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Abstract

In this paper, we present the combined sequencing and rough cut capac-
ity planning problem in integrated supply chain networks. Our approach is
different from traditional approaches to rough cut capacity planning, in the
sense that we extend the planning problem to the entire supply chain rather
than the manufacturing factory floor in isolation. We model the sequencing
and planning problem as a constrained non-linear programming problem and
present a solution to the same using Lagrangian relaxation. Feasible sched-
ulesare obtained by using greedy heuristics. Approximate boundson thedu-
ality gapsare also obtained. Interestinginsightsinto the physicsof integrated
capacity planningin supply chains are presented.

1 Introduction

One of the toughest challenges the manufacturing enterprises face in today’s dy-
namic, highly competitive marketplaceis achieving and maintaining customer sat-
isfaction. Customers are more demanding than ever; insisting on low cost deliver-
iesand customized, highly reliable servicetailored to their ever changing demands
both in magnitude and variety.

In this paper, we consider the supply chain network (SCN) as an interconnec-
tion of facilities such as suppliers, manufacturers, distribution, logistics etc. Each
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of these facilities itself could be a large dynamical system consisting of several
subprocesses and facilities such as machines, trucks, etc. Effective management
of the supply chain is essential for meeting customers needs, retaining their loy-
alty, and for profitability of all the stakeholders of the supply chain. Conversely, a
less-than-optimally functioning supply chain can undermine customer satisfaction
and loyalty, thus cutting off avenues for profitable growth.

The critical functions of supply chain management are managing the infor-
mation and material flows. The problem of materials planning in manufacturing
facilitieshas been considered by several researchers, but only at thefirmlevel, i.e,
the sequence of planning procedures beginning from aggregate plans and culmi-
nating in the MRP, are done for each manufacturing facility. This approach clearly
ignores the interfaces and logistics activities between any two facilities, and thus
leads to frequent changes in the MRP.

We take a comprehensive view of the supply chain process and address the
issue of materials planning in extended enterprises, consisting of suppliers, manu-
facturers, distribution, etc. Our contribution isin terms of formulating an optimal
sequencing and allocation problem for all the facilities that are part of the supply
chain process. We use Lagrangian Relaxation approach to this problem. This pa
per isorganized asfollows. In section 2, we present the capacity planning problem
for supply chains along with the traditional view points. A brief literature review
isdonetoo. The methodology used is motivated with asimpleillustration. In sec-
tion 3, we formulate the problem of rough cut capacity planning using Lagrangian
Relaxation and briefly givetheresultsto an example. We concludein the next sec-
tion by highlighting the major contributions of this paper and giving directionsfor
future research.

2 Capacity planningand sequencingin supply chain
networks

At the heart of most organizations' efforts to streamline business processes is the
concept of information integration. Modern Enterprise Resource Planning (ERP)
solutions, like SAP, BAAN, Oracle, Syteline etc., are designed to accomplish this
and provide organizations with a system for planning, controlling and monitoring
an organization’sbusinessprocesses. ERP solutionsachieve highlevelsof integra-
tion by utilizing astandard mechanism for communications, devel oping acommon
understanding of what the shared data represents and establishing aset of rulesfor
accessing data. It isworth noting that in typical ERP implementations, itis mostly
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oneorganizationwithall itsSBU’sthat goesin for one such. Whereasin the case of
supply chainswheretypically there are hundreds of vendors, with scores of manu-
facturing plants and several layersof distribution, it isnot uncommon to find many
kinds of ERP solutions being implemented with each member of the supply chain.
Thus any capacity planning system for the supply chain must take into account
thisfeature. Such solutions must not only manage and integrate information from
awidevariety of systems, but aso provide powerful decision-making capabilities.

2.1 Traditional Capacity Planning

In traditional materials planning, we encounter the requirements of a single man-
ufacturing firm, or at best, the collection of all the strategic business units of this
firm. The problem of planning in amanufacturing system usually begins with the
determination of forecasts and firm orders, for al the goods produced by the com-
pany. The work force and production levels required to satisfy the customer de-
mand are obtained from aggregate planning algorithms. Then the master sched-
uleis generated after disaggregation into product families and items. The master
schedule, known as the MPS, gives periodic requirements for al the end items.
The requirements are then checked against existing production capacities in the
plant. Thisisknown asrough cut capacity planning, usually donein iterative man-
ner [15].

The most commonly used planning solutionsfor complex manufacturing sys-
temsare MRP-11/ERP. MRP-11 solutionsusethe BOM explosion, and includethree
stages of resource requirements planning, rough cut capacity planning and capac-
ity requirements planning. The last examines the actual capacity required by the
production plan. For acomprehensive survey on the methods in each of these, re-
fer [10].

