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Abstract

Manufacturing supply chain networks (SCN) are formed out
of complex inter-connections amongst various manufactur-
ing and service providers like raw material vendors, logis-
tics operators, warehouses etc. Modding and anaysis of
such a complex system is crucia for performance evalua-
tion and benchmarking. In this paper, we view a supply
chain as adiscrete event dynamic system and investigatethe
use of generalized stochastic Petri net modelsfor comparing
make-to-stock and assembl e-to-order policiesin the context
of supply chains.

1 The Supply Chain Process: An Overview

Supply chain process (SCP) encompasses the full range of
intra-company and inter-company activities beginning with
raw material procurement by independent suppliers, through
manufacturing and distribution, and concluding with suc-
cessful delivery of the product to the retailer or at times to
the customer. One can succinctly define supply chain man-
agement (SCM) as the coordination or integration of the ac-
tivities/processesinvolved in procuring, producing, deliver-
ing and maintai ning products/services to the customer who
are located in geographically different places.

Supply chain performance depends on al the constituents
of the supply chain. Long term issuesin SCP involve loca
tion of production and inventory facilities, choice of aliance
partners such as the suppliersand distributors, and thelogis-
tics chain. The long term decisions aso include choosing
between make to order and make to stock policies, degree
of vertical integration, capacity decisions of various plants,
amount of flexibility in each subsystem, etc.

1.1 Brief Literature Survey

In this section, we briefly survey various articles available
on supply chains. The analytical modeling of supply chain
networks (SCN) can broadly be classified into two aress:
network design, and stochastic methods. The network de-
sign methodsprovidemodelsmostly for strategic and strate-
gic/tactical levels. They focus on the establishment of the
network and the associated flows. The stochastic models
generally deal with tactical/operational level decisions.
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Network Topology Design: In [4], the authors consider
global manufacturing and distribution networks and formu-
late mixed integer optimization programs. A comprehen-
sive deterministic model for supply chain management is
provided in [2]. Because of their large scale, such mod-
els are often difficult to solve to optimality. Authorsin [3]
describe reengineering of supply chain using queueing net-
work models. Recently, an insightful survey of common pit-
fals in supply chain management practices is provided in
[8]. The tools and techniques used in industry for solving
supply chain problems are discussed in [7].

Stochastic Models: The thrust of these modelsisthedevel -
opment of multi-echelon inventory control models. A com-
prehensive review of these models can be foundin [14]. In
[6], the authors consider a supply network model to gener-
ate base stock level sat each store so asto minimizetheover-
al inventory capital and guarantee the customer service re-
quirements.

Simulation M odels: Development of simulationmodel sfor
understanding issues of supply chain decision making has
gained importancein recent years[5, 9]. Simulation models
can providefor comprehensive supply chain modeling con-
sideringthestrategic, tactical, and operationa elements. But
these model s can only eval uate the effectiveness of a prede-
fined policy.

2 Specification of Supply Chains

2.1 Configuration

This could be of four mgjor typesincluding serial (tandem),
converging, diverging, and converging-diverging (or net-
work) structures. We draw parallelsfrom various workflow
configurationsasin [1].

2.2 Operational |ssues

Another important ingredient of the supply chain specifica
tion is the production planning and control (PPC) methodol-
ogy. Any order for an end product triggers a series of work
processes in the supply chain which have to be completed
so that the end customer order is satisfied. The PPC speci-
fiesthe control approach for the flow of information and ma-
terial in the supply chain. Thisisin generd of three broad
categories: Make-to-stock, Make-to-order, and Assemble-
to-order. For a good overview of these policies, see[5].
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Figure 1. The supply chain process hierarchy

3 Hierarchical Analysisof the Supply Chain Process

For the purpose of modeling and analysis, we decomposethe
SCPasin Figure 1. Aswe said earlier, the SCP starts with
procurement of raw materials and ends with supplying the
materia to the markets. The SCP transits several organiza-
tionsand each timeatransitionismade, logisticsisinvolved.
Also since each of the organizations is under independent
control, there are interfaces between organizations and ma-
teria and information flow depend on how these interfaces
are managed. We define interfaces as the procedures and
vehicles for transporting information and materials across
functions or organizations such as negotiations, approvals
(so called paper work), decision making, and finally inspec-
tion of components/assemblies etc. For example, the inter-
face between a supplier and manufacturer involves procure-
ment decisions, priceand delivery negotiationsat the strate-
giclevel and the actual order processing and delivery at the
operational level. The coordination of the SCN playsa big
role in the over al functioning of the SCP. In most cases,
thereisan integrator for the network, who could be an orig-
inal equipment manufacturer, who coordinates the flow of
orders and materia sthrough out the network. The forecasts
and ordersfor each of the productsmanufactured by the sup-
ply chain are collected and converted into production and | o-
gisticsschedules. They are then converted as component or-
derstothefirst tier suppliersusing thebill of materials, who
in turn will order for raw materias from second tier suppli-
ers. The materia then flows in the forward direction.

