 
soon as possible to Material Coordination. In that 
respect it can be severely sub-optimal to deal with 
demand variations via the MPS only. On the other 
hand it makes no sense to generate irrealistic re- 
quirements, because what to produce in such a 
situation may not only depend on the priorities of 
Material Coordination, but sales information is 
also important. It is indeed important that the 
MPS is realistic. 

A reasonable possibility is to use the MPS 
function to adjust resource requirement and re- 
source availability in an aggregate way. Changes in 
the demand not affecting this aggregate equi- 
librium can be transmitted immediately to Material 
Coordination. In this case the MPS may be almost 
equivalent to demand forecast, especially if all 
critical resources are shared by most final prod- 
ucts. The results of the previous two sections (Sec- 
tions 2 and 3) apply in this case. 

5. Conclusions 

The three most important levels of control in 
the MRP-II approach are Master Production 
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Scheduling, Material Coordinat ion (or MRP-I )  and 
Shop Floor Control.  The MRP- I I  approach stresses 
the necessity to reduce the uncertainty. Neverthe- 
less some uncertainty will be left in general. Slack 
in the form of inventories (interstage slack) and 
work in process (intraslack) may be an adequate 
mean to deal with uncertainty. In the s tandard 
MRP- I I  approach the use of  slack is concentrated 
at the MPS level (final inventories) and at the SFC 
level (work in process). This work in process repre- 
sents intrastage slack (queues). The possibility of  
rescheduling is implicitly based on the existence of  
intrastage slack. Rescheduling is supported well be 
s tandard MRP-I  systems. These systems, however, 
do not provide many facilities for creating and 
using slack at the Material Coordinat ion level 
(interstage slack) in the form of inventories. 

These aspects of  M R P  have been analyzed here. 
It has also been shown how slack at the Material 
Coordinat ion level can contribute to the overall 
performance of product ion just as well. 

We did not derive general rules to distribute 
slack over the three levels of  control. In our opin- 
ion such a distribution has to depend on flexibility 
and uncertainty with respect to manufacturing,  
purchasing and sales. That  makes it hardly possi- 
ble to derive such general rules. Flexibility and 
uncertainty vary from situation to situation and it 
is not even possible in general to formalize all 
types of flexibility. 

However, deciding about  this distribution of 
slack in a specific situation requires insight in the 
effectivity of  slack at the Material Coordinat ion 
level. That is the main topic of  this paper. Effec- 
tive usage of interstage slack depends on the avail- 
able software. The now available software PaCkages 
to support  Material Coordinat ion (i.e. current 
MRP- I  software modules) are shown to be rather 
poor  in this respect. 
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