The planning problemisusually solved under deterministic settings, using as-
signment type of linear or non-linear programming problems. Seefor e.g. [13, 2].
Some stochastic constrained models are also availablein [1, 8]. These papers es-
sentially deal with the resource allocation problem for the manufacturing system,
given the period-wise demand requirements, the bill of materials structure, thein-
ventory control policy and availablelevels of variousresources of the system. The
rough cut capacity planning is done usually, using heuristics and rules of thumb.
There are graphical and smulation based approaches to rough cut planning too,
for eg. see[12, 11].

Another approach for planning using the Theory of Constraints (TOC) has



been evolved by [4], which has the ability to consider abroad range of constraints
and relationships. It explicitly recognizes capacity limitations and uses aheuristic
procedure to find an operating schedule. A key insight of TOC isthat only afew
work centers within the factory control the output of the entire factory for each
product line. Managing these capacity constraining resources (CCRs) or bottle-
necks optimizes the output of the factory. Knowledge of the plant’'s CCRs also
provides guidance for future plant investment. Consistent with this approach are
the flow rate planning methods discussed in [9].

2.2 Integrated planning and sequencing: Thephysics
Traditional rough cut capacity planning is fraught with disadvantages like:

e Ittreatseachfacility inisolationleadingto shortagesof needed sub-assemblies
at some stages and excessinventoriesof needless componentsat other stages
of the supply chain.

e Workson the myth that *factories produce well only under pressure’, which
leads to overloading of the facility towards the end of the planning periods.

e Dueto erratic order flows and strong boundaries separating the members of
the SCN, thereisfrequent re-sequencing and reall ocation of ordersat various
facilities, leading to large WIP and long lead times.

We need to re-define several terms like capacity, integrated materials plan,
etc., for the supply chain. By capacity of the supply chain, we mean the maximum
achievable throughput rate of any facility. Also, at each facility the capacity may
mean the processing hours that are free during the planning period, the number of
trucks available, the number of alternative suppliers available, etc. In this paper,
for the purpose of rough cut capacity planning, we no more consider the material
requirements of amanufacturing unit inisolation. We rather redefine what we call
as the Supply Chain Master Materials Schedule (SCMMS) for the entire supply
chain as awhole. Thisis the aggregated materia requirements for all the manu-
facturing plants put together, plusthe aggregated distribution requirementsfor the
SCN and the aggregated procurement plan for the SCN. This nett amount is what
we consider for the purpose of rough cut capacity planning for the SCN. SeeFigure
1 for the proposed integrated capacity planning model for the entire supply chain.
Such an approach, we fedl will yield better resultsin termsof improved utilization
at all facilities, as aso promptly meeting customer due dates. The focus of our
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Figure 1: Capacity planning for the integrated supply chain

paper is to develop an heuristic optimization model based on Lagrangian Relax-
ation approach, to do the combined sequencing and rough cut capacity planning
for supply chain networks.

2.3 Anillustration

We assumethat the aggregated SCMM S consists of requirementsintermsof " units
for any of thefollowing: The sum of actual and Forecasted orders for variousend
products of the SCN, planned inventory changes made at various facilities, inter
facility needs (for e.g. adown stream facility is fed by an upstream one period-
icaly), R & D needs (for e.g. materials needed for prototyping etc.), spare parts
and service requirements and intermediate product sales. Fromthislist, it is clear
that there are several types of orders flowing through the supply chain, each with
its own due dates, product routings, priorities and processing requirements. We
preserve the precedence structure by posing them as constraintsin the model. Set
ups, priorities, processing times are all assumed to be pre-specified.

Order processing consists of any value adding activity done at afacility, like:
manufacturing, assembling, packaging, transportation etc. We call the order rout-
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Figure2: Anillustration of the sequencing and planning problem in a SCN

ing and precedence structure along with the assignments of the corresponding pro-
cessing stages to facilities of the SCN as the Bill-of-Subassemblies (BOS). What
isunique in our modeling is that we allow alternate ways of doing the processing
stages.