We assume that each of the organi zationsdoesits production
scheduling in a decentralized fashion. In modeling supply
chains, twoissuesare very important. They includelogistics
and interfaces between organizations.

Let usconsider Figure 1 again. Each of the organizations of

the supply chain is by itself large scale and is governed by
a functional organizational structure (we show this for the
OEM inFigure1). Each of thefunctionsisagain subdivided
intowork processes. We have shown athree layered hierar-
chy in the Figure 1 but in some supply chains there could
be more layers. In the figure, we have prominently shown
the interfaces, and logigtics. The logisticstake the form of
inventory packaging, warehousing, transportation from one
organization to another, etc.

The logistics could be supplier owned, buyer owned, or
may be a third party operated one. To avoid inventories,
stock-outs and production stoppages, it isimportant that the
supplier, the buyer, and the logistics be properly coordi-
nated. The coordination, aso caled the interface manage-
ment, takes the form of strategic aliances, electronic part-
nership, vendor managed inventories, etc., which are agree-
mentsfor acertain period of time. Interface management be-
comes more critical if international sourcing and marketing
areinvolved.

3.1 Performance Measures

Performance measures are traditionally defined for an orga-
nization and are typicaly financial in nature, such as mar-
ket share and return on sales or investment. This approach
isfraught withmany ills. First of dl, financial indicatorsare
lagging metricsthat are aresult of past decisionsand are too
old to be useful in operationa performance improvement.
Secondly, most companies do business with multiple part-
ners selling multiple products, theindividual financid state-
ments do not delineate thewinners and thelosers. Moreim-
portantly, several organizations are involved in the product
manufacture and delivery to the customers, individual finan-
cia statements do not give a complete picture of the perfor-
mance of the product or the process.

Recently [12], there are efforts to define and determine non-
traditional performance measures such as lead time, quality,
reliable delivery, customer service, rapid product introduc-
tion, and flexible capacity. Time compression, quality im-
provement, product variety, and customer focus are the four
pillars of modern business strategy. It is often argued that
if these fundamental performance issues are managed well,
then the cost reductions automatically follow.

4 Mathematical Models

Supply chains need to be modeled at various degrees of ab-
straction in order to arrive at strategic, tactical, or opera
tiona level decisions. For instance, it may not be required
to incorporate daily data from shop floor when we are deal -
ing with the supply chain location problem [10]. Similarly,
when we need to schedule a particular facility of the sup-
ply chain, we need to include more details. In this paper, we
intend to abstract the supply chain at the aggregate level, in
particular, the organization level sub-processes of thesupply
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Figure 3: Product structure for supply chain considered

chain shownin Figure 1. Theinformation required for such
modeling, like the processing times at the variousfacilities,
are assumed to be available a priori. We wish to study the
dynamics of the supply chain, especialy, the impact of lo-
gistics and interfaces, and the manufacturing philosophies,
on the performance measures that we define later. Such an
aggregate level anaysisof factory floorsiscommonin liter-
ature[11]. We use the framework of generalized stochastic
Petri nets (GSPN) for theanaysis. See[13] for an excellent
overview on GSPNs applied to manufacturing systems.

5 Performance Analysisillustrated

Consider the supply chain network shown in Figure 2, with
two suppliers for two sub-assemblies and a manufacturing
plant for assembling these, as also, two separate vehiclesto
transport the sub-assembliesto theplants. Therearetwodis-
tribution centers acting as the end customers for the prod-
ucts. The inter arrival time of orders for the end products
areassumed to beexponentia indistribution. All processing
and transporting activitiesare al so exponentialy distributed.
We mode this supply chain network under two different
policiesfor materia flow, viz., make-to-stock and assemble-
to-order.

The product structure considered for study is shown in Fig-
ure 3. There are two end products D and E which are avail-
able a warehouses W and W- respectively. The demand
for these two products are stochastic. The end products D
and E are assembled at the final assembly plant or OEM,
namely, M. The common base sub-assembly for D and E
isC. Also, C isassembled from raw materials A and B pro-
vided by suppliers S; and S» respectively. Inventoriesof A,
B, C, D, and E are maintained at the respective facilities.

We model the dynamics of such a supply chain network, at
avery aggregate level, by using Petri nets. Our modelingis
more generic and wholesome than current approachesin the

following sense. We consider the logistics process aso in
the study. Logisticsis typicaly given a cursory treatment
in available literature by assigning constant vaues for the
transportation times. We alow for random logistics times.
Also, crucid issues like interfaces shown in Figure 1, are
not usually considered in current literature. We assume that
the average times spent at the interface servers are known,
along with their variances. Since we model such a network
using GSPNs, we consider exponential service times only.
Although more general distributions can be included, since
our aim isto show how the dynamics of a supply chain can
be captured by GSPNs, we limit our study to the exponen-
tial case. We note that whiletheinbound logisticsinto M is
managed by the suppliersindividually, the outbound logis-
ticsout of M ismanaged by the manufacturing plant itself.
Thisisbrought out in Figure 2 by having a common pool of
logistics carriers that move products out of M .

We consider continuous review reorder point kind of inven-
tory control policy. For ease of anaysis, we assume that
each arriving order for D or E, isfor abatch rather than sin-
gleitems. Sincethereisajoinor assembling operationat M,
thetargeted inventories of A and B are integral multiplesof
C. Withasimilar argument, thetargeted inventory of Cisan
integral multipleof the sum of the targeted inventoriesof D
and E. The latter are obtained by standard forecasting tech-
niques, and are fixed, given parameters to our model. We
hasten to add that our model s can a so accommodate the case
wherein the stock pilesare not integral multiples.

Stock pilesof D and E arerepleni shed at fixed reorder points,
which are preset. The Petri net for the above case is shown
in Figure 4. The description of the GSPN is given in Ta:
bles 1-2. We define enabling functions for the transitions
tA, tB, tC, tD, andtE. These immediate transitionsare
enabled only when the tokens in the places representing in-
ventory for A, B, C, D, and E reach their reorder points, re-
spectively. Observe that once this condition is satisfied, the
transitions can keep on firing indefinitely. To avoid this, we
define inhibitor arcs from places P A/, PB’, PC’, PD’,
and PE’, to the abovetransitions. Thus these places signify
that material isaready on order. The tokens from the above
places are removed once the material is available for trans-
porting to the respective inventory locations, which occurs
when thereisatoken in theplaces P5, P6, P9, P13, and
P14. Theinitia marking (asshowninthe GSPN) consistsof
tokensin places P7, P8, P10, P16, and P17, equaling
in number to the respective targeted finished goods inven-
tory of A, B,C, D, and E.

Weadd aninteresting dimensiontothe abovemodd. Instead
of making the final products D and E to stock, what would
happen if they were assembled to order, from the common
base component C? The make-to-stock kind of system offers
better serviceability in terms of faster access to end prod-
ucts D and E, thus reducing the probability of back ordering
them. This naturally implies holding excess finished goods
inventory which may get obsolete, if customer demands are
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Figure 4. Petri net mode! for the reorder point inventory control
based supply chain

not steady and dense in nature. The assemble-to-order case
offerslesser costsfor thesupply chainintermsof holdingin-
ventory, but thedownsideis customer order lead times. That
isto say, if the customers at warehouses I, and W can not
wait until the product is assembled to order, this case won’t
fit the bill. In the GSPN modd for such a system (which
is not shown in the paper) the production of D and E are
triggered directly by customer orders. Hence the places PD,
PD’, PE, and PE’ foundin Figure4 will be absent. Alsotran-
sitions¢D and ¢t £ are absent. The initial marking will not
have tokensin places P16 and P17. The performance mes-
sures of interest are the average work in process and aver-
age finished goodsinventoriesof materials/goodsA through
E; thelead timesfor order delivery; and, material replenish-
ment cycle times (or, the supply chain lead times) for D and
E. These are coded into the total cost, to be defined bel ow.

5.1 Numerical Results

Here, we wish to evaluate the performance of the supply
chain in terms of thetotal cost, which isthe sum of the total
inventory carrying cost and the cost incurred due to delayed
deliveries.