Let us consider the supply chain shown in Figure 2. The interfaces shown
in the illustration, refer to work processes that need to occur when material and
information are exchanged between two organizations. Refer [14] for a rigorous
description. Let the logistics and interface processes be clearly defined, say, the
inbound logisticsis managed by the manufacturing plants and the outbound logis-
ticsby athird party contractor. The interface processes between the various mem-
bers of the SCN are considered measurable and a constant time lag is added for
each work processthat crosses borderswith a particular member. There are 3 sup-
pliers, 2 manufacturers and multiple distribution centers. Let us consider that the
SCMMSfor thissupply chain isdone once every month. Itisassumed that all pro-
cessing stages are completed within this horizon. Let us further assume that there
aretwo broad typesof end products| and 11, for which there are customer demands.
It may be noted that these products could be shipped as finished goods from the
DCsto the customer locations, or, assembled, packed and shipped from the manu-
facturer directly, or through third party logistics (like order C), or, sub-assembled
from raw parts outsourced from suppliers, assembled in the manufacturing plants
and shipped as above (likeordersA or B), all depending ontheinventory statusand
available capacity. Let ordersof type A befor product I, those of B and C for prod-
uct type Il. It is not uncommon to have orders for intermediate products from the
DCs or customer service centres. Also spare parts management for the SCN may
demand that certain products be available on shelf at needed hours. Each order,
thus can have its own unique routing and precedence structure. From the figure,
it may be observed that some orderslike B, require fork and join type of process-
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ing requirements, while some otherslike A flow through the SCN asif it were one
straight pipe.

Given this scenario, let us consider that due-dates have been negotiated with
the demand sources, prioritiesfor various orders set, processing requirementsin
terms of BOS has been generated, release dates for all orders into the respective
facilities is given, and available capacity at each of the facilities is known. Our
objectiveistofirstly check for thefeasibility of the SCMMS, ie., whether existing
capacities at various facilities can accommodate, within the planning horizon, the
given SCMMS, and secondly, if it isfeasible, generate the optimal sequencing of
orders at each of the facilities subject to BOS constraint and processing require-
ments.

Thefirst stepisessentially, rough cut capacity planning when doneiteratively.

2.4 Applications of the Methodology

Since our approach isquite generic and takesthe holistic view, it hasawide variety
of applications, some of which we illustrate below:

1. Duedatesetting. Thisisespecially useful at the customer order entry points,
wherethedue date quoting very much determineswhether the customer stays
with product A or switches loyalty to product B. Delivery reliability being
acrucia performance metric, it is highly desirable that the SCN meets the
committed due dates given to the customers. Our methodology suitsthe bill,
by clearly specifyingif aparticular order can be accommodated by the SCN.

2. If al duedatesfedto our model are zero, essentially, the output schedul e that
is generated minimizes the total supply chain lead time. In other words, the
model is suitable both to the make-to-order and make-to-stock situations.

3. Sincethe output from our model givesthetimedlices of busy periodsat each
facility over the planning horizon, at an aggregated level, this can be used to
generate the detailed schedules at each of the facilities.

4. Useful for specifying capacity requirementsto be quoted to third party ser-
vice providers. For e.g. the number of trucks required from a contractor can
be obtained by running the model with abasevalue. If themodel givesafea
sible solution with this capacity, and thereis excess capacity, the number to
be quoted will be just the minimal required for obtaining afeasible solution.



K Planning Horizon

H Number of facilities

My, Capacity at each facility, k = 1. K, h=1..H

N Number of orders

N; Number of work processes per order, i = 1..N

L Successor set for each work process, j = 1..N;,i = 1..N

oy, B Tardiness and earliness coefficients, resp., for each order, i = 1..N
agj, Bij Tardiness and earliness coefficients, resp.,

for each work process, j = 1..N;,i = 1.N
rij,dij, 55 Relesse, due and earliest start dates, resp.,
for each work process, j = 1..N;,i = 1.N

H; Set of dternate facilitiesthat can work on each work

process, j = 1..N;,i = 1..N
tijm,; Processing time for each work process, j = 1..N;, 4 = 1.N,m;; € Hy;
Siji Interface time between two consecutive work processes,

J=1.N;i=1.N,l€el;

b;; Beginning time of awork process, j = 1..N;,i = 1. N

Cij Completion time of awork process, j = 1..N;,i = 1. N

T; Tardiness of an order = max(0,¢; — d;), i = 1..N

E; Earliness of an order = maxz(0,s; — b;),i = 1..N

Ti; Tardiness of awork process = maxz(0, ¢;; — d;;),j = 1.N;,i = 1.N

Ey; Earliness of awork process = maxz(0, s;j; — b;;), j = 1..N;,i=1.N

8ijkn Boolean vdue=1if (¢, j) isassignedto » a time k, O else.
j=1.N;,i=1.Nk=1.K,h=1.H

J The objective function to be minimized

Jaux The auxiliary objective that is actually minimized

Table 1: Notation used in the formulation

3 Theproblem formulation

Lagrangian Relaxation [5] provides an efficient way of scheduling independent
jobswith due dates on identical parallel machines, or for more complex structures
incorporating precedence relationships among job processing stages [6, 7]. The
integer programming formulation, albeit with non-linear objective function, facil-
itates the application of Lagrangian relaxation technique. Decomposition of the
dual problem serves to simplify the solution at the lower level. The higher level
problem is solved viaa modified sub-gradient method.