PE
t10 \ E
(function)

Place Name | Description

PA’ Material on order to supplier of A

PB’ Material on order to supplier of B

PA Manufacturing at supplier of A

PB Manufacturing at supplier of B

P3 Logisticsfrom supplier of A

P4 Logisticsfrom supplier of B

P5 Interface between logistics from supplier of A and factory
P6 Interface between logistics from supplier of B and factory
P7 Inventory of A available

P8 Inventory of B available

PC Order receipt for productionof C

PC’ Material on order for productionof C

P9 Production of C

P10 Inventory of C available

PD Order receipt for productionof D

PD’ Material on order for productionof D

PE Order receipt for productionof E

PE’ Material on order for productionof E

P11 Outbound logistics of D from plant to warehouse
P12 Outbound logistics of E from plant to warehouse
Plog Logistics carriersavailable

P13 Assembling of D from inventory of C

P14 Assembling of E from inventory of C

P16 Finished goodsinventory of D at warehouse

P17 Finished goodsinventory of E at warehouse

P15 Back order for D ready

P18 Back order for E ready

P19 Customer order for D ready

P20 Customer order for E ready

Table1: Description of the Petri net for reorder point based supply
chain

It is clear that the above components of the total cost are
complementary to each other. There is a trade-off between
the two which is clearly brought out by the two replenish-
ment policies followed, viz. the reorder point based make-
to-stock system and the assemble-to-order system. Let the
holding cost incurred for inventory be H, and the cost per
hour of delayed ddlivery be Hp. We varied theratio of the
component costs, H—JID from 1.5t040.0 to observeany trends
in the total cost, so that the decision maker can choose the
appropriatepolicy. We assumethat product E isvalued more
than product D by 50%. That is, delayed deliveriesfor E are
costlier by 50% when compared to that of D.

The net inventory is computed as follows:

1. For the make-to-stock system, it isthe sum of the steady
state average finished goodsinventories of A, B, C, D, and
E.

2. For the assemble-to-order system, it is the sum of the
steady state average finished goods inventories of A, B, C,
and the steady state average work in process inventories of
D and E, sincethe last two are not made to stock.

This net inventory is easily obtained from the GSPN analy-
sis. Also, keeping in view that held inventory becomes ex-
pensive as we move from raw materials to finished goods,
we increase the holding cost rates from the raw materias to
thefinished goods. Specifically, the finished good inventory
of Cis 20% costlier than that of A and B, and the finished
goodsinventories of D and E both cost 20% more than that
of C.
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Transition Name | Description

tA Start of manufacturing of A

tB Start of manufacturing of B

1 Processing by supplier of A

2 Processing by supplier of B

t3 Transportationfrom supplier of A
t4 Transportationfrom supplier of B
t5 Paper work or interfaceswith supplier of A
t6 Paper work or interfaceswith supplier of B
tC Trigger for production of C

t7 Manufacturer of C starts production
8 Processing of C

tD Trigger for assembling of D

tE Trigger for assembling of E

9 End of assembling of D from C

t10 End of assembling of E fromC

t11 Outboundlogistics of D

t12 Outboundlogistics of E

13 Assembling of D

t14 Assembling of E

t15 Customer order for D served

t16 Customer order for E served

t17 Arrival of order for D

118 Arrival of order for E

Table2: Description of the Petri net for reorder point based supply
chain, contd.

Effect of Arrival Ratesof End Products: The influence of
arriva rates of D and E on the performance of the systemis
shown in Table 3. We observe the following:

1. When theratio 22 = 1.5, the assemble-to-order system
dominates make-to-stock system. This implies that when
delayed deliveries are not costly, it is better to have the
assemble-to-order system.

The total delay in delivery decreases as the arrival rate in-
creasesintheassembl e-to-order system. Thisisadirect con-
sequence of Little's Law which states that Inventory =
A x Waiting Time. Here, inventory isto be considered as
the constant number of tokens floating in the assemble-to-
order portion of the Petri net. On the other hand, thewaiting
times of the end products in the make-to-stock system are
found to increase as their arrival rate increases. Thisis be-
cause thearriving ordersfor D and E are served from thefin-
ished goodsstock pile. Henceasthearrival rateisincreased,
orders will have to wait until the stock pileis non-empty.

2. When theratio 2 = 40.0, delayed deliveries are ex-
pensive. Thus onewould expect the assembl e-to-order sys-
tem to perform badly, and so it does, asin Table 3. Interest-
ingly, in the case of the make-to-stock system, thetotal cost
appears to be convex in arrival rate with the minimum be-
tween arrival ratesof 1.0 and 1.2. Thus, it is more economi-
cal for the enterpriseto choose the the make-to-stock system
when theratio is40.0, especialy with the arrival rate man-
aged around 1.0 to 1.2 unitg/hr.

Effect of Targeted Finished Goods Inventory of C: We
studied the effect on the total cost of the targeted finished
goods inventory of the common base material (C) for pro-
ducing the end products D and E.