Weformulatetherough cut capacity planning and sequencing problemin sup-
ply chains as a deterministic discrete time finite horizon problem. Since the non-
linear programming problem that we have formulated is NP-hard, and observing
that the sequencing problem that we wish to solve has a separable structure very



similar to that of job shop sequencing, we resort to Lagrangian relaxation of the
origina formulation and solve the same. An approximate value for the resulting
duality gap is also obtained.

The objective of our model is to minimize the sum of weighted squared tar-
diness (difference between the due date and the actual completion time) and the
earliness (difference between the earliest start time of an order and its actual be-
ginning time) of orders in the supply chain. The rationale for choosing such an
objectiveisasfollows. Ordersin asupply chain typically come with their respec-
tiveduedatesand in order to retain customers, order filling ratesand ability to stick
to due dates are crucial performance measures[14]. The weights assigned to each
order signifiesthe seriousness of the alliances that customers have with the supply
chain. For e.g. ordersfrom OEM’s having alliances with sub-assembly providers
can have higher weights. Missing their due dates would cost heavily for the sub-
assembly providers. The other termin the objective has got to do with reducing the
inventory in the supply chain. If we release an order in the supply chain beforeits
earliest starting date, that would mean that it will bewaiting in the inventory some-
where down the line. Hence by regulating the release, we control the in process
inventory, thus reducing the supply chain costs. Refer to Table 1 for notation. In
the model, the decision variables are the beginning times {b;}:._, . Once these
are selected, the other variables like the completion times, the tardiness-earliness
values and the integer variable 6,5, can be easily derived. All other parameters
(see Table 1) are user defined. The objective function of interest is the squared
weighted sum of thetardiness and earlinessfor all jobs. Asin[3], theoriginal ob-
jectivefunction J is:

N
J o= ) (TP + BiEY) 1
=1
In order to reduce solution oscillations, it was proposed in [ 3] that an auxiliary ob-
jective function be defined incorporating penalties for work processes instead of
individual orders. Consequently, the objective turns out to be:

Jawx = > (ayT: + BiEY) )
]

where @ij = Oéi]‘ —|— OfiAi,N“ and Bij = 62’]’ —|— 62 Ai,l . (3)

In the above equation, A\; ; is defined as an integer variable equal to one if work
process (¢, j) isthe same as work process (¢, k) and zero otherwise.

The constraintsfor thismodel arethreefold: the capacity constraint, the pro-
cessing time constraint and the precedence constraint.



1. Thecapacity constraint: This constraint requiresthat the total number of or-
dersassigned at time k& and at a particular facility type ~ should not exceed
the maximum available number of thisfacility at that epoch, M;;,. Notethat
we define capacity asthe number of facilities of type / available. Thisnum-
ber can betreated asthe available hoursat that facility during thetime period
Etok+ 1.

N N;
ZZ(SijkhSMkh.lSkgK;1§h§H; (4)

? J

2. Work process precedence constraint: This requiresthat the beginning times
of the set of work processes in /;; be greater than or equal to the comple-
tiontime of operation (¢, j) plusany requiredtimeout S ;; between work pro-
cesses (z, ) and (z,1),1 € 1;;.

cii+ S +1<by. Vj=1.N;i=1.N, l€ [ (5)

3. Theprocessing time constraint: Thisrequiresthat thecompletiontimefor an
order equals the beginning time for that order plus the processing time. We
follow the convention that all beginning times are counted at the beginning
of an epoch and al completion times denote the end of an epoch. Thus we
get the following constraint:

Cij = bij + tijm” —1. Vj=1..N; 2 = 1..N, my; € HZ']‘. (6)

3.1 Solution Methodology

The complexity of the above constrained non-linear optimization problem moti-
vates a decomposition approach. An augmented Lagrangian relaxation approach
has been used in [3] to achieve a decomposition of the job shop scheduling prob-
lem. Lagrangian relaxation is applied to the auxiliary problem formulation. For
details, refer to [3].