Total Cost

AD f;—EI’ =15 f;—EI’ =40.0
unitshr | MTSsystem | ATO system | MTSsystem | ATO system
0.8 22421 19.815 26.001 257.437
1.0 21.237 18.610 25.818 237.559
1.2 20.012 17.714 25.961 224.228
14 18.774 17.016 26.339 214.675

Table3: Performancewith varying arrival ratesof D; MTS: make-
to-stock, ATO: assemble-to-order

Total Cost
FGIc ’;{_? =15 ’;I_EI’ =40.0
6 1854 28.01
9 2753 29.34
12 35553 42175
15 43.403 49.929

Table 4: Performance of make-to-stock system with various lev-
els of the targeted finished goodsinventory of C

1. In Table 4 we show the resultsfor the make-to-stock sys-
tem. Aswe increase the finished goods inventory (FGI) of
C, the customer order del ays decrease dueto increased stock
piles (and hence lesser back order times). When the ratio
of costsis 1.5, the inventories are taxed more than the de-
lays, and hence we see that thereisa 134% increase in total
costswhen thefinished goodsinventory of Cisincreased by
150%. On the other hand, when the delays are costlier and
consequently inventories are taxed lesser (cost ratio = 40.0),
we see that the total cost increases by about 78% only. This
suggeststhat make-to-stock systems are preferable when de-
lay related costs are substantial when compared to inventory
costs. Thiscorroboratesavailableliterature (see for instance
[5]) on such systems.

2. In Table 5 we capture the results for the assemble-to-
order system. We see that, as in the case of the make-to-
stock system, increasing the finished goods inventory level
of C increases the total cost. When the finished goods in-
ventory of C is 6, the assemble-to-order system performs
better than make-to-stock system, when the cost ratiois 1.5
(shown infirst columns of Tables 4-5). Also, in the case of
theassemble-to-order system, whenthecost ratiois40.0, the
total cost increases by about 6% when the base stock levels
are increased by 60% from 5to 8. This gives us an indica
tion that the assemble-to-order system isamost immune to
the finished goods inventory levels of C when the cost ra-
tioishigh. But thisis no incentive in going for such a sys-
tem, for, though the percentage variation is small, the abso-
lute values of totd costs are far higher than the case for the
make-to-stock system (shown in thelast columns of Tables
4-5)

Effect of Interface Timesof Supplier of Sub-assembly B:
We now analyze the impact of the interface times on the
performance of themake-to-stock and the assembl e-to-order
systems. We consider altering the interface times with sup-
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Total Cost
FGIc fj{_ﬂ; =15 fj{_ﬂ; =40.0
5 15.64 197.40
6 1837 20152
7 21.07 204.87
8 23.73 207.92

Table 5: Performance of assemble-to-order system with various
levels of the targeted finished goodsinventory of C

Interface Total Cost
rateswith S ’j{—ﬂr’ =15 ’j{—ﬂr’ = 40.0
units’hr MTSsystem | ATO system | MTSsystem | ATO system
4.0 22.566 15.542 24934 197.185
5.0 22.651 15.640 24.981 197.360
6.0 22.709 15.705 25.038 197.502
8.0 22.780 15.785 25.109 197.659

Table 6: Performance with varying interface rates with supplier
of B; MTS: make-to-stock, ATO: assemble-to-order

plier of sub-assembly B done as shown in Table 6. We
observe the following: al other parameters remaining the
same, when weincrease theinterface rates, that is, when we
decreasetheinterfacetimeswith supplier of B, thetotal costs
increase, marginally though. Thisisirrespective of the pol-
icy used. Thisseemstobe counter intuitive! Especialy con-
sidering the fact that interfaces are deemed to be non-value
adding activities (NVA).

The explanation for this anomal ous behaviour is that when
we decrease the interface times with the supplier of B, the
inventory held at the stock pile locations increases, for,
more inventory is added at a greater pace. We found that
the inventory of C increases, causing more holding costs.
Strangely, we also found adight increasein the delay times,
causing an increase in the total cost. The lesson from this
analysis, isthen, that any attempts at eliminating the NVAs
should be done keeping the global view of the supply chain.
That is to say, the interface times of the supplier of sub-
assembly A also has to be reduced simultaneously so as to
derive benefits.

6 Conclusions

In this paper, we have investigated dynamic modeling tech-
niques for analyzing the supply chain process based on gen-
eralized stochastic Petri nets (GSPN). The customer order
arrival process is assumed to be Poisson; aso the service
process is assumed to be exponentid at the various facili-
ties of the supply chain. Our modeling method accounted
the logistics process as a so the interface process that exist
between any two members of the supply chain. We com-
pared two production planning and control policies, viz. the
make-to-stock and the assemble-to-order systems and dis-
cussed when each oneis suited.
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