See Table 2 for asketch of the solution algorithm. Since the solution obtained
by relaxing the congtraints is likely to yield infeasible results, we incorporated a
feasi ble schedule generating phase, similar to [3].

As regards rough cut capacity planning, the model is run iteratively aslong
as the orders can be processed within the planning horizon. For this, it may ne-
cessitate that we alter the capacities of bottleneck facilities, or, satisfy some orders
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Step 1. Initiatethe multipliers = and 1 to zero.

Step 2:  For each work process (¢, j) by enumeration, compute L}; and
assign 65 appropriately; s;; < by < K —tijm,; +1, my; € Hyj.

Step 3:  Compute Lagrangian dual value.

Step 4:  Maximum iterations reached? Goto Step 5. Else goto Step 2.

Step 5:  Obtained plan feasible? Output the schedule.
Else generate feasible schedule asin [3].

Step 6:  Still infeasible? Alter the capacities, or, re-schedule some orders
for another plan horizon. Goto Step 1. Else STOP.

Table 2: Solution sketch for the model
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Figure 3. Example considered for capacity planning

Loglstlcs

in the next planning horizon. Our model indicates the facilities that are potential
bottlenecks. We a so applied the model for a supply chain with complex assembly
operationsand ordersof several typesflowing with different due date requirements
and have found encouraging results.

3.2 Testreaults

Let us consider the supply chain for consumer products. Such products are char-
acterized by short product life cycles, seasonal demand patterns and supply chain
practiceslike vendor managed inventory. Let us assume that the planning horizon
is 3 months and it is a single manufacturer multi retailer, multi supplier network.
Typical examples are goods likefans, white goods, textiles, etc. Consider the con-
figuration of the network shown in Figure 3. The product structure for one of the
productsdelivered, H, isshown in Figure4, indicating possible intermediate prod-
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uctswhich can be sold, and each component or sub-assembly islikely to have spare
parts requirements. Let us assume that the inventory available at various stocking
pointsisknown at the beginning of the planning horizon. Also known arethe com-
ponents of demand (not shown in this paper, since the number of ordersconsidered
islarge). Our method allows incorporating more than one product type in the sup-
ply chain.

See Table 3 for the partial Gantt chart that was obtained on solving this ex-
ample. Inthistable, Order#{a,b] standsfor thework process’b’ of order’a’. From
the chart, we see that facilities 13 and 14, which are two alternatives for outbound
logistics have not been assigned any order. Also, the maximum exit timetaken for
any jobis 112, whichisfor order number 5. Thus, if thisorder isanew onefor the
supply chain, the process owner of the supply chain can quote 112 days from to-
day, asthe due date for thisorder. Also, sincethe planning horizon was 3 months,
we have overshot the same by 22 days. Thus, if we need to complete al ordersin
3 months, we have to hike the capacity of some of thefacilities. One alternativeis
to decrease logistics times at facilities 13 and 14, so that the load may be equally
shared between facilities 13, 14 and 15. Another alternative is to shift some or-
ders to be planned in this horizon to the next phase. Yet another adternative isto
outsource some of the orders. We dont present them in this paper.

For the example considered, we obtained the value of the auxiliary objective
for thefeasiblesolution, .J 47 x as740608 whilethe lower bound onthisisobtained
as 725671, an approximate bound on the duality gap (see [3] for a definition) of
2.06%.

We al so performed sensitivity analysis asto what would happen to the objec-
tiveif new facilities are added, or some existing processing times are changed etc.
Observethat therelative changein the objectiveis equal to the dual price obtained
from the solution to the Lagrangian relaxation.

4 Conclusions

In this paper, we have dealt with an integrated manner in which capacity planning
and sequencing of orders can be donein supply chains at an aggregated level. The
rough cut capacity planning and sequencing problem is extremely useful in de-
termining if the ordersthat are to be satisfied in a planning horizon can be really
accommodated, given the capacity constraints and the complex precedence con-
straints. We presented a Lagrangian relaxation approach to this problem, clearly
bringing out the ways in which this approach can be used in real world supply
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Figure 4: The supply chain and the precedence structure for product H of the ex-
ample considered

chains.

Our approach ismuch broader in content and holistic in the sense that we con-
sider not only the manufacturing unit but also its interactions with various other
members of the supply chain likethe suppliers, the logistics operatorsand the dis-
tributors. Since our method when used, will give thetime dlices of busy periodsin
each period of the planning horizon, it can be used for detailed scheduling at the
individual facilities concerned.

Asapointer to futureresearch, we propose the study of the capacity planning
problem in adynamic and stochastic setting, rather than a static and deterministic
one.